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Abstract

Ammonia is a promising carbon-free marine fuel, but accidental underwater releases of 
pressurized liquefied ammonia involve complex multiphase flow and phase-change behav-
ior. This study numerically investigated the effects of tank volume on liquefied ammonia 
release in shallow water. A revised Eulerian multiphase model incorporating temperature-
dependent ammonia properties, the Lee evaporation–condensation model, and interfacial 
surface tension was applied. Grid sensitivity was first evaluated for a 4 m3  tank, and sim-
ulations were then performed for 4, 8, and 16 m3  tanks under identical initial pressure 
and release-opening conditions. Mesh effects were pronounced during the initial transient 
period but decreased with time; therefore, a Fine mesh with a minimum cell size of 0.01 m 
was used. Larger tanks depressurized more slowly, sustaining high-velocity liquid release 
and vapor-phase development for longer periods. Ammonia vapor formed near the release 
opening and rose buoyantly, producing more extensive and persistent distributions in larger 
tanks. At approximately 10 s, total gas-phase ammonia normalized by initial stored mass 
was 5.4%, 6.8%, and 4.2% for the 4, 8, and 16 m3  tanks, respectively. Mass conservation 
ratios remained close to unity. Thus, tank volume influenced depressurization, release 
duration, phase-change behavior, and vapor-phase development.

Keywords: liquefied ammonia; underwater release; tank volume; phase change; multiphase 
flow; computational fluid dynamics

1. Introduction
With the global transition toward carbon neutrality and increasing demands for green-

house gas (GHG) emission reductions, the maritime sector has been expanding the adoption 
of low- and zero-carbon fuels as alternatives to conventional fossil fuels [1]. In its revised 
2023 greenhouse gas reduction strategy, the International Maritime Organization (IMO) set 
a target of achieving net-zero greenhouse gas emissions from international shipping by or 
around 2050 and emphasized the increased use of zero- or near-zero-GHG fuels and energy 
sources to achieve this goal [1]. Ammonia has attracted attention as a promising next-
generation marine fuel because it contains no carbon and therefore does not directly emit 
carbon dioxide during combustion. Accordingly, safety assessments and studies on ammo-
nia release and dispersion for marine fuel applications have recently been conducted [2,3].

Appl. Sci. 2026, 16, 10973 https://doi.org/10.3390/app162110973

https://crossmark.crossref.org/dialog?doi=10.3390/app162110973&domain=pdf&date_stamp=2026-11-05
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0009-0007-4723-2705
https://doi.org/10.3390/app162110973


Appl. Sci. 2026, 16, 10973 2 of 27

However, ammonia is highly toxic and corrosive, and accidental releases can pose 
significant risks to human health and the surrounding environment [2,4]. Depending on 
the storage conditions, liquefied ammonia is maintained under pressurized or refrigerated 
conditions. When damage occurs to storage tanks or piping systems, ammonia may be 
released due to the pressure difference between the internal and external environments, 
accompanied by vaporization caused by depressurization and heat transfer from the sur-
roundings [5,6]. Sivaraman et al. [5] applied a VOF-based CFD model coupled with the Lee 
evaporation–condensation model to the depressurization and flash boiling of pressurized 
liquid ammonia and reproduced the experimentally measured final tank pressure and re-
leased ammonia mass. Molkov et al. [6] subsequently extended the multiphase modeling of 
liquid-ammonia release through a piping system and reported agreement with experimen-
tal pressure and temperature transients and the total released mass. Although these studies 
considered atmospheric venting rather than underwater release, they provide experimental 
support for the application of Lee-based phase-change modeling to the depressurization 
and phase change in pressurized liquid ammonia. In particular, when liquefied ammonia 
is released below the water surface, several processes occur simultaneously, including the 
release of liquid ammonia, generation of ammonia vapor through vaporization, buoyant 
rise in the vapor phase, and multiphase interaction with the surrounding water. These 
coupled processes result in complex behavior that differs from that of releases into the 
atmosphere. Moreover, because of the toxicity of ammonia and the hazards associated with 
pressurized liquid releases, full-scale release experiments are constrained by safety concerns 
and experimental scale, particularly under high-pressure conditions [7]. Therefore, numer-
ical approaches are required to complement experimental investigations and to analyze the 
release and vaporization behavior of liquefied ammonia in marine environments [3,7].

