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Abstract: In order to reduce carbon emissions, which are currently a problem in the shipping and
offshore plant sectors, the international community is strengthening regulations such as the Energy
Efficiency Design Index (EEDI) and Energy Efficiency Existing Ship Index (EEXI). To cope with this,
eco-friendly fuel propulsion technology is being developed, and the development of an ammonia
fuel supply system is in progress. Among them, fuel valve train (FVT) technology was researched for
the final supply and cutoff of fuel and purging through nitrogen for ammonia engines. In this paper,
we analyzed the change in ammonia supply due to FVT opening and the change in nitrogen supply
due to closure. In addition, a plan to minimize risk factors was presented by applying a control
method to remove residual fuel in FVT. According to the presented FVT model, the difference in the
flow rate of supplied fuel was as much as 17.8 kg/s. Additionally, by opening the gas bleed valve at
intervals during the closing process and purging about 0.28 kg of nitrogen, the internal fuel could be
completely discharged. This is expected to have an impact on improving the marine environment
through the application of eco-friendly fuels and the development of fuel supply system technology.

Keywords: gas valve train; fuel valve train; fuel supply system; ammonia; nitrogen ventilation; main
valve; bleed valve

1. Introduction

In response to escalating global concerns regarding maritime pollution, the Interna-
tional Maritime Organization (IMO) is actively discussing measures to enhance operational
efficiency through energy policies. This has prompted shipbuilders worldwide to spearhead
the development of vessels employing environmentally friendly fuels such as hydrogen,
ammonia, and ethanol.

In particular, classification societies have conducted extensive research on various
alternative fuels to propose optimal fuels aligned with IMO regulations. Det Norske
Veritas-Germanischer Lloyd (DNVGL) (2018) published a guidance paper assessing alterna-
tive fuels and technology solutions to facilitate decision-making for ship investments. The
paper encompasses an overview of not only selected alternative fuels such as LNG, LPG,
methanol, biofuels, and hydrogen but also innovative technologies, including batteries,
fuel cell systems, and wind propulsion devices [1].

Lloyd’s Register (2020) assessed zero-carbon fuels from an economic perspective and
technology perspective. The study proposed 21 zero-emission vessels utilizing fuels such
as methanol, hydrogen, ammonia, electricity, diesel, and LNG, alongside production and
propulsion methods for natural gas—capable of carbon capture and storage—biomass, and
renewable energy [2,3].

Amidst these alternatives, ammonia has emerged as a solution for storage and trans-
portation, finding diverse applications in agriculture, fishery, and refrigeration. MAN B&W
aims to develop ammonia-powered vessels by 2024, with the first ship to be an ammonia
carrier that facilitates the handling of ammonia [4]. Concurrently, Japanese maritime en-
tities, including NYK Line, Nihon Shipyard, and ClassNK, are actively researching their
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first utilization of ammonia as a fuel in ammonia transport ships. In addition, NK proposes
applicable regulations concerning physical properties of ammonia that require special
consideration in terms of flammability and toxicity [5,6].

A report by Smith et al. predicts a 50% reduction in greenhouse gas emissions by
2050 through the adoption of eco-friendly fuels like ammonia and hydrogen in shipping.
In addition, DNV analyzed that more than 50% of ship fuel will be converted to LNG,
ammonia, etc., by 2050. Figure 1 shows fuel changes by year until 2050 [7,8].

Energy use and projected fuel mix 2018-2050 for the simulated IMO ambitions pathway with main
focus on design requirements
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Figure 1. Energy use and projected fuel mix 2018-2050 for the simulated IMO ambitions pathway
with main focus on design requirements (Source: DNV).

The International Maritime Organization (IMO) has set ambitious targets for reductions
in GHG emissions. Total GHG emissions should fall by at least 50% and CO, emissions should
fall by at least 70% below the 2008 figures by 2050 [9]. Consequently, DNV suggested that by
2050, at least 15% of long-distance ships should be fueled by ammonia or hydrogen [10].

Ongoing research is dedicated to engine systems utilizing ammonia fuel and related
fuel supply systems. Studies on ammonia engines include dual-fuel applications with diesel
engines [11,12] and analyses of fuel characteristics in single-fuel configurations [13]. Am-
monia application in ships is evolving with a focus on classification [14], while universities
and research institutes are conducting research for technology development [15].

In particular, Seo et al. evaluated the economic feasibility of ammonia-fuel carriers based
on different fuel storage methods, shedding light on the influence of storage methods on cost
variations. Additionally, Julia et al. suggested a high production potential for ammonia fuel,
considering its technical, environmental, and economic viability in ship fuel applications [16,17].

As of 2024, over 90% of a vessel’s fuel comprises fossil energy-based fuels such as heavy
fuel oil (HFO) and marine diesel oil (MDO), with alternative fuels like LNG and biofuels. CO,
emissions are thus inevitable [18]. To replace such fossil fuels with ammonia, it is essential to
consider the heating value of the fuel required to maintain a vessel’s propulsion capacity.

Also, ammonia, with its high density and relatively lower heating value, results in
approximately 2.2 times higher fuel consumption compared to conventional fuels [19]. This
necessitates substantial fuel storage facilities to accommodate the increased fuel consumption.
According to the National Fire Protection Association (NFPA)’s hazard index table, ammonia
is an extreme danger; level 3 in health hazard, and is a fluid with an ignition point at 200 E
Therefore, it is applied according to usage regulations, and typically in compliance with the
regulations of ISO 23306:2020 [20]. These risks and low efficiency are obstacles to the application
of ammonia engines despite their high environmental improvement rates.

In order to minimize the risk of ammonia, stabilization research is inevitable through
the structure or control of the fuel supply system (FSS) and fuel valve train (FVT). Among
them, FVT serves as the pivotal system connecting the fuel supply system and the final
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connection valve system, providing fuel such as liquefied natural gas (LNG), liquefied
petroleum gas (LPG), and ammonia to the engine in maritime vessels [21]. In engines
utilizing gaseous fuels like LNG, the system is referred to as the gas valve train; however,
for consistency in this paper, we adopt the unified term “FVT” to denote the concept of fuel.
The FVT plays a crucial role in controlling the supply and shut-off of fuel, and performing
nitrogen-assisted ventilation during the fuel shut-off process, thereby maintaining safe
engine operation. Figure 2 illustrates the fuel supply system for a ship utilizing ammonia.
Here, fuel is supplied from the high pressure (HP) pump in the FSS to the FVT, and upon
valve opening, the fuel is delivered to the final engine. Nitrogen (Nj)-purging facilities are
connected to both systems to prevent residual fuel, and pressurized N, inside the pipes is
exhausted externally [22,23].
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i system r Vent air outlet
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Figure 2. Principles of the ammonia supply system, showing main components (Source: Man B&W).

The primary function of the FVT is to supply and shut off fuel to the engine. Conse-
quently, variations in fuel supply time occur depending on the opening time of the fuel
supply valve during fuel supply.

Fuel shut-off requires distinct operating procedures due to differences between regular
engine shutdown and emergency shutdown during fire or emergencies. In the case of a
regular shutdown, fuel must be completely purged from the engine for long-term engine
stoppage and maintenance reasons. Moreover, precautions must be taken to prevent
potential hazards such as fuel leakage and fire after shutdown. During this process, fuel
purging and internal ventilation are performed through bleed valves, utilizing N gas to
remove fuel from fuel supply devices and the engine inlet/outlet.

In contrast, emergency fuel shutdown arises in situations necessitating abrupt engine
shutdown or engine damage. In such cases, the rapid closure of the fuel valve is essential.
Similar to a regular shutdown, N is employed to ventilate fuel supply devices and the
engine inlet/outlet, concluding the final shutdown process swiftly and safely.

In the case of the currently commercialized GVU model of LNG fuel, a fully ex-proof
encapsulated design is applied to completely block fuel emission to the outside. However,
the area occupied by the external protection device is larger than that of the GVU, and a
detection device for exposed fuel is essential. In addition, an increase in initial costs due to
these structural changes and additional facilities is inevitable [24].

Holger Watter presented a gas valve unit (GVU) operation model according to load
changes in LNG-fueled propulsion ships, and Lee studied fuel switching and gas leakage
prevention through GVU stoppage in emergency situations while using gas fuel in a
dual-fuel engine [25,26].

However, few studies exist on the operation of the fuel valve train (FVT) using am-
monia fuel, responsible for overseeing the final fuel supply to the engine and purging
residual fuel within the pipes via Np. This paper aims to fill this gap by establishing
and analyzing the operation of FVT, a key component of emerging ammonia-powered
vessels. Conventional and newly applied operation methods are compared to assess the
resulting improvements.



