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Abstract: Hydrogen leaks in enclosed areas, such as hydrogen fuel storage rooms, can lead to fire and explosion accidents. Recognizing 

these potential hazards, the Ministry of Oceans and Fisheries introduced the "Provisional Standards for Hydrogen Fuel Cell Facilities 

on Ships,” which requires the number and location of gas detectors inside the fuel cell area of a ship to be determined through computer 

analysis or physical diffusion tests. However, the application of hydrogen leakage tests in actual ships has economic and safety limita-

tions. Moreover, previous studies have faced challenges in validating numerical simulations that consider ship motion. Therefore, this 

study aims to develop and validate a computational fluid dynamics (CFD) model based on previous experiments regarding the effects 

of ship motion on hydrogen dispersion. After comparing the experimental and numerical results for all scenarios, the hydrogen con-

centration predictions were found to be similar, with a difference within 15%. The significance of this study lies in offering a more 

practical and economical method for determining the optimal location of hydrogen gas detectors in a real ship environment. 
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1. Introduction 
The International Maritime Organization, through the 80th 

Marine Environment Protection Committee, has recently raised 

the carbon emission goals of the international shipping sector 

from 50% to 100% of the 2008 target by 2050, effectively aiming 

net-zero carbon emissions [1]. With the strengthening of interna-

tional environmental regulations, the need for environmentally 

friendly alternative fuels has become increasingly important. Ac-

cordingly, hydrogen, with its environmentally friendly character-

istics and high energy efficiency, is attracting attention as an al-

ternative marine fuel to achieve low-carbon transportation [2][3]. 

According to multiple-criteria decision analysis, fossil fuels 

and electric hydrogen are deemed superior to other alternative 

fuels such as methanol, ethanol, and liquid natural gas (LNG) in 

terms of durability, compatibility with existing infrastructure, 

and adaptability to existing ships [4]. However, from a safety per-

spective, hydrogen has the following characteristics compared to 

other alternative marine fuels: First, the minimum ignition en-

ergy of gaseous hydrogen in air is 0.02 mJ, which is quite low 

compared to that of LNG (0.29mJ). Additionally, hydrogen forms 

a flammable gas over a wide concentration range (4%–75%) 

when mixed with air or oxygen, which is approximately five 

times wider than that of LNG (5.3–15%) [5][6].  

Owing to the unique properties of hydrogen, unique precau-

tions are required to ensure its safe use aboard ships. If hydrogen 

leaks from a ship's hydrogen fuel cell facility, it is important to 

prevent potential accidents through rapid detection [7][8]. Thus 

far, the Ministry of Oceans and Fisheries has established the 

"Provisional Standards for Hydrogen Fuel Cell Facilities on 

Ships,” which state that the determination of the number and 

placement of gas detectors in the fuel cell area of ships should be 

based on computer analysis or physical diffusion tests, consider-

ing the size, shape, and ventilation of the area [9]. 

However, considering the size of an actual ship and its com-

plex environmental characteristics, there are limitations in terms 

of economic feasibility and safety in handling hydrogen and per-

forming tests. Consequently, there is a lack of experimental data 

on hydrogen leakage applicable to ships. Most hydrogen experi-

ments, where computational fluid dynamics (CFD) models are 

currently validated, do not consider motion and are limited to 
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small-scale experiments in simple enclosed geometries. In addi-

tion, although numerical simulation studies have been conducted 

for the direct comparison of ship stationary and kinetic states in 

previous studies, obtaining a numerical simulation verification of 

experiments that reflects ship motion conditions proves challeng-

ing [10]. 

Therefore, it is necessary to build and validate a numerical hy-

drogen diffusion model for determining the optimal locations of 

hydrogen gas detectors in a ship environment. Therefore, to solve 

these problems, this study aimed to develop a CFD model based 

on experiments investigating the effect of ship motion on hydro-

gen dispersion, as conducted in a previous study [11]. The objec-

tive was to validate the experimental results and ensure the reli-

ability of the analytical results. 

2. Description of the Experiment
The main experimental system consisted of a device for hy-

drogen leakage and diffusion experiments and a simulator to im-

plement ship motion. The hydrogen-leak space was rectangular 

in size: 1.0 m long × 0.5 m wide × 0.75 m high. The experimental 

space was equipped with natural ventilation to maintain a con-

stant hydrogen concentration. Hydrogen gas was injected hori-

zontally at a pressure of 14 bar and a flow rate of 0.965×10−5 

kg/s. Additionally, the type (roll and pitch motions) and direction 

of movement (clockwise or counterclockwise) were imple-

mented using a ship simulator. The exercise period was 58 s, and 

the maximum inclination angle was 10°. A schematic of the ex-

perimental setup and sensor position for measuring the hydrogen 

concentration is shown in Figure 1. The experimental scenarios 

are presented in Table 1.  

Figure 1: Schematic of experimental setup and hydrogen sensor 

position [11] 

Table 1: Experiment scenarios [11] 

Scenario Description 
SN1 Stationary state 
SN2 Roll motion with port going up first 
SN3 Roll motion with port going down first 
SN4 Pitch motion with bow going up first 
SN5 Pitch motion with bow going down first 

The experimental procedure was divided into two parts: the 

initial concentration setting and concentration measurement ex-

periments in the stationary and kinetic states. 

Initial concentration settings were performed according to the 

following sequence:  

1) Sensor monitoring was performed to adjust the zero point

of the sensors inside the chamber with natural ventilation.

2) Hydrogen gas was injected, and a constant hydrogen con-

centration was maintained in the test chamber by manual

rotary opening and closing of the natural vent.

3) Once the hydrogen concentration in the test chamber was

confirmed to be homogeneous, the initial concentration set-

ting was terminated.

After the initial concentration was set, hydrogen concentra-

tions in the stationary and kinetic states were measured according 

to the following procedure. To continuously supply a certain 

amount of hydrogen measured with a flowmeter, the experiment 

was not stopped even after the termination of each scenario, and 

continuous experiments were conducted in the following order: 

1) Hydrogen concentration was measured at SN1 (stationary

state).

2) Scenario SN2 was applied, and scenario SN2 ended when

the hydrogen concentration changed at the sensor location

according to the exercise scenario.

3) After the end of Scenario SN2, the hydrogen concentration 

in the experimental space was monitored until it became

homogeneous, and when it was equal to the initial concen-

tration in step 1), another exercise scenario was applied. Af-

ter each scenario, only the scenario in experimental se-

quence 2) was changed to SN3, SN4, and SN5 to perform

the experiments under the same conditions.

In addition, all details regarding the conditions required for the 

numerical analysis were obtained from previous studies. 
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3. Mathematical Model and Numerical Proce-

dure 
In this study, a numerical analysis verification of the experi-

ment was performed using the ANSYS Workbench platform, 

which was verified in previous research [12]-[17]. In the prepro-

cessing stage, the Design Modeler and Meshing functions were 

used for modeling and grid design, and FLUENT (Ver 19.2) was 

used for model analysis [12]-[17]. 

3.1 Governing Equations 
CFD is a numerical method for solving the Navier–Stokes 

equations, which are nonlinear partial differential equations. The 

governing equations employed to numerically simulate the flow 

in the experimental space due to hydrogen leakage are the conti-

nuity, momentum, and energy equations, which are expressed as 

Equations (1), (2), and (3) [18].   

𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡

+ ∇ ∙ (𝜌𝜌𝑣𝑣����⃗ ) = 0      (1) 

where 𝜌𝜌 is the density, 𝑡𝑡 is the time, and 𝑣⃗𝑣 is the overall velocity 

vector. 

∂
∂t

(ρ𝑣⃗𝑣) + ∇ ∙ (ρ𝑣𝑣𝑣𝑣����⃗ ) = −∇𝑝𝑝 + ∇ ∙ 𝜏̿𝜏 + ρ𝑔⃗𝑔 + 𝐹⃗𝐹      (2) 

where 𝑝𝑝 is the pressure, 𝜏̿𝜏 is the stress tensor, 𝑔⃗𝑔 is the gravita-

tional acceleration, and 𝐹⃗𝐹 is the force vector. 

∂
∂t

(𝜌𝜌𝜌𝜌) + ∇ ∙ �𝑣⃗𝑣(𝜌𝜌𝜌𝜌 + 𝑝𝑝)� 

= ∇ ∙ 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒∇𝑇𝑇 − ∑ ℎ𝑗𝑗𝐽𝐽𝚥𝚥��⃗𝑗𝑗 + (𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒������ ∙ 𝑣⃗𝑣))        (3) 

where 𝐸𝐸 is the total energy, 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 is the effective conductivity,  𝑇𝑇 

is the temperature, ℎ𝑗𝑗is the sensible enthalpy of species j, and 𝐽𝐽𝚥𝚥��⃗  

is the diffusion flux of species j. 

∂
∂t

(𝜌𝜌𝑌𝑌𝑖𝑖) + ∇ ∙ (𝜌𝜌𝑣⃗𝑣𝑌𝑌𝑖𝑖) = −∇ ∙ 𝐽𝐽𝚤𝚤��⃗ + 𝑅𝑅𝑖𝑖 + 𝑆𝑆𝑖𝑖    (4) 

where 𝑌𝑌𝑖𝑖, 𝑅𝑅𝑖𝑖, and 𝑆𝑆𝑖𝑖 are the mass fraction of each species, the net 

rate of the product of species i by chemical reaction, and the rate 

of creation by addition from the dispersed phase plus any user-

defined sources, respectively. 

3.2 User-Defined Function 
To reproduce the ship motion in the numerical analysis, mesh 

motion was applied to the cell zone conditions using the user-

defined function (UDF) capability of FLUENT. Ship motion was 

expressed as a sine function according to the period and direction 

of rotation. Here, the period refers to the time required for the 

ship to tilt from the maximum inclination on one side to the op-

posite side and then return to its original position. Table 2 shows 

the definitions of the variables for applying the mesh motion, and 

Table 3 lists the UDF for applying the motion in the experimental 

space. 

Table 2: UDF of cell zone motion 

DEFINE_ZONE_MOTION(name, omega, axis, origin) 
Argument type Description 

name UDF 
*omega Pointer to the rotational velocity magnitude 
axis [3] Rotation axis direction vector 

origin [3] Rotation axis origin vector 

Table 3: UDF of mesh motion 

UDF of mesh motion 

#include "udf.h“ 

DEFINE_ZONE_MOTION(box, omega, axis, origin, veloc-

ity, time, dtime)  

{ 

if (time <= 300) 

{ 

*omega = 0 * time;

} 

else if ((time < 526) && (time > 300)) 

{ 

*omega = 1 * 0.01246664*sin(0.1121997*time);

axis[0] = 0.0; 

axis[1] = 0.0; 

axis[2] = 1.0; 

origin[0] = 0.0; 

origin[1] = 0.375; 

origin[2] = 0.0; 

} 

 } 
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3.4 Numerical Details 
For the entire analysis domain, the internal flow in the experi-

mental space was assumed to be three-dimensional, unsteady, 

and turbulent. Realizable k-ε was applied to the turbulence model 

to consider diffusion behavior due to buoyancy during hydrogen 

leakage. The SIMPLEC algorithm was used to relate the speed 

and pressure [7]. The time according to the abnormal state anal-

ysis was calculated at 1-s intervals up to 1344 s after the leak. 

Table 4 summarizes the boundary conditions used in the numer-

ical analysis. 

Table 4: CFD boundary and computational conditions 

Contents Input values 
Atmospheric pressure 101,325 Pa 
Density of hydrogen 

(300 K, 1.4 MPa) 1.1222 kg/m−3 

Density of air 1.225 kg/m−3 
Gravitational acceleration 9.81 m/s−2 

Inlet (Hydrogen leak) 0.965×10−5 kg/s 
Outlet Pressure outlet 

Pressure-velocity coupling SIMPLE algorithm 
Spatial discretization of momentum, 

volume fraction, turbulent kinetic 
energy, and turbulence dissipation 

rate 

Second-order upwind 

Turbulence models Realizable k-ε 
Analysis type Transient 
Time duration 1344 s 

Convergence criteria 1×10−6 

3.5 Grid independence test 
A tetrahedral grid was created in the experimental space using 

the ANSYS Meshing function. To ensure the accuracy of the nu-

merical analysis and the efficiency of the calculation time, a lo-

cally dense grid was created in the hydrogen leak area and venti-

lation opening. A dependence test based on the number of grids 

was conducted to confirm the numerical validity of the generated 

grids. Under the analysis conditions, an abnormal analysis, based 

on the number of grids, was performed on six grid configurations, 

ranging from approximately 410,000 to 900,000 grids. To deter-

mine the effect of the number of grids, hydrogen concentrations 

at the ceiling height were compared after 180 s of leakage. Fig-

ure 2 shows the results of examining the grid dependence of the 

hydrogen concentration at the ceiling height after 180 s of leak-

age. The comparison confirmed that the hydrogen concentration 

value was accurately predicted at approximately 600,000 grids or 

higher. According to these results, the analysis was performed 

using the 600,000-grid configuration. 

Figure 2: Grid independence test (H = 0.735 m, Time = 180 s) 

4. Experimental Validation Results

4.1 Verification Results in Stationary State 
The hydrogen concentration results obtained from the experi-

mental and numerical analysis in the stationary state were com-

pared, as shown in Figure 3. The comparison demonstrates that 

the hydrogen concentration predictions for each sensor were sim-

ilar, with a difference of less than 13%. 

Figure 3: Comparisons between predicted hydrogen concentra-

tions by experimental and FLUENT data (SN1) 

4.2 Verification Results in Roll Motion 
Figures 4 and 5 present a comparison of the experimental and 

numerical results for the roll motion scenario depending on the 

direction of motion (clockwise and counterclockwise). Accord-

ing to the results of the hydrogen concentration in SN3, which is 

a clockwise roll motion scenario, the cycle of motion affects the 

hydrogen concentration, displaying a tendency to rise and fall 

with a difference of approximately 3% to 14%, depending on the 

cycle. A similar trend was observed for SN4, which was a coun-

terclockwise roll-motion scenario. The results from all sensors 
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indicated that the concentration varied from a minimum of 2% to 

a maximum of 11%. Upon comparing the experimental and nu-

merical results, the hydrogen concentration predictions were 

similar, within a 15% margin. These results confirm that the 

movement affected the change in hydrogen concentration in the 

experimental space, even though the hydrogen concentration 

layer had already formed in the stationary state. 

Figure 4: Comparisons between predicted hydrogen concentra-

tions by experimental and FLUENT data (SN2) 

Figure 5: Comparisons between predicted hydrogen concentra-

tions by experimental and FLUENT data (SN3) 

4.3 Verification Results in Pitch Motion 
Figures 6 and 7 show a comparison of the experimental and 

numerical analysis results according to the direction of move-

ment (clockwise and counterclockwise, respectively) in the pitch 

motion scenario. The comparison shows that the hydrogen con-

centration predictions were similar, with a difference of less than 

15%. In addition, for the overall results in the case of scenario 

SN4, the hydrogen concentration changed by approximately a 

minimum of 18% to a maximum of 26%, depending on the pitch-

ing cycle; in the case of SN5, the concentration changed by 

approximately a minimum of 11% to a maximum of 24%. 

Figure 6: Comparisons between predicted hydrogen concentra-

tions by experimental and FLUENT data (SN4) 

Figure 7: Comparisons between predicted hydrogen concentra-

tions by experimental and FLUENT data (SN5) 

4.4 Pressure by Buoyancy 

As previously explained, the results were obtained because of 

the variation in the size of the buoyancy force acting within the 

experimental space corresponding to the movement. To explain 

this phenomenon, the concept of the buoyancy-induced ventila-

tion force is shown in Equation (5) [19]. In addition, a central 

longitudinal cross-section of the experimental space is depicted 

in Figure 8 to illustrate the difference in ventilation opening 

heights due to motion. 

∆𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = ∆𝜌𝜌𝜌𝜌𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜         (5) 

where ∆𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , ∆𝜌𝜌 , 𝑔𝑔 , and ∆𝐻𝐻𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  are the ventilation force 

by buoyancy, density difference between the external space and 

experimental space, acceleration of gravity, and ventilation open-

ing height difference. 

In Figure 8, as the bow moved upward, a density difference 
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was observed between the external and experimental spaces due 

to hydrogen leakage. However, the magnitude of the buoyancy 

was more influenced by the height of the vent than by the density 

difference because the period of movement was long (56 s), and 

the experiment was performed continuously.  When the bow was 

in an upward motion, i.e., tilted towards +10°, the height of the 

vent became smaller than the maximum, and when the bow was 

in a downward motion, i.e., tilted towards −10°, the height of the 

vent became larger than the maximum.  The buoyant uplift force 

(ventilation force or resistance force) of scenarios SN4 and SN5 

calculated using equation (5) is shown in Figure 9. 

When the pitch angle was +10°, the resistive force acting 

through the vent resulted in a smaller amount of hydrogen dis-

charged, causing a higher hydrogen concentration at sensor S1. 

Conversely, when the pitch angle was −10°, the discharge 

through the vent increased, resulting in a lower hydrogen con-

centration at sensor S1 and a higher concentration at sensor S5, 

located near the vent. The opposite is true for a longitudinal yaw 

angle of −10°. 

Figure 8: Central longitudinal cross-section:  

(a) Pitching to bow up, (b) pitching to bow down 

Figure 9: Pressure by buoyancy: (a) SN4, (b) SN5 

5. Conclusions
The aim of this study was to develop a CFD model for deter-

mining the number and placement of gas detectors in the hydro-

gen fuel cell area of a ship. Hydrogen leakage and diffusion under 

ship motion conditions were simulated using ANSYS Fluent, and 

the simulation results were compared with existing experimental 

results. By comparing the experimental and numerical results for 

all scenarios, the hydrogen concentration predictions were found 

to be similar, with a difference of less than 15%. 

The overall hydrogen concentration results indicate that the 

concentration varied by a minimum of 2% to a maximum of 11% 

in the roll motion scenario, and by a minimum of 11% to a max-

imum of 26% in the pitch motion scenario. These results are at-

tributed to the difference in buoyant ventilation in the experi-

mental space depending on the ship motion. 

By determining the reliability of the analytical model, this val-

idation study is expected to provide a more practical and eco-

nomical method to determine the optimal locations for hydrogen 

gas detectors in real-world ship environments. In addition, the 

results demonstrate that the locations of the detectors and vents 

in a ship's hydrogen fuel cell compartment should consider the 

motion conditions. 
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However, this study was limited to a singular set of experi-

mental space geometry, ventilation conditions, and hydrogen 

leakage scenarios. Therefore, in future research, we intend to ap-

ply the results to various ship, ventilation, and hydrogen leakage 

conditions. 
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