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Abstract: SOLAS (Safety of Life at Sea), which was first enacted in 1914 as a result of the Titanic dis-
aster, presents mandatory requirements for ship safety, such as the adoption of watertight bulkheads.
However, ship accidents continue to occur despite the development and application of numerous
safety technologies. In the case of a marine accident, the risk of sinking or capsizing due to flooding
can be reduced by subdividing the watertight area, but shipbuilding costs, the weight increase for
light ships, and the intact stability of the vessel must be considered together. For this reason, in
this study, a BSS (buoyancy support system) was designed in accordance with ISO 23121-1 and ISO
23121-2. The characteristics of watertight and non-watertight spaces were reviewed and the BSS
was implemented for a small car ferry. By applying additional safety technologies while securing
economic feasibility in terms of ship construction and operation, an alternative to reduce the loss of
human lives, environmental damage, and property losses in the case of a ship accident was proposed.

Keywords: buoyancy support system; flooding; accidents (incidents); evacuation; stability;
damaged ships

1. Introduction
1.1. Previous Studies

Various technical alternatives for delaying or preventing the sinking or capsizing
of ships damaged by accidents have been studied and presented. BSS is also one of the
alternatives and aims to secure the remaining buoyancy of ships with damage beyond
the design standard. A preceding study, entitled, “A concept study for the buoyancy
support system based on the fixed fire-fighting system for damaged ships,” published in
Ocean Engineering Journal, Vol. 155(1) [1], presented the results of the research on technical
considerations in applying BSS to cargo ships and passenger ships. Figure 1 shows concept
of the BSS.

Fixed Fire-fighting System

Heat Exchanger
Buoyancy Chamber

for Residual Buoyancy

Figure 1. Concept of the BSS [1].

J. Mar. Sci. Eng. 2023, 11, 656. https:/ /doi.org/10.3390/jmse11030656

https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse11030656
https://doi.org/10.3390/jmse11030656
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-8241-3751
https://doi.org/10.3390/jmse11030656
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse11030656?type=check_update&version=2

J. Mar. Sci. Eng. 2023, 11, 656

20f17

The conceptual design of a BSS obtained AIP (Approval In Principal) from Korea
Register of Shipping in 2018. Two ISO standards, “ISO 23121-1, Inflatable Buoyancy
Support Systems Against Flooding of Ships—Part 1: Gas Supply System” [2], and “ISO
23121-2, Inflatable Buoyancy Support Systems Against Flooding of Ships—Part 2: Buoyancy
Chamber” [3] for the requirements and composition of BSS were published at the end of
2019. In addition to the BSS presented in this study, various alternatives for securing the
residual buoyancy of damaged ships have been studied, as shown in Table 1.

Table 1. Research for the improvement of survivability of damaged ships.

Research Topic

Key Findings References

Proposed a concept for a buoyancy support

Buoyancy support system based on fixed  system based on the fixed fire-fighting system, Kang et al., 2018 [1]; Kang et al.,

fire-fighting system

which could be activated to enhance stability in =~ 2022 [4]
damaged ships.

Design for an anti-capsize ship

Design for an anti-capsize ship using

self-righting arm force for patrol vessels. Trimulyono et al, 2023 5]

Survivability of damaged ships

High-expansion foam can be an effective risk
control option to increase passenger ship safety ~ Vassalos et al., 2022 [6]
during flooding.

Active flooding mitigation system

Active flooding mitigation system to enhance

stability in a damaged RoPax ship Valanto etal,, 2022 7]

Refloating a damaged ship with Calculation was conducted on refloating a

salvage pontoon

damaged ship with salvage pontoon. Pan etal. 2020 [8]

Parametric roll avoidance

Proposed a control strategy using rudder

; Backalov et al., 2016 [9]
movement to suppress parametric roll.

Improvement of ship stability and safety

in damaged condition

Explored several operational measures to
enhance ship stability and safety, including Boulougouris et al., 2016 [10]
flooding control and the use of bilge pumps.

Foam resin-based damage stability stability recovery system, which can prevent or

recovery system

Proposed the use of foam resin as a damage

delay water ingress and improve Vassalos etal,, 2016 [11]

ship survivability.

Inner ship structure buoyancy support Recovery (SUSY), which is an inner ship

system for cargo vessels

Developed the Surfacing System for Ship

structure designed to prevent cargo vessels from Smith etal,, 2011 [12]

losing stability.

The application of new safety technologies, such as BSS, can be realized when the loss
of lives, environmental damage, and property losses in the event of an accident can be
minimized at an affordable cost for the ship owner. In the previous study, the BSS presented
the concept of using a fixed fire main installed on a ship to charge the buoyancy chamber. It
was also suggested that the buoyancy chamber may be configured in a three-dimensional
shape or comprise multiple cylinders for installation in a complex inner ship space, such as
a machinery room. This can reduce the need to install a separate filling material storage
tank, transport pipe, and power and data line compared to the concept of using foam. The
three-dimensional buoyancy chamber has the advantage of securing a work space and the
reusability of the BSS-installed space after an accident. For this reason, in this study, the
characteristics of watertight and non-watertight spaces were reviewed for the installation
of BSS, and the process of designing, manufacturing, and installing BSS for a small car ferry
was carried out in areas with a risk of capsizing or sinking in a flooding accident. In this
paper, real cases and plans for ship implementation from the initial concept, which was
introduced as a proceeding at PRADS 2022, are studied in more detail [4].
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1.2. Design Alternatives

The method of subdividing watertight spaces improves the stability of a ship without
installing a separate system that secures residual buoyancy, such as a BSS. However, in this
case, the stability effect due to the increase in both the weight of the hull and shipbuilding
costs is problematic. Therefore, ships are designed at a level that satisfies SOLAS and
classification rules, except for special cases such as naval vessels. The installation of a
BSS can primarily be considered for areas near water lines with a statistically high risk of
accidents. Among these areas, there are those with complex internal structures, such as
machinery rooms, areas that remain watertight during operation, and areas that are non-
watertight due to openings such as ducts. Figure 2 briefly shows the flooding characteristics
of watertight and non-watertight spaces. Even if a ship is damaged, the watertight space
may contain trapped air spaces, which provide residual buoyancy. Therefore, watertight
spaces can increase the stability of a ship, while vented spaces cannot.

N7

Free Vent Trapped Air

Figure 2. Comparison of flooding characteristics between watertight (trapped air) and non-watertight
(free vent) spaces; Arrows show the flow of water (blue colored) and air (white colored) and hyphen
means there are no flow of water.

In order to observe the effect of the vent characteristic (watertight or not) on the
stability of a ship in case of damage, flooding simulations were carried out for side damage
scenarios. For flooding water treatment in the previous study [1], KRISO’s in-house
simulation tool, SURVSHIP, was employed, which was also used in the former version of
SMTP [13,14]. In the simulation, sloshing effects were not considered and the flooded water
level in the damaged compartment of the hull was calculated using quasi-static methods.

Table 2 shows the specifications of an example ship used for the comparison of flooding
characteristics in watertight and non-watertight spaces. The ship has two internal decks,
each with five zones on either side (port and starboard), with a long center corridor. Each
zone has a door connecting to the center, with a size of 1 m (width) x 2 m (height). All
doors are open, and the center is ventilated with an exhaust area of 2 m?. The deck height
was set at 6 m. The non-watertight example has an air duct system, with the inlet of the
duct located at the ceiling of each zone near the center corridor. The duct is fully opened,
so the freely vented situation was assumed. The damage was assumed to take place in the
portside Zone 2 of the 1st deck.

Figures 3 and 4 show the results of progressive flooding simulations, including sinkage,
roll angle, and filling ratios of each zone. In Figure 3, for the watertight model, the filling
ratios of compartments in the portside converge to about 0.6 (these compartments are
located underwater because of sinking and roll angle), leaving nearly 40% of the space as
air-trapped, playing a residual buoyancy role. The watertight model ship stops sinking at
3.2 m of sinkage, even though it heels to 17 degrees port.
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Table 2. Specifications of the example ship for flooding characteristic comparison.

Data Value
LBP 162.10 m
Breadth 27.60 m
Draught 7.00 m
Depth 20.93 m
Displacement 18,060.00 m> [ o Tt s i)
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Figure 3. Analysis results of flooding charateristics in the watertight area.

Figure 4 shows the results for a non-watertight model ship. The filling ratios of the
compartments in the 1st deck portside reach nearly 1, i.e., fully flooded. The other filling
ratios continue to grow, and the ship may sink finally. From the results, it can be said that
watertight compartments can increase the stability of a ship, and the locations of the inlets
of the vent system should be carefully considered; they may turn a watertight compartment
into a non-watertight one if the inlet position height is high up to the ceiling.
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Figure 4. Analysis result of flooding characteristics of non-watertight area.

Besides the sinking instability described above, transverse stability (capsizing stability)
due to flooding should also be considered.

If the amount of the flooded volume is V, the location of the flooded part is yr and zr
from the center line and base line, respectively, and the length and width of the free surface
of the flooded part are I/ and s, respectively. The increase in mass and displacement is
as follows.

A=A+ pVE 1)

V’ZV-}-V}: 2

When A p is the ship waterline area, the draught (d) change due to flooding can be
drawn as follows.

6d = AV—;P ©)
d=d+ AV—V\Z) 4)

The height of the center of buoyancy (KB) can be expressed as follows if the waterline
shape is assumed wall-sided.

) Kva+(d+%%)xvp
KB = V+Vr , 5)
= KB+ ((d+%A—VWLP) _KB)ZVE_ (d_|_%la) (sz)

Awp
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The BM and KG are changed as follows.

p_dr v _ir(,  Vr
BM_V'_V+VF’”V<1 v) ©)

v
KG ~F
KG' = chvv:épvap = ;ZFVXF V. (KG+zF X va)( - %)
v

@)
= KG — (KG—ZF) X %_ZF(%)2

As a result, the metacentric height (GM, playing as the important stability index) is
changed as in the following equation within the first order of Vr/V. The changed amount
is due to the flooding

1
GM' =KB' + BM' —KG' = GM + d+*E—ZF—GM Ve 8)
2 Awp \%
If the damaged compartment has no water in it before damage, the additional decrease
in stability takes place. This is the decrease in GM due to the free surface effect.

soM = i = L lrse

V' T 12V + Vg ©)

Here, if the center of gravity of flooding water is below the draft, GM, except for the
free surface effect, increases. Flooding water increases GM because the center of gravity
is usually below the draft. The decrease in GM due to the free water surface effect is
independent of the amount and location of flooding water. Changes in the center of
buoyancy and center of gravity are related to the amount of flooding water and location.
When the example ship is flooded, the change in GM according to the depth of the flooded
water is shown in Figure 5.
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Figure 5. Changes in GM, according to the depth of the flooded water.

In Figure 5, the base height of the damaged compartment is denoted as zy. When
the height of the flooding water /iy, is zero, the GM change is negative due to the free
surface effect. As the height of the flooding water increases, the GM change generally
grows. However, the change of GM does not grow or decreases when the base height of the
damaged compartment is high, above about 0.5D in this case. As shown above, the use of
watertight compartments and lowering the inlet of the ventilation system can increase the
stability of a damaged ship. However, it is important to check the change in GM to ensure
that it remains positive in the event of any damage in order to prevent capsizing.
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2. Buoyancy Support System (BSS) Implementation
2.1. A Small Car Ferry for BSS Implementation

Flooding accident cases with a risk of sinking were identified, and a buoyancy cham-
ber installation plan was established. For the installation of the buoyancy chamber, the
watertight area was considered first. It is hoped that the BSS can be installed on a ship the
same size as the example ship in order to examine the flooding characteristics of watertight
and non-watertight spaces, but it was difficult to find such a ship. For this reason, the
installation of the BSS was aimed towards small car ferries powered by electric propul-
sion. These ferries operate on 800 kWh-class large-capacity batteries and carry a risk of
short-circuit issues due to seawater inflow when sinking. BSS was first demonstrated via
the application of a small electrically propelled car ferry launched in March 2022. Table 3
shows the small electric car ferry and its specifications. It is able to transport 120 passengers
and 20 medium-sized vehicles simultaneously and uses two sets of 800 kWh mobile battery
systems to transport passengers for a two-hour round trip in the West Sea of Korea.