Energies 2024, 17, 2272

4of 16

2. FVT Analysis Conditions
2.1. Theory
2.1.1. Valve Size and Controller Selection

The coefficient of flow, denoted as C,, represents the flow characteristics in valves and
is commonly referred to as the flow coefficient. It is a numerical value used to calculate
flow rates. C, signifies the flow rate (in gallons per minute, GPM) through a valve under a
pressure difference of 1 psi at 60 °F. The selected C, maintains a pressure difference of less
than 10 kPa between the main valve and bleed valve while satisfying the required flow for
fuel supply. Equation (1) represents the calculation formula for determining C,, where Q is
the flow rate, SG is the specific gravity of ammonia fuel, and P is the pressure drop [27].

=030 0

The valve mode defines the relationship between the desired actuator position and
current actuator position. The desired actuator position can be set by a proportional—-
integral-differential (PID) controller. A controller’s output (OP), for instance, is exported to
the desired actuator position. Depending on the valve mode, the current actuator position
can behave in one of the following three ways: (1) quick open mode, (2) equal percentage
mode, or (3) linear mode [28].

For this simulation, linear mode was selected. The actuator can be modeled to move
to the desired actuator position at a constant rate. The actuator moves according to
Equation (2). The actuator position is converted sequentially until the final required point
(Equation (3)), if the desired actuator position is above the current actuator position. The
linear rate can be specified in the actuator linear rate. Typical stroke times (closure rates)
are as follows: (1) electric-hydraulic actuators: approximately 12 inches/minute, (2) piston
actuators (motor-driven): under 70 inches/minute [29].

Act% = (Actuator Linear Rate) At + Acty% ()

until Act% = Actpesired %o 3

where Act is an abbreviation for Actuator position, f is time, and the subscript Act, means
initial actuator position.

2.1.2. Nitrogen Supply Selection

The nitrogen buffer capacity is the sum of the nitrogen volume required for ammonia-
fuel engine operation and the additional nitrogen volume required for the low-flashpoint
fuel supply system (LFSS) and other upstream systems that also connect to the nitrogen
buffer (Equation (4)) [30].

Vousfer = Voufferr ME + Viugfer, LESS (4)

It is the scope of the shipyard to determine the capacity of any additional nitrogen
requirement, Vp, ¢, of ME and LFSS. For purging purposes of the main engine with
LPG fuel, the minimum required nitrogen volume capacity is calculated according to
Equation (5).

Vbuffer,ME = (10 X Ppurge X Vpurge) X Z/(Pbuffer - Ppurge) (5)

In Equation (6), Ppuree is the target pressure for pressurization during liquid free-
ing, which must be 700 kPa higher than the back pressure from the service tank or the
nitrogen separator.

Ppurge = Pservice tank T 700(kPa) (6)
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Vpurge is the total internal volume of piping going from the nitrogen supply line to the
engine vent and comprises the following volumes:

e  The LFF supply line going from the FVT to the engine;
e  The internal LFF volume of the engine;
e  The circulation line going from the engine to the vent connection.

Z represents a minimum number of times of purging the engine which should be
immediately available. Assuming that on-board nitrogen production is available, engine
makers recommend that z should be at least equal to 3 consecutive LFF starts. Py, ¢, is the
storage pressure of the nitrogen, of which only the pressure exceeding Ppyge is available
for the purging of the engine. Py pice tank is the pressure of the service tank.

2.2. System Design
2.2.1. Fuel Supply Module Design

To analyze the ammonia fuel consumption of ammonia-powered ships, a fuel supply
system was designed. Ammonia fuel is stored in a service tank and supplied during vessel
operation, with fuel injection conditions for engine supply controlled at a temperature of
35 °C or higher and a pressure of 8000 kPa through the fuel treatment system. The structure
of the fuel supply system and FVT used Man B&W’s ammonia supply system [4]. The
performance table for each eco-friendly fuel is shown in Table 1.

Table 1. Comparison table for each eco-friendly fuel.

Energy Content, LHV  Energy Density Supply Pressure CO; Reduction Compared to
[M]/kg] [MJ/L] [kPa] HFO Tier II [%]

Ammonia (NH3) 18.6 10.6 8000 90
Methanol (CH3;OH) 19.9 14.9 8000 11

LPG 46.0 26.7 1000 13-18
LNG 50.0 21.2 5000 24
MGO 42.7 35.7 30,000 0

Hydrogen (H») 120 8.5

During this process, fuel distribution to the engine and the circulation of return fuel are
controlled through the FVT. The vaporization and heating of liquid ammonia are achieved
through heat exchange with steam or seawater using the glycol water system. In FVT, the
two main valves are doubled for safety, and the engine is purged with nitrogen to remove
internal ammonia.