Previous studies on ammonia release have primarily focused on atmospheric dispersion 
and toxic impact distances following a release, or on computational fluid dynamics (CFD) 
analyses in which ammonia was assumed to be in the gaseous phase [3,8]. Kim and 
Jeong [8] used CFD to investigate the dispersion of ammonia vapor and associated toxic 
impact zones for release scenarios involving onboard ammonia storage tanks. Liu et al. [3] 
analyzed the effects of release location, release direction, and wind direction on ammonia 
vapor dispersion during ship-to-ship bunkering. Bouet et al. [9], meanwhile, conducted 
large-scale release experiments using pressurized liquefied ammonia to investigate two-
phase discharge and atmospheric dispersion characteristics. These experimental data 
have subsequently been used for the validation of ammonia release and dispersion models. 
However, relatively few studies have addressed vaporization, phase change, and multiphase 
flow associated with the direct underwater release of pressurized liquefied ammonia in 
marine environments.

Based on this research need, a previous study numerically investigated the underwater 
release and vaporization behavior of liquefied ammonia in shallow water using an Eulerian 
multiphase model consisting of water, air, liquid ammonia, and ammonia vapor together 
with the Lee phase-change model [10]. Two-dimensional and three-dimensional models 
were compared under identical conditions, and simulations were subsequently conducted 
for tank volumes of 4, 8, and 16 m3 . Changes in pressure, velocity, volume fraction, and 
the masses of liquid and vapor-phase ammonia were analyzed to examine the effects of 
tank volume on release and vaporization behavior [10]. Because the temporal variations 
in the liquid and vapor ammonia masses were similar between the two-dimensional and 
three-dimensional models up to approximately 1.8 s, the two-dimensional model was 
subsequently adopted for the simulations with different tank volumes [10].

However, numerical simulation of underwater liquefied ammonia release is a complex 
multiphase-flow problem involving rapid pressure changes, phase change, interfaces be-
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tween dissimilar fluids, and buoyancy-driven flow [5,6]. Therefore, to assess the reliability 
of numerical results, it is necessary to examine grid sensitivity as well as the treatment of 
thermophysical properties, turbulence, phase change, and interphase interaction models. In 
the previous study, local mesh refinement was applied around the release opening and near 
the water surface; however, the need for additional grid and time-step sensitivity analyses 
was identified as a limitation of the study [10].

Accordingly, in the present study, a grid sensitivity analysis was first performed for the 
4 m3  tank by constructing numerical models with different mesh resolutions and comparing 
the temporal variations in the internal tank pressure and the masses of liquid and vapor-
phase ammonia. In addition, the numerical model used in the previous study was reassessed. 
Several thermophysical properties of ammonia were modeled as temperature-dependent, 
and the Continuum Surface Force (CSF) model was introduced to account for surface 
tension at liquid–gas and liquid–liquid interfaces. Several numerical settings, including 
coefficients of the Lee phase-change model and the pressure interpolation scheme, were 
also revised.

The revised numerical model was then applied to simulations of underwater liquefied 
ammonia release from 4, 8, and 16 m3  tanks under shallow-water conditions. The internal 
tank pressure, release and flow characteristics, phase change, variations in liquid and 
vapor ammonia masses, and vaporization behavior were analyzed. Through these analyses, 
the effects of mesh resolution and numerical-model modifications were examined, and 
the release and vaporization behavior of liquefied ammonia for different tank volumes 
was investigated.

2. Numerical Model and Methods
2.1. Governing Equations

To simulate the multiphase flow and phase-change behavior associated with the under-
water release of liquefied ammonia, the conservation equations of mass, momentum, and 
energy were employed as the governing equations. Each phase was treated as a continuous 
fluid. The mass conservation equation for phase q is expressed as

𝜕(𝛼𝑞𝜌𝑞)
𝜕𝑡 + ∇·(𝛼𝑞𝜌𝑞u𝑞) = ∑

𝑝
( .𝑚𝑝𝑞 − .𝑚𝑞𝑝) + 𝑆m,𝑞 (1)

where 𝛼𝑞, 𝜌𝑞, and u𝑞 denote the volume fraction, density, and velocity vector of phase 𝑞, 
respectively. .𝑚𝑝𝑞 and .𝑚𝑞𝑝 represent the volumetric mass-transfer rates from phase 𝑝 to 
phase 𝑞 and from phase 𝑞 to phase 𝑝, respectively, and 𝑆m,𝑞 denotes the external mass source 
term. The sum of the volume fractions of all phases satisfies:

∑
𝑞

𝛼𝑞 = 1 (2)

The same forms of the continuity equation and volume-fraction constraint were also 
employed in the previous study.

The momentum conservation equation for each phase can be written as

𝜕(𝛼𝑞𝜌𝑞u𝑞)
𝜕𝑡 + ∇·(𝛼𝑞𝜌𝑞u𝑞u𝑞) = −𝛼𝑞∇𝑝 + ∇·(𝛼𝑞𝝉𝑞) + 𝛼𝑞𝜌𝑞g + ∑

𝑝
F𝑞𝑝 + Su,𝑞 (3)

where 𝑝 is the pressure, 𝝉𝑞 is the viscous stress tensor of phase 𝑞, g is the gravitational accel-
eration, F𝑞𝑝 represents the interphase force acting between phases 𝑞 and 𝑝, and Su,𝑞 denotes 
the momentum source term. In the previous study, the drag component of the interphase 
force was calculated using the Schiller–Naumann model. Further details of the interphase 
interaction models employed in the present study are provided in Sections 2.2 and 2.4.
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To account for heat transfer and latent-heat effects associated with the vaporization 
and condensation of liquid ammonia, the energy conservation equation for each phase was 
expressed as

𝜕(𝛼𝑞𝜌𝑞ℎ𝑞)
𝜕𝑡 + ∇·(𝛼𝑞𝜌𝑞u𝑞ℎ𝑞) = 𝛼𝑞

𝜕𝑝
𝜕𝑡 + ∇·(𝛼𝑞𝑘eff,𝑞∇𝑇𝑞) + ∑

𝑝
𝑄𝑞𝑝 + 𝑆h,𝑞 (4)

where ℎ𝑞 is the enthalpy of phase 𝑞, 𝑘eff,𝑞 is the effective thermal conductivity, 𝑇𝑞 is the 
temperature, 𝑄𝑞𝑝 represents the interphase heat-transfer rate, and 𝑆h,𝑞 denotes the energy 
source term. Interphase heat transfer is determined by the temperature difference between 
phases and the heat-transfer characteristics at the interface and is calculated together with 
the interphase mass transfer associated with the vaporization and condensation of ammonia.

2.2. Multiphase Flow Model
An Eulerian multiphase model was employed to simulate the multiphase flow in-

volving water, air, liquid ammonia, and ammonia vapor during the underwater release 
of liquefied ammonia. In the Eulerian framework, each phase is treated as a continuous 
interpenetrating fluid, and the spatial distribution of each phase within the computational 
domain is represented by its volume fraction. The sum of the volume fractions of all phases 
in each computational cell is equal to unity, and separate mass and momentum conserva-
tion equations are solved for each phase. Interphase mass and momentum transfer were 
accounted for through phase change and interphase forces.

Four phases were considered in the simulation: water, air, liquid ammonia, and am-
monia vapor. After liquid ammonia was released from the tank into the surrounding water, 
ammonia vapor was generated through vaporization depending on the local pressure and 
temperature conditions. The generated vapor phase then migrated while interacting with 
the surrounding water and air. To account for momentum exchange arising from the relative 
velocity between phases, the Schiller–Naumann drag model was employed. The same drag 
model was also used in the previous study to calculate interphase drag.

The drag force between phase 𝑞 and the dispersed phase 𝑝 is expressed as follows:

F𝑞𝑝 =
3
4𝐶D

𝛼𝑝𝜌𝑞

𝑑𝑝
|u𝑝 − u𝑞|(u𝑝 − u𝑞) (5)

where 𝐶D is the drag coefficient, 𝑑𝑝 is the characteristic diameter of the dispersed phase, 𝛼𝑝
is the volume fraction of the dispersed phase, 𝜌𝑞 is the density of the continuous phase, and 
u𝑝 and u𝑞 are the velocity vectors of the dispersed and continuous phases, respectively.

In the Schiller–Naumann model, the drag coefficient is calculated as a function of the 
Reynolds number as follows:

𝐶D =
{


24
Re (1 + 0.15Re0.687), Re < 1000

0.44, Re ≥ 1000
(6)

This interphase drag formulation was used to calculate momentum transfer arising 
from the relative motion between different phases. In particular, during the buoyancy-driven 
rise in ammonia vapor generated underwater, interphase drag between the vapor phase and 
the surrounding water represents one of the major interaction mechanisms governing the 
transport behavior of the vapor phase. The Schiller–Naumann model was also employed in 
the previous study to quantify the drag acting on small bubbles or droplets moving through 
the surrounding fluid.

2.3. Turbulence Model
During the underwater release of liquefied ammonia, high velocity gradients develop 

around the release opening due to the pressure difference between the inside and outside of 
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the tank, and turbulent flow is generated through the mixing of the released ammonia with 
the surrounding water. In this study, the Standard 𝑘 − 𝜀 model was employed to simulate 
the turbulent flow [11,12]. The Standard 𝑘 −𝜀 model calculates the turbulent viscosity using 
two transport equations for the turbulent kinetic energy, 𝑘, and the turbulent dissipation 
rate, 𝜀, and has been widely applied to various engineering turbulent-flow problems.

The transport equation for the turbulent kinetic energy, 𝑘, is expressed as follows:

𝜕(𝜌𝑘)
𝜕𝑡 + ∇·(𝜌𝑘u) = ∇·[(𝜇 +

𝜇t
𝜎𝑘

)∇𝑘] + 𝐺𝑘 − 𝜌𝜀 (7)

where 𝐺𝑘 is the production of turbulent kinetic energy due to the mean velocity gradients, 
and 𝜇 and 𝜇t are the molecular viscosity and turbulent viscosity, respectively.

The transport equation for the turbulent dissipation rate, 𝜀, is expressed as follows:

𝜕(𝜌𝜀)
𝜕𝑡 + ∇·(𝜌𝜀u) = ∇·[(𝜇 +

𝜇𝑡
𝜎𝜀

)∇𝜀] + 𝐶𝜀1
𝜀
𝑘 𝐺𝑘 − 𝐶𝜀2𝜌

𝜀2

𝑘 (8)

The turbulent viscosity is defined as follows:

𝜇𝑡 = 𝐶𝜇𝜌
𝑘2

𝜀 (9)

The constants of the Standard 𝑘 −𝜀 model were set to 𝐶𝜇 = 0.09, 𝐶𝜀1 = 1.44, 𝐶𝜀2 = 1.92, 
𝜎𝑘 = 1.0, and 𝜎𝜀 = 1.3 [11,12]. Turbulent flow near the walls was treated using the Standard 
Wall Functions.

In this study, the same Standard 𝑘 − 𝜀 turbulence model as that used in the previ-
ous study was employed to maintain the basic turbulence-model configuration, while the 
effects of incorporating temperature-dependent thermophysical properties, interfacial sur-
face tension, and revised numerical settings on the liquefied ammonia release behavior 
were investigated.

2.4. Phase-Change and Interfacial Models
To simulate vaporization and condensation caused by changes in pressure and tempera-

ture during the underwater release of liquefied ammonia, the Lee evaporation–condensation 
model was employed [13]. The Lee model is an empirical phase-change model that cal-
culates the interphase mass-transfer rate by comparing the temperatures of the liquid 
and vapor phases with the saturation temperature at the corresponding pressure. It is 
widely used to simulate vaporization and condensation between liquid and vapor phases 
in Eulerian multiphase-flow analyses [12,13].

When the temperature of liquid ammonia is higher than the saturation temperature 
at the corresponding pressure, the mass-transfer rate due to vaporization is calculated 
as follows:

.𝑚l→v = 𝐶evap𝛼l𝜌l
𝑇l − 𝑇sat

𝑇sat
, 𝑇l > 𝑇sat (10)

Conversely, when the temperature of ammonia vapor is lower than the saturation 
temperature, the mass-transfer rate due to condensation is calculated as follows:

.𝑚v→l = 𝐶cond𝛼v𝜌v
𝑇sat − 𝑇v

𝑇sat
, 𝑇v < 𝑇sat (11)

Here, .𝑚l→v and .𝑚v→l are the mass-transfer rates per unit volume due to vaporization 
and condensation, respectively; 𝛼l and 𝛼v are the volume fractions of liquid ammonia and 
ammonia vapor; 𝜌l and 𝜌v are the densities of the respective phases; 𝑇l and 𝑇v are the 
temperatures of the respective phases; and 𝑇sat is the saturation temperature of ammonia 
at the corresponding pressure [12,13]. 𝐶evap and 𝐶cond are the time-relaxation coefficients 
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controlling the rates of vaporization and condensation, respectively, and are empirical 
parameters of the phase-change model rather than intrinsic thermophysical properties 
of the material [12]. In this study, the time-relaxation coefficients for vaporization and 
condensation were both set to 0.5 s−1 for all simulation conditions.

The time-relaxation coefficients are problem-dependent empirical parameters rather 
than intrinsic thermophysical properties. Previous ammonia phase-change studies have 
reported substantially different coefficient ranges depending on the flow configuration and 
operating conditions. For example, Sivaraman et al. [5] calibrated values in the range of 
0.007–0.1 s−1  for liquid-ammonia tank venting, whereas values around 0.5 s−1  for evapora-
tion have also been reported for ammonia phase-change simulations in thermosyphon appli-
cations [14]. In the present study, a fixed value of 0.5 s−1  was applied consistently to all tank-
volume cases to maintain identical phase-change-model settings for the comparative analysis. 
This value was not calibrated specifically for the present underwater-release configuration.

The saturation temperature of ammonia was set to vary with the local pressure, and 
the relationship between saturation pressure and saturation temperature was obtained from 
the ammonia property data provided by the National Institute of Standards and Technology 
(NIST) [15]. The same data were also used in the previous study to account for the variation 
in saturation temperature with pressure.

During the release of liquefied ammonia into water, interfaces are formed among water, 
air, liquid ammonia, and ammonia vapor. To account for surface-tension effects at these 
phase interfaces in the momentum-transfer process, the Continuum Surface Force (CSF) 
model was applied [16]. In the CSF model, the surface tension acting at an interface is 
converted into a volumetric force term in the momentum equation. The interface orientation 
and curvature are determined from the spatial variation in volume fraction, and the resulting 
quantities are used to account for surface-tension effects [12,15]. In the Fluent model used 
in this study, Surface Tension Force Modeling was enabled and the CSF model was applied.

The pressure difference caused by surface tension between two fluids is expressed by 
the Young–Laplace relation as follows:

Δ𝑝 = 𝜎𝜅 (12)

where 𝜎  is the surface tension coefficient between the two phases (N/m), and 𝜅 is the 
curvature of the interface. The interface normal vector can be defined using the gradient of 
the volume fraction as follows:

n = ∇𝛼 (13)

The curvature of the interface is calculated using the unit normal vector as follows [12,15]:

𝜅 = ∇·(
n
|n|) (14)

The calculated interface curvature and surface tension coefficient were then used to 
incorporate the force due to surface tension into the momentum equation.

Constant surface tension coefficients were applied to the major phase pairs, as summa-
rized in Table 1. The surface tension of liquid ammonia varies with temperature, and Kim 
et al. [17] reported a value of approximately 0.0217 N/m at 20 °C. Yang et al. [18] applied 
a surface tension coefficient of 0.025 N/m to the interface between liquid ammonia and 
ammonia vapor in a CFD study of an ammonia boiler. Considering the reported surface 
tension of liquid ammonia near room temperature, surface tension coefficients of 0.021 N/m 
and 0.025 N/m were applied to the ammonia vapor–liquid ammonia and air–liquid ammo-
nia interfaces, respectively. Meanwhile, the surface tension at the water–liquid ammonia 
interface is affected by factors such as composition and temperature, and experimental data 
have been reported to be limited [19]. Therefore, a constant surface tension coefficient of 
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0.035 N/m was specified as the model input for the water–liquid ammonia interface. A 
temperature- and composition-dependent interfacial-tension model was not introduced 
because corresponding data are limited, particularly for the water–liquid ammonia interface. 
Therefore, representative constant values based on the available literature were applied 
consistently to all tank-volume cases to maintain identical interfacial-model settings for the 
comparative analysis.

Table 1. Surface tension coefficients applied to major phase pairs.

Phase Pair Surface Tension Coefficient (N/m)

Water–liquid ammonia 0.035
Air–liquid ammonia 0.025

Ammonia vapor–liquid ammonia 0.021

In this study, the Lee model was used to calculate the mass transfer associated with 
vaporization and condensation between liquid ammonia and ammonia vapor, while the 
CSF model was additionally employed to account for surface-tension effects at the inter-
faces between liquid ammonia and the surrounding fluids. The same phase-change and 
interfacial-model conditions were applied to all tank volumes of 4, 8, and 16 m3 .

2.5. Thermophysical Properties of Ammonia
During the release and phase-change processes of liquefied ammonia, pressure and 

temperature vary with time, and consequently, the properties of liquid ammonia and 
ammonia vapor may also change [15]. In particular, during the underwater release of 
pressurized liquefied ammonia considered in this study, temperature changes occur due to 
the decrease in tank pressure and vaporization near the release opening. Therefore, the 
temperature dependence of major thermophysical properties was incorporated into the 
numerical model.

The densities of liquid ammonia and ammonia vapor were defined as temperature-
dependent properties. For liquid ammonia, a total of 22 temperature–density data points 
were applied over the range of 196–399.09 K, and the density between adjacent data 
points was calculated by linear interpolation. The density of liquid ammonia was set 
to 731.22 kg/m3  at 196 K and decreased with increasing temperature to 350.73 kg/m3  at 
399.09 K. For ammonia vapor, six temperature–density data points were applied over the 
range of 240.15–313.15 K, with linear interpolation between adjacent data points. The 
density of ammonia vapor was 7.25 kg/m3  at 240.15 K and 5.67 kg/m3  at 313.15 K. In the 
previous study, constant density values were applied to both liquid ammonia and ammonia 
vapor, whereas in the present study, the densities were allowed to vary in response to 
temperature changes occurring during the release and phase-change processes.

The constant-pressure specific heat, 𝐶𝑝, of ammonia vapor was defined using fourth-
order polynomials for different temperature ranges to account for its temperature depen-
dence [12]. The relationship between the constant-pressure specific heat and temperature 
is expressed as follows:

𝐶𝑝(𝑇) = 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇2 + 𝑎3𝑇3 + 𝑎4𝑇4 (15)

where 𝑇 is the temperature (K), and the unit of 𝐶𝑝 is J/(kg·K). The applied temperature 
ranges and polynomial coefficients are given in Table 2.
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Table 2. Polynomial coefficients for calculating the constant-pressure specific heat of ammonia vapor 
over different temperature ranges.

Temperature Range (K) a0 a1 a2 a3 a4

300–1000 1076.164 4.938026 −0.00715342 7.065399 × 10−6 −2.601377 × 10−9 
1000–5000 1201.901 2.958084 −9.788291 × 10−4 1.530996 × 10−7 −9.46286 × 10−12 

For liquid ammonia, constant values of 4756 J/(kg·K), 0.526 W/(m·K), and 1.45 ×
10−4  kg/(m·s) were applied for the constant-pressure specific heat, thermal conductivity, 
and dynamic viscosity, respectively. For ammonia vapor, constant values of 0.0247 W/(m·K) 
and 1.015 × 10−5  kg/(m·s) were applied for the thermal conductivity and dynamic viscosity, 
respectively. The major ammonia properties and their treatments in the numerical model 
are summarized in Table 3.

Table 3. Major properties of ammonia applied in the numerical analysis.

Phase Property Treatment Applied Value or Range

Liquid
ammonia

Density Temperature-dependent
linear interpolation

196–399.09 K,
22 data points

Specific heat at
constant pressure Constant 4756 J/(kg·K)

Thermal conductivity Constant 0.526 W/(m·K)
Dynamic viscosity Constant 1.45 × 10−4  kg/(m·s)

Ammonia
vapor

Density Temperature-dependent
linear interpolation

240.15–313.15 K,
6 data points

Specific heat at
constant pressure

Fourth-order polynomial
by temperature range 300–5000 K

Thermal conductivity Constant 0.0247 W/(m·K)
Dynamic viscosity Constant 1.015 × 10−5  kg/(m·s)

Thus, temperature dependence was incorporated into the densities of liquid ammonia 
and ammonia vapor and the constant-pressure specific heat of ammonia vapor, while 
representative constant values corresponding to the simulation conditions were applied to 
the remaining major properties. The same thermophysical-property settings were applied 
to all tank volumes of 4, 8, and 16 m3 .

2.6. Computational Domain and Initial and Boundary Conditions
A two-dimensional computational domain was constructed to simulate the underwater 

release of pressurized liquefied ammonia from a storage tank under shallow-water condi-
tions. The computational domain consisted of a water region and an air region above the 
water surface, with the ammonia storage tank positioned below the water surface. The top 
of the tank was located 0.5 m below the water surface, and the center of the release opening 
was located 3 m below the water surface. The size of the release opening was set to 0.2 m. 
The same computational domain and release location were used in the previous study.

The computational domain was designed to analyze vaporization and buoyancy-driven 
upward transport following the release of liquefied ammonia. Seabed topography and 
interactions with the seabed were not considered separately. Therefore, the bottom of the 
computational domain was specified as a boundary limiting the analysis region.
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The tank height was maintained at 4 m for all cases, while the horizontal length was 
varied to construct three tank-volume cases of 4, 8, and 16 m3  for comparison of the effects 
of tank volume. The horizontal lengths of the tanks were 1, 2, and 4 m, respectively, while 
the height was fixed at 4 m for all cases. The size and location of the release opening were 
kept identical for all tank volumes so that the effect of tank volume could be compared 
under the same release conditions. The analysis conditions for the three tank volumes are 
summarized in Table 4.

Table 4. Analysis conditions for different tank volumes.

Tank Volume
(m3 )

Horizontal Length
(m)

Height
(m)

Release Opening Size
(m)

Release Opening 
Center Depth

(m)

4 1 4 0.2 3
8 2 4 0.2 3
16 4 4 0.2 3

At the initial state, the region outside the tank below the water surface was filled with 
water, while the region above the water surface was filled with air. The tank was initially 
filled with liquid ammonia. No liquid ammonia or ammonia vapor was present outside 
the tank in the initial state. The initial volume-fraction distributions of water, air, liquid 
ammonia, and ammonia vapor were specified in the same manner as in the previous study.

The initial absolute pressure inside the tank was set to 8 bar, and the initial temperature 
of liquid ammonia was set to 15 °C. The initial temperatures of the water and air were set 
to 24.8 °C and 20 °C, respectively. These initial conditions were maintained identical to 
those used in the previous study. In addition, a gravitational acceleration of 9.81 m/s2  was 
applied in the vertically downward direction to account for the buoyant rise in ammonia 
vapor and fluid motion following the release.

The upper boundary of the computational domain was specified as an open boundary 
connected to the ambient atmosphere, with an atmospheric pressure of 101,325 Pa. The 
outer boundaries of the computational domain, except for the upper boundary, and the 
walls of the storage tank were specified as impermeable solid walls. No-slip and adiabatic 
conditions were applied at the walls. These boundary conditions were also maintained 
identical to those used in the previous study.

Except for the tank volume, the size and location of the release opening, initial pressure 
and temperature, and external fluid conditions were kept identical among all cases. This 
allowed the relative differences in pressure reduction, release behavior, and phase-change 
characteristics among the different tank volumes to be compared. The computational 
domain, boundary conditions, and initial phase distributions are shown in Figure 1.

2.7. Numerical Methods
Numerical simulations were performed using ANSYS Fluent 2026 R1 (ANSYS, Inc., 

Canonsburg, PA, USA). A pressure-based transient numerical analysis was performed to 
investigate the temporal evolution of phase change and multiphase flow associated with 
the underwater release of liquefied ammonia. The Coupled algorithm was employed for 
pressure–velocity coupling, and spatial gradients were evaluated using the least-squares 
cell-based method based on the values in the neighboring computational cells [12].

The PRESTO! (PREssure STaggering Option) scheme was applied for pressure in-
terpolation. The convective terms of the momentum, volume fraction, turbulent kinetic 
energy, turbulent dissipation rate, and energy equations were discretized using the first-
order upwind scheme. The temporal terms were discretized using the first-order implicit 
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scheme. The underwater release of liquefied ammonia considered in this study is a highly 
transient multiphase-flow problem involving a rapid initial discharge caused by the large 
pressure difference, phase change, and simultaneous variations in the volume fractions 
of the phases. Therefore, first-order discretization schemes were employed, considering 
numerical stability and convergence during the initial transient period [12]. The same 
discretization schemes were applied to all tank volumes to prevent differences in numerical 
settings from affecting the comparison among the different tank-volume cases. However, 
first-order discretization schemes introduce numerical diffusion, which can smooth steep 
velocity and volume-fraction gradients and damp local peak values and small-scale flow 
structures. Therefore, detailed jet boundaries, local interface structures, and vortical features 
should be interpreted with consideration of this numerical limitation.

Figure 1. Computational domain, boundary conditions, and initial phase distribution for the 2D 
numerical simulation of the 8 m3  tank: (a) computational domain and boundary conditions, and 
(b) initial volume-fraction distributions of water, air, liquid ammonia, and ammonia vapor.

The time step for the transient simulations was set to 5 × 10−4  s, with a maximum 
of 20 iterations performed at each time step. The residual convergence criterion for each 
governing equation was set to 1 × 10−3 . The same time step and iteration settings were 
applied to all simulations for the 4, 8, and 16 m3  tanks. A time step of 5 × 10−4  s was also 
used for the transient simulations in the previous study.

The major numerical methods and solution settings used in the present study are 
summarized in Table 5.

The same numerical settings were applied to all tank volumes to compare the release 
and phase-change characteristics as a function of tank volume. The raw numerical data 
used to generate the quantitative figures presented in Sections 3 and 4 are provided in 
Supplementary File S1.
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Table 5. Numerical methods and solution settings used in the present analysis.

Item Method or Value

Pressure–velocity coupling Coupled algorithm
Gradient evaluation Least-squares cell-based method

Pressure interpolation PRESTO!
Momentum First-order upwind scheme

Volume fraction First-order upwind scheme
Turbulent kinetic energy First-order upwind scheme

Turbulent dissipation rate First-order upwind scheme
Energy First-order upwind scheme

Temporal discretization First-order implicit scheme
Time step 5 × 10−4  s

Maximum iterations 20 per time step
Residual convergence criterion 1 × 10−3 

3. Grid Sensitivity Analysis
3.1. Mesh Configuration

A grid sensitivity analysis was performed for the 4 m3  tank to examine the effect of mesh 
size on the numerical results. The computational domain, initial and boundary conditions, 
thermophysical properties, and multiphase-flow and phase-change models were maintained 
as identical, while only the mesh size was varied to compare the simulation results.

The reference mesh was constructed using local refinement, with relatively fine cells 
applied around the release opening and near the water surface. In particular, a minimum 
cell size of 0.01 m was applied around the 0.2 m release opening to resolve the initial high-
velocity release and phase-change behavior. The same minimum cell size was also used in 
the previous study, in which local mesh refinement was applied around the release opening 
and near the water surface.

For the grid sensitivity analysis, three meshes were constructed by progressively in-
creasing the minimum cell size by a factor of two, resulting in minimum cell sizes of 0.01, 
0.02, and 0.04 m. In a two-dimensional analysis, when the representative cell length is 
doubled, the total number of cells over the same area theoretically decreases to approxi-
mately one-quarter, while a fourfold increase in cell length reduces the total cell count to 
approximately one-sixteenth. The actual total numbers of cells were 659,167, 166,332, and 
43,935, corresponding to approximately 100%, 25.2%, and 6.7% of the Fine mesh cell count, 
respectively. These values were generally consistent with the expected mesh-refinement 
relationship. Hereafter, the three meshes are referred to as the Fine, Medium, and Coarse 
meshes, respectively. Considering the release-opening size of 0.2 m, the minimum-cell-size 
regions corresponded to approximately 20, 10, and 5 computational cells across the opening 
for the Fine, Medium, and Coarse meshes, respectively. The local mesh configurations are 
shown in Figure 2, and the corresponding mesh statistics are summarized in Table 6.

Table 6. Mesh configurations for the grid sensitivity analysis.

Mesh Minimum Cell Size (m) Relative Cell Size Total Number of Cells Cell Count Relative to Fine

Fine 0.01 1 659,167 100%
Medium 0.02 2 166,332 25.2%
Coarse 0.04 4 43,935 6.7%
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Figure 2. Local mesh configurations around the release opening for the (a) Fine, (b) Medium, and 
(c) Coarse meshes. The red arrows indicate the release opening.

The same time step of 5 × 10−4  s and the same numerical methods described in 
Section 2.7 were applied to all three mesh cases. This allowed the effects of spatial 
mesh size on the internal tank pressure and the masses of liquid ammonia and am-
monia vapor to be evaluated while maintaining identical temporal discretization and 
numerical-solution settings.

3.2. Pressure Variation for Different Mesh Resolutions
Figure 3 shows the temporal variation in the absolute pressure inside the 4 m3  tank 

for different mesh resolