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ABSTRACT: As greenhouse gas emissions from maritime transport are increasing, the International Maritime Organization is continuously
working to strengthen emission regulations. Liquefied natural gas (LNG) fuel is less advantageous as a point of CO2 reduction due to the
methane leakage that occurs during the bunkering and operation of marine engines. In this study, greenhouse gas emissions from an
LNG-fueled ship were analyzed from the perspective of the life cycle. The amount ofmethane emission during the bunkering and operation
procedures with various boil-off gas (BOG) treatment methods and gas engine specifications was analyzed by dynamic simulation. The results
were also compared with those of other liquid fuel engines. As a result, small LNG-fueled ships without a BOG treatment facility emitted 32%
more greenhouse gas than ships utilizing marine gas oil or heavy fuel oil. To achieve a greenhouse gas reduction via a BOG treatment
method, a gas combustion unit or re-liquefaction system must be mounted, which results in a greenhouse gas reduction effect of about 25%
and 30%. As a result of comparing the amount of greenhouse gas generated according to the BOG treatment method used with each tank size
from the perspective of the operating cycle with the amounts from using existing marine fuels, the BOG treatment method showed superior
effects of greenhouse gas reduction.

1. Introduction
With global economic growth, the number of cargo ships required for

use of a gas combustion unit (GCU), and re-liquefaction.
However, BOG treatment or the transport of LNG as an
environmentally friendly fuel entails increased methane emissions,

maritime transportation has increased, resulting in a larger problem of
greenhouse gas (GHG) emissions. As the maritime transport sector has
become a significant contributor to global GHG emissions, the

although the emissions of conventional pollutants such as NOx and
SOx are reduced (Yu et al., 2020). Compared to CO2, methane leads to
an approximately 25-fold higher GHG effect due to its high global

International Maritime Organization, which is responsible for
environmental regulations, has made continuous efforts to reduce GHG
emissions from ships (Wada et al., 2021). The Marine Environment

warming potential (GWP) (Jang et al., 2021). Despite efforts to
minimize the release of methane into the atmosphere, the following
scenarios of potential leakage are possible (Herdzik, 2018).

Protection Committee (MEPC) has reviewed the emission regulations,
including the Energy Efficiency Design Index (EEDI), Energy
Efficiency Operating Indicator (EEOI), Energy Efficiency Existing-

(1) Pipeline leakage upon connection or separation during the LNG
loading/unloading operations
(2) Leakage from the LNG tank during BOG removal

ship Index (EEXI), Energy Efficiency Performance Indicator (EEPI),
and Ship Energy Efficiency Management Plan (SEEMP), and also
simultaneously discussed the environmentally friendly frameworks for

(3) Leakage through the liquefaction system in operation during
loading or sailing
(4) Leakage during the gas-freeing operation inside the LNG tank

cargo ships (Ahn et al., 2021).
Liquefied natural gas (LNG) is an environmentally friendly fuel with
the unique benefit of reducing CO2 emissions by 10–20% (Lee et al.,

(5) Leakage during LNG bunkering
(6) Leakage by incomplete combustion when dual fueling or using
LNG as fuel

2020). However, the use of LNG as a ship fuel necessitates the process
of bunkering, and treatment of boil-off gas (BOG) during bunkering is
essential. The currently available BOG treatment methods are venting,

Therefore, the methane emission throughout the entire LNG supply
network or the ship engine exhaust gas offsets the benefits of using
LNG and makes LNG a less desirable alternative to marine gas oil
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(MGO). In other words, the advantages of LNG as an environmentally
friendly fuel are reduced (Edfors and Bremberg, 2021). Therefore, it is
important to compare the use of LNG fuel with the use of conventional

issues. El‐Houjeiri et al. (2019) applied the LCA approach to conduct an
environmental assessment of the liquefaction, transportation, and
re-liquefaction of LNG. Beyond ships, Arteconi et al. (2010) used the

marine fuels in terms of GHG emissions (Winnes and Fridell, 2009).
Moreover, the effects of emissions related to marine fuel processing,
its GHG emissions, and their correlations should be examined.

LCA approach in an investigation of trailers on land to make a life cycle
comparison from the aspects of GHG emissions from diesel and LNG
engines.

From the perspective of the LNG-fueled ships, this study considered
the integration of bunkering and operation processes and identified the
environmental indicators using for making comparisons with

Nevertheless, there is a general paucity of studies on the long-term
assessment of measures for reducing GHG emissions. The prediction of
GHG emissions mandates prediction, from operational perspectives,

conventional fuels. Indicators for comparison between different fuels
need to be provided to enable ship owners and operators to determine
potentials on demand. If the perspective is extended to include ship

beginning from the preparation stage of fuel use. Thus, indicators are
required to determine whether LNG ship fuel is a practical solution in
comparison with other fuels from environmental perspectives that

bunkering and operation, the results are likely to be more complex than
other conventional results, i.e., follow-up studies with a wider scope
and case studies may be required.

complies with emission regulations.
Taking the aforementioned factors into consideration, this study
investigated the GHG emissions from methane leakage during

Numerous studies have investigated the gases directly emitted by
ships. Chang et al. (2013) estimated the GHG emissions by ship type
based on the data of the ships treated at ports, taking an approach

bunkering, the GHG emissions associated with the BOG treatment
method, and the GHG emissions associated with engine use. The
bunkering and operation processes of LNG-fueled ships were

relying on the characteristics of individual ships. Styhre et al. (2017)
analyzed the level of GHG emissions for ships at ports based on annual
port data. They also presented the results of dynamic modelling in

integrated so that environmental indicators of GHG emissions could
be recommended for the entire life cycle depending on the size of the
fuel tank. The results showed that the contribution varies according to

addition to the actual field measurements. Shao et al. (2018) simulated
the influence of temperature variation in the bunkering of LNG-fueled
ships on the production of BOG. Shao et al. (2019) used dynamic

fuel tank size, which distinguishes this study from previous studies as
more specific conditions were used in this study to describe the GHG
emissions that affect the environment from the perspective of ship

simulation to identify the optimum ship-to-ship bunkering time and
provided a reference guideline of bunkering to minimize BOG
production. Lee et al. (2020) performed dynamic simulation to estimate

operation.

the collected amount of BOG produced during ship-to-ship LNG
bunkering and assessed the contribution of each parameter, including
temperature variation, transportation rate, and pipe insulation
performance. By combining the approaches of the two previously
described studies, several simulations and cycle assessments have been
conducted to suggest useful environmental indicators. Ryste (2012)
applied the screening life cycle assessment (LCA) technique to
determine the range of the LNG life cycle and establish the LNG value
chain in the interpretation of climate change and related environmental

Fig. 1 Schematic of LNG tank-to-tank bunkering

2. Simulation Method
2.1 Determination of LNG Bunkering
Fig. 1 shows an overview of the process for the LNG bunkering
scenario. The system consists of two LNG storage tanks (bunkering
and receiving), an LNG pump, the bunkering pipeline, and the BOG
pipeline (Jeong et al., 2017). The LNG pump transports the LNG
loaded in the bunkering tank to the receiving tank. The pump as a
transportation device is advantageous because it reduces LNG
transport time (Sharafian et al., 2019). Safety valves are attached to

Greenhouse Gas Emission Analysis by LNG Fuel Tank Size through Life Cycle

prevent overpressure in the LNG tank, and the corresponding line
leads to emission or treatment according to the BOG treatment
method.
2.2 Tank Geometry
The fuel tanks eligible for LNG-fueled ships are listed in the
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transport line leads the flow of LNG through the pipeline, and the
simulation considerate the flow velocity to prevent any additional surge
pressure due to friction or cavitation (Lee et al., 2020). The single
material of the pipe for transporting cryogenic LNG is stainless steel.
The details are presented in Table 2 (Sharafian et al., 2019).

International Gas Carrier (IGC) code and the International Code of
Safety for Using Gases or Other Low-Flash-Point Fuels (IGF) code. In
general, the Type C tank is used. The Type C tank has a maximum

2.4 Greenhouse Gas (GHG) Emission by LNG Bunkering
Procedure
For LNG bunkering operation, a detailed manual containing the

allowable working pressure (MAWP) of 700 kPa or higher and is thus
regarded as a pressure container (Chorowski et al., 2015). The capacity
of the bunkering tank is 500 m3. The two receiving tanks may have

operation procedures, safety and emergency protocols, and
maintenance requirements should be provided. The manual should
contain the procedures for inerting, gassing up, cooling down,

different capacities of 500 m3 and 1,000 m3 (Kwak et al., 2018; Jung et
al., 2018). Prior to bunkering, the levels of the bunkering tank and the
receiving tank are 98% and 10%, respectively. The initial pressure in

pumping LNG, LNG spraying, vapour return management, draining,
purging, and disconnecting, in addition to the validation and risk
assessment procedures (Vairo et al., 2020). The procedure in this study

the bunkering tank is 300 kPa, and the initial temperature is –146.4℃.
The pressure and temperature in the receiving tank are 101 kPa and –
162.1℃.

was applied based on certain simplified steps of the aforementioned
procedures and of the bunkering process suggested in the 2018
guideline of the European Maritime Safety Agency (EMSA). Table 3

The LNG inside the tank is stored at a very low temperature
(approximately –160℃) and pressure (100–1,000 kPa). The main
components of the LNG in the bunkering and receiving tanks are

describes the steps. The gas emission was interpreted for the loading,
line purging, and operating of the IMP Type C tank.
For the loading in Step 1, transport to the receiving tank is

methane and light hydrocarbons (mainly C1–C4 hydrocarbons) in a
mixture with N2, as presented in Table 1 (Noh et al., 2014).

performed, and heat ingress occurs due to the temperature difference
of the external walls of the tank. The heat ingress through the tank wall
causes the production of BOG and increases the tank pressure (Zincir

2.3 LNG Bunkering Pipeline
The LNG transport line connecting the bunkering tank and the
receiving tank consists of the liquid line, the vapour return line, and the

and Dere, 2015). The BOG should be treated appropriately but
difficulties exist. Venting, with the advantage of simple release to the
atmosphere, could cause problems such as LNG fuel loss,

N2 line. In the liquid line, transport is mediated through a loading arm or
flexible hose (Wood and Kulitsa, 2018). The transport line is often
connected to the quick-connect coupling (QC)/disconnect coupling

environmental pollution, and increased risks of fire and explosion.
Most LNG-fueled ships with the Type C tank lack the addition of a
GCU as they are designed based on the concept of maintaining the

(DC) and the emergency release coupling (ERC) to allow hose
separation in an emergency. In addition, to prevent a loss of LNG, each
separate section contains a disconnection valve for automatic

pressure rise caused by heat ingress. The treatment of BOG using a
GCU is problematic from an environmental perspective because the
gas from the combustion is released to the atmosphere (Ryu et al.,

shutdown. With the exception of the aforementioned devices, the

2016). Moreover, ship owners may be reluctant to perform reliquefaction, which demands extra space and an initial investment cost.
Data pertaining to CO2 emission in the BOG treatment in LNG

Table 1 Typical composition of natural gas (%)
Composition

Mole composition

Methane

94

Ethane

4.7

Propane

0.8

Butane

0.2

Nitrogen

0.3

bunkering are insufficient, and the GHG effect is likely to be
underestimated. In this study, the level of CO2 emission according to
the BOG treatment method was established through simulation.
Venting releases BOG to the atmosphere to control the internal
pressure of the tank. In reference to the guideline of the
Intergovernmental Panel on Climate Change (IPCC), the 100-year
GWP of CH4 (the main component of BOG) is 25, indicating a 25-fold
higher GHG effect than CO2 (Penteado et al., 2012). The GWP

Table 2 Specifications of liquid line and vapour return line
Buoy

Liquid line

Vapour return line

Diameter (mm)

200

100

Equivalent length (m)

29

25

Overall heat transfer
coefficient, U pipe (W/m2‧℃)

0.0215

35.0

Initial temperature (℃)

25

Table 3 Procedure of LNG bunkering operation
Step

Scenario

Step 1

Loading LNG from the bunkering tank to the fuel
tank of the LNG fuelled ship

Step 2

Line purging the LNG bunkering line

Step 3

Operating LNG fuelled ship
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indicates the global warming effect of a given GHG in comparison to
the effect of CO2 (Unseki, 2013). For consideration of venting, the
GWP was converted to    (kg) using Eq. (1):
        ‧   

where    and  are the mass of CH4 inside the tank and the density
of the loaded LNG, respectively, and    is 25 in 100 years.
In Step 3, the operating process is the sailing of the LNG-fueled

(1)

ship, which is equipped with a dual-fuel engine. Despite the use of
environmentally friendly fuels, the engine    (kg) as a result
of fuel consumption. The CO2 emission for this step can be estimated

where    is 25 in 100 years, and    is the content (kg) of CH4
in BOG.
In the case of a GCU, the gases are released to the atmosphere

using Eq. (5):
     ·  ·  

(5)

through complete combustion (CH4 + 2O2 → CO2 + 2H2O) to prevent
immediate emission of the GHG. For 1 mole of reactant CH4, 1 mole
of product CO2 is produced (Dissanayake et al., 1991). The conversion
to    (kg) according to Eq. (2) assumes complete
combustion by the GCU:
  
     ·   


(2)

where    is the number of moles of CO2 (mol),    is the number of
moles of CH4 (mol), and    is the molecular mass of CO2 (44.01
g/mol).
In the case of re-liquefaction, a technique to liquefy BOG for storage
in the cargo tank, the N2 cycle is used. The devices required for
re-liquefaction are a power-supplied compressor, expander, and heat
exchanger. The operation of these devices demands a power supply,
and a certain amount of CO2 is produced in the generation of the
electricity. The amount of CO2 produced in generating the power
required by BOG re-liquefaction was calculated according to Eq. (3):
(3)

where     is the power consumption in using the N2 cycle as
the refrigerant cycle (1.44 kWh/kgBOG),   is the mass of BOG (kg)
(Kwak et al., 2018), and   is the CO2 emission index (0.466 kg
CO2/kWh) (Im et al., 2020).
In Step 2 of the procedure, line purging is the process that follows
loading to the receiving tank. The pipe used for LNG loading should
be detached from the system at the end of the operation. To remove
residual LNG before detaching the pipe, substitution using inert gas is
performed. The purging process is necessary for the safe removal of
residual LNG, which is flammable and explosive. The release of LNG
or NG from the pipe during this process has an effect on the GHG
problem. Lowell et al. (2013) stated that there is no effective way to
eliminate the methane leakage that occurs during the process, and a
loss of approximately 0.03% occurs according to calculation based on
the methane inside the tank. This methane can act as a powerful GHG.
This study performed conversion according to Eq. (4):
       ·  ·   

an indicator of the CO2 emission (g/kWh) for the respective engine.
BOG, which leads to the GHG effect, results from the combination

 

     ‧    ‧  

where  is the output of the engine (kW),   is the time (h)
of sailing of the ship using the fuel loaded in the tank, and  is

(4)

of the following causes. In bunkering, CO2 is produced in each
procedure due to such varied causes as the heat ingress of the tank and
other devices and water level fluctuation. In this study, a dynamic
model was developed to analyze the influences of the causes in each
procedure according to the amount and composition of the BOG. The
GHG effect was estimated after conversion to the equivalent CO2
emission.

3. Dynamic Simulation
3.1 Aspen Hysys Simulation of LNG Bunkering
Aspen Hysys is a chemical process simulator used in the
mathematical modelling of a complete chemical process in unit
operation. Hysys allows numerous core calculations of chemical
engineering, including mass balance, energy balance, vapour–liquid
equilibrium, heat transfer, mass transfer, mass fraction, and pressure
drop (Naji et al., 2019). The thermodynamic interpretation of the
process was based on the Peng–Robinson state Eqs. (6)–(11), which
are known to lead to relatively accurate analyses of the thermodynamic
properties of hydrocarbons, including LNG (Lee, 2017):

∘
   
         

(6)

where the parameters , , , and  are defined as follows:
  


(7)




(8)

   

   
        



(9)

     

(10)


  


(11)

Greenhouse Gas Emission Analysis by LNG Fuel Tank Size through Life Cycle

where  is pressure,  is temperature,  is the gas constant, and  is
the mole volume.  and  indicate the energy parameter and the size
parameter as a function of the critical temperature and pressure
3.2 LNG Bunkering Input Preparation
For LNG stored as a cryogenic liquid, heat ingress continuously
induces BOG (Ryu et al., 2016). To incorporate the increase in vapour
pressure inside the tank due to BOG in the modelling, the heat ingress
was modeled using Eqs. (12) and (13) (Al-Breiki and Bicer, 2020). For
dynamic simulation of the fuel tank, the tank model was constructed in
consideration of the heat volume according to the water level
(Cadafalch et al., 2015):
  tan ‧  tan  

(12)

   
   ‧ 
   

(13)
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and power is consumed as the cryogenic LNG is transported to the
tank. As mentioned previously, a certain amount of CO2 is produced
through the power generation, and the required power supply causes
GHG emission. The CO2 emission via heat ingress of the pump is
reflected in Eq. (16):
      ·  ·   

(16)

where   is the power consumed (kW),   is the pump
operation time (h), and    is the CO2 emission
index per generated power (0.466 kgCO2/kWh) (Im et al., 2020).

4. Result
4.1 LNG Bunkering CO2 Emission

where  and  are heat ingress (kJ/s),  is the total heat transfer

Fig. 2 shows the properties of the tank with time through the
bunkering process based on a receiving tank size of 500 m3. The
increases in water level and pressure accompanying the loading of

coefficient of each tank (W/m2·℃),  is the area of tank (m2), and
 is the difference between the surrounding temperature
and the internal temperature of the tank (℃). Eq. (13) reflects the

LNG are apparent. The increased water level of the tank, pressure
increasing device, and piping that induce heat ingress cause the overall
heat ingress to increase.

increase in heat ingress caused by the increase in the water level of the
receiving tank, with 98% as the reference, while real-time changes are
taken into account.

Fig. 3 shows the pressure, heat ingress, and BOG flow according to
time during bunkering. As bunkering progresses, the water level of the
tank increases, resulting in an increase in the heat ingress related to the

The causes of BOG include the increased water level in the tank, the
heat ingress due to the input device, and the heat ingress through the
pipe from the surrounding environment. The heat ingress due to the

transport device and the heat ingress related to the increased water
level. The production of BOG attributable to heat ingress thus
increases the level of BOG, along with an increase in the internal

water level as the tank is being filled and the heat ingress through the
pipe are reflected in Eq. (14):

pressure of the tank. If BOG treatment is not available during the
loading of LNG to the receiving tank, the continuous increase in heat
ingress leads to a continuous increase in tank pressure. Unless the

(14)

pressure is controlled, the design pressure is reached, causing the
safety valve to operate, which leads to even more production of GHG.
For these reasons, treatment of the BOG is essential. Fig. 4 shows the

    ‧       

where  is the heat ingress (kJ/s),  is the total heat transfer
coefficient of the transport pipeline (W/m2·℃),  is the area of pipe
(m2), and  is the difference between the surrounding
temperature and the internal temperature of the pipe (℃).

changes with time of the BOG components in the receiving tank that
require treatment.

The pump used to transport the LNG increases the pressure, and the
mechanical energy transferred from the pump shaft is partially lost in
the form of heat. The pressure conversion leads to heat ingress, as
reflected in Eq. (15) (Lee et al., 2020).


    

    
  
 

 
   

(15)

 is the mass flow
In the equation,  is the heat ingress (kJ/s), 
(kg/s),        is the specific enthalpy (kJ/kg), and 

indicates the efficiency of the pump. The heat ingress is incorporated
as follows. The previously described  ,  , and  correspond to the
heat ingress that induces BOG, and these factors combine to have an
effect on the BOG, which ultimately leads to the GHG effect. To
transport the LNG, a pump, as a pressure increasing device, is used,

Fig. 2 Changes in tank pressure, level, and heat ingress according
to time of bunkering of the receiving tank (500 m3)
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Fig. 3 Changes in tank pressure, level heat ingress, pump heat
ingress, and BOG mass flow according to bunkering time

Fig. 5 Changes in pressure, water level, and heat ingress through
time for a 1,000 m3 receiving tank

of the receiving tank (500 m3)
Fig. 5 shows the changes in pressure, water level, and heat ingress in
the 1,000 m3 receiving tank through time. At the beginning of
bunkering, the inflow of cryogenic LNG and the heat ingress due to the
compressor device lead to an increase in overall heat ingress. The
pressure and water level also show a trend of increase.
As shown in Fig. 6, the heat ingress values related to the water level
and the compressor device and the BOG flow increase with time. The
transported flow increases with operation of the pump, which in turn
increases the pump heat ingress, and the consequent rise in water level
increases the level-related heat ingress. It is also apparent that the
amount of BOG to be treated increases with the resulting increase in
tank pressure. Fig. 7 shows the amount of BOG to be treated according
to time for the receiving tank. Methane, the most abundant component,
requires the highest level of treatment, and the amount of methane to
Fig. 4 Changes in BOG composition according to bunkering time
of the receiving tank (500 m3)
Table 4 presents the mass of the BOG components that should be
treated to prevent a pressure rise in the receiving tank. The BOG

be treated increases as the volume increases.
The amount of methane to be treated for the receiving tank in LNG
bunkering is approximately 6,000 kg, as shown in Table 6. The content
of methane is the highest content among the BOG components, and it
is even higher in comparison to the LNG composition. This allows the

composition in Table 4 differs from the LNG composition in Table 2.
The main component is methane, so it may be safely conjectured that
the BOG produced during bunkering is pure methane. The three major
ways to treat BOG and the corresponding CO2 conversion of each
BOG treatment are shown in Table 5. The method of venting with its
atmospheric release causes the highest GHG emission.
Table 4 Composition of BOG of the receiving tank (500 m3)
Mass of BOG
composition (kg)

Methane

Ethane

Propane

Butane

3676.1

1.8

0.0095

0.00021

Table 5 CO2 Emission from each BOG treatment method (500 m3 tank)
CO2 Equivalent (kg)

Venting

GCU

Re-liquefaction

91,903

10,086

2,649

Fig. 6 Changes in tank pressure, level heat ingress, pump heat
ingress, and BOG mass flow according to time with the
1,000 m3 receiving tank
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Table 8 GHG emission during line purging
Procedure

Tank capacity CH4 mass (kg) CO2 Equivalent (kg)

Line purging

500

60.6

1514.3

1,000

121.1

3028.7

4.3 Operating
The engine selected for the LNG-fueled ship was the Hyundai
5H22CFP, which is a dual-fuel engine. The GHG emission for the
ship’s fuel consumption based on the fuel type is as follows: 630 g
CO2e/kWh for MGO, 620 g CO2e/kWh for heavy fuel oil (HFO), and
412 g CO2e/kWh for LNG (El‐Houjeiri, Hassan et al., 2019; Jang et al.,
2021). The CO2 emission varied according to the tank size and the
BOG treatment method, as shown in Table 9. The fuel consumption is
the amount of fuel required by the selected engine to the consumption
at which a trace amount of LNG remains inside the tank (heel), i.e.,
10% from the 98% filling of the receiving tank. The operation time per

Fig. 7 Changes in BOG composition according to time with the
3

1,000 m receiving tank

tank size can be estimated based on the engine use. When the tank size
is larger, the sailing time is larger, which is a benefit from the

assumption that the BOG is composed entirely of methane. As
methane is the main GHG, its treatment is indispensable. Table 7
presents the result of quantifying the CO2 emission in accordance with
each BOG treatment method. Compared to venting, GCU and

operational perspective; however, the BOG increases due to the heat
ingress related to the water level and the compressor device. This
increases the amount of BOG to be treated and ultimately leads to CO2
emission. Among the BOG treatment methods, venting results in the

re-liquefaction, which release CO2 through combustion, are more
advantageous, reducing the GHG at a rate of 50% or higher.

highest level of GHG emission, and the variation among methods
becomes more apparent as the fuel tank size decreases. The use of
LNG is known to reduce CO2 emissions, but the results in this study

3

Table 6 BOG composition of the receiving tank (1,000 m )
Mass of BOG
composition (kg)

Methane

Ethane

Propane

Butane

5974.6

3.0

0.015

0.00033

showed a GHG emission increase of approximately 32% when using
venting for BOG treatment in LNG-fueled ships in comparison to the
use of the conventional fuels (MGO/HFO). Therefore, to maximize the
advantages of LNG as an environmentally friendly fuel, GCU or
re-liquefaction, with a reduction effect of approximately 25–30%,
seems appropriate for BOG treatment.

Table 7 CO2 emission from each BOG treatment method (1,000 m3 tank)

CO2 Equivalent (kg)

Venting

GCU

Re-liquefaction

149,365

16,393

4,314

5. Discussion
4.2 LNG Line Purging
Ships using LNG as fuel emit a large amount of GHG during the line
purging process for disconnecting the bunkering line, as well as in
bunkering. After a 98% filling of the receiving tanks, line purging is

This study investigated the impact of LNG fuel tank size on the
generation of GHG in terms of fuel consumption and gas emission in
varying conditions and in accordance with BOG treatment methods.

performed, and methane and CO2 are released, as shown in Table 8.

Furthermore, the problems associated with using LNG as an

Table 9 GHG emission generated during LNG-fueled ship operation
3

Tank Fuel consumption ×10
(kg/h)
Capacity

Operating
time
(h)

BOG or CO2 mass by procedure × 102
(kg)
Bunkering Line purging
BOG
CO2

GHG emission of marine engine
(g/kWh Engine)

Operating
CO2

Venting

GCU

Re-li

500

196

186

39.5

15.1

842

896.1

437.4

432.4

600

235

223

44.4

18.2

1,010

840.7

436.3

431.6

700

274

260

49.4

21.2

1,178

820.8

435.5

431.0

800

313

297

54.4

24.2

1,347

806.0

434.9

430.6

900

352

334

59.3

27.3

1,515

794.4

434.4

430.2

1,000

391

372

64.3

30.3

1,684

784.9

434.0

430.0

MGO

HFO

620

630
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environmentally friendly fuel were examined. In particular, the focus
was the analysis of CO2 emission according to changes in BOG
production and BOG treatment method. LNG bunkering was described

the perspective of the operation cycle, the GHG emission was
comparatively analyzed against conventional ship fuels with
consideration of the BOG treatment method and each tank size.

through dynamic simulation, and the entire set of CO2 indicators,
including CO2 emission during bunkering as well during other
procedures, including operation procedures, was defined. The results

Operators can use the findings in this study to assess environmental
alternatives and select the optimum BOG treatment method to
minimize GHG emissions from the respective ship.

are summarized below.
(1) With the focus on the analysis of CO2 emission according to
changes in BOG production and BOG treatment method based on fuel

Funding

tank size, LNG bunkering was described through dynamic simulation
and representative CO2 indicators were determined in consideration of
the procedures leading to the generation of GHG during bunkering and
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during sailing.
(2) From the operational perspective, re-liquefaction is the treatment
method that generates the lowest GHG emission if the priority is set as
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ABSTRACT: As the size of ships increases, the size and output power of their thrusters also increase. When a large ship berths or unberths,
the jet flow produced from its thruster has an adverse effect on the stability of quay walls. In this study, we conducted a numerical analysis to
examine the impact of the thruster jet flow of a 30,000 TEU container ship, which is expected to be built in the near future, on the stability
of a quay wall. In the numerical simulation, we used the fluid–structure interaction analysis technique of LS-DYNA, which is calculated by the
overlapping capability using an arbitrary Lagrangian Eulerian formulation and Euler–Lagrange coupling algorithm with an explicit finite
element method. As the ship approached the quay wall and the vertical position of the thruster approached the mound of the quay wall, the jet
flow directly affected the foot-protection blocks and armor stones. The movement and separation of the foot-protection blocks and armor stones
were confirmed in the area affected directly by the thruster jet flow of the container ship. Therefore, the thruster jet flows of ultra-large ships
must be considered when planning and designing ports. In addition, the stability of existing port structures must be evaluated.

1. Introduction
Increasingly large container ships are being constructed to

considerably save time and money by enabling lateral movement during
berthing and deberthing. The jet flow produced from the thruster,
however, directly affects the quay wall while the ship is berthing and

accommodate increasing shipping volumes. Based on the definition of
container capacity by Prokopowicz and Berg-Andreassen (2016), the
construction of ultra-large container ships (ULCSs) of 20,000

deberthing, which should be analyzed.
Studies on ship thrusters focus on their hydrodynamic properties and
performance (Bulten and Suijkerbuijk, 2013; Yu and Yang, 2016;

twenty-foot equivalent units (TEU) or larger is being realized at a
higher rate than that of very large container ships (VLCSs) of 10,000–
20,000 TEU. Currently (as of August 2021), the largest container ships

Abramowicz-Gerigk and Gerigk, 2020; Feng et al., 2020) and their
operation, as well as berthing and deberthing simulation results (Bui et
al., 2010; Tran and Im, 2012; Jeong et al., 2012; Benedict et al., 2017;

among the ULCS are of 24,000 TEU, with 36 in operation. The size of
the ship is up to 399.9 m in length and 61.5 m in width. The Korea
Maritime Institute (KMI) predicted that ULCSs of 30,000 TEU with a

Artyszuk and Zalewski, 2021). To understand the effects of thruster jet
flow, flow characteristics around the quay wall (van Blaaderen, 2006;
Irene, 2020), pressure (Abramowicz-Gerigk et al., 2018), and bottom

length of 493.2 m, width of 64.1 m, and load draft of 17.5 m would be
designed in the near future (Jeon, 2015).
As the size of the ship increases, the size of its bow and stern thrusters,

scour (van den Brink, 2014; Roelse, 2014; Galal et al., 2016; Galal et
al., 2019) have been analyzed. However, the behavior of the quay wall
corresponding to the direct action of the thruster jet flow has hardly

which are dynamic positioning systems (DPSs), also increases. The
thruster of a ship is generally used as an auxiliary propulsion device to
maintain a route in coastal waters with low water depth, waterways with

been discussed. As the size of the ship increases, the size of its thrust
and draft considerably increase, thereby exhibiting a more
considerable impact on the surrounding waters. Therefore, to build a

narrow channels such as canals, and seas with strong currents or winds.
If no mandatory regulations exist on the use of tugs, ship thrusters can

safe port, the thruster jet flow of large container ships in existing port
facilities should be analyzed before designing a new port.
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This study aims to analyze the effect of thruster jet flow on a quay
wall for a ULCS of 30,000 TEU, which is expected to be built in the
near future. LS-DYNA, which allows for the analysis of fluid–



   ϵ      



(4)

structure interaction (FSI) and the simulation of complex nonlinear
problems such as collisions and material shaping, is used to realize
numerical simulations. The hydraulic characteristics of the jet flow of

where  denotes the density of the material;  denotes the velocity of

the ship thruster as well as the stability of the quay wall caissons,
foot-protection blocks, and armor stones are discussed by applying the
arbitrary Lagrangian Eulerian (ALE) method, which is selected among

denotes the time.

the several other FSI analysis methods of LS-DYNA.

the material;  denotes the stress tensor; ϵ denotes the strain tensor; 
denotes the internal energy;  denotes the velocity of the mesh; and 
The ALE method was employed to supplement the shortcomings of
the Lagrangian and Eulerian methods and to employ only the
advantages. The fluid–structure coupling algorithm (FSCA) was
applied to the contact surfaces of Lagrangian and Eulerian elements
through operator splitting. If a significant element deformation
occurred in the Lagrangian stage, the element was corrected by

2. Numerical Method
In this study, the ALE method of LS-DYNA R12 (LSTC, 2020),
which can simultaneously consider the behaviors of the fluid and
structure, was applied to simulate the nonlinear mutual interference of
the thruster jet flow and the quay wall. LS-DYNA not only specializes
in nonlinear analyses such as collision and destruction based on the
explicit method, but also facilitates collision analyses between
multiple objects as it does not require the contact elements to be
created separately.

resetting the node position through the smoothing algorithm. In the
Eulerian stage, the material properties of the element were transformed
after the nodes were reset. During this process, the displacement and
velocity of the Lagrangian structure model were substituted into the
boundary conditions of the Eulerian fluid model, and the reaction force
estimated by the FSCA acted on the elements of the Lagrangian
structure model.
2.2 Numerical Condition

2.1 LS-DYNA
The ALE method (Santini et al., 1998; Souli et al., 2000; Sedden et
al., 2004; Poehlmann-Martins et al., 2005) facilitates a bidirectional
nonlinear interaction analysis between fluids and structures without
deformation or movement of the computational grid. This method
requires a reference coordinate system in addition to the Lagrangian
and Eulerian coordinate systems, and it can handle boundary
conditions, large deformations, and contact surface problems
according to arbitrary motion. The following equation represents the
relationship between the material time derivative and the reference
configuration time derivative:
   
 
   
             (1)







where  denotes the Lagrangian coordinate system;  denotes the

2.2.1 Numerical water tank
The container ship and quay wall were placed in a numerical water
tank with a length of 85 m, width of 30 m, and height of 50 m,
configured as shown in Fig. 1. Radiation boundary conditions were
applied to the outer sea and both sides of the water tank, and no flux
boundary conditions were applied to the floor and ceiling. For the ship
and caisson, the fixed constraint conditions were considered, and for
the armor stones on the slope of the mound and the foot-protection
blocks on the floor, the free movement conditions were considered.
The calculation grid and the calculation time interval of the numerical
tank were set considering the Courant–Friedrichs–Lewy (CFL) and
diffusive limit (DL) conditions, with the horizontal grid at 1 m and the
vertical grid at 0.5 m; further, the initial calculation time interval ( ∆ )
was 1/100 s. During calculation, ∆ was automatically varied to
satisfy the CFL and DL conditions according to the fluid flow
situation.

Eulerian coordinate system;  denotes the reference coordinate system;
and  and  denote the velocities of the material and space.
In LS-DYNA, the ALE technique method tracks the transfer of
energy, mass, and momentum between elements by applying the
continuity equation in the finite element method (FEM). The equations
for the conservation of mass, momentum, and energy in the ALE
methods are given below:


   ÷      
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  ≡      
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Fig. 1 Numerical water tank including container ship and quay
wall used in this study

Impact of the Thruster Jet Flow of Ultra-large Container Ships on the Stability of Quay Walls

Table 1 Numerical conditions considered in this study
h (m)

Ls (m)

18 (Δh = -2)

33

20 (Δh = 0)

38

22 (Δh = +2)

43
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Ocean Engineering Container Ship (KCS) with a size of 7.2786 m ×
1.019 m × 0.6013 m was used. With reference to the KMI data (Jeon,
2015), the basic KCS was enlarged according to the specifications
(493.2 m × 64.1 m × 17.5 m) of a ULCS of 30,000 TEU.
The domain shown in Fig. 2 is the section including the bow
thruster, which was cut by 30 m and fixed to fit the width of the

The berthing distance (Ls) of the ship is based on the horizontal
distance of 33 m between the wall of the caisson and the center of the
thruster during berthing. The water depth (h) in the port is set
considering a load draft of 17.5 m for the ULCS of 30,000 TEU. Table
1 summarizes the nine limited calculation conditions, where the
distances to the ship were set as Ls = 33 m, Ls = 38 m, and Ls = 43 m,
and the water depth conditions in the port as h = 18 m (low tide level),
h = 20 m (mean tide level), and h = 22 m (high tide level).

numerical water tank in Fig. 1. The computational domain, including
this bow thruster, is shown in Fig. 3(a). No flux boundary conditions
were applied to the hull. In this study, a single thruster with a diameter
of 3.75 m was considered, as shown in Fig. 3(b), and the position of the
center was 57 m from the bow and 2.58 m from the bottom of the ship,
where the diameter and position of the thruster were set by referring to
PIANC (2015).
2.2.3 Quay wall
Since this study aimed to examine the stability of the quay wall

2.2.2 Ship and thruster
The hull applied to the numerical analysis of this study is shown in

against the thruster jet flow, a simple quay wall that can minimize the

Fig. 2. The hull model of the Korea Research Institute of Ships &

and foot-protection blocks was considered. The quay wall was in the

flow change according to the caisson and the shape of the armor stones
form of a 30 m high non-perforated caisson mounted on a mound with
a height of 2.1 m and a slope of 1:1.5. One row of 2 m × 3 m × 0.5 m
concrete heavy-duty blocks was placed on the mound floor at the
bottom of the caisson, and seven rows of armor stones, each row with a
side length of 3.11 m, were arranged in a regular octagonal shape on
the slope of the mound (Fig. 4). The thickness of a foot-protection
block and an armor stone was the same at 0.5 m. To reduce the
computational load, the thickness of the caisson was limited to 8.5 m,
and fixed boundary conditions were considered for the ground, mound,
and caisson. Fixed constraint conditions were applied to the
foot-protection blocks and armor stones at the water tank boundary
and at the toe of the mound indicated in red in Fig. 4. For convenience,
the foot-protection blocks installed in one row were numbered from P1

Fig. 2 Hull model of KCS

to P9, and the armor stones installed in the six rows (A to F) were
numbered from A1 to A39, B1 to B39, C1 to C39, D1 to 39, E1 to 39,
and F1 to F39, excluding those under the fixed constraint conditions.
Table 2 summarizes the physical properties of the caisson,
foot-protection block, and armor stone. The physical properties
provided by Ansys were applied. As for the foot-protection block,
which was considered to comprise concrete, a unit weight of 2,300
kg/m3, Young’s modulus of 30,000 MPa, and Poisson’s ratio of 0.18
were applied. As for the armor stone, a unit weight of 2,600 kg/m3,
Young's modulus of 30,010 MPa, and Poisson's ratio of 0.234 were
applied, based on the Rock Physics Handbook (Mavko et al., 2009).

(a) 3D view

(b) y-z sectional view

Fig. 3 Computational domain with a bow thruster

The weight of each foot-protection block was 6,900 kg, and the weight
of each armor stone was 731 kg.

Table 2 Material properties used for numerical analysis
Item
Caisson
Foot-protection block
Armor stone

B (m) × L (m) × H (m)

Specific weight (kg/m3)

Young’s modulus (MPa)

Poisson ratio

2 × 3 × 0.5

2,300

30,000

0.18

0.75 × 0.75 × 0.5

2,600

30,010

0.234
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2.3 Validation
To validate the numerical model created using LS-DYNA, the
propeller wake velocity equation in the Rock Manual (CIRIA et al.,
2007) was used, based on the concept illustrated in Fig. 5.





   
 







(6)


 


(7)

     


 

 
   •   ∙exp 


(8)

Here,  denotes the propulsion force of the marine engine ( ), 
denotes the effective diameter of the propeller (0.7 times the diameter
of the propeller with no nozzle),  denotes the unit weight of the fluid
(kN/m3), and  denotes the vertical distance from the center of the
propeller (m). , , and  are empirical constants with values of 2.8,
5.2, and 1, respectively.
Fig. 4 Schematic of a quay wall with caissons, foot-protection
blocks, and armor stones
2.2.4 Thruster flow
The maximum flow velocity of the jet flow generated by the thruster
is calculated using Eq. (5), which was proposed by Fuehrer and
Romisch (1977):
  


(5)

where  denotes the rotational speed (1/s) of the propeller,  denotes
the thruster diameter (m), and  denotes the dimensionless thruster
coefficient (0.2–0.5).
Regarding the specifications and performance of the single thruster
of the 30,000 TEU ULCS,  is set as 3.75 m,  as 188 RPM, and  as
the median value of 3.5, with reference to PIANC (2015) and
Rolls-Royce (2013).

Fig. 6(a) shows the steady-state thruster flow field obtained using
LS-DYNA. The vertical profiles for the a-a' cross-section are
compared in Fig. 6(b) for verification (the a-a' section is 15 m away
from the center of the thruster).
In Fig. 6(a), the jet flow generated by the thruster shows an upward
flow pattern under the influence of floor friction. This accurately
represents the typical characteristics of a jet flow, i.e., the distribution
range of the propagated flow widens with a decrease in the flow
velocity due to fluid viscosity. As seen in Fig. 6(b), the theoretical
flow rate reaches its maximum at the thruster center (z = 7 m);
however, the maximum flow velocity occurs slightly upward from the
center, based on the LS-DYNA simulation results. This can be
understood as a phenomenon that occurs as the flow spreads to the
upper layer, since the upper part of the outlet opens first in the thruster
structure. As a result, the theoretical flow rate generated by the open
propeller is symmetric with respect to z = 7 m; however, the flow rate
obtained based on the LS-DYNA simulation has an asymmetric
structure with the developed upward flow velocity.

Fig. 5 Conceptual diagram of propeller wake (Reproduced from CIRIA et al., 2007)
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(a) Cross-sectional distribution
Fig. 6 Comparison between numerical simulation and theoretical velocity
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(b) Vertical profile

3. Numerical Results

Although the maximum flow velocity and flow velocity distribution
predicted using LS-DYNA are slightly overestimated compared with
the theoretical values, the overall characteristics of the thruster jet flow
generated by the ship appear to be accurately reproduced. In addition,

3.1 Flow Field
Figs. 7 and 8 show the steady-state flow velocity distribution around

Yeom et al. (2009) and Yeom et al. (2017) validated simulation results
on the behavioral collision of structures obtained using LS-DYNA.
Accordingly, the validity and effectiveness of LS-DYNA were

the quay wall, which is attributed to the thruster jet flow of the 30,000
TEU ULCS. Fig. 7 shows the flow fields according to the water depth
for Ls = 33 m. Fig. 8 shows the flow fields according to the distance to

partially confirmed in this study.

(a) h = 18 m

(b) h = 20 m
Fig. 7 Flow fields corresponding to different water depths (h) in midsection (Continued)

408

Taegeon Hwang et al.

(c) h = 22 m
Fig. 7 Flow fields corresponding to different water depths (h) in midsection

(a) Ls = 33 m

(b) Ls = 38 m

(c) Ls = 43 m
Fig. 8 Flow fields corresponding to different separation distances (LS) in midsection
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the ship under the low-tide condition (h = 18 m).
In Fig. 7(a), at h = 18 m, the direction of the flow toward the water
surface is shown on the slope as the thruster jet flow moves directly to

in the flow velocity is observed as the propagation distance increases,
as suggested in the theoretical flow characteristics of CIRIA et al.
(2007). Thus, the larger Ls is, the lower is the impact of the thruster jet

the quay wall caisson and mound. In other words, the caisson of the
quay wall and the armor stones of the mound slope are directly
affected by the thruster jet flow, and the foot-protection blocks placed

flow on the quay wall caisson, foot-protection blocks, and armor
stones.

on the mound floor are affected indirectly. Under the mean- and
high-tide conditions, shown in Figs. 7(b)–7(c), the quay wall caisson is
directly affected by the thruster jet flow (h = 20 m and h = 22 m),

3.2 Stability
3.2.1 Response of structure
Figs. 9 and 10 show the behavior of the foot-protection blocks and

whereas the mound (foot-protection blocks and armor stones) is not
significantly affected. In addition, for h = 22 m, a secondary flow that
collides with the quay wall caisson and descends may develop.

the armor stones covering the mound, which constitute the
substructure of the quay wall, according to the action of the thruster jet
flow of the 30,000 TEU ULCS. Fig. 9 shows the behavioral

Based on the thruster jet flow characteristics (Fig. 8) according to
the separation distance of the ship, a wider distribution with a decrease

characteristics according to h for Ls = 33 m. Fig. 10 shows the
behavioral characteristics according to Ls for h = 18 m.

(a) h = 18 m

(b) h = 20 m

(c) h = 22 m
Fig. 9 Arrangement changes of foot-protection blocks and armor stones due with h

410

Taegeon Hwang et al.

(a) Ls = 33 m

(b) Ls = 38 m

(c) Ls = 43 m
Fig. 10 Arrangement changes of foot-protection blocks and armor stones with Ls
At h = 18 m, as mentioned earlier, as the strong fluid force from the
thruster jet flow of the ship acts on the mound shoulder, movement and

the foot-protection blocks and armor stones covering the mound, under
the action of the thruster jet flow generated by the 30,000 TEU ULCS.

departure of the armor stones are observed, which even induces
movement of the adjacent foot-protection blocks. As the tide rises, the
influence of the thruster jet flow is reduced; this reduces the movement

Figs. 11(a) and 11(b) present the moving distances of the armor stone
and foot-protection block, respectively.
As seen in Fig. 11, as the thruster jet flow is induced by the ship, the

of not only the armor stones but also the adjacent foot-protection
blocks.
With regard to the behavioral characteristics of the foot-protection

armor stone and foot-protection block begin to move, and they move
considerably for up to 30 s. However, the movement of the relatively
heavy foot-protection block decreases significantly thereafter. The

blocks and armor stones according to Ls, the larger Ls is, the wider the
distribution of the flow acting on the quay wall becomes with
decreasing flow velocity; thereby, the movement of the foot-protection

movement of the lighter armor stone slows slightly after 30 s and then
decreases significantly after 40 s. Overall, the foot-protection block
and armor stone do not move significantly after 50 s. Therefore, in this

blocks and armor stones is reduced, as evident from Fig. 8.

study, the maximum moving distance (dmax) is defined as the moving
distance of the foot-protection block and armor stone at 70 s after the
generation of the thruster jet flow by the 30,000 TEU ULCS.

3.2.2 Maximum moving distance
Fig. 11 depicts the change in the moving distances of foot-protection
block P5 and armor stone B20, which moved the most among all

Fig. 12 and Table 3 show the dmax of P5 and B20, calculated as
described above.

Impact of the Thruster Jet Flow of Ultra-large Container Ships on the Stability of Quay Walls

(a) Armor stone
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(b) Foot-protection block

Fig. 11 Changes in moving distance under thruster jet flow

(a) Armor stone

(b) Foot-protection block

Fig. 12 Maximum moving distance of an armor stone and a foot-protection block
Table 3 Maximum moving distance of a foot-protection block and an armor stone under thruster jet flow
Foot-protection block

h (m)

Ls (m)
33

96.54

18

38

95.25

43

92.28

118.39

33

116.19

135.59

38

114.99

111.44

43

99.99

33
38
43

20

22

Fmax (kN)

Dmax (mm)

Armor stone
note

Fmax (kN)

Dmax (mm)

185.44

9.19

571.03

136.24

7.36

478.86

5.97

331.89

2.93

204.22

2.74

165.09

94.12

2.6

137.5

62.27

91.51

1.65

121.67

58.12

78.09

1.58

102.8

54.54

68.24

1.31

87

P5

note

B20
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While Fig. 12 and Table 3 show the numerical analysis results under
limited-port conditions, the moving distances of P5 and B20 under the
thruster jet flow are the greatest under the low-tide (h = 18 m) and

facilities for accommodating ULCSs. This should be supported by a
hydraulic model experiment considering actual port conditions or a
numerical analysis, such as that conducted in this study.

vessel-berthing conditions (Ls = 33 m); in fact, dmax was 571.03 mm,
which may cause B20 to fall off. The maximum moving distances of
the foot-protection block and armor stone show a clear tendency to

Funding

increase as the tide becomes lower and the separation distance
becomes decreases; this is confirmed by the thruster jet flow
characteristics and quay wall behavior discussed earlier.
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ABSTRACT: Overcrowding of high-rise buildings in urban zones change the airflow pattern in the surrounding areas. This causes building
wind, which adversely affects the wind environment. Building wind can generate more serious social damage under extreme weather conditions
such as typhoons. In this study, to analyze the wind speed and wind speed ratio quantitatively, we installed five anemometers in Haeundae,
where high-rise buildings are dense, and conducted on-site monitoring in the event of typhoon OMAIS to determine the characteristics of wind
over skyscraper towers surround the other buildings. At point M-2, where the strongest wind speed was measured, the maximum average wind
speed in 1 min was observed to be 28.99 m/s, which was 1.7 times stronger than that at the ocean observatory, of 17.0 m/s, at the same time.
Furthermore, when the wind speed at the ocean observatory was 8.2 m/s, a strong wind speed of 24 m/s was blowing at point M-2, and the
wind speed ratio compared to that at the ocean observatory was 2.92. It is judged that winds 2–3 times stronger than those at the surrounding
areas can be induced under certain conditions due to the building wind effect. To verify the degree of wind speed, we introduced the Beaufort
wind scale. The Beaufort numbers of wind speed data for the ocean observatory were mostly distributed from 2 to 6, and the maximum value
was 8; however, for the observation point, values from 9 to 11 were observed. Through this study, it was possible to determine the
characteristics of the wind environment in the area around high-rise buildings due to the building wind effect.

1. Introduction
Overcrowding and high-rise buildings in cities change the airflow

example, the City of London in the UK provides general guidelines to
be considered for designing a building in downtown London through
the “Wind microclimate guidelines for developments in the city (City

pattern in the surrounding areas. Depending on the geometry,
arrangement, and height of buildings, strong gusts and eddies are
caused, lowering the wind comfort. The wind reflected by buildings is

of London Corporation, 2019)” and performs preliminary impact
assessments for building wind. It conducts wind tunnel tests,
computational fluid dynamics (CFD) simulations, and cross-tabulation

scattered to the surrounding area, causing various phenomena, such as
localized gusts and eddies. These phenomena are collectively referred
to as building wind. Building wind can always be found around

analyses according to the characteristics of the buildings because it is
difficult to apply a unified standard due to the high variability in the
field of turbulence. Meanwhile, the building design standards in South

buildings. It hardly causes problems around low-rise buildings, but the
social damage caused by it has become an issue because more
high-rise buildings have been built and the frequency of extreme

Korea suggest the design loads of buildings against the wind load, but
do not present criteria for the impact of buildings on the surrounding
area (Oh et al., 2020).

weather events has increased. Thus, building wind has been
established as a new form of urban pollution.
In countries, such as the United States, Japan, Germany, and the UK,

Recently, the building wind phenomenon has been recognized as a
social problem, and the central and local governments have attempted
to prepare measures. Basic research data, however, are still insufficient

it is mandatory to perform environmental impact assessments,
following wind environment assessment guidelines and wind-way
regulations, in the planning and design stages of the structure. As an

for preparing countermeasures suitable for the domestic situation. You
et al. (2021) evaluated the wind environment around two apartment
buildings using wind tunnel tests and CFD analyses. Choi et al. (2019)
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compared the wind pressure coefficient and natural ventilation
performance according to the apartment layout through CFD, and
roughly categorized the characteristics of the wind pressure coefficient

exponentially. Therefore, strong downslope wind is highly likely to
occur around high-rise buildings. Valley wind is the strong wind
formed between buildings due to the overlapping between the

(ventilation performance) according to the position. Lee et al. (2021)
analyzed the wind pressure characteristics of an open-center elliptical
building through a wind tunnel test and compared them with the

separated flow and downslope wind. Moreover, there is backward
flow, which flows in the opposite direction to the wind in the sky after
a collision with a building; pilotis wind, which flows rapidly along

standards for building structures. In this study, changes in the wind
environment in Haeundae due to the building wind effect were
quantitatively analyzed by performing on-site monitoring of the

openings, such as pilotis; and upward flow, which rises with eddies
near the corners of buildings. Behind buildings, windless zones with
low wind speed are formed along with large and small eddies that are

building wind near the ground surface in the impact range of the 12th
typhoon OMAIS in 2021 for the areas around high-rise buildings.

generated by unstable airflows.

2. Definition of Building Wind
When the wind hits a building, its turbulence energy increases due to
the friction and resistance effects and a high wind speed is generated
locally. In addition, when the wind flows along passages or narrow gaps
between buildings, the wind speed is increased by the Venturi effect. All
the airflows that are generated around buildings are collectively referred
to as building wind. The building wind phenomenon significantly varies
depending on the geometry and arrangement of buildings or the
surrounding conditions, as shown in Fig. 1.
In building and wind dynamics (Kim, 2018), the building wind is
defined as follows. Separated flow occurs when the wind is separated
to the left and right sides after hitting a building. The wind that passed
the corner of the building has a higher wind speed than that at its
surroundings. Downslope wind occurs when the wind separated to the
left and right sides is sucked into the low-pressure area generated
behind the building. Thus, it is fast and headed down on the side of the
building. High-rise buildings are the main cause of building wind
because the downslope wind generated when the fast wind above the
ground hits a high-rise building affects the airflow near the ground

3. On-site Monitoring
3.1 Research Site and Monitoring Points
The Marine City area in Haeundae-gu, Busan (Fig. 2) was selected
as the research site because it is frequently damaged by building wind
as it has a high density of high-rise buildings and is located in the
coastal area vulnerable to storm and flood damage. In the area,
high-rise apartment complexes, higher than 120 m, are densely located
and there is also a skyscraper with a maximum height of approximately
301 m.
To observe the building wind in areas close to the high-rise
buildings, fixed-type anemometers were installed in the research site.
Through preliminary on-site measurements at 25 points during the
invasion of the 9th typhoon Maysak and 10th typhoon Haishen in
2020, wind speed data were collected. The points with the highest wind
speed were selected among the measurement points, and the
anemometers were installed at five points (M-1 to M-5) as shown in
Fig. 3. They were installed in structures located at the monitoring
points at a height between 4.0 and 8.0 m considering the site

surface. In general, as the altitude increases, the wind speed increases

conditions. The monitoring points were classified into the points at
which the inflow of wind from the open sea is expected (M-1, 4, and 5),
the points at which the highest wind speed was measured through the

Fig. 1 Type of building wind

Fig. 2 Location and drone photo of research site
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(a) Installation point (M1~5)

Latitude

Longitude

N 35° 09' 22"
E 129° 08' 46"
(d) View & coordinates of point M-3

Latitude

Longitude

Latitude

Longitude

N 35° 09' 14"

E 129° 08' 49"

N 35° 09' 18"

E 129° 08' 45"

(b) View & coordinates of point M-1

Latitude

Longitude

N 35° 09' 29"
E 129° 08' 35"
(e) View & coordinates of point M-4

(c) View & coordinates of point M-2

Latitude

Longitude

N 35° 09' 17"
E 129° 08' 33"
(f) View & coordinates of point M-5

Fig. 3 Installation point of wind speed & wind direction observation equipment
preliminary on-site survey (M-1, 2, and 5), and the intersection points
(M-2, 3, and 5).

Latitude
N 35° 08' 56"

3.2 Monitoring Equipment and Method
The equipment for monitoring the building wind was designed in
accordance with the “Standard specifications for automatic weather

Longitude
E 129° 10' 12"

observation equipment” (KMA, 2016). According to the “Standard
specification of observation sensors” (article 7) of this standard, the
equipment had the performance presented in Table 1. According to the
“Standard for signal and data processing” (article 9), four data were
acquired per second (345,600 data/day), and the 1-min average wind
direction and wind speed were calculated by averaging data for 60 s
(240 data).

Wind direction
(arco-serial)

10 min
Fig. 4 Haeundae beach ocean observatory (Korea hydrographic
and oceanographic agency)
The Haeundae beach ocean observatory operated by the Korea
Hydrographic and Oceanographic Agency (Fig. 4) is located

Table 1 Specification of observation equipment
Windspeed
(arco-serial)

Observation rate

Range

0–70 m/s

Accuracy

± 2 %

approximately 2 km east of Marine City (Fig. 2). Considering that the
impact range of the building wind is wider than the height of the
buildings (Kim and Im, 2012), the location of the ocean observatory is

Resolution

0.1 m/s

Range

0°–360°

Accuracy

± 1°

within the building wind impact range of LCT, a skyscraper. The ocean
observatory, however, was selected as a comparison group because it is
located in the area closest to the research site and in the sea, with

Resolution

1°

relatively little interference. Given that building wind causes local

A Review on the Building Wind Impact through On-site Monitoring in Haeundae Marine City

gusts within a short period of time (Roh, 2008), the 1-min average,
which is the shortest time unit provided by the ocean observatory, was
compared with the monitoring data of the research site.

Beaufort wind scale proposed by Lawson and Penwarden (1975) was
applied, as presented in Table 3.
 
  
   

3.3 The 12th Typhoon OMAIS
The 12th typhoon OMAIS in 2021 occurred in the sea,
approximately 850 km south-southeast of Okinawa, Japan, at 21:00 on
August 20th and disappeared at approximately 09:00 on August 24th.
The record of the typhoon is presented in Table 2. The typhoon
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Table 3 Beaufort wind scale
Beaufort number

Description

Wind speed (m/s)

affected Korea from August 23rd, as shown in Fig. 5. Therefore, in this
study, the data measured for 48 h from 00:00 on August 23rd to 00:00
on August 25th were analyzed.

0

Calm

0–0.2

1

Light air

0.3–1.5

2

Light breeze

1.6–3.3

3

Gentle breeze

3.4–5.4

Table 2 Record of typhoon OMAIS

4

Moderate breeze

5.5–7.9

2021.08.20. 21:00
~ 2021.08.24. 09:00

5

Fresh breeze

8.0–10.7

6

Strong breeze

10.8–13.8

Intensity

Tropical storm

7

Near gale

13.9–17.1

Size

Small storm (Diameter: 330 km)

8

Gale

17.2–20.7

Minimum air pressure

994 hPa

9

Severe gale

20.8–24.4

Maximum wind speed

26 m/s (1 min average)

10

Storm

24.5–28.4

11

Violent storm

28.5–32.6

12

Hurricane

32.7–

Period

(1)

4. Monitoring Results
4.1 One-minute Average Wind Speed of the Ocean Observatory
For the time period between 00:00 on August 23rd and 00:00 on
August 25th, which was the impact range of typhoon OMAIS, the
Marine City on-site monitoring data were compared with the 1-min
average wind speed data of the ocean observatory.
Fig. 6 shows the 1-min average wind speed data (●) and the 1-h
average wind direction to identify the atmospheric wind direction
(

Fig. 5 Path of typhoon OMAIS
The building wind is evaluated using methods such as the strong
wind occurrence probability (probabilistic evaluation method), wind
speed increase rate (relative evaluation method), and allowed wind
speed (absolute evaluation method). Given that the application of the
probabilistic evaluation that predicts the strong wind occurrence
frequency was judged to be difficult in this study considering the
short-term (2 days) data and small number of samples, the relative and
absolute evaluation methods were used for building wind evaluation.
As for the relative evaluation method, the reference wind speed was
that at the weather station (ocean observatory). The wind speed ratio
(R) at each point compared to the reference wind speed was derived to
calculate the wind speed increase rate by the building wind effect. as
expressed in Eq. (1). In the case of the absolute evaluation method, the

), which were provided by the Haeundae beach ocean observatory.

At the ocean observatory, a maximum wind speed of 18.5 m/s
(southwest) was recorded as the first peak at 01:07 on August 24th
after the invasion of the typhoon. At 06:00 on August 24th, a maximum
wind speed of 15.5 m/s (southwest, west-southwest) was recorded as
the second peak as the wind speed increased again even after the
typhoon changed into an extratropical cyclone. The wind direction did
not show a certain tendency when the observatory was in the indirect
impact range of the typhoon. After 14:00 on August 24th when it was
in the direct impact range of the typhoon, however, the wind direction
was observed in the order of northeast → southeast → southwest,
showing an obvious clockwise direction as in an area located on the
right side of a typhoon’s path.
4.2 Marine City Wind Speed and Wind Speed Ratio (Relative
Evaluation)
Fig. 6 shows the 1-min average wind speed (■) and 1-h average
wind direction (

) measured at five points (M-1 to M-5) in Marine
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(a) Wind speed comparison (M-1

■

vs Ocean Observatory

●)

(b) Wind speed comparison (M-2

■

vs Ocean Observatory

●)

(c) Wind speed comparison (M-3

■

vs Ocean Observatory

●)

(d) Wind speed comparison (M-4

■

vs Ocean Observatory

●)

(e) Wind speed comparison (M-5

■

vs Ocean Observatory

●)

Fig. 6 Comparison of wind speed at each point (Marine City vs Ocean Observatory)
City. Fig. 7 shows the wind speed ratio at each point (▲, ■) by
applying Eq. (1). As for the calculation of the wind speed ratio, time

calculated for cases where the wind speed at the ocean observatory was
2 m/s or higher to derive the wind speed ratio at significant wind speed.

points at which the wind speed was not measured were excluded. Some
wind speed ratios were excessive (5 to 25), and this appears to be
because the wind speed measured at the ocean observatory was

4.2.1 Point M-1
Point M-1 was located on the eastern part of the Marine City coastal

relatively low. Therefore, in this study, the wind speed ratio was

road. Given that it was directly in contact with the coast, the easterly
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sea wind could be measured without interference. As it was located on
the side of a high-rise building, high wind speed caused by the
separated flow and downslope wind was expected.
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Fig. 6(a) shows the 1-min average wind speed at point M-1. The
maximum wind speed (at 01:16 on August 24th) was measured to be
26.57 m/s (southwest) and the wind speed at the ocean observatory at

(a) Wind speed ratio (WindspeedM-1/WindspeedOceanObservatory ▲, ■)

(b) Wind speed ratio (WindspeedM-2/WindspeedOceanObservatory ▲, ■)

(c) Wind speed ratio (WindspeedM-3/WindspeedOceanObservatory ▲, ■)
Fig. 7 Frequency distribution of wind speed ratio at each point (Marine City/Ocean Observatory) (Continuation)
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(d) Wind speed ratio (WindspeedM-4/WindspeedOceanObservatory ▲, ■)

(e) Wind speed ratio (WindspeedM-5/WindspeedOceanObservatory ▲, ■)
Fig. 7 Frequency distribution of wind speed ratio at each point (Marine City/Ocean Observatory)
the same time was 16.9 m/s (southwest), indicating that the wind speed
at point M-1 was 1.57 times higher.
The wind speed ratio at point M-1 ranged from 0 to 2.62 as shown in
Fig. 7(a). The maximum wind speed ratio (at 17:49 on August 23rd)
was found to be 2.62 when the wind speed at point M-1 was 5.51 m/s
(north-northeast) and that at the ocean observatory was 2.1 m/s
(northeast). Wind speed ratios less than 1.0 accounted for 46% of the
wind speeds, whereas those equal to or higher than 1.0 represented
54% of them, indicating that 54% of the wind speeds were higher than
the reference wind speed due to the building wind effect.
Point M-1 was located on the side of a building (Fig. 8). Therefore,
the wind direction was parallel to the direction of the outer wall of the
building. The north-northeast wind direction was mostly observed
when the atmospheric wind direction was north, and the southwest

Fig. 8 Main wind direction (M-1)

wind direction when it was south. The wind speed ratio tended to be
high when the atmospheric wind direction was parallel to the outer wall
direction as in the time periods between 18:00 and 22:00 on August
23rd and between 09:00 and 12:00 on August 24th.

4.2.2 Point M-2
At point M-2, a 10-s average wind speed of approximately 30 m/s
(an instantaneous wind speed of 46 m/s) was measured through on-site
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observation during the invasion of 9th typhoon Maysak in 2020. Given
that point M-2 was located at an intersection between high-rise
buildings, high wind speed caused by valley wind was predicted.
Fig. 6(b) shows the 1-min average wind speed at point M-2. The
maximum wind speed (at 01:10 on August 24th) was measured to be
28.99 m/s (southwest) and the wind speed at the ocean observatory at
the same time was 17 m/s (southwest), showing that the wind speed at
point M-2 was 1.70 times higher.
The wind speed ratio at point M-2 ranged from 0 to 2.92 as shown in
Fig. 7(b). The maximum wind speed ratio (at 11:06 on August 24th)
was found to be 2.92 when the wind speed at point M-2 was 24 m/s
(southwest) and that at the ocean observatory was 8.2 m/s (southwest).
Wind speed ratios less than 1.0 accounted for 59% of the wind speeds,
whereas those equal to or higher than 1.0 represented 41% of them,
meaning that 41% of the wind speeds were higher than the reference
wind speed due to the building wind effect. At point M-2, the wind
speed ratio tended to be high under the southwest wind condition (after
09:00 on August 24th). This appears to be because the wind speed was
further increased by the downslope wind as high-rise buildings were
densely located on the west side of point M-2.
4.2.3 Point M-3
At point M-3, large social damage occurred, including damage to
many windows in shopping malls, during the invasion of 9th typhoon
Maysak in 2020. In addition, as point M-3 was located at an
intersection close to high-rise buildings, as was the case with point
M-2, high wind speed caused by valley wind was predicted.
Fig. 6(c) shows the 1-min average wind speed at point M-3. The
maximum wind speed (at 23:33 on August 23rd) was measured to be
10.95 m/s (south-southwest) and the wind speed at the ocean
observatory at the same time was 12.8 m/s (southeast), showing that
the wind speed at point M-3 was lower.
The wind speed ratio at point M-3 ranged from 0 to 0.87, as shown in
Fig. 7(c). The maximum wind speed ratio (at 09:55 on August 24th)
was found to be 0.87 when the wind speed at point M-3 was 8.64 m/s
(east-southeast) and that at the ocean observatory was 9.2 m/s

Fig. 9 Wind break forest around M-3
4.2.4 Point M-4
As point M-4 was located in the western part of the Marine City area,
it was expected that the westerly sea wind could be measured.
However, due to the influence of the trees (Fig. 10) planted in the
Pusan Yachting Center, as was also the case with point M-3, relatively
low wind speed was observed.
Fig. 6(d) shows the 1-min average wind speed at point M-4. The
maximum wind speed (at 23:27 on August 23rd) was measured to be
14.92 m/s (northeast) and the wind speed at the ocean observatory at
the same time was 13.3 m/s (east-southeast), indicating that the wind
speed at point M-4 was 1.12 times higher.
The wind speed ratio at point M-4 ranged from 0 to 2.13 as shown in
Fig. 7(d). The maximum wind speed ratio (at 18:00 on August 23rd)
was found to be 2.13 when the wind speed at point M-4 was 4.26 m/s
(east) and that at the ocean observatory was 2.0 m/s (northeast). Wind
speed ratios of 1.0 or higher accounted for only 2.3% of the wind
speeds, whereas wind speed ratios less than 1.0 represented 97.7% of
them, and 79% of the cases showed a wind speed ratio less than 0.5. It
appears that the low wind speed at point M-4 was also caused by the
energy dissipation effect of the trees.

(southwest). Wind speed ratios less than 1.0 represented 100% of the
wind speeds, indicating that all wind speeds were lower than the
reference wind speed. Although point M-3 was located at an
intersection close to point M-2 with a distance of approximately 230 m,
the increase in wind speed caused by building wind did not occur and
the wind speed rather sharply decreased. This appears to be due to the
energy dissipation effect of the trees (Fig. 9) in the apartment
complexes adjacent to point M-3.
Given that point M-3 was located at an intersection, as was the case
with point M-2, the wind was observed in 360° directions. While point
M-2 was highly correlated to the wind direction at the ocean
observatory, the wind direction at point M-3 was less correlated. This
appears to be due to the generation of a complex airflow pattern
caused by the turbulence created in the energy dissipation process by
the trees.

Fig. 10 Wind break forest around M-4
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4.2.5 Point M-5
Point M-5 was located in the southern part of the Marine City coastal
road. As it was directly in contact with the coast, the southerly sea wind

For the wind speed data measured at the ocean observatory, the
Beaufort number ranged from 0 to 9. The proportions of Beaufort
numbers from 0 to 8 were 1.88%, 15.50%, 14.74%, 13.59%, 21.29%,

could be measured. Due to the location of point M-5 at the corner of a
high-rise building, high wind speed caused by the separated wind was
expected.

16.93%, 11.88%, 3.62%, and 0.56%, respectively, indicating that the
numbers were relatively evenly distributed from 1 to 6. The mode was
found to be 4 (moderate breeze) and the maximum value was 8 (gale).

Fig. 6(e) shows the 1-min average wind speed at point M-5. The
maximum wind speed was measured to be 28.99 m/s (west-southwest)
at 01:40 on August 24th. In this instance, the wind speed at the ocean

The results at each point are shown in Figs. 12(a) to 12(e).
Fig. 12(a) shows the Beaufort numbers of wind speeds measured at
point M-1(■). The numbers ranged from 0 to 10, and their proportions

observatory was 14.1 m/s (southwest), showing that the wind speed at
point M-5 was 2.05 times higher.
The wind speed ratio ranged from 0 to 2.32 as shown in Fig. 7(e).

were 5.42%, 16.42%, 18.72%, 11.76%, 12.45%, 8.94%, 13.83%,
8.10%, 2.52%, and 1.53%, respectively. The mode was found to be 3
(gentle breeze) and the maximum value was 10 (storm). Compared to

The maximum wind speed ratio (at 10:38 on August 24th) was found to
be 2.32 when the wind speed at point M-5 was 16.96 m/s (west) and
that at the ocean observatory was 7.3 m/s (southwest). Wind speed

the wind speed data at the ocean observatory, Beaufort numbers 1, 4, 5,
and 6 showed a decrease in frequency, whereas Beaufort numbers 2, 3,
7, and 8 presented an increase in frequency. Wind speeds

ratios less than 1.0 accounted for 76% of the wind speeds, whereas
those equal to or higher than 1.0 represented 24% of them, indicating
that 24% of the wind speeds were higher than the reference wind speed

corresponding to Beaufort numbers 9 and 10 (20.8 to 28.4 m/s), which
were not observed at the ocean observatory, were observed here.
Fig. 12(b) shows the Beaufort numbers of the wind speeds measured

due to the building wind effect.
Given that point M-5 was located on the side of a building (Fig. 11),
east and west wind directions parallel to the building’s outer wall

at point M-2(■). The numbers ranged from 0 to 11, and their
proportions were 25.31%, 12.62%, 14.85%, 15.86%, 5.67%, 5.49%,
7.37%, 5.60%, 1.08%, 0.56%, and 0.03%, respectively. The mode was

direction were mostly observed. The wind speed ratio was higher when
the atmospheric wind directions were east and west than when they
were south and north.

found to be 1 (light air) and the maximum value was 11 (violent storm).
Compared to the wind speed data at the ocean observatory, Beaufort
numbers 2, 4, 5, and 6 showed a decrease in frequency, whereas
numbers 1, 3, 7, and 8 presented an increase in frequency. Wind speeds
corresponding to Beaufort numbers 9, 10, and 11 (20.8 to 32.6 m/s),
which were not observed at the ocean observatory, were observed here.
Fig. 12(c) shows the Beaufort numbers of wind speeds measured at
point M-3(■). The numbers ranged from 0 to 6, and their proportions
were 51.30%, 26.93%, 4.66%, 1.54%, 0.46%, and 0.04%, respectively.
The mode was found to be 1 (light air) and the maximum value was 6
(strong breeze). Compared to the wind speed data at the ocean
observatory, Beaufort numbers from 3 to 6 showed a decrease in
frequency, whereas numbers 1 and 2 had a significant increase in
frequency.
Fig. 12(d) shows the Beaufort numbers of wind speeds measured at
point M-4(■). The numbers ranged from 0 to 7, and their proportions
were 29.67%, 25.62%, 24.53%, 8.04%, 2.80%, 0.52%, and 0.05%,
respectively. The mode was found to be 1 (light air) and the maximum

Fig. 11 Main wind direction (M-5)
4.3 Beaufort Number at Marine City Points (Absolute Evaluation)
In Section 4.2, the wind speed increase rate was analyzed through a
relative evaluation. As the damage created by wind is caused by high
wind speed, it is necessary to evaluate the absolute value of the
increase in wind speed generated by the building wind effect.
Therefore, the Beaufort wind scale (Table 3) was applied to the wind
speed data measured at the ocean observatory and five points in Marine
City (M-1 to M-5), and the frequency of the Beaufort number is shown
in Fig. 12. Missing data and Beaufort number 0 (calm) were excluded
for the convenience of data analysis.

value was 7 (near gale). Compared to the wind speed data at the ocean
observatory, Beaufort numbers from 4 to 7 showed a decrease in
frequency, whereas numbers from 1 to 3 presented a significant
increase in frequency.
Fig. 12(e) shows the Beaufort numbers of wind speeds measured at
point M-5(■). The numbers ranged from 0 to 11, and their proportions
were 27.50%, 21.41%, 17.72%, 14.76%, 6.54%, 1.39%, 0.66%, 1.15%,
1.39%, 0.70%, and 0.07%, respectively. The mode was found to be 1
(light air) and the maximum value was 11 (violent storm). Beaufort
numbers from 4 to 7 showed a decrease in frequency, whereas numbers
1, 2, 3, and 8 had an increase in frequency. Wind speeds corresponding
to Beaufort numbers 9, 10, and 11 (20.8 to 32.6 m/s), which were not
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(a) Beaufort number (M-1

■

vs Ocean Observatory

■)

(b) Beaufort number (M-2

■

vs Ocean Observatory

■)

(c) Beaufort number (M-3

■

vs Ocean Observatory

■)

(d) Beaufort number (M-4

■

vs Ocean Observatory

■)

(e) Beaufort number (M-5

■

vs Ocean Observatory

■)

Fig. 12 Frequency of Beaufort numbers at each point (Marine City vs Ocean Observatory)
observed at the ocean observatory, were observed at this point.
At points M-1, M-2, and M-5, where the wind speed increased,
Beaufort numbers from 4 to 6 (5.5 to 13.8 m/s) tended to show a

wind effect depending on the conditions. It is considered necessary to
conduct further research on factors that affect building wind through
long-term monitoring. Meanwhile, at points M-3 and M-4, where the

decrease in frequency, whereas numbers from 1 to 3 (0.2 to 5.4 m/s)
and 7 to 11 (13.9 to 32.6 m/s) presented an increase in frequency. In
other words, the wind speed corresponding to the middle classes was

wind speed decreased due to the wind-proof effect of trees, Beaufort
numbers of 4 and above (over 7.9 m/s) tended to show a significant
decrease in frequency, whereas Beaufort numbers from 1 to 3 (0.2 to

decreased by the blockage of buildings or increased by the building

5.4 m/s) had a significant increase in frequency.
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5. Conclusion
To evaluate the building wind effect on the approach of typhoon, we
investigated the characteristics of wind profile over skyscraper towers
surround the other buildings in Haeundae region, Busan, South Korea.
In this study, five anemometers were installed in Haeundae Marine
City where high-rise buildings are densely located and on-site
monitoring of typhoon OMAIS was performed to examine the building
wind phenomenon. For result analysis, a relative evaluation through
the calculation of the wind speed ratio (wind speed increase rate) and
an absolute evaluation based on the Beaufort wind scale were
performed. The following conclusions could be drawn.
(1) Among points M-1, M-2, and M-5 at which the wind speed was
significantly increased, point M-2 had the highest wind speed, showing
a maximum wind speed of 28.99 m/s and a maximum wind speed ratio
of 2.92. Different building wind patterns were observed depending on
the location characteristics of each point. At points M-1 and M-5,
which were located on the side of a high-rise building, the main wind

Fig. 13 Risk analysis at each point

direction was found to be parallel to the building direction and the wind
speed ratio was high when the atmospheric wind direction was parallel
to the building outer wall direction. The wind direction at point M-2,

wind are shown in Fig. 13. As the number of measurement points is
small compared to the range of the research site, it is difficult to
identify the risk level for all sections in the site. It seems necessary to

which was located at an intersection, was highly correlated with that at
the ocean observatory located in the sea, and the wind speed ratio was
high when the atmospheric wind direction was west. This appears to be

perform high-density monitoring by installing more monitoring points
or to utilize computational fluid dynamics (CFD) to identify the risk
level for the entire range of the research site. It is also considered

because high-rise buildings were located on the west side of point M-2.
At points M-3 and M-4, the wind speed ratio was found to be less than
1 and the wind speed rather decreased even though they were located in

necessary to conduct further research with high reliability through
cross-analysis between monitoring and CFD.
(4) In addition, 1-min average data were used for a comparison with

areas where high-rise buildings were densely located. This appears to
be due to the influence of the trees planted near the observation
equipment. A previous study (Kim et al., 2013) analyzed the

the wind speed data of the ocean observatory, but it is considered
necessary to analyze the 3-s average (instantaneous wind speed) or 1-s
average wind speed data due to the characteristics of the building wind,

wind-proof effect of planting windbreak forest through a wind tunnel
test, and it confirmed that the windbreak forest has the effect of
decreasing the wind speed by at least 47%. In this study, the

which may cause gusts and damage within a short period of time. As an
example, at point M-2 where the highest wind speed was observed, the
maximum wind speed was calculated to be 48.24 m/s when the 3-s

wind-proof effect of trees could also be observed through actual
monitoring data.
(2) When the absolute values of the wind speed were analyzed

average wind speed was used and 53.20 m/s when the 1-s average wind
speed was used. These were 1.66 and 1.83 times higher than 28.99 m/s,
which was the maximum average wind speed for 1 min. Given that the

through the Beaufort wind scale, it was found that Beaufort numbers
from 7 to 11, which belong to the dangerous wind speed range, showed
an increase in frequency at points M-1, M-2, and M-5, where the wind

outer walls, windows, and glass of buildings can be damaged even by
momentary strong winds, it is necessary through further research to
analyze the risk level of the building wind using an average wind speed

speed was significantly increased. Beaufort numbers from 1 to 3,
which correspond to low wind speeds, also showed an increase in
frequency. This indicates that the wind speed was decreased by the

with a short period.

blockage effect of buildings or increased by the building wind effect
depending on the conditions. Thus, further research is required on
various variables that cause building wind. At points M-3 and M-4,

(3) Based on the above results, the areas with risk due to building
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ABSTRACT: In this study, three types of synthetic fiber materials were evaluated, namely, DM20, SK78, and T147, to replace steel chains in
shipbuilding and offshore fields with fiber chains as there is increasing demand for chains with lighter weights and improved usabilities. The
strength and quasi-static stiffness were analyzed to select suitable yarns for the fiber chains. The durability of the yarn was evaluated by
performing a 3-T (time to rupture) test as a specific tension level. The results of the experiment revealed excellent dynamic stiffness in DM20
and highest values of the windward and leeward stiffness in T147. 3-T linear design characteristic curves for a specific tension level were
derived for the three types of fiber materials. The findings of this study can provide insights for improving strength and durability in fiber
chain design.

1. Introduction

1960s, and since then, extensive studies have been conducted for
practical use of synthetic fiber ropes (Banfield and Casey, 1998). Del

Link chains used in general industrial applications are formed by
linking several steel rings, and these are used to connect a crane or
winch for transporting heavy objects or lashing heavy objects to a

Vecchio (1992) were the first to carry out systematic research on the
mechanical behavior of polyester ropes. They examined the dynamic
stiffness, creep, and fatigue behavior of polyester ropes; these are

designated location. Among the types of link chains, a load chain is
representative, and for the field application of load chains, the wire
diameter of the chain has to be increased according to the required load

essential characteristics for application of polyester ropes in deepwater
moorings. Petruska et al. (2010) installed the first offshore polyester
mooring system in the Campos Basin, Brazil. Over time, polyester

of application. However, in steel chains, as the wire diameter increases
with increase in the working load, the weight of the chain increases in
proportion; this compromises the workability and limits the application

ropes have become the preferred option of mooring line installation up
to a depth of 1500 m. However, with increasing number of natural
resources being discovered at increasing water depths, it remains to be

scope. Therefore, for using these chains in field applications, the weight
of steel chains has to be reduced and the operation has to be made easier.
These chains are subjected to high tension conditions during operation,

explored whether polyester ropes can be utilized at these depths and
whether they can provide sufficient stiffness to maintain adequate
platform offsets (Davies et al., 2002). As the offshore oil and gas

such as gradual increase in the tensile force, peak load from external
forces, and prolonged application of cyclic loading; therefore, these and
various other load conditions should be considered in the research and

surveys moved to the deep seas, mooring with polyester ropes faced
two challenges. The first problem is the size and weight of polyester
ropes that are often considerably thick and long, which may exceed the

development of fiber chains.
Steel is mostly used in industrial applications, but synthetic fiber has
been used for a long time in mooring systems for ships and offshore

allowable capacity of anchor handling boats and cause problems in
installation (Chi et al., 2009; Det Norske Veritas, 2018). The second
problem is that polyester ropes can have large elongations, which may

structures. Among synthetic fiber chains used for lifting large loads,
synthetic fiber ropes were first proposed for use as mooring lines in the

lead to horizontal offsets exceeding the riser limit at depths of >2000
m (Fernandes et al., 1999).
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To address the limitations of the polyester material, ultra-highmolecular-weight polyethylene (UHMWPE), also known as highmodulus polyethylene (HMPE), was developed, and it has been widely

in this study, we aim to analyze the characteristics of HMPE and liquid
crystal polymer (LCP) materials in terms of quasi-static stiffness and
durability under various load conditions.

applied as the most suitable material for deep-sea mooring lines.
HMPE ropes are lighter than polyester ropes under equivalent
minimum breaking load conditions and have smaller diameters and

2. Materials and Methods

higher stiffnesses. Thus, HMPE ropes have technical as well as
operational advantages over traditional polyester ropes for
applications in deep-sea mooring (Peter et al., 2011; Davies et al.,
2015). HMPE mooring systems with high stiffness are more riser
friendly in terms of offset than polyester mooring lines, and HMPE
ropes typically break at 2%–2.5% elongation after use when polyester
ropes break at 12%-15% elongation. While the positions of offshore
structures are held static, the waves apply a cyclic load on the mooring
lines, which changes the fiber elongation, and thus, the mooring line is
subjected to an extension-retraction fatigue load. In one study, an
HMPE rope showed a longer fatigue life than a polyester rope with the
same structure, and its axial compression fatigue properties were not

2.1 Materials and Experimental Setup
In this study, three types of fiber materials were tested for fiber
chain development. Considering the yarn types with strength,
durability, and wear resistance that can satisfy the specifications of
fiber chain development, HMPE DM20, HMPE SK78, and LCP T147
were selected as test materials. The materials used in this study were
supplied by DSR Corp. and the types of fiber materials used in this
study and their mechanical properties are presented in Table 1.
Table 1 Types of fiber sample and their mechanical properties
Type

Modulus
(g/den)
1042
1267
600

Tenacity
(g/den)
35
40
25.9

Elongation
(% at break)
3.6
3.5
3.8

inferior to those of an aramid fiber sample (Garrity and Fronzaglia,
2008, Leite and Boesten, 2011). A hybrid rope prepared as a
combination of HMPE and polyester has been proposed for mooring

DM20 (HMPE)
SK78 (HMPE)
T147 (LCP)

systems located in storm and hurricane risk areas where rope stiffness
and elasticity are required at the same time. Theoretical and numerical
studies of polyester mooring lines for coupled dynamic analysis with

A Shimadzu model AGS-X universal tensile testing machine was

deep-sea floating platforms have been conducted (Bunsell et al., 2009,
S. Leite et al., 2011, Tahar and Kim, 2008).
The mechanical behavior of synthetic fiber ropes directly impacts

used to apply varying load conditions to the fiber chain yarns, and the
experimental system used to measure the mechanical properties is
shown in Fig. 1.

mooring responses (Weller et al., 2014). Berryman et al. (2002)
examined the residual strength of HMPE ropes for use in mooring
lines of mobile offshore drilling units (MODUs) for 110 days; the
results showed that the HMPE rope was still in good condition
compared to the initial test specimen state. Williams et al. (2002)
performed small-scale static tensile testing using polyester elements
and sub-rope components to examine damaged ropes. Ward et al.
(2006) conducted the length to diameter ratio effect tests on polyester
ropes used for mooring to determine the effect of damage on their
residual strengths and developed guidelines for mitigating damage in
polyester rope mooring lines. Da Costa Mattos and Chimisso (2011)
modeled creep tests of HMPE fibers used in ultra-deep-sea mooring
ropes and compared the expected lifetime and elongation (%) of the
test specimens at various load levels and temperatures. Cedric et al.
(2020) analyzed the extension load sensitivity characteristics of
HMPE ropes according to the initial load change, and Gen el. al.
(2021) conducted an experimental study on the dynamic stiffness of
full-size HMPE ropes under long-term cyclic loading conditions.
Several studies have proposed polyester and HMPE as suitable
materials for preparing synthetic fiber ropes for mooring and examined
their applications. However, with fiber chains, strength and durability
similar to mooring ropes are required to transport heavy objects;
however, their usage and required characteristics vary than those of
mooring ropes. Therefore, to select a suitable material for crane ropes,

Fig. 1 Photograph of the physical property measurement
2.2 Quasi-static Stiffness Test
In field applications, fiber chains are subjected to repeated extension
and retraction. During these extension-retraction loading cycles, the
changes in the stiffness characteristics of the fiber chains are essential
to ensure the durability of the fiber chains, and thus, analysis of the
stiffness characteristics with respect to the type of yarn is necessary.
In typical applications, a lifting device such as fiber chains uses 50%
or less of the mean breaking load (MBL). Therefore, it is necessary to
set the cycle load conditions considering the general operating
conditions of fiber chains; the conditions of quasi-static stiffness tests
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Table 2 Load cycle steps and load change conditions
Cycle Step

Load cycle

Condition

Remark

1

Extension load

50% of YBL

2

Retraction load

10% of YBL

3

Repetition

10–30% of YBL

15 times

4

Extension load

45% of YBL

24 h

5

Retraction load

20% of YBL

6

Retraction load

5% of YBL

7

Extension load

20% of YBL

24 h

Fig. 2 Load change graph with time for quasi-static stiffness testing
reflecting the operating conditions are outlined in Table 2 and
illustrated in Fig. 2.

2.3 3-T Endurance Test
When fiber chains are subjected to extension loads close to the

The load cycles consist of cycle steps and load amplitudes, and in
sequence of application, extension load was applied at 50% of MBL,
retraction load at 10% of MBL; then, these cycles were repeated 15

design loads, the elongation (%) increases and the fiber chain is
eventually ruptured. In this regard, it is important to present the
appropriate allowable tension, that is, the design load that the fiber

times at 10–30% load range, and subsequently, extension load at 45%
MBL, retraction load at 20% MBL, retraction load at 5% of MBL, and
extension load at 20% MBL were applied (American Bureau of

chain can endure before rupture when the extension load is applied.
Therefore, analysis of design loads is required for different fiber
materials at the yarn level before they are fabricated into fiber chains.

Shipping, 2020).
For evaluation of the yarn stiffness, quasi-static stiffnesses for
windward and leeward conditions are measured in accordance with the

3-T (tension vs. stretch test) endurance tests measure the time taken to
rupture under stretched conditions of average breaking load (ABL) for
design load analysis of different types of yarn.

test procedure. Windward stiffness is defined as the elongation (%)
change (including creep) between 20% and 45% yarn breaking load
(YBL) over 24 h, and leeward stiffness is defined as the change in

3-T endurance tests were conducted in accordance with DNV rules
(Det Norske Veritas, 2018) by applying extension loads with respect to
the standard with reference to the mean breaking load (MBL); the time

elongation (%) (including creep recovery) between 20% and 5% YBL
over 24 h. Yarn stiffness is calculated using Eq. (1):

Table 3 3-T endurance test condition
Step

∆
  
∆

(1)

where ∆ represents the change in YBL considered in high- and
low-load creep recovery, ∆ is the extensional displacement that

Load

Condition

1

1% ABL

17 min

2

1–50% ABL

10 cycles

3

70% ABL

4

-

occurs according to ∆ , and  represents the initial length at which

5

Load to designate tension

the load cycle test starts.

6

-

Allow specimen to cool
Measure the time to rupture
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taken until the yarn was ruptured was measured. Table 3 outlines the
conditions of the 3-T endurance tests.

included in the analysis. In addition, when a retraction load of 5%
MBL was applied for 24 h, strain recovery of 0.31% was obtained, and
the characteristics of the change in the creep recovery behavior of the

3. Results and Discussion
3.1 Quasi-static Stiffness According to Yarn Type

yarn were analyzed. Quasi-static windward stiffness is the slope of the
load-strain curve, and it can be obtained when the load of the test
conditions is applied; the windward stiffness of DM20 fiber was 18.1.

Quasi-static stiffness tests were conducted using different types of
yarn. Quasi-static stiffness is represented by the change in the strain in
response to a change in the load. Strain change varies according to the

Quasi-static leeward stiffness is the slope of the load-strain curve, and
it is obtained when the retraction load of the test condition is applied;
the leeward stiffness of DM20 fiber was 15.36. Dynamic stiffness is

extension and retraction, and the slope of the curve depends on the
type of yarn. YBL was calculated based on the mean values of three
measurements of the breaking load measurements of each yarn, and

the slope of the load-strain curve, and it is obtained when the extension
load-retraction load of the test condition is repeatedly applied; the
dynamic stiffness of DM20 fiber was 51.82.

the breaking tensile strength results are listed in Table 4. The average
loading rate for static tensile strength test is 10% MBL/min (American
Bureau of Shipping, 2020).

The results of measurements of quasi-static stiffness of SK78 fiber
are shown in Fig. 4. From the test results of SK78, when 45% MBL
was applied for 24 h, the strain increased by approximately 1.26%, and

The measurement results for quasi-static stiffness of DM20 fiber
(measured at 20℃ conditions) are illustrated in Fig. 3. Before
measuring the strain change over 24 h, a load of 50% YBL, a retraction

when a retraction load of 5% MBL was applied for 24 h, a strain
recovery of 0.57% was obtained. The quasi-static windward stiffness
under extension load conditions and the leeward stiffness under

load of 10% YBL, and repeated loading of 10–30% YBL were applied.
For DM20 fiber, when 45% of MBL was applied for 24 h, strain was
increased by approximately 0.8%. Since the load was applied for 24 h,

retraction load conditions for SK78 fiber were 11.11 and 8.77,
respectively, and the dynamic stiffness under the cyclic application of
extension-retraction load was 38.46.

the characteristics of change in the creep behavior of the yarn are

The measurement results for quasi-static stiffness of T147 fiber
(measured at room temperature conditions) are shown in Fig. 5. For
T147, when 45% MBL was applied for 24 h, the strain increased by

Table 4 Yarn breaking test results
Type

Mean breaking load
(N)

Tensile strength
(N/tex)

DM20

485.2

2.757

SK78

496.3

2.256

T147

386.6

2.315

approximately 0.1%, and when a retraction load of 5% was applied for
24 h, strain recovery of 0.163% was obtained. The quasi-static
windward stiffness under the extension load condition and the leeward
stiffness under the retraction load condition for T147 fiber were 29 and
33.5, respectively, and the dynamic stiffness under the cyclic
application of extension-retraction load was 24.87.

Fig. 3 Load-strain measured on DM20 fiber, based on yarn breaking load
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Fig. 4 Load-strain measured on SK78 fiber, based on yarn breaking load

Fig. 5 Load-strain measured on T147 fiber, based on yarn breaking load
During field operations, fiber chains are subjected to high loads for
prolonged durations. We applied 45% MBL for 24 h or a retraction

of continuous loading. The fiber ruptured when the maximum strain
was exceeded; therefore, the fiber chain should exhibit less increase in

load of 5% for 24 h to simulate the type of environment during field
operations; there is a difference in the behavior of strain change due to
the difference in the viscoelastic behavior of the fibers. When

the strain under continuous loading and excellent fatigue life.
Table 5 shows the increase in the strain with respect to the material
under the conditions of continuous loading for 24 h. When retraction

extension load was applied for 24 h, SK78 fiber showed the greatest
strain increase among the three materials, showing a difference of
approximately 12.6 times that of T147 fiber. The strain against the

load was applied for 24 h, SK78 fiber, which showed a large increase
in the strain against the extension load, exhibited the greatest strain
recovery, and T147 fiber showed the smallest strain recovery. The

prolonged application of the extension load can be seen as representing
the resistance characteristics of the fiber material under the conditions

strain against the prolonged application of the retraction load shows
the characteristics of the recovery of the fiber material when the load is

Evaluating the Mechanical Properties of Fiber Yarns for Developing Synthetic Fiber Chains

Table 5 Strain increase and recovery test results for 24 hours
DM20

SK78

T147

Strain increase at 45% YBL

0.8

1.26

0.1

Strain recovery at 5% YBL

0.31

0.57

0.163
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DM20 fiber showed the highest value (51.82). Under the repeated
application of extension load-retraction load, the stiffness of DM20
fiber is excellent, and it is considered that DM20 had the longest
lifetime under the described operating conditions.
3.2 3-T Results of 3-T Endurance Test

Table 6 Equivalent stiffness and dynamic stiffness test results
Stiffness

DM20

SK78

Windward stifness
18.1 × YBL 11.11 × YBL
(24 h at 45% YBL)

T147
29 × YBL

Leeward stifness
15.36 × YBL 8.77 × YBL 33.5 × YBL
(24 h at 5% YBL)
Dynamic stiffness
(10–30% YBL)

51.82 × YBL 38.46 × YBL 24.87 × YBL

removed from the fiber chain. When a fiber chain is subjected to
repeated load cycles such as extension-retraction-stop, the increase in
the strain is accumulated, eventually leading to the breaking of the
fiber, and therefore, it is essential to examine the characteristics of the
fiber in terms of extension-recovery under the conditions of prolonged
loading.
The calculated windward and leeward stiffnesses are presented in
Table 6. The calculated stiffness value corresponds to the slope in the
load-strain graph, and the slope can be considered as the ratio of load
change to strain change. A large slope indicates that the strain change
was small even when the load change was large, and a small slope
indicates that the strain change was large when the load change was
large. Thus, T147 fiber showed the largest values of windward and
leeward stiffnesses, and it is considered that T147 exhibited the
smallest strain change under continuous load. For dynamic stiffness,

Fig. 6 Time to rupture test results with linear trend line added

The 3-T endurance test measures the duration for which a test
specimen retains a specific tension level, although the tension level is
lower than the minimum breaking tensile strength. Since the time
measured in this test can be set as a design curve for durability, the
results and analysis of 3-T endurance test are essential.
3-T tests were conducted for each of the three types of yarn; the
mean of log(time-to-rupture (TTR)) with respect to the tension level is
presented in Table 7. At the minimum load level, DM20 fiber showed
the highest mean TTR, and at the maximum tension level, T147 fiber
had the highest mean TTR. The standard deviation of TTR by yarn
type was 0.134 for DM20 and 0.208 and 0.102 for SK78 and T147,
Table 7 Means of log(s) time for tension level
Type
DM20

SK78

T147

Tension (N/tex)

Mean

2.671

3.74

2.757

2.78

2.842

1.55

2.185

3.50

2.256

2.71

2.326

1.01

2.242

3.62

2.315

3.30

2.387

2.91
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respectively, and the deviation of TTR showed an increasing trend
with increase in the tension level.
Fig. 6 shows the results of the slope of the linear curve obtained in

stiffnesses, and DM20 fiber was excellent for dynamic stiffness.
For the three types of fiber materials, a 3-T design characteristic
curve representing the tension-TTR relationship was derived. The

the test. As the tension decreased, TTR increased exponentially;
therefore, TTR was expressed on a log scale. It was measured at three
different tension levels for each type of yarn, and a linear trend line

decrease in the tension level and TTR varied depending on the type of
the yarn material, and this characteristic can be applied as an important
factor in selecting the design strength of the yarn when designing the

was obtained for the measurement results. A linear regression model
was applied to easily predict the relationship of TTR to the tension
level within the design range, and a linear trend line was derived using

fiber chain.
The 3-T design characteristic curve can be expressed as the ratio of
tension to TTR, and the slope of the test result has important

the least squares method. The linear trend line indicates the slope
characteristic of TTR with respect to tension. The slopes of DM20,
SK78, and T147 fibers were –12.73,–17.75, and –4.88, respectively.

implications. DM20 showed high strength for the same lifetime, but
from the slope of the 3-T design characteristic curve, SK78 fiber was

Using the linear trend line values obtained from the test, the 3-T design
characteristic curve that represents the design load characteristics with
respect to time can be obtained. DM20 fiber exhibited a higher

increase in TTR. The increase in TTR with the decrease in the strength
of the yarn can be predicted according to the slope calculated from the
test results, which is an important factor in selecting the design

strength for the same lifetime, but examining the slope of the linear
trend line, SK78 fiber showed the least decrease in the strength with
respect to the increase in TTR.

strength of the yarn when fabricating the fiber chain.
It is expected that the results of the analysis of the quasi-static
stiffness and 3-T design characteristic curve of different types of yarn

In addition, the slope of the linear trend line indicates the tension
with respect to the TTR, and TTR varies depending on the type of yarn
material and the design load, which can provide insights for selecting

can be utilized as important data for strength and durability
characteristics in fiber chain design.

the design strength of the yarn when fabricating the fiber chain. When
the design strength of the yarn was decreased, the fatigue life increased
with respect to the slope of the 3-T design characteristic curve, and

Conflict of Interest

calculated to show the lowest decrease in strength with respect to the
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therefore, the increase in the fatigue life can be predicted according to
the slope calculated based on the test results.

4. Conclusion
In this study, to substitute the material used in steel chains with a
synthetic fiber, the quasi-static stiffness characteristics of HMPE
DM20, HMPE SK78, and LCP T147 fiber were analyzed, and 3-T
endurance tests were performed. The results of this study are outlined
as follows.
In the quasi-static stiffness test, the change in the strain of the fiber
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ABSTRACT: This paper proposes an optimal design method for an unmanned underwater vehicle (UUV) platform to overcome strong current.
First, to minimize the hydrodynamic drag components in water, the vehicle is designed to have a streamlined disc shape, which help
maintaining horizontal motion (zero roll and pitch angles posture) while overcoming external current. To this end, four vertical thrusters are
symmetrically mounted outside of the platform to stabilize the vehicle’s horizontal motion. In the horizontal plane, four horizontal thrusters are
symmetrically mounted outside of the disc, and each of them has the same forward and reverse thrust performances. With these four thrusters,
a specific thrust vector control (TVC) method is proposed, and for external current in any direction, four horizontal thrusters are controlled to
generate a vectored thrust force to encounter the current while minimizing the vehicle’s rotation and maintaining its heading. However, for the
numerical simulations, the vehicle’s hydrodynamic coefficients related to the horizontal plane are derived based on both theoretical and
empirically derived formulas. In addition to the simulation, experimental studies in both the water tank and circulating water channel are
performed to verify the vehicle’s various final performances, including its ability to overcome strong current.

1. Introduction
Recently, there has been increasing interest in unmanned underwater

exploration of large areas. Therefore, they have the structural
characteristic of a torpedo-shaped exterior, as shown in Fig. 1(b), and
their three-dimensional (3D) movement in water is controlled using

vehicles (UUVs) that can be used in marine accidents and extreme
environments. This is because of the challenges involving the reliance
on divers, including the risk of secondary accidents and short

thrusters and rudders attached at the rear. Owing to the structural
properties of such propulsion systems, they are quickly able to provide
speed and stability in the forward direction, but their maneuverability

exploration times. However, UUVs can perform explorations for long
periods of time without secondary accidents, such as human
causalities. However, to enable the frequent use of UUVs, it is

is markedly poor, and they have difficulty operating normally in
environments with irregular currents.
Early research was performed by the Korea Research Institute of

necessary to overcome the challenges associated with strong currents.
Existing UUVs can be broadly divided into two categories: remotely
operated vehicles (ROVs) and autonomous unmanned vehicles

Ships & Ocean Engineering on multi-legged biomimetic submarine
robots called CR200 and CR6000 (Jun et al., 2013; Yoo et al., 2014).
These research efforts involved the use of a new concept to overcome

(AUVs). Most ROVs have a box-shaped exterior, as shown in Fig.
1(a), which enables the exploration of specific areas in detail as well as
the performance of underwater tasks using manipulators. Such forms

currents by landing on the sea floor and walking in current
environments, which was based on structures that use six legs to
perform swimming rather than the conventional propellor method.

are excellent in terms of control stability, but they have the
disadvantage of being vulnerable to current owing to their high drag
coefficient underwater. AUVs are mostly used for the rapid

However, it was found that there remained a challenge of moving on
the sea floor in environments with currents of 1.03 m/s or more owing
to the large external structure of the robot itself. Pyo and Yu (2016)
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(a) Prototype-II
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(b) Prototype-III

Fig. 2 Developed UUV platforms
point, and it was difficult to ensure control stability on the platform’s
horizontal plane in strong current environments. This problem makes
it difficult to operate in an environment with irregular currents, which
is the main purpose of the platform. To overcome this problem in the
(a) ROV platforms developed globally

UUV Prototype-III, the capacity of the vertical propellers was
expanded, and the number of propellers was increased from three to
four, and they were installed on the outer parts of the platform, as
shown in Fig. 2(b). Because of these structural features, the platform’s
drag coefficient underwater increased, and the maximum forward
speed reached 1.85 m/s; however, experiments in a circulating water
channel confirmed that it was possible for the platform to move while
maintaining its depth and attitude in an environment with a maximum
current of 0.77 m/s because stability in the horizontal plane was
assured.. This paper mainly discusses research on Prototype-III of the
UUV for overcoming strong current, which was researched and
developed in the third year of this study.

2. System Overview

(b) Various AUV platforms developed by the US Navy
Fig. 1 Examples of conventional UUV platforms

2.1 General Specifications
As shown in Fig. 2(b), the robot platform has a structure in which

performed a study on a two-body AUV called MI (Mission:
Impossible). In strong current environments, the AUV attaches to the
sea floor, where the bottom part acts as an anchor and the top part uses

the pressure vessel, buoyant material, and propellors are attached to a
single circular frame. The sensors for the navigation system include an
acoustic Doppler current profiler (ADCP) in the lower part of the

a detachable structure to explore the current environment. For detailed
explorations, there is still a difficulty with respect to having the top part
overcome the current and approach the target object, but it is still

platform and an attitude heading reference system (AHRS) inside the
pressure vessel. The propulsion system for swimming includes four
vertical thrusters and four horizontal thrusters arranged symmetrically

considered to be an effective attempt. Unfortunately, only a conceptual
design was produced, and there has been no further design,
manufacturing, or research.

on the circular frame. A streamlined shape was chosen for the
platform’s exterior to ensure forward speed through low drag, and it
was designed as a circular shape in order to increase the platform’s

This paper discusses research on effective methods that are
employed to overcome strong current through an optimized design of a
UUV’s streamlined external structure and propulsion system.

capacity to respond to changing current. The integrated platform’s
general specifications are shown in Table 1.

Technical research on these research items was performed with the
support of the Ministry of Maritime Affairs and Fisheries’ Future
Marine Industrial Technology Development Program, Korea (Li et al.,

Table 1 General specifications of Prototype-III

2019a).
The UUV platform that was developed in the second year of this
study is shown in Fig. 2(a). It was confirmed to have a maximum
forward speed of 2.16 m/s underwater, and it can move forward even
in a circulating water channel of 1.29 m/s (Li et al., 2019a). However,
the three vertical propellers are attached close to the platform’s center

Items

Specification

Depth rating

100 m

Dimension

1250 m ( ) × 240 m (  )

Weight

61.5 kg

Thrust system
Motion sensors

Horizontal: 4 × 1 kW (Max. Thrust, 254 N)
Vertical: 4 × 0.5 kW (Max. Thrust, 129 N)
ADCP, AHRS, Depth sensor
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2.2 Mechanical System
The platform was designed for a working depth of 100 m.
Considering the platform’s specific gravity and corrosion resistance,

The tether cable consists of an eight-line power wire and four
communications channels. In addition to the slip rings, the wench
system includes a communications converter for converting from

the frame and pressure vessel were designed with AL6061-T6; further,
the design was optimized by performing thickness calculations (Moon
et al., 2009) and structural analysis based on target values that consider

optical communications to ethernet communications, as well as a
video signal converter for converting from optical communications to
video signals.

the usage environment. Urethane foam was used as the buoyant
material, and its mechanical stiffness was improved by coating the
exterior thinly with glass fiber reinforced plastic (GFRP).

3. Vehicle Design and Its Hydrodynamic Modeling

2.3 Surface Control Unit
The robot’s operating system consists of a shipboard control system
(Fig. 3) and a cable winch system (Fig. 4). The shipboard control
system consists of a 330 VDC power supply unit, which is required for
the thrusters, and a remote control system that is installed on a mobile
console. All of the algorithms required for control of the robot are run
from the remote control system, and the calculated control commands
are sent to the platform in real time via the tether cable’s optical
communications channel. Monitoring, control, and management of the
platform are performed using the graphical user interface (GUI) screen
of the shipboard control system.

3.1 Devices Arrangement and Mechanical Design
In the design of a platform for overcoming strong current, the aspect
that is considered first is the minimization of the drag experienced by
the robot underwater. To achieve this, it is necessary to consider the
overall form and optimize the arrangement of equipment such as the
thrusters and the ADCPs. Then, a miniaturized light-weight design
should be developed for the frame and pressure vessel in the robot
design stage.
First, in order to minimize the drag on the exterior, the Mring
equation was used to calculate the basic exterior dimensions. After the
initial values were calculated with this formula, essential equipment
such as the thrusters and pressure vessel were arranged, and
optimization was performed with a design-analysis-redesign approach.
Considering the reduction in the platform’s overall size, the increase in
usability, and the convenience of making modifications, the thrusters
were externalized. To minimize its impact, an optimal design was
created by performing the structural analysis of the ducts and the
duct-frame connectors, and the additional drag was minimized through
fluid analysis.

(a) Control console

(b) Power supply console

To resolve the problem of the unstable attitude control on the
horizontal plane that occurred in Prototype-II, the number of vertical
thrusters was increased from three to four, and their distance from the
centrifuge was increased. Taking this into account, the three separate
pressure vessels in Prototype-II were integrated into a single pressure
vessel and located at the center of the platform in Prototype-III (Fig. 5).
Generally, when ultrasonic sensors such as Doppler velocity logs
(DVLs) and ADCPs are used in UUVs, they are located on the
bottom-most part of the platform to minimize the effect of sonic

(c) GUI display
Fig. 3 Surface control unit

interference. Further, it is advantageous to locate them at the center
bottom of the ADCP in order to improve static stability through a low

(a) Prototype-II
Fig. 4 Tether cable winch system

Fig. 5 Pressure hull arrangements

(b) Prototype-III.
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was done with consideration to overcoming changes in the direction of
the current by keeping a fixed thrust in all directions. The thruster
vector control (TVC) algorithm that uses the four horizontal thrusters
is discussed in detail in section 4.
In addition, the buoyant material was placed on the top of the frame,
and the exterior systems and pressure sensors were attached to the
(a) Pressure hull

(b) Frame

bottom. This was done to improve the platform’s attitude recovery
capacity by increasing the relative height of the center of buoyancy
and the center of gravity.

Fig. 6 Structural analysis
Table 2 Structural analysis result
Cases

Expected maximum stress

Safety factor

Frame

40.5 MPa

5.8

Pressure hull

140.6 MPa

1.67

※ Expected yield strength of AL6061-T6 is 235 MPa
center of gravity. However, in this case, owing to the properties of the
disc-shaped platform, they overlap with the location of the pressure
vessel and unavoidably increase the height of the platform, which can
lead to an increase in the platform’s fluid resistance.
This problem was resolved by inserting the ADCP inside the
pressure vessel, locating the ADCP sensor on the bottom of the
pressure vessel, and placing the ADCP electronics in the center of the
pressure vessel interior.
The thickness of the pressure vessel was calculated based on a
thickness formula (Moon et al., 2009). However, to ensure reliability,
additional verification was performed on the top cover by performing a
structural analysis because the top cover is a part that directly receives
a load. As shown in Fig. 6(a), the structural analysis results confirm
that the top has a safety factor of around 1.67 compared to the yield
strength of the material, as listed in Table 2. This is a higher figure than
the factor of 1.2 to 1.5 that is generally stipulated in ship classification
regulations, indicating that it has excellent stability. The pressure
vessel that was manufactured according to this design was
pressure-tested at the Korea Research Institute of Ships & Ocean
Engineering by applying a pressure of 1 MPa for 30 min in a pressure
chamber. As a result, it received accreditation from the Korea
Laboratory Accreditation Scheme (KOLAS), confirming that there
was no deformation or leakage.
The four vertical thrusters were arranged symmetrically in relation

In order to confirm the structural stability of the frame at the points
at which equipment such as the pressure vessel and thrusters was
attached, a similar structural analysis was performed. The analysis
targeted the launch and recovery environment, which applies the
greatest dynamic load among the various environments in which the
UUV is used. The boundary conditions for the frame parts that are
connected to the lifting eye during the analysis were set, and the
analysis was performed. As shown in Table 2, the results confirmed
that the design has a safety factor of 5.8, which is somewhat higher
than the safety factor of four, and takes into account the dynamic load
generally caused by waves or wind during launch and recovery.
3.2 Vehicle Modeling
As mentioned previously, this study designed the system using four
vertical thrusters to maintain stability in the platform’s horizontal
plane, i.e., to keep the platform’s roll and pitch angles at 0 degrees at
all times. In other words, the four vertical thrusters were designed as
dedicated controllers in order to maintain the robot’s horizontal plane.
Based on this premise, this study estimated the hydrodynamic
coefficients of the robot platform by limiting them to the horizontal
plane, and they were then used in the simulations.
3.2.1 Vehicle’s horizontal kinematics and dynamics
In general, the kinematics and dynamics of a UUV can be expressed
as follows (Fossen, 2002; Li et al., 2019b).
   

  

(1)

  





 

Here,    is the vector of the robot’s horizontal plane position

to the designed pressure vessel. To reduce the drag that occurs owing
to the vertical thrusters, the neutral duct exterior was miniaturized in
keeping with 100-m specifications, and the thrusters were located at

and attitude in the navigation coordinate system,    is the
vector of linear and rotational speed in the horizontal plane in the robot

the ends of the platform interior, considering interference with the
pressure vessel. By doing so, control stability on the horizontal plane
was increased.

matrix from the robot body coordinate system to the navigation
coordinate system, and is defined below.

For the horizontal thrusters, this study selected a model in which the
forward thrust matches the reverse thrust, and the thrusters were
arranged symmetrically on the circular frame. This ensures that if the

body coordinate system, and  is the coordinate transformation

cos  sin 





  sin cos 
 



(2)



maximum thrust of one thruster is m ax , the maximum thrust on the

In this study, the robot platform has a top/bottom, left/right

 m ax , and the minimum thrust is m ax . This
horizontal plane is 

symmetrical structure. Adjustments were made to place the platform’s
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Table 3 Platform mass and moment of force

Here,  is the liquid density, and   , and  are drag

Parameters

Value

Unit



+6.15e+001

kg



+8.04e+000

kg·m2

coefficients that correspond to the platform’s ellipsoid, horizontal
thrusters, and vertical thrusters. and are the major axis and minor axis
in the ellipsoid’s horizontal plane.    , and ′ are the cross
section areas that correspond to each thruster (Figs. A1–A3). Table A2

center of gravity at      by performing repeated ballast
operations on the assembled platform underwater. Based on the
results, the platform’s rigid body inertial matrix  and Coriolis and
centrifugal force matrix  in Eq. (1) can be expressed as below.
   





    
 



Parameters

Value

Unit

  

-1.06e+002

kg/m



-1.06e+002

kg/m

  

-4.99e+000

kg·m2/rad2

(3)

 

Here,  is the rigid body mass, and  is the rotation moment about
the center axis on the horizontal plane, as shown in Table 3.
Fig. A1 and Table A1 in the appendix show the dimensions of the
UUV frame used to calculate  which is the rotational moment in the
horizontal plane.
Hence,





    

 

Table 4 Hydrodynamic damping coefficients

   



     
    

 

in the appendix shows the cross sections for each thruster.
The calculated damping coefficients are shown in Table 4.

in Eq. (1) can be expressed as follows.



3.2.3. Added mass 



To calculate the additional mass coefficient, this study only
considered the diagonal components in the additional mass matrix via
the platform’s symmetrical structure. The corresponding coefficients
were estimated as follows using an empirical graph presented in the
literature (Newman, 1977).
The added mass coefficients are shown in Table 5.

(4)

  

Table 5 Added mass coefficients

Here,   is the hydrodynamic damping; 



is the added

Parameters

Value

Unit



-8.2e+000

kg



-8.2e+000

kg



-2.7e+002

kg·m2/rad

mass; and   is the control input.
3.2.2 Hydrodynamic damping  
The robot platform discussed in this study has a structure that is
symmetrical in the X, Y, and Z axes in three-dimensions. Therefore,
the moment component caused by linear motion and the force
component caused by rotational motion are both ignored in this study.
In addition, the UUV platform model was simplified, as was done in
Prestero (2001), and the following two additional assumptions were
made to avoid overly complicated mathematical calculations.
∙ The acceleration coupling component is ignored.
∙ Higher-dimensional hydrodynamic damping components above

(5)

The corresponding hydrodynamic coefficients were calculated using
the following empirical formulas (Newman, 1977; Prestero, 2001).
        


    ×  ′    × 





       ×  



 





  × ×   




(6)
(7)





is as follows

    

(8)

Based on the results, the model of motion and dynamics on the
robot’s horizontal plane can be set up as follows.
  cos  sin 

sin cos  

 
  



two dimensions are ignored.
As a result, the  component can be simplified as follows.
            

In addition, the added mass 



(9)

 

 
 
  



 
     




   
  



      
 




  
   
  

   





 


  

 







       

   
       



 

Here,          are the control inputs.



 

(10)
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4. TVC Algorithm
When the robot performs a given task underwater, the ADCP
attached to the bottom of the robot platform can measure the flow
speed   and direction   of the current in real time as it flows in
any direction. The main objective of the control algorithm in this
study is to use the four horizontal thrusters to overcome this current
while maintaining the robot’s given horizontal plane motion
         (Fig. 7).

(14)

         

Here,                and     
The following control rules were selected in Step 1 based on Eq. (14).
        
   
 
 
 
      

 



(15)



 





Here,      is a design variable.
If Eq. (15) is inserted into Eq. (14),
                  


 
 
 
 
 
 

(16)

Step 2. In this step, a Lyapunov function candidate is selected, as
shown below.



           

(17)

Here,           , and   ′   ,   ′  
 

Fig. 7 Horizontal thruster arrangement in the body-fixed frame
4.1 Model-based Controller Design
Assuming that the robot’s model, i.e., the hydrodynamic
coefficients, is accurately known, it is possible to design the controller
using a general backstepping technique (Krstic et al., 1995; Li, 2016),
as shown below.
Step 1. As mentioned before, the control objective here is to
maintain the given motion          . In addition, in
this stage, the following Lyapunov function candidate is considered.



        

(11)

Here,             , 및       ;    is a design
variable.
If both sides of Eq. (11) are differentiated and inserted in Eq. (9),
                  



 

  

 
 

(12)

(13)

If     in Eq. (12) are seen as virtual control inputs, and
    ,   is the corresponding stabilizing function (Kristic et al.,

1995), Eq. (12) can be expanded as follows.

  

If Eq. (17) is differentiated and inserted into Eq. (10) and Eq. (16),
             cos   sin


 
 
 
 

   sin   cos            
                  

(18)

As a result, the final control input       can be designed as
follows.
 
  
        cos   sin

 


         sin   cos
              





 


 





(19)

Lemma 1. If the control rules are designed as in Eqs. (15) and (19)
based on the model of the UUV’s motion and dynamics given in Eqs.
(9) and (10), it can be guaranteed that the robot maintains a given
motion          in a stable manner.
Proof. The proof is simple. If Eq. (19) is inserted into Eq. (19) and
expanded,

Here,  and  are defined as follows.
  cos  sin  
 
  sin cos  

    

                  


 
 
 
 
 
 
≤ 

Here,   min          .
Hence,  can be known to converge at 0 exponentially.

(20)
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Remark 1. For the control input calculated in Eq. (19), the thrust
corresponding to each thruster is calculated as follows based on the
thruster arrangement shown in Fig. 7.

environment and measuring the robot’s corresponding speed (Li et al.
2019a). Based on this empirical relational formula, the following
control rule is proposed.
Lemma 2. For a given arbitrary current      , the current can





             ′′

Here,  

     



(21)



 
 

 
.



 






 



   




     






Finally, the control input for each thruster is calculated using the chart
of thruster control input1) vs. thrust provided by the thruster
manufacturer based on the thrust of each thruster calculated in Eq. (21).
Remark 2. The controller design presented in this section is based on
the premise that the model of the UUV’s motion and dynamics is
accurate. However, in the case of an actual system that has strong
nonlinear dynamic properties, such as a UUV, it is quite difficult to

be overcome if the following control rules are designed.
    

(22)

    

Here,








    sin       
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Proof. Below is the speed vector  , which is composed of  and
 , which were calculated by Eq. (22) based on Fig. 7.
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accurately derive hydrodynamic coefficients in advance. To handle the
uncertainty in systems that include such a modeling error, a robust and
adaptive controller design is needed (Li, 2016 and references therein).
4.2 Experimental Study-Based TVC Method
Generally, UUVs have strong nonlinear dynamic properties owing
to the environments in which they operate and their own kinematic
properties. Furthermore, it is difficult to accurately simulate robot
models in actual applications. Therefore, when applying the control
techniques that were proposed in the previous section, precise motion
control cannot be guaranteed.
To overcome these problems, this study performed field
experiments to derive the formula for the relationship between the
thruster control input and the robot’s forward speed. Based on this
formula, this study attempted to find a simple control method for
handling current flowing in any direction.
In this study, the forward and backward thrust models for each
horizontal thruster are the same, and the four thrusters are all arranged
with left/right and front/back symmetry, as shown in Fig. 7. Furthermore,
this study adopted an approach that groups  and  into one set and
 and  into a separate set, and it applies the same control input to

the two thrusters of each set. In this case, the thrust vector of the thruster
set located in the  line is always placed at  ; conversely, the thrust
vector of the thruster set in the line is always located at  .
Based on this concept, the formula for the relationship between the
speed and control input      2) was found by applying
different control inputs to the  ,  set (it is possible to apply the
same relational formula to the  ,  set) in a water tank
1) Charts illustrating the relationship between thruster control input and thrust
are often not provided by the thruster manufacturer. In such cases, the chart
must be created by the researcher in order to perform precise control.
2) In this study, the thruster control input was a voltage value between (–5 V,
+5 V).

As a result, when the control input for a given current is designed, as
shown in Eq. (22), the UUV is able to maintain the existing attitude.
In order to control the attitude on the robot’s horizontal plane while
overcoming a given current, the following simple proportional
derivative (PD) technique was used.
      
      
      
      

(24)

Here,              , and  and  are design
variables.
Remark 3. The core of the TVC algorithm proposed in this section
involves finding the formula for the relationship between the control
input and the speed      . In this study, the robot
platform has both front/back and left/right symmetry, and it is possible
to use the simple algorithm above when employing a method that
divides the four horizontal thrusters into two sets, and applies the same
control input to the two thrusters of each set. However, in the case of
normal UUVs, it is very difficult to find formulas for the relationships
between the control inputs for various situations and the corresponding
speeds, and the use of the above control method will certainly be
limited.
4.3 Simulation Study
A simulation was performed in Matlab using the robot’s dynamic
properties, which are expressed in Eq. (10), as well as the coefficients
in Tables 3-5.
4.3.1 Maximum forward speed test
First, a 4.5-V control input (in the water tank experiments, a
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maximum control input of ±4.5 V was proposed to protect the
thrusters) was applied to all four thrusters to estimate the maximum
forward speed.
As seen in Fig. 8, the maximum forward speed is around 2.36 m/s.
This is the result of using the simplified model, and it ignores the
effects of using the tether cable, etc. as in the water tank experiments.
In the actual water tank experiments, a maximum forward speed of
1.85 m/s was obtained.

Fig. 11 Path tracking control inputs (thrust forces)
that the robot’s center point traces a given path. To this end, the
following simulation was performed.          cos
sin , and here     1 m,     5 m,     0,

Fig. 8 Maximum forward speed simulation result
4.3.2 Path tracking with rotating motion
Owing to the structural properties of the robot platform, it is of
interest to examine whether the platform can rotate at the same time

if  0,   0; else   12°/s. The robot’s initial conditions are
  15 m,   1 m,   30°,       0. For the
control algorithm in the simulation, the technique introduced in section
4.1 was used, and the specific design variables are as follows.
 ,   1,     15,   25,   1,   5.

The simulation results are shown in Figs. 9–11. Fig. 9 shows the
given path and the path tracking for this path, and Fig. 10 shows the
path tracking error. It can be seen that all results converged on 0
exponentially. Fig. 11 shows the calculated final control input.

5. Water Tank Experimental Studies
To verify the performance of the developed robot platform, i.e., its
stability in the horizontal plane and its forward speed and performance
Fig. 9 Vehicle path tracking simulation result

(a) Basin test

(b) Circulating water channel test
Fig. 10 Path tracking error convergence

Fig. 12 Water tank test setup
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in the horizontal plane, and to verify the ultimate performance of the
proposed control algorithm, various experiments were performed at
the Korea Institute of Ocean Science and Technology’s Underwater
Robot Test Center (Kim et al., 2017). The water tank tests verified the
robot’s performance at overcoming current using the TVC algorithm,
which was mainly introduced in section 4.2. The water tank tests were
broadly divided between an engineering basin and a circulating water
channel, as shown in Fig. 12.
5.1 Basin Tests
5.1.1 Depth and roll, pitch motion control
First, in order to verify the platform’s stability and general control

Fig. 15 Heading keeping performance

performance, its depth, roll, and pitch control performance were
examined.
As seen in Figs. 13–14, it was found that the platform is capable of
rapid stable control according to the given depth, roll, and pitch control
commands. Fig. 14 focuses on the control response speed to stepshaped reference values for the roll and pitch angles, and it appears
that the platform’s tracking performance is somewhat poor because it
does not have an adequate response time. However, in separate
independent roll and pitch angle control experiments, it was found that
the values converged in a stable manner within approximately 3° after
around 10 s had elapsed.
Fig. 16 Current tracking performance
if  ≤    or  ≥  ,     12°/s;      –12°/s; else,
    120°.

The experiment results are shown in Figs. 15–16. Fig. 15 shows the
heading keeping error, and Fig. 16 shows the current direction tracking
error         . Here,      is the
robot’s forward direction (Fig. 7). In Fig. 16, it can be seen that  has
an error of around 10°. This is believed to be due to the accuracy of the
Fig. 13 Depth control performance

⋅ function mentioned in section 4.2, as well as the attitude
angle error of the MEMS-based AHRS and the effect of drift.

5.2 Circulating Water Channel Tests
To verify the stability and control performance of the platform in an
actual current environment, various control experiments were
performed on the robot in a circulating water channel with a flow
speed of around 0.62 m/s (refer to Fig. 12(b)).
First, as in the basin tests, the platform’s depth and attitude control
performance were examined. As seen in Figs. 17–18, the depth and
attitude angles were tracked well overall, but the results had more
Fig. 14 Roll and pitch motion control performances
5.1.2 Heading keeping while encountering variant current
The following experiment was performed to examine the UUV’s
attitude angle keeping (heading-keeping) in scenarios where the current
direction changed over time. The given attitude angle was    20°,
and a time-varying current was simulated as follows:    0.5 m/s,

fluctuations than those of the basin tests. Next, tests were performed
on attitude control for a   that deviated from the current direction in
the current environment, as well as the forward motion in the
corresponding direction. As shown in Fig. 19, the robot converged to
within ±5° of the given value of   . The current speed and the
robot’s forward speed relative to the water tank floor that was
measured at this time are shown in Fig. 20. It can be seen that the robot
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made forward progress as it overcame the current, and this was also
confirmed visually.
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6. Conclusion
This paper discussed the design of an unmanned underwater vehicle
(UUV) platform that overcomes strong currents, as well as a
corresponding effective control method. To minimize drag
underwater, the UUV’s exterior was designed with a streamlined
circular shape, and the size of the UUV was minimized through the
optimal arrangement of the equipment and by designing and analyzing
the mechanical systems in advance. A platform profile and empirical
equations for the designed platform were used to create a simplified
dynamics model and corresponding hydrodynamic coefficients, and
these were used in a simulation study. This paper proposed an efficient

Fig. 17 Depth keeping performance with 0.62 m/s current

and simple TVC algorithm by performing field experiments; after
finding the formulas for the relationship between the platform’s
control input and forward speed based on a structure in which the four
horizontal thrusters on the disc-shaped robot platform all had
front/back and left/right symmetry, the same forward/backward
propulsion model was used. The ultimate performance of the
developed platform and control algorithm was verified in a water tank
and circulating water channel environments.
Because stable control is needed to operate in irregular current
environments, the control difficulties that were found in Prototype-II
were resolved by varying the performance, number, and location of the
vertical thrusters. In doing so, the overall drag was increased and the

Fig. 18 Attitude control performance with 0.62 m/s current

maximum forward speed was reduced from 2.16 m/s to 1.85 m/s, but
control stability in the horizontal plane was significantly improved.
Hence, more stable attitude control was possible in the water tank
experiments, especially in the circulating water channel experiments.
One limitation of this study was that the thrusters used were all
off-the-shelf products, which had limitations concerning their weight
and exterior shapes and hence could not maximize the vehicle’s
speedIt is believed that if a propulsion system that is specialized for
disc-shaped platforms is used, it will be possible to create a more
effective technology for overcoming strong current.
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Table A2 Thrusters profiles area

Fig. A3 Thrusters profiles
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ABSTRACT: To build an environment facility of a large-scale ocean basin, various detailed reviews are required, but it is difficult to find
data that introduces the related research or construction processes on the environment facility. The current generator facility for offshore
structure safety evaluation tests should be implemented by rotating the water of the basin. However, when the water in the large basin rotates,
relatively large flow irregularities may occur and the uniformity may not be adequate. In this paper, design and review were conducted to
satisfy the performance goals of the DOEB through computational numerical analysis on the shape of the waterway and the flow straightening
devices to form the current in the large tank. Based on this, the head loss, which decreases the flow rate when the large tank water rotates
through the water channel, was estimated and used as the pump capacity (impeller) design data. The impeller of the DOEB current generator
was designed through computational numerical analysis (CFD) based on the lift surface theory from the axial-type impeller shape for satisfying
the head loss of the waterway and maximum current velocity. In order to confirm the performance of the designed impeller system, the flow
rate and flow velocity performance were checked through factory test operation. And, after installing DOEB, the current flow rate and velocity
performance were reviewed compare with the original design target values.
Finally, by measuring the current velocity of the test area in DOEB formed through the current generator, the spatial current distribution
characteristics in the test area were analyzed. Through the analysis of the current distribution characteristics of the DOEB test area, it was
confirmed that the realization of the maximum current velocity and the average flow velocity distribution, the main performance goals in the
waterway design process, were satisfied.

1. Introduction

m (depth)). It is equipped with complex equipment such as a wave

It is essential to secure domestic front-end engineering and design
(FEED) technology to ensure international competitiveness in the

maker, wind generator, current generator, depth control device, and
towing carriage for the reproduction of the marine environment,
including waves, wind, and current. The deep ocean engineering basin

offshore plant industry, as well as to direct the deep-sea resource
development industry and the new offshore plant industry market. To
contribute to the technological development of the domestic

(DOEB) is used as a facility for design verification and performance/
safety evaluation of existing oil and gas based on offshore structures
and novel concepts for offshore plants.

shipbuilding offshore plant industry, it is imperative to build a
large-scale ocean engineering basin to verify the performance of
offshore plants and structures. The Korea Research Institute of Ships

The current generator is a major environment-reproducing facility
and is useful for conducting motion and load characteristic tests on
offshore structures. Offshore structures are significantly affected by

and Ocean Engineering (KRISO) developed the world's largest
deep-sea engineering water tank (100 m (length) × 50 m (breadth) × 15

the force of currents. The current force has an important influence on
the structural characteristics, mooring lines, and risers. However, it is
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difficult to accurately predict the current force because the various
fluidic interferences are rather strong.
Additionally, the current force has a significant influence on the

waterway are shown in Fig. 1, which illustrates the culvert of the
square guide pipe connected to a circular current pump pipe, guide
vane located at the junction of the 90°-bend inside the culvert, mixing

motion characteristics of the structure and directly generates
vortex-induced motions (VIM) in offshore structures (Finnigan et al,
2005; Lu et al, 2007). The current generator for the model test should

chamber, and current channel entrance. The mixing chamber is one of
the important components in the current channel system for uniform
current generation.

consider the uniformity of the current, vertical current profile, and
mutual interference between the waves and current. In particular,
reproducing currents in deep-sea areas is an important issue, but it is

The water in the basin that is accelerated by the impeller of the
current pump flows into the duct and culvert through the guide pipe
and then exits into the basin through the mixing chamber, which has

quite difficult to consistently simulate currents for model tests.
Because the flow is generated through a pump in the model test,
relatively large flow irregularity may occur, and the uniformity may

perforated walls and screens to generate a uniform current flow. The
uniformity of the current flow in the test zone of the DOEB is very
important for accurate offshore platform tests. To determine the shape

not be appropriate (Buchner and Wilde, 2008).
Because of these problems, the current flow uniformity of a large
tank can be an important factor in a current load model test. However,

and size of the current channel, the hydrodynamic performance of the
current generation system was simulated through a computational
fluid dynamics (CFD) approach. In this study, all simulations were

it is difficult to find a study on a large tank current generator, which is
not common. Therefore, it is necessary to consider how to circulate the
tank water in a large tank to create a uniform flow. This study

carried out using the general-purpose software STAR-CCM+
(Siemens, 2018). The flow in the current channel was assumed to be
turbulent and stationary.

introduces a waterway shape design process to form uniform current
flow and current velocity in a large tank and describes the design and
installation process of an impeller system to rotate the water. Finally,

The realizable k-ε turbulence model was employed for the
turbulence closure of the Reynolds-averaged Navier-Stokes (RANS)
equations. The SIMPLE (semi-implicit method for pressure linked

after installation, the performance of the DOEB current generator was
reviewed and compared with the design target factors.

equations) algorithm was used for the pressure-velocity coupling with
the control of the overall solution. A second-order upwind scheme was
used for the convection terms of the RANS equations, while a central

2. Design of Current Generator in DOEB

difference scheme was applied to the diffusion terms.
To a certain extent, high flow velocities, velocity gradients, and
turbulence intensities transferred by the pump decrease as the flow

2.1 Numerical Analysis for Design of Current Channel (Waterway)
in DOEB
To implement a current generator that gyrates approximately
100,000 tons of water in the DOEB, the shape and specifications of the
current channel and flow straightening devices for current uniformity
were designed through numerical analyses. The main components and
shape of the current channel of the DOEB across six stages of vertical

passes through the current channel system. However, relatively
large-scale non-uniform flow structures can still be prominent, which
makes it difficult to meet the required uniformity of the current flow in
the basin. For this reason, the DOEB adopted perforated walls and
screen structures that have some degree of solidity to make large-scale
non-uniformities in the flow decay sufficiently and to control flow

Fig. 1 Main components of the current generation system developed by KRISO
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irregularities. The perforated walls are placed at the entrance of the
mixing chambers and the exit of the tapered culvert section, while the
screen structures are located at the entrance of the basin.
The present study used a screen model based on a wire mesh in the
flow simulations to reproduce the solidity of the perforated walls and
screen structures. The solidity of the wire mesh screen is easily
calculated based on the diameter of wire and the size of mesh section
(Lindgren and Johansson, 2002). This solidity effect can be modeled
as an inertial resistance force term in the governing equations
(a) Overall region

(Siemens, 2018) as follows:
     ̅

(1)

where  is the viscous resistance,  is the inertial resistance, and ̅
is the mean velocity through a perforated wall with a given degree of
solidity. The current study neglected the viscous term and calculated
the inertial resistance by using a pressure loss formula as follows:
  

(2)

  
    


(3)

(b) Inlets and ducts

where  is the fluid density,  is the loss coefficient,  is the
Reynolds number based on the diameter of wire screen, and  is the
solidity.   is a function of the pressure drop and has a converged
value of 0.5 at  > 100. More details of the numerical methodology
can be found in a previous study (Park et al., 2014).
The computational domain was the DOEB itself. As shown in Fig. 2,
the free surface in the DOEB was modeled as a symmetry plane
without deformation. The inlet and outlet sections of the upper three
current channel layers had the same velocity condition, which
corresponds to the average velocity at the impeller plane generated by
the pump at each layer. For the remaining lower three channel layers,
constant inflow velocities were imposed at each channel exit to the
basin. Wall boundary conditions were applied to all other surfaces of
the DOEB.
The three less important lower channel layers were not included in
the grid in order to reduce the complexity of the three-dimensional

(c) Mixing chambers
Fig. 3 3D grid distribution of the current channel and DOEB
simulations and to avoid a massive increase of grid points. Except for
neglecting the thickness of flow-embedded control surfaces, the
generated grid considers every part of the current generation system
without further geometrical assumptions. As can be seen in Fig. 3,
which shows the grid distribution around the main parts, the current
study used a multi-block structured grid with 11.0M (million) grid
points.
Table 1 Average axial flow velocities at the impeller planes of
six current channel layers.

Fig. 2 Computational domain and boundary conditions

Layer

Mean velocity (m/s)

1

3.60

2

3.47

3

3.22

4

3.22

5

2.50

6

0.59
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(a)

(b)

Fig. 4 Streamwise velocity distributions on the selected vertical sections, x-z planes at y = 8 m, 15 m and 27 m (a), and x-z plane at
y = 15 m with the description of the screens and channel layers (b)
In this study, the flow rate of the impellers and the solidity of the

current on the free surface and its profiles extracted at x = 50 m in the y

screen models should be determined for the generation of uniform
current. Table 1 shows the average magnitude of the axial flow
velocity at each impeller face of the current channel layers. These

direction. As shown in Fig. 5(a), re-circulation flow regions were formed
in the upstream and downstream parts of the basin. The current speed
slowed as the flow went downstream of the basin, but sufficiently

values were determined through numerical experiments to reproduce
the target current speed of 0.5 m/s on the free surface in the basin.
Fig. 4 shows the streamwise velocity distributions on the selected

constant current distribution was obtained over the measurement zone.
As shown in Fig. 5(b), the predicted streamwise velocity profile on
the free surface at x = 50 m satisfies the extreme current speed target of

vertical planes at y=8 m, 15 m, and 27 m in the DOEB. It is seen that
the flows entering the culverts after turning 90° through the ducts are
significantly complicated. After the flows passed through the screens

0.5 m/s. On the other hand, the uniformities of the velocity profiles
below the free surface were slightly low. This can be overcome by
using higher solidity, but it causes an increase in the head loss of the

and mixing chambers, a current with stratified flow velocity
distribution in the depth direction was generated in the basin. The
solidity values of the three screens from a previous study (Park et al.,

current pumps. In model tests, it is necessary to investigate the effects
of the non-uniformity of the current below the free surface according
to the draft of offshore structure models.

2014)are shown in Fig. 4(b). The values required to generate the
desired uniform current in the basin were determined to be 0.5, 0.83,
and 0.5. A re-circulation flow region developed near the free surface

Fig. 6 shows a comparison of the vertical current profile. The target
current profile in the figure was designed as an extreme case by
referring to field data. The predicted profile was extracted in the z

above the 1st channel layer, and its length spanned 5.9 m from the exit
of the channels. However, the effects of the re-circulation flow are not
expected to be significant since the location of the model test zone is

direction in the middle of the model test zone at x = 50 m and y = 17.5
m. The water depth influenced by the three upper current channel
layers that were directly considered in the grid was about z = -5.8 m.

50 m from the current channel exit.
Fig. 5 shows the streamwise velocity distribution of the generated

Below this depth, the current profile was generated by a constant
velocity inlet condition with an inclined angle imposed at the inflow

(a)

(b)

Fig. 5 Streamwise velocity distribution on the free surface (a), and streamwise velocity profiles at different depths (b)
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Table 2 Head loss of current channel in the current generation system
Layer

Head loss (m)

1

3.60

2

3.47

3

3.22

section of each of the three lower current channel layers. Within the
design capacity of the pump, the current generation system reproduced
the design extreme current profile well and showed good agreement.
Table 2 shows the calculated results of the head loss of the current
channel at the design flow rate. The maximum head loss value was
used for the pump capacity and impeller design.
Fig. 6 Comparison of the predicted vertical current profiles and
the design profile

2.2 Design of Current Generation System
The current generator is composed of a six-layer water channel

Fig. 7 Concept of current pump facility proposed by KRISO

(a)

(b)

Fig. 8 Modeling of structural analysis (a), and vibration analysis result for the maximum response frequency in the high frequency
(magnitude velocity Freq. = 11.95 Hz) region (b)
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(a)

(b)

Fig. 9 Configuration of current pump (a), and Configuration of current drive system (b)
aligned vertically to realize arbitrary current spatial distribution, and
five current pump facilities (combining the lower current channel). A
conceptual diagram of the current pump facility is shown in Fig. 7, and

The primary natural frequency obtained through natural frequency
analysis of the supporting structure was 3.7332 Hz, and the main
natural frequencies were 8.6308 Hz, 9.1378 Hz, 10.183 Hz, 10.454 Hz,

it is composed of a current duct, facility support structure, pump and
drive system, drainage facility, electric unit, and operation control
system. The current duct is a steel structure with a circular cross-

11.055 Hz, 11.544 Hz. 11.704 Hz, 11.89 Hz, 14.027 Hz, and 14.302
Hz. Among them, the result for 11.95 Hz is shown in Fig. 8 (right).
Through vibration response analysis, the maximum displacement in

section of sufficient strength and a support structure to withstand the
self-weight and pressure of the basin. It ensures uniform circulation
flow transfer, and each duct is connected in the form of a bolted flange.

the 1–5 Hz section were 0.053 mm, which was less than 1.0mm, which
is the standard for DNV steel structures and satisfies the stability
standard. In the case of the 5–15 Hz section, the maximum speed is

It was placed such that the waterway could be blocked with a gate
valve. The current duct arrangement was designed in series with the
two rows (five and six layer) forming one layer and the four layers

8.95 mm/s, which is lower than the 30 mm/s standard for DNV steel
structures, which satisfies stability.
The current pump used are an axial pump that accelerates the

being without inflections to minimize possible head loss.
The supporting structure supports static loads generated by the
self-weight of the motors, impellers, and current ducts (when the

circulating fluid. As shown in Fig. 9, it comprises an impeller, gear
housing, bevel gear, impeller shaft, pinion shaft, flexible coupling,
bearing, sealing, and lubricant system, and has a structure that can be

generator is switched off), dynamic loads generated by driving the
motors and impellers, and the duct flow, The supporting structure
prevents damage to the duct system due to thermal deformation. For

completely sealed.
An axial-type impeller was selected based on the particular speed.
The impeller was designed to have the best efficiency, good cavitation,

analyzing the strength of the supporting structure, as shown in Fig. 8,
static and dynamic strength analyses were performed. In addition, an
earthquake analysis was performed on the facility’s supporting

and low vibration performance, and an azimuth thruster was selected
because it has efficient maintenance. The number of blades was
selected as five to absorb the high power density and avoid a resonance

structure to verify the stability of the design values.
The figure on the left of Fig. 8 shows a model for structural stability
analysis of the support structure arranged in the vertical direction from

with a “+”-type stator system. Design conditions were selected
according to the target profile (waterway capacity of 14.9 m3/s and
required head loss of 1.33 m) and to absorb the motor power. Two

duct 1 to duct 4. Analysis was done modeled through MSC /
PATRAN. In this case, 1,081 elements were used, and 70 nodes were
used. The boundary condition of the vibration analysis model is the

types of impellers were designed to ensure suitability for different
loads due to the head loss across the flow layer. The first impeller type
was designed for the second and third layers, and the second impeller

same as in the static analysis, and a constraint condition of 6-DOF
motion for translational and rotational motion was applied to the part
fastened to the basic anchor bolt.

type was designed for the first, fourth, and fifth layers.
The performance of the pump was predicted using a lifting-surface
theoretical analysis, and the pitch and camber distribution were

(a)
Fig. 10 Computational region (a), Grid distribution of the impeller (b)

(b)
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hybrid mesh technique with polyhedral and trimmed meshes was
employed due to the complex shape of the impeller. The polyhedral
mesh was applied to the MRF rotating region, including the blade,
while the trimmed mesh was used for the remaining region. To
simulate the turbulent boundary layer, five prism layers were
generated on the blade surface, and  ≈ was considered as the
(a)

position of the first grid point. As a result, the number of grid cells was
1.8 million for the overall region.
Fig. 11(a) and Fig. 11(b) show the pressure distributions on the

(b)

pressure and suction sides of the blade, which were obtained after the
impeller thrust and torque converged. Similar to the pressure
distributions of a general thruster, the pressure increases at the leading
edge of the blade while gradually decreasing toward the trailing edge.
Fig. 11(c) presents the result of the single-impeller performance in
terms of the thrust coefficient and advance ratio. The results of the
non-viscous-based lift surface theory and the CFD analysis show the
same physical trend. Based on this result, it can be confirmed that the
CFD analysis results show similar accuracy to the lift plane theory.
Table 3 shows the flow rates and the delivered horsepower (DHP) at
various impeller revolutions per minute (RPM) for channel 1 with
impeller 2 and for channel 2 with impeller 1.
(c)
Fig. 11 Pressure distribution of impeller 1 obtained via CFD
analysis: pressure side (a), and suction side (b), and
result of single impeller performance analysis (c)

2.3 FAT (Factory Test) of Current Generation System
Before installing the current pump, an FAT of the current pump was
performed as shown in Fig. 12, to verify the performance and

Table 3 Predicted performance of the impeller in channels 1 and 2

durability of the current pump. The FAT consisted of a leak test for the
major parts, a pressure test for each section, and a performance test for
the pump. The pump performance test was divided into 5 stages based

Channel 1 (Impeller 2)

Channel 2 (Impeller 1)

RPM

Vd (m/s)

DHO (kW)

Vd (m/s)

DHO (kW)

405

2.81

78.8

2.56

113.3

480

3.33

131.3

3.04

188.8

537

3.73

183.8

3.40

264.3

592

4.12

246.8

3.75

355.0

determined. The performance of the impeller in the channel was
calculated based on the lift surface theory and CFD. The CFD
turbulence model and discrete scheme were the same as those used for

on the different motor load values: 1/4, 2/4, 3/4, 4/4, and 11/10 times
the initial motor load. The number of rotations for each load and,
required shaft horsepower current, voltage, coolant temperature, and
performance were analyzed by measuring the temperature and
lubricant temperature.
As shown in Fig. 12 (b), the flow rate was measured by an ultrasonic
system at three positions, V1 was at the inlet side, V2 was at the outlet
side, and V3 was diametrically opposite the impeller. The measured
flow rates at V1 are relatively low because V1 is far downstream from

the aforementioned current channel analysis.
Fig. 10 shows the computational domain and grid distribution on the

the impeller. The flow rate according to the RPM change was analyzed
with respect to the FAT result of the pump performance, as shown in
Fig. 13. The measured flow rates, except for pump #4 were stable for

impeller surface for the single-impeller performance analysis. A

the various RPMs and are similar to the predicted flow rates.

(a)
Fig. 12 Configuration of FAT (a), and configuration of sensors (b)

(b)
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Fig. 13 Flow rate of the pump performance in FAT

Fig. 14 DHP of pump performance in FAT

Fig. 15 Review of pump hydraulic performance test results after on-site installation in DOEB
The delivered horsepower (DHP) was obtained based on the motor
output voltage and current obtained during the pump performance

are in good agreement with the predicted value, which is at table 3
(impeller 2), dependent on the accuracy of the flow rates in FAT and

FAT. The DHP curves of impellers are shown in Fig. 14. These curves

impeller efficiency.
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2.4 Installation and Testing of Current Generation System
The current generation system was installed in the current pump
room of the DOEB, and all the inspections and durability tests were

forming the target vertical profile as shown in Table 1. And there was
no significant difference in the flow rate performance of the pump in
the single and interlocking drives. However, an increase in the flow

performed on the major components. Safety checks were conducted on
the shafting alignment, electrical parts, and installation structures,
which are the main components of the on-site installation of the

rate of pump #5 was observed during the FAT. This is because pump
#5 is responsible for current channels 5 and 6 of the DOEB.

current generation system. The shafting alignment is very important
for stably driving the current generation system for a long duration.
For this purpose, the single and interlock drives (with 5 pumps

3. Analysis of the Current Characteristics in DOEB

simultaneously) drives were performed for more than 8 h per day for 2
weeks, and the alignment status was checked by separating the
shafting system.
After the completion of the stability check of the current generation
system, a single pump performance test of pumps 1–5 was conducted,
and the pump performance was reviewed by interlocking five pumps,
as shown in Fig. 15, By interlocking five pumps. The performance of
the pump was maintained at a maximum flow rate of 4 m/s. This result
exceeds the CFD prediction result for the pump output flow rate for

3.1 Characteristics of Flow Rate of the RPM Current in the
Current Generation System
According to the impeller drive of the DOEB current generation
system, current is generated in the DOEB test area through the
waterway. The experimental area of the DOEB is near the middle area
of the DOEB, and the test area is set as shown in Fig. 16 to analyze the
current velocity from the water depth.
The result of measuring the flow rate in the DOEB by increasing the
RPM of the current pump facility is shown in Fig. 17. It can be seen
that the flow rate is 0.56 m/s at the maximum RPM of the current

(a)
(b)
Fig. 16 Aerial view of DOEB (a) and measurement location in DOEB and photo of current measurement (b)

Fig. 17 Current velocity compared with RPM of the current pump facility in DOEB
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pump facility, which exceeds the design target flow speed of 0.5 m/s.
Based on these flow velocity results, the initial driving RPM can be
estimated when the current velocity is reproduced for the following
model test.
3.2 Spatial Area Characteristics of Current in DOEB
To investigate the distribution of the current velocity in the DOEB,
the towing carriage was used, and the current velocity was measured as
shown in Fig. 18. The error range of the average flow velocity
distribution in the test area of the model test (10 m (width) × 10 m
(length)) was within 5%. This confirms that the DOEB current channel
waterway and the several turbulence control devices are working
effectively.
As shown in Fig. 19, the turbulence intensity (T) was examined based
on the equation obtained by Bas Buchner (Buchner and Wilde, 2008).
Fig. 18 Spatial distribution of current velocity on the surface of
T = σ/V

(4)

Fig. 19 Turbulence intensity (T) on the surface of DOEB

Fig. 20 DHP curves of the pump #1 and #2 during the performance test

the DOEB
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where σ is the standard deviation of the velocity fluctuations, and V is

International Conference on Offshore Mechanics and Arctic

the mean velocity.

Engineering. Volume 4: Ocean Engineering; Offshore Renewable

It can be seen that the turbulence intensity of the current near the test
area of the DOEB is 7–8%. A turbulence intensity improvement test

Energy. Estoril, Portugal, 417–424. https://doi.org/10.1115/
OMAE2008-57597

was planned through a solidity change test of the turbulence grid (SUS

Finnigan, T., Irani, M., & Van Dijk, RRT. (2005). Truss Spar VIM in

screen) at the outlet. The performances of pump #1 and pump #2 plays

Waves and Currents. Proceedings of the ASME 2005 24th

a significant role in obtaining the target current velocity in the test

International Conference on Offshore Mechanics and Arctic

section. Fig. 20 shows the DHP curves for pumps #1 and #2 during the

Engineering. 24th International Conference on Offshore

performance test, and they are in good agreement with the predicted

Mechanics and Arctic Engineering: Volume 2. Halkidiki,
Greece, 475–482. https://doi.org/10.1115/OMAE2005-67054

value.

Lu, H., Yang, J., Peng, T., & Chen, Gang. (2007). Numerical and

4. Conclusions

Experimental Research on Current Generation in Deep Water
Offshore Basin. Journal of Hydrodynamics, 19(5), 551-558.

In order to design the current generator in the DOEB of KRISO, a

https://doi.org/10.1016/S1001-6058(07)60152-8

3D numerical analysis was performed to evaluate the hydrodynamic

Buchner, B., & de Wilde, J. (2008). Current Modeling Experience

performance of the current channel of the current generator. Based on

in an Offshore Basin." Proceedings of the ASME 2008 27th

the analysis results, the number of screen devices installed in the

International Conference on Offshore Mechanics and Arctic

current channel, location of the installation, and distribution of current

Engineering. Volume 4: Ocean Engineering; Offshore

according to the solidity were reviewed, and the maximum flow

Renewable Energy. Estoril, Portugal, 417-424. https://doi.org/

velocity of current in the surface layer was obtained. The head loss of
the current channel was also obtained.

10.1115/OMAE2008-57597
Park, I.R., Kim, J.H., Hong, S.W., & Sung, H.G. (2014) Numerical

The main components of impellers were designed based on the

Investigation of Current Generation Performance in a Large

hydrodynamic performance of the current channel and verified

Ocean Engineering. Proceedings of the Eleventh Pacific-Asia

through an FAT and pump hydraulic performance test in the DOEB.

Offshore Mechanics Symposium. Shanghai, China.

Finally, by measuring the characteristics of current generation in the

Siemense. (2018). STAR-CCM+ 11.04 User Guide. Retrieved from

DOEB test area, it was confirmed that the design performance target

https://support.industrysoftware.automation.siemens.com/gene

was satisfied. Further research will be conducted on the development

ral/documentation.shtml

of a turbulence control device for improving the current turbulence

Lindgren, B., & Johansson, A.V. (2002). Design and Evaluation of a

intensity and the current distribution characteristics in the DOEB data

Low-Speed Wind-Tunnel with Expanding Corners (Internal

based on the depth.

Report TRITA-MEK 2002:14). Stockholm, Swedon: Dept. of
Mechanics, KTH.
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paper should have not been submitted to other academic journal. When part or whole of a manuscript was already published to conference papers,
research reports, and dissertations, then the corresponding author should note it clearly in the manuscript.
Example: It is noted that this paper is revised edition based on proceedings of KAOST 2100 in Jeju.
2.4 Copyright
After published to JOET, the copyright of manuscripts should belong to KSOE. A transfer of copyright (publishing agreement) form can be
found in submission website (http://www.joet.org).
2.5 Manuscript Submission
Manuscript should be submitted through the on-line submission website (http://www.joet.org). The date that manuscript was received through
on-line website is the official date of receipt. Other correspondences can be sent by an email to the Editor in Chief or secretariat. The manuscript
must be accompanied by a signed statement that it has been neither published nor currently submitted for publication elsewhere. The manuscript
should be written in English or Korean. Ensure that online submission are in a standard word processing format. Corresponding author must write
the manuscript using the JOET template provided in Hangul or MS Word format. Ensure that graphics are high-resolution. Be sure all necessary
files have been uploaded/ attached.
2.5.1 Authoer’s checklist
Authoer’s checklist and Transfer of copyright can be found in submission hompage (http:/www.joet.org).

3. Manuscript
Manuscript must be edited in the following order: (1) Title, (2) Authors' names and affiliations, (3) Keywords, (4) Abstract, (5) Nomenclature
(optional), (6) Introduction, (7) Main body (analyses, tests, results, and discussions), (8) Conclusions, (9) Conflict of interest (optional), (10)
Funding (optional), (11) Acknowledgements (optional), (12) References, (13) Appendices (optional), (14) Author’s ORCIDs.
3.1 Unit
Use the international system units(SI). If other units are mentioned, please give their equivalent in SI.
3.2 Equations
All mathematical equations should be clearly printed/typed using well accepted explanation. Superscripts and subscripts should be typed clearly
above or below the base line. Equation numbers should be given in Arabic numerals enclosed in parentheses on the right-hand margin. The
parameters used in equation must be defined. They should be cited in the text as, for example, Eq. (1), or Eqs. (1)–(3).
    ⁄   ≠
   exp

exp exp   ⁄



(1)

in which ,  , and  represent the location (“Shift” in figures), scale, and shape parameters, respectively.
3.3 Tables
Tables should be numbered consecutively with Arabic numerals. Each table should be typed on a separate sheet of paper and be fully titled. All
tables should be referred to in the texts.
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Table 1 Tables should be placed in the main text near to the first time they are cited
Item

Buoyancy riser
1)

Segment length (m)

370

Outer diameter (m)

1.137

Inner diameter (m)

0.406

Dry weight (kg/m)

697
2

Bending rigidity (N·m )

1.66E8

Axial stiffness (N)

7.098E9

Inner flow density (kg·m3)

881

2

Seabed stiffness (N/m/m )

6,000

1)

Tables may have a footer.

3.4 Figures
Figures should be numbered consecutively with Arabic numerals. Each figure should be fully titled. All the illustrations should be of high
quality meeting with the publishing requirement with legible symbols and legends. All figures should be referred to in the texts. They should be
referred to in the text as, for example, Fig. 1, or Figs. 1–3.

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

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

Fig. 1 Schemes follow the same formatting. If there are multiple panels, they should be listed as: (a) Description of what is contained in the first
panel; (b) Description of what is contained in the second panel. Figures should be placed in the main text near to the first time they are cited
3.5 How to Describe the References in Main Texts
All references should be listed at the end of the manuscripts, arranged in order of Alphabet. References in texts follow the American
Psychological Association (APA) style. The exemplary form of listed references is as follows:
Single author: (Kim, 1998) or Kim (1998)
Two authors: (Kim and Lee, 2000) or Kim and Lee (2000)
Three or more authors: (Kim et al., 1997) or Kim et al. (1997)
Two or more papers: (Lee, 1995a; Lee, 1995b; Ryu et al., 1998)
Year unknown: (Kim, n.d.) or Kim (n.d.)

4. Results
This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation
as well as the experimental conclusions that can be drawn. Tables and figures are recommended to present the results more rapidly and easily. Do
not duplicate the content of a table or a figure with in the Results section. Briefly describe the core results related to the conclusion in the text when
data are provided in tables or in figures. Supplementary results can be placed in the Appendix.

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