The formula for calculating fuel consumption is provided in Equation (7). Vessel fuel
consumption varies based on the type of fuel, engine size, and endurance, with different
ammonia carriers having different consumption rates. Figure 3 illustrates the changes in
ammonia fuel supply and return rate. Here, the fuel supply rate refers to the amount of
fuel flowing into the engine per hour, and the recirculation percentage is the fuel return
rate that remains and circulates without being supplied to the engine.

The fuel supply rate was calculated using the heating value of ammonia to achieve a
capacity of 16,080 kW, enabling a supply of 5909 kg/h at maximum 100% load conditions.
At this time, 5.5% of fuel circulates to the pump and tank. In the initial low-load condition
of less than 10, about 115 kg/h of fuel is supplied to the engine and 82.7%, or 551 kg/h,
is circulated. On the other hand, the amount of fuel circulated was the highest under
the condition of 50% engine load, and this result is expected to indicate that the amount
circulated is high compared to the amount flowing into the engine in the total fuel supply
amount. Where LHV means lower heating value, and HFO means heavy fuel oil.

LHYV of HFO
LHV of Ammonia

(7)

Fuel consumption of Ammonia = Fuel consumtion of HFO
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Figure 3. Fuel supply rate and recirculation according to engine load.

To analyze the fuel supply system and fuel valve train, the process design software
AspenTech HYSYS (V12.1) was employed as the simulation and analysis tool. HYSYS
has the advantage of accurately calculating state values necessary for thermodynamic
cycle simulation, making it suitable for this study [31]. The thermodynamic and transport
properties of the working fluid are used in conjunction based on the REFPROP database.
Ammonia and nitrogen are used as the engine fuel and purging gas. The initial conditions
are listed in Table 2 [32,33].

The ideal part of the fundamental equation is given by Equation (8).

a(p, T)
RT

=a(d, T) =a%, T) +a"(5, T) (8)

where a is the Helmholtz energy, 6 = p/p., T = T,/ T, the superscript 0 refers to the ideal

gas Helmholtz energy, and the superscript r refers to the residual Helmholtz energy. The

subscript c refers to the critical value. p stands for pressure and T stands for temperature.
The ideal gas Helmholtz energy equation can then be expressed as Equation (9).

a’ = Ind +2.500571 InT — 12.76941 — 0.008137877 — 1.0150785 x 10~/ 9)

The residual Helmholtz energy contribution to the equation of state is given by
Equation (10). Where M, I, and j are constants.

10 o
o' (6, T) =) Mokt (10
k=1

2.2.2. FVT Design

The FVT receives ammonia fuel from the fuel supply system, distributes it to each
cylinder, and recirculates some residual fuel to the fuel recirculating system. Liquid
ammonia is supplied back to the inlet of the two-stage fuel pump in the fuel supply system.

The fuel flow is regulated based on engine load variations through the cylinder supply
control valve. The ratio of recirculated fuel and the amount of fuel supplied by the fuel
pump varies with engine load. Figure 4 illustrates the piping process delivering fuel to the
six-cylinder engine through the FVT.

When converting a diesel-fueled vessel to ammonia, for a 6-cylinder engine, a max-
imum fuel consumption of 5909 kg/h (984.8 kg/h per cylinder) is required at full load.
However, the recirculation is approximately 5.47%, resulting in 341 kg/h of fuel being
returned by the FVT. The recirculation increases up to a maximum of 83% with load varia-
tions. Additionally, nitrogen gas is supplied to the main gas valve inlet and outlet of the
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Nitrogen
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FVT, and the internal ammonia is vented into the atmosphere. The main gas valve and gas
bleed valve operate according to the operation logic appropriate for each situation.
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Figure 4. Piping process delivering fuel to the six-cylinder engine through the FVT.

At this time, ammonia was supplied through a high-pressure pump and heater, and
a pressure of over 8000 kPa and a temperature of 35 °C were applied [4]. Additionally,
in the case of nitrogen, a purging pressure of 30 °C and 800 kPa, similar to atmospheric
temperature, was applied [30].

In this paper, FVT was designed during the start and stop process of an ammonia
engine and its performance characteristics were analyzed. However, purging characteristics
according to the structure of the ship and piping were not considered, and the performance
characteristics according to the purging capacity commonly applied by engine companies
were analyzed through simulation.

Table 2. Operating conditions of fuel and purging gas of FVT.

Simulation Data Reference

Fuel Condition

Fuel Inlet Temperature [°C] 35 [4]
Fuel Inlet Pressure [kPa] 8000 [4,30]

Mass Density [kg/ m3] 594.58 [31]

Mass Heat Capacity [k]/kg-°C] 4.78 [31]

Thermal Conductivity [W/m-°C] 0.462 [31]

Viscosity [cP] 0.121 [31]

Purging gas condition
Purging Gas Inlet Temperature [°C] 30

Purging Gas Inlet Pressure [kPa] 800 [26,34]

Mass Density [kg/ m3] 8.90 [32]

Mass Heat Capacity [k]/kg-°C] 1.05 [32]

Thermal Conductivity [W/m-°C] 0.026 [32]

Viscosity [cP] 0.018 [32]

2.2.3. Selection of Valve Size and Nitrogen Supply

The valves controlled by the FVT include one master valve, two main valves, and an
intermediate bleed valve for ammonia discharge. The valve sizes are selected with a C,
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value of 50 to minimize pressure drop at the maximum flow rate, thereby minimizing valve
size and lowering the budget. The pressure change with respect to C, variation is depicted
in Figure 5a. The selected C, value ensures that the pressure drop, measured as 2.9 kPa, for
ammonia fuel passing through the main valve does not exceed 3 kPa.

1.4 EE Volume of buffer tank(m®)
24
—~ 1.2
— I Single valve pressure loss(kPa) "’E
g " =
x S 1.0
w05 et
8 2 ..l
o el
5 =
8 %27 ® 06
<4 £
Q0.1+ =
o
> 044
0.05
0.2
0.0 -
50 100 200 300 400 500 0.3 0.4 0.5 0.6 0.7 0.8
Conductance (Cv) [USGPM(60F,1psi)] Volume of purging space(m®)
(a) (b)

Figure 5. (a) Pressure change according to C, change; (b) volume of buffer tank in relation to volume
of purging space.

To analyze the nitrogen supply, the total nitrogen storage capacity was estimated for
a 15,000 kPa high-pressure storage tank, assuming that pipe areas from the fuel supply
system (FSS) to the nitrogen discharge valve at the engine ranges from 0.3 to 0.8 m>.

Figure 5b illustrates the buffer tank’s capacity based on the purging space. Assuming
that the purging space is 0.5 m?, approximately 0.845 m? is required for ammonia storage.
These results will be compared with the nitrogen capacity consumed in simulation models.

Additionally, according to the purging design for ship engines worldwide, nitrogen
pressure operates between approximately 800 kPa and a maximum of 1500 kPa [33-35]. In
the FVT-based ship fuel supply system, variations in pressure lead to differences in the
rate and time of residual ammonia discharge from the engine. Table 3 presents the purging
pressure variations for current dual-fuel engines or gas-fuel engines in ships.

Table 3. Purging pressure of a dual-fuel engine or gas-fuel engine.

Engine Producer Wiartsila [33] MAN B&W [26] . HIMS].EN Win GD [35]
Diesel Engine [34]
Name of model 16V50DF G60ME-C9.2-GI-TIL H54DFV X92DF
Engine capacity [kW] 15,600 21,440 25,200 63,840
Reference pressure [kPa] 1500 700~900 850~1050 1000~1500

3. Analysis of Control Application Characteristics
3.1. FVT Startup during Engine Operation
3.1.1. Logic for Startup

The startup of the ammonia engine occurs when the final engine supply valve opens,
securing fuel supply from the moment the initial fuel supply pump and the ammonia
heating system are active. As the load increases, the fuel supply valves of each cylinder
progressively open, leading to an increase in the fuel supply rate. Figure 6 illustrates the
simplified startup logic of the ammonia engine.
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Figure 6. Simplified startup logic of ammonia engine.

During the operational procedure, the FVT starts when the bleed valve closes, simulta-
neously with the opening of the two main valves, supplying fuel to the engine. Each valve
operates based on the actuator’s opening time, and in the case of conventional LPG vessels,
each valve has a maximum operating range of 10 s. However, during the startup process,
the bleed valve closes, and the main valves open. Afterwards, the engine is operated man-
ually and the maximum load is reached by raising the telegraph by the operator. At this
time, the system is converted to normal running mode only when the final load condition
is reached and the engine outlet valve is completely converted to control mode.

The operation begins only after completely venting the internal N, and securing liquid
ammonia. Therefore, there are no risks related to opening time. However, the time to reach
the appropriate flow rate and nitrogen composition are factors that delay the time until
engine start. In addition, to verify the fuel transition within the pipes, engine performance
was compared in consideration of the actuator’s opening time.

In this study, the actuator’s operating range was determined to be 2-10 s [30]. Com-
parative analysis was performed for the flow rate and ammonia and nitrogen composition
of the fuel supplied to the engine in relation to the opening and closing of the bleed and
main valves. Through dynamic simulation, the FVT opening rate with rapid increase in
flow rate and rapid change in ammonia composition was derived.

3.1.2. Control Application Characteristics for Startup

During the engine startup, the main gas valve opens, and nitrogen in the pipes is
bypassed to the knockout drum and circulated until all N, is completely removed. This
leaves only the liquid ammonia to circulate. To achieve maximum ammonia supply in a
short time while ensuring the complete removal of FVT’s N; gas, the opening time of the
main valve was analyzed. Regardless of the main valve’s opening time, approximately
131.9 s were required to reach the maximum flow of 746 kg/h. On the other hand, the
time to reach 50% of the maximum flow was 20.3 s after the main valves were opened, and
depending on the valve opening rate, a flow difference of 4.78% (17.8 kg/h) occurred at a
30%/s opening rate. However, at the 80% point of the maximum flow at 47.4 s after the
main valves were opened, the difference due to the valve opening rate showed only a minor
increase of 0.56% (3.4 kg/h), indicating a diminishing impact of the valve opening rate on
flow increase. The fuel flow rate and ammonia composition for the FVT’s main valve with
a 10% opening rate are depicted in Figure 7. Furthermore, the ammonia conversion rate
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Ammonia supply rate(kg/h)

3000

based on valve control conditions showed that the ammonia conversion reached 98.0% in
the engine return pipe 67.8 s after the main valves were opened. After 200 s, the ammonia
conversion rate reached 999,926.1 ppm (99.99%). On the other hand, residual nitrogen is
expected to cause NOX generation during the combustion process along with air. Therefore,
it is expected that engine startup will be necessary after the ammonia composition inside
the system has been converted to 99.99% [36].
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Figure 7. Fuel flow rate and ammonia composition due to the opening of the main valve of FVT with
a 10% opening rate.

Figure 8a,b show the changes in fuel supply and ammonia composition in relation
to valve opening rate. Under the condition of an opening rate of 20%/s, in Figure 8a,b,
an increase in flow rate of 3.4 kg/h compared to the previous one was confirmed and
the difference in ammonia conversion up to 98% in relation to valve opening rates was
negligible, with less than 0.03% (245 ppm) variation.
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Figure 8. (a) Ammonia supply rate change in relation to valve opening rate; (b) ammonia composition
change in relation to valve opening rate.

In the study proposed through experiments by Chun et al., by opening the GVU after
starting the LNG fuel propulsion engine, a high flow rate increase of about 9 times the initial
flow rate (20.5 times for this model) occurs. This phenomenon is expected to increase the flow
rate due to changes in flow rate as high-pressure liquid ammonia flows into the pipe filled with
low-pressure nitrogen gas after ventilation. In addition, the initial increase rate of flow rate
is expected to vary depending on the supply pressure of 600 kPa and 8000 kPa for LNG and
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Ready to Stop

Ready to Stop

ammonia. Afterwards, it was designed to gradually increase the flow rate with increasing load
under low-load conditions [37]. Through comparison with this actual model, the operating
accuracy of the proposed ammonia analysis model can be confirmed.

3.2. FVT Startup during Engine Shutdown
3.2.1. Logic for Shutdown

The ship’s stopping methods include routine stops at ports or designated locations
and emergency stops in urgent situations such as fire or collision. In a typical operational
stop, the supply of fuel to the engine is cut off by closing the main valve, and any remaining
ammonia fuel within the pipes is discharged through the bleed valve and the purging valve
at the engine outlet via N, purging. This approach makes repair and maintenance more
convenient and prevents potential fires due to pipe leaks.

In contrast, emergency stops prioritize the safety of the vessel and crew over engine
maintenance. Risks are minimized by swiftly cutting off the fuel and purging any remaining
fuel. Accordingly, it is essential to follow the existing shutdown logic, rapidly closing the
main gas valve within two seconds and subsequently purging the residual fuel supplied to
the engine via N, purging.

Figure 9a illustrates the conventional FVT operating logic during the shutdown pro-
cess, without considering ordinary or emergency situations. In this scenario, the main
valve is controlled with a two-second limit on the actuator, while the gas bleed valve is
limited to a 10 s opening time. Afterwards, the fuel valve on the engine outlet side is
blocked, and the bypass valve of the FVT is opened. Consequently, there is a segment
where purging between the main gas valve and gas bleed valve fails, and residual ammonia
may be present during maintenance or management.

N2 Purging
Fuel Valve Train
Ly Engine Inlet Valve B Ammonia Bleed Valve
Closed (<2S) Opened (<10S)

1. Engine Load 0%
2. Supply Pump Ready
3. Heating System Ready

A FVT bypass valve Engine Outlet Val
Engine Shut Down VP! < ngine Outlet Valve
Opened Closed

(@)

N2 Purging
Fuel Valve Train
1. Engine Load 0%
ngine Load 0% v ol Engine Inlet Valve
2. Supply Pump Ready B Closed (<105)
3. Heating System Ready
Ammonia Bleed Valve
Opened (<10S)

. FVT Bypass valve Engine Outlet Valve
Engine Shut Down Gpened —] Closed <

(b)

Figure 9. (a) FVT operating logic during engine shutdown of a ship; (b) newly proposed FVT
operating logic.
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Hence, in this simulation, for general shutdown processes in non-emergency con-
ditions, the main valve is set up to completely purge ammonia through the bleed valve
during the 2 to 10 s closing process. Figure 9b presents the N, purging logic behind the
simulation [30]. At this time, the stop logic is constructed based on the state in which more
than 99.995% of ammonia has been removed, and exposures to levels exceeding 50 ppm
result in immediate irritation to the nose and throat. [38]

This operation method can be used to check operation performance by constructing
valve opening and closing diagrams through the development of the actual FVT control
model presented by Kang et al. [22].

3.2.2. Control Application Characteristics for Shutdown

In the conventional engine shutdown process, the main valve is locked, followed
by the removal of ammonia from the pump side and engine inlet using nitrogen. After
one second, the bleed valve opens. Figure 10 depicts the distribution of ammonia and
the change in N, during the engine shutdown process. With an N, supply of 5148 kg/h,
the ammonia distribution decreases to below 1 ppm after 294 s for the pump side and
305.5 s for the engine side. However, the ammonia concentration exceeds 600,000 ppm until
about 278 s, and then tends to decrease rapidly. In this phenomenon, the liquid ammonia
remaining inside the pipe is naturally vaporized, maintaining the ammonia composition,
but it is expected to decrease rapidly after it is completely vaporized. Moreover, the
numerical value of ammonia discharged through the bleed valve is 1,000,000 ppm (100%
ammonia), confirming the presence of residual liquid ammonia within the FVT.

} (Nitrogen supply)

N M Ammonia composition(ppm) in the main engine outlet

i b L 4000

12000

————— Ammonia composition(ppm) in gas bleed valve outlet
77777 Ammonia composition(ppm) in the main engine inlet [~ | 10000
— — —  Nitrogen supply rate(kg/h) to the main engine outlet
— — — Nitrogen supply rate(kg/h) to the main engine inlet

r 8000

|
U L
Vo ay rer T N 6000

Supply rate(kg/h)

2000

10

20

r . T T T T T T T T -2000
30 40 50 60 70 80 90 100 200 300 400 500

Time(Second)
Figure 10. Ammonia composition and Ny supply rate changes during engine shutdown.

Additionally, the analysis examined an increase in the purging pressure from 800 kPa
to 1600 kPa. The time required for N, consumption and ammonia distribution to decrease
below 1 ppm was investigated. Figure 11a,b illustrate the supply of N, entering each pump
and engine, and the purging time. When supplying nitrogen at 1600 kPa, the engine and
pump had minimum times of 149 s and 205.5 s, respectively. The N, consumption, relative
to the supply flow over time, amounted to 1.25 m3 at 1200 kPa pressure for the engine and
1.42 m3 at 800 kPa for the pump.

The amount of N required to purge the 0.5 m? space provided by the engine manufac-
turer is 0.845 m3. However, this simulation required an additional supply of about 48.1% of
Nj from the pump side and about 81.3% of N, from the engine side to achieve an ammonia
removal rate of over 99.995%.
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Figure 11. (a) N; flow rate and pump and purging time of the pump side; (b) N, flow rate and pump
and purging time of the engine outlet side.

This study also compared the amount of nitrogen discharged and the time required
for complete ammonia removal when applying valve opening variations that prevent
residual ammonia in the FVT. Initially, changes in the opening of the main valve showed
that complete ammonia removal occurred only at rates of 10-20%/s. If the fuel valve is
shut off within five seconds, some ammonia remains in the FVT. A range of 10-30%/s was
considered for the operation of the bleed valve with valve opening. Control times were
selected at 10%/s for the gas bleed valve and 18%/s for the main gas valve to minimize
nitrogen discharge through the bleed valve. In this case, the amount of N, supplied until
complete ammonia removal was 0.28 kg. Maximum nitrogen consumption was achieved
when the opening was 30%/s for the gas bleed valve and 10%/s for the main gas valve.
The N supply was 1.01 kg, representing a 360% increase compared to the minimum supply
amount. Figure 12a illustrates the nitrogen consumption based on variations in the gas
bleed valve and main gas valve opening.

10

EE Total purging time(Second)

Gas bleed valve Opening rg

Total purging time(Second)

Main fuel valve close rate(%/s)

te(%/s) e
(a) (b)

Figure 12. (a) Nitrogen consumption in relation to opening rates of gas bleed valve and to closing
rates of main gas valve; (b) changes in purging time in relation to main gas valve closing rate.

On the other hand, the time required for the complete removal of ammonia by the
FVT is influenced solely by the closing time of the main valve, independent of the opening
time of the bleed valve. The minimum purging time was five seconds at a closing rate of
18%/s. Figure 12b depicts the variation in purging time in relation to the closing rate of
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the main valve. Through the two results, it was confirmed that residual ammonia can be
removed using a small amount of N, when optimized FVT control operation is applied.

4. Conclusions

The FVT for fuel supply and shutdown on ships showed improved performance under
specific operational conditions during startup and shutdown.

Under startup conditions, the opening of the main valve influenced the time taken for
the flow to increase. Up to a 50% flow increase, the maximum flow difference was observed
to be 17.8 kg/h at an opening rate of 30%/s. However, the conversion rate of ammonia
composition showed less than 1% difference in relation to valve opening rate. These results
confirmed that flow rate improvement and ammonia conversion rate could be increased
only through FVT control.

On the other hand, for the shutdown process of the engine, a model was proposed to
sequentially lock the main valve and bleed valve during nitrogen purging, aiming to pre-
vent residual ammonia within the FVT in typical port shutdown situations. Ammonia was
completely removed after five seconds of nitrogen purging with a bleed valve opening rate
of 10%/s and a main valve closing rate of 18%/s. At this time, the nitrogen consumption at
the gas bleed valve was 0.28 kg.

In addition, variations in the nitrogen purging volume during the shutdown process
were identified based on the purging pressure currently recommended for ships. The
minimum supply volume was verified, with a total volume of 2.67 m> required at 1200 kPa.
The findings indicate that purging pressure should vary depending on factors such as
engine size and pipe design.

The above changes in shutdown conditions have been proposed as a means to com-
pletely remove ammonia within pipes, so as to minimize safety risks and enhance oper-
ational convenience. Through this control, the FVT itself is maintained below 50 ppm,
eliminating the need for continuous monitoring and eliminating questions about leaks that
occur during operation. In addition, it is possible to secure economic efficiency by applying
an open design rather than using a fully ex-proof encapsulated design, which has a high
initial cost.

For ships using gaseous fuels such as LPG and LNG, this analysis model is expected to
be able to be utilized by applying fuel and nitrogen supply conditions and purging areas. In
addition, safety can be secured through the proposed FVT control, and follow-up research
on optimization methods according to fuel characteristics is expected to be necessary.
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Nomenclature

N Nitrogen

Act Actuator position

Acty Initial actuator position
Actpesireds  Desired actuator rate

Cy Coefficient of variation

SG Specific gravity

a Helmbholtz energy

al Ideal gas Helmholtz energy

Residual Helmholtz energy
Flow rate
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P Pressure

Ppurge Purge pressure

Peervice tank  Service tank pressure

t Time

Act Actuator

o Output

\Y% Volume

Vpurge Purge volume

Vouffer Buffer tank volume

ME Main Engine

LFSS Low-flashpoint fuel supply system

z Minimum number of times of purging

LHV Lower heating value

HFO Heavy fuel oil

R Gas constant

M,j, i Constant

C Critical

FVT Fuel valve train

GVU Gas valve unit

GWP Global warming potential

PID Proportional-integral-differential controller

(0) Output

IMO International Maritime Organization

GHG Greenhouse gas

LNG Liquefied natural gas

LPG Liquefied petroleum gas

MDO Marine diesel oil

EEDI Energy Efficiency Design Index

EEXI Energy Efficiency Existing Ship Index

NFPA National Fire Protection Association
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