Table 3. Specifications of target small car ferry subject to the BSS installation.

Image Data Value
Length overall Abt 60.00 m
Length B.P. * 49.00 m
Bredth (Max.) 13.00 m
Bredth (Moulded.) 13.00 m
Depth (Moulded) 3.150 m
Draft (D.L.W.L. *¥) 1.630 m
Draft (Scantling) 1.750 m
Propulsion Motor 500 kW x 2 sets
Speed (Service) Abt. 10 knots
Comlements 4 person
Passenger 120 person
Car (Midsize) 20 Unit

* Between Prependiculars. ** Designed Load Water Line.

2.2. Requirements for Residual Buoyancy

A small electric car ferry equipped with BSS has a vehicle deck from bow to stern.
Figure 6 shows the layout of the watertight compartments of the target vessel.

Two trucks are located at the stern and used for transporting the mobile battery system
for the power supply. Since this ferry mainly operates in an area of smooth waters, the
freeboard is relatively low, and a bow ramp is installed for the boarding of both the vehicle
and the passengers. Passengers can move to the cabin using the stairs or an elevator. The
lower part of the vehicle deck is divided into more than 10 watertight spaces, and there
is no separate watertight bulkhead separating the starboard and port areas based on the
longitudinal centerline.

For the BSS design, a behavior simulation for a damaged ship was conducted, as
shown in Table 4, assuming that up to two watertight spaces were damaged at the same
time. In the case of a small car ferry, the division is simple and the hull shape is not
complicated. Therefore, DELFTship [15], a commercial tool that is easy to access and use,
was employed instead of the KRISO in-house tool for flood-scenario analysis. The use
of commercial tools is intended to facilitate the creation of various types of BSS, even for
small companies, using the results of this research for future reference. From the simulation
results, cases of the target ship sinking occurred when void areas No. 1 and No. 2 were
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damaged at the same time. Based on this, the buoyancy chamber arrangement method
applied to the BSS was reviewed.

THH

»
No.4 Void

A

P B
v uwxs:u oM v THROUGH - OUT r____< ________ " =
Motor Room  Battery Room 1 No.2 Void No.1 Void |
« 4 mEmmITTTTTTT [ S
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o s @
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o5 ]

[ =
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Figure 6. Compartment layout of target vessel.

Table 4. Examples of flooding accident cases where the target ship may sink.

No. 1 No. 1 No. 1 No. 1 No. 1 No. 1 No. 1 No. 1
D*‘;‘age‘i ot ol ol ol Not No. 2 No. 2 No. 2 No. 2 No. 2 No. 2 No. 2 No. 2
one ot o ot o ot Void Void Void Void Void Void Void Void
FULL FULL FULL FULL
o FULL o Tor LOAD. LOAD. FULL  FULL  FULL  FULL  LOAD. LOAD.
LIGHT- i, LOAD. orge (Lorge (Mid. (Mid. LOAD.  LOAD. LOAD.  LOAD. (Mid. (Mid.
TEM SHIP e (Mid. Size s P Sedan + Sedan + (6T (5T (25T (5T Sedan Sedan +
Sodom) Sedan) Sodom) Sedom) 25T 25T Truck)  Truck) Truck) Truck) +Mix. Mix.
Truck) Truck) Truck) Truck)
Departure Arrival Departure Arrival Departure Arrival Departure  Arrival Departure  Arrival Departure  Arrival
C"'l‘\f:“’“ o1 04 05 06 07 08 09 10 1 12 13 14 15
GoM o [¢) o [¢) o) o) o
inli o o o O O Sink Sink O o Sink Sink Sink Sink
sl\\;/[ri:%\?rh?: (Pt.22: (Pt.22: (Pt.22: (Pt.22: (Pt.22: (Pt.22: (Pt.22:
8ing ~0.028) ~0.251) —0.154) ~0.439) ~0.288) ~3557)  —1.796)

From the flooding simulation results for the accident scenarios in Table 4, it was
determined that a small electric car ferry could sink if a hole with a diameter of 600 mm
was made at the boundary between the No. 1 and No. 2 void areas. At this time, it was
interpreted that it would take about 263 s for the small electric car ferry to sink. In order to
prevent or delay sinking by installing buoyancy chambers in the No. 1 and 2 void areas, as
shown in Figure 7, the deployment of the buoyancy chambers must be completed within
250 s, at which point the hull will start to sink rapidly.

In the simulation, sloshing due to flooding was not considered, and the characteristics
of an actual flooding accident may be different from the simulation, such as during cargo
loading. In addition to commercial tools such as DELFTship, it is necessary to apply
analysis codes that consider gradual submersion and compressed air flows in the case of
damage behavior analysis for large and complex ships. In this case, various guidelines and
research results can be utilized [16-22].
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Figure 7. The results of the simulation of flooding due to damage to areas No. 1 and No. 2 void,
sinking after 4.3 min (263 s).

In this case, it is believed that, in the event of a ship flooding accident, if the passengers
can evacuate from the ship within 250 s, the target ship can be considered as secure even
without the BSS. However, situations in which passengers must wear life jackets before
escaping from the ship, or where the target ship lacks crew members to guide passengers,
must be considered. In particular, if passengers who are gathered in the bow or stern
muster station are waiting for another nearby ship or rescue team, the BSS can delay the
sinking of the ship for a sufficient amount of time, thereby playing a meaningful role in
securing passenger safety in a flooding emergency. Figure 8 shows evacuation simulation
results based on Exodus [23]. Based on simulation results, it was confirmed that it would
take from 89 to 142 s for passengers to evacuate depending on the direction: bow or
stern. However, considering factors such as transportation-disabled individuals or panic in
accident situations, it is expected that a much longer time may be required for an evacuation
in real emergency situations. Therefore, even in situations where an evacuation is delayed,
the BSS should be designed to deploy with sufficient time within 263 s, which is expected
to be prior to the sudden sinking of the vessel.

According to SOLAS, whether a watertight area is divided into several parts has a
great effect on damage stability [24]. Therefore, in a situation where it is difficult to further
divide void areas No. 1 and No. 2, a plan to place a buoyancy chamber in these areas
was considered.

The volume of void area No. 1 is 181.28 m®. The volume of the buoyancy chamber
must be at least 21.8 m?® (12% of the volume of area No. 1) to secure residual buoyancy to
prevent or postpone the sinking of the ship. In order to secure GoM where the margin line
is not wetted, it is necessary to install a buoyancy chamber of 81.6 m? (45% of the volume of
No. 1 area), but this is impossible considering the frame and web inside the hull. Therefore,
a buoyancy chamber with a volume of abt. 49.8 m® (27% of the volume of the No. 1 area)
was installed to prevent sinking in the simulation. Figure 9 shows the results of reviewing
the installation space of the No. 1 area, and the design of the cylindrical buoyancy chamber,

which is installed in this area.
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Figure 9. Example of the BSS installation space analysis and buoyancy chamber design.

The red rectangle on the cross-section of Void Area No. 1 shows the space where
the buoyancy chamber can be installed. The circular dotted line indicates the installation
position of the cylindrical buoyancy chamber. The adoption of a cylindrical buoyancy
chamber prevents damage due to the concentration of pressure on a specific section in
the process of being folded and expanded for a long time. When a cylindrical buoyancy
chamber is applied, the volume of the buoyancy chamber is approximately 30 m® (16.6% of
the volume of the No. 1 void area).

The volume of the adopted buoyancy chamber can prevent the sinking of the small
electric car ferry in the accident scenario but may be insufficient considering that the buoy-
ancy chamber can be installed up to 49.8 m3. Therefore, as shown in Table 5, simulations
were also performed to assess sinking prevention via the installation of the buoyancy cham-
ber. The results of the simulation confirm that it would be difficult to secure an evacuation
space in the bow with a 30 m® buoyancy chamber that would not be submerged. However,
an evacuation space could still delay sinking, and it was confirmed that access to the stern
of the rescue vessel and the escape of passengers would be possible.
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Table 5. Simulation results according to the volume of the buoyancy chamber.

Buoyancy Chamber: NA Buoyancy Chamber: 22 m3 Buoyancy Chamber: 30 m®  Buoyancy Chamber: 49.8 m3
Light-ship weight 580.0 Light-ship weight 580.0 Light-ship weight 580.0 Light-ship weight 580.0
Displacement 780.2 Displacement 943.7 Displacement 780.2 Displacement 780.2
(dF) - (dF) 5.902 (dF) 4.414 (dF) 3.446
(m) (m) (m) (m)
Draft (dM) —1847 Draft (dM) 3.259 Draft (dM) 2.760 Draft (dM) 2.465
(m) (m) (m) (m)
(dA) - (dA) 0.617 (dA) 1.106 (dA) 1.484
(m) (m) (m) (m)
Trim(AFT:-) (m) - Trim(AFT:-) (m) 5.285 Trim(AFT:-) (m) 3.307 Trim(AFT:-) (m) 1.962
LCG 22.571 LCG 25.995 LCG 22.571 LCG 22.571
LCF - LCF 12.136 LCF 13.990 LCF 22.695

-
P el
g
re——g
e ..,—:(’ —
B T = S 2
- ey = 7 &
\ Y o A ! 1
- il e s ——T

In order to prevent damage to the buoyancy chamber during expansion due to colli-
sions of the damaged and sharpened hull plates, buoyancy chambers were not installed
either at the port or starboard ends of the No. 1 and No. 2 void areas. In addition, the
gas inlet nozzle and the buoyancy chamber are separately arranged so that even if one
buoyancy chamber is damaged, the other buoyancy chambers are not affected.

2.3. BSS Design for Target Vessel Installation

Assuming the use of a fixed fire main to inflate the buoyancy chamber, it is necessary
to consider the injection temperature of carbon dioxide. Although it is not mentioned in
ISO 23121-1, the problem of damage to the buoyancy chamber due to low temperatures
must be considered because carbon dioxide will be injected into the buoyancy chamber at
—68 °C. First, considering the low carbon dioxide temperature, a method of making the
material of the buoyancy chamber thicker can be considered. However, there is a limit to
increasing the thickness due to the characteristics of the buoyancy chamber, which must be
folded and stored normally and not be too heavy.

Therefore, a method of applying a heat exchanger to lower the temperature of carbon
dioxide injected into the buoyancy chamber was reviewed. Through an experimental
method, the carbon dioxide injection temperature, which does not damage the buoyancy
chamber, was set to —10 °C. In order to lower the injection temperature of carbon dioxide
without a heat exchanger, a pipe with a diameter of 1.5 inches is required more than 7000 m
when the wind speed is 0 m /s, 280 m when the wind speed is 5 m, and 190 m when the wind
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speed is 10 m. Figure 10 shows an example of a pipeline diagram for BSS configuration
and the effect of temperature change due to the convective effect without a heat exchanger.

2x Ix 4"x

30m 150m 10m
o> BT AT s
B1Ccormain 12 = e s T
Valve:2 Q104 Q-108 Q=106
2% 30m 3 x140m 4°x110m
-p ol ) .‘_)_-
. /AL -78.03 -8.747
BICcoomain 6121€ Lo ¢ L @ L., ¢
Valve-2-2 Q-104:2 Q-108-2 Q-106-2

Figure 10. Example of temperature drop design according to the length of the carbon dioxide transfer
line; at wind speed: 10 m/s (above), 5 m/s (below).

When applying the heat exchanger, the method of using seawater by utilizing the
characteristics of the ship was reviewed. When the heat exchanger was configured, as
shown in Figure 11, by drawing in seawater from the outside of the ship to increase the
temperature of the carbon dioxide injection pipe, the carbon dioxide injection temperature
could be raised from —68 °C to —7.3 °C.

15
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Figure 11. Example of pipe line diagram for when a heat exchanger is applied.

A total of four buoyancy chambers were installed on the small electric car ferry, and
the volume was 30 m>. The number of carbon dioxide cylinders and nozzle specifications
were set so that the buoyancy chamber was fully deployed within 250 s from the simulation
results in Figure 7. For ships, the carbon dioxide in the cylinder is compressed to 58 Bar,
and the density of carbon dioxide at atmospheric pressure and at room temperature (25 °C)
is 1.78 kg/ m3. As the density of seawater is 1024 kg/ m3, 1.75 kg of carbon dioxide will
generate 1.024 tons of buoyancy. Since carbon dioxide cylinders for ships weigh 45 kg each
and have a 90% filling rate, it is possible to inject 25.28 m> of carbon dioxide and generate
25.87 tons of buoyancy per cylinder. Table 6 shows design specifications for considered
buoyancy chamber to install.

Table 6. Buoyancy chamber design specifications.

Data Value Note
Buoyancy chamber volume 30.08 m° 8.91 m3 2ea, 6.13 m3 2ea
Permissible inner pressure 1.5 bar g (2.513 bar a) Bar g: gauge, a: absolute
Design temperature for CO, injection —10°C -
Inflation time Within 250 s -

The density of carbon dioxide inside the BSS is 5.2167 kg/ m?3 [25] when carbon dioxide
is charged at 2.513 bar at —10 °C, and 156.5 kg of carbon dioxide is required to fill a 30 m?
buoyancy chamber. Therefore, four carbon dioxide cylinders with a capacity of 45 kg
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must be applied to the BSS configuration. A check valve must be installed in the buoyancy
chamber to discharge carbon dioxide that is charged above the allowable pressure. Since the
target ship operates in a calm sea, the water pressure is not expected to be high during BSS
expansion. Carbon dioxide is injected into the buoyancy chamber at a pressure of 58 bar.
Therefore, the situation where the BSS needs to be inflated in a completely submerged area
is not considered. Table 7 shows the pressure and temperature simulation result for the
buoyancy chamber inflation.

Table 7. Pressure and temperature simulation result for the buoyancy chamber inflation.

Data Pressure (Bar) Temperature (°C) Flow Rate (kg/s)
Carbon dioxide cylinder 58.0 21.0 0.3750
Inlet to buoyancy chamber 1.0 —68.0(N/A) 0.0136

—10.0 (with heat exchanger)

Figure 12 shows the BSS design result for the installation of a small electric car ferry
on the basis of a fixed fire-fighting system. The buoyancy chambers are installed in four
parts in the No. 1 void area and inflated using four 45 kg-capacity carbon dioxide cylinders.
A heat exchanger using seawater is installed to prevent the buoyancy chamber from
being damaged by low temperatures when carbon dioxide is injected. The BSS can be
automatically operated with a flooding detection system, but a controller that can operate
the BSS after checking the accident situation was installed on the bridge due to the nature
of a small electric car ferry that always has a crew on the bridge.

Heat

Exchanger

PI - Pressure Indicator
Tl - Temperature Indicater

PR - Pressure Relief Valve

V - Non Return Check Valve

Fire Extinguisher (CO;)

Figure 12. P and I diagram of the BSS.

2.4. Prototype and Verification, Ship Installation

According to the design results, a BSS for a small electric car ferry was developed. The
buoyancy chamber of the No. 1 void area was placed on the floor, and the carbon dioxide
injection pipe was applied with a flexible hose to withstand an impact in case of damage,
such as a collision. There is no approval procedure for a BSS, so this system was mainly
composed of class-certified products. After installing a small electric car ferry, it received a
third-party verification from the Korean Register of Shipping. Figure 13 shows the process
of installing a BSS on a small electric car ferry and process for the third-party verification of
the Korea Register of Shipping.
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Figure 13. Prototype test (above) and target ship installation (below). Third-party verification
certificate (below right) of the BSS.

As a result of third-party verification, the BSS installed in the small electric car ferry
was evaluated to have secured the required performance and was issued a certificate in
October 2022. However, the carbon dioxide injection system of the BSS was installed
separately from the fixed fire main. This is because the area with the highest fire risk is
located far from the area where the buoyancy chamber is installed, and there is no legal
basis for using a fixed fire main for purposes other than fire extinguishing.

3. Application Expansion Plan

The BSS can contribute to minimizing loss in the event of an accident when installed
and operated in areas with a high risk of sinking in case of flooding, such as the machinery
room and car deck. To this end, it is necessary to secure a case in which a number of cylinder-
shaped buoyancy chambers are arranged, or a three-dimensional buoyancy chamber is
configured and installed in a complex area, such as a machinery room. Figure 14 shows an
example of acquiring 3D cloud point data and arranging a buoyancy chamber to apply BSS
to the machinery room of a large ship.

Vol. Vol. of Buoyancy
Ratio Chamber

70% 338.37 m?/237.38 m?

50% 338.37 m?/170.21 m?

30% 338.37 m?/100.34 m?

Figure 14. Case study result of 3D point cloud data basis buoyancy chamber arrangement in the
machinery room.
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In order to apply BSS to the machinery room of a large ship, research is underway
regarding how to apply BSS to K-GTB, an eco-friendly alternative fuel and electric propul-
sion system demonstration ship. The K-GTB is under construction after the steel cutting

ceremony in September 2022 and is scheduled to operate from 2024. The K-GTB shape and
specifications are shown in Figure 15.

LOA: 82.6 m
LBP: 74.0 m
B(M1d): 18.0 m
D(M1d): 7.0 m
Draft(Ml1d): 4.0 m
Demo.

MW class Batt., F.C., ICE

Figure 15. BSS to be equipped; 2600 GT class K-GTB appearance and specifications.

Figure 16 shows the general arrangement of the K-GTB. The BSS is designed with con-
sideration of the installation of the machinery room and the alternative fuel demonstration
area near the midship, where the MW class battery, fuel cell, and carbon-free fuel mixed
combustion engine systems are installed.
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Figure 16. Conceptual design and location of BSS installation, as verified by the general arrangement
of K-GTB.

BSS for K-GTB implementation is under development, as shown in Figure 17. A
three-dimensional buoyancy chamber prototype was made, and the operability of its heat
exchanger is being tested on land. A plan to reduce the size of the heat exchanger and
divide the buoyancy chamber into several inner airtight areas to minimize the loss of
residual buoyancy when the buoyancy chamber is damaged is also being devised.
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Figure 17. BSS prototype test for installation in a K-GTB machinery room.

4. Conclusions

This study focuses on the BSS, which was first introduced in 2018 and designed for use
on actual ships. The study reviewed existing technologies for securing residual buoyancy
and proposed a new design alternative called BSS, which was found to be both technically
and economically feasible. Simulation results using the KRISO in-house tool were also
presented. In 2022, the proceedings presented at PRADS introduced the development
process of applying the BSS to a small electric propulsion car ferry. The study involved
manufacturing and testing prototypes of BSS and evaluating their implementation in a
real ship. The study proposed that BSS, which considers the flooding characteristics of
watertight and non-watertight spaces and uses a fixed fire main, can minimize damage in
case of an accident, while also minimizing cost burden. Furthermore, the study describes
the concept of applying BSS to large ships, particularly in complex areas such as machinery
rooms. BSS operation in such areas can be advantageous in terms of minimizing accident
damage and quick damage recovery, which is important for SRtP (Safe Return to Port).
The study suggests that BSS can contribute to improving maritime safety as an affordable
alternative that can minimize the loss of life, environment, and property, even in the event
of serious damage or flooding that exceeds design criteria.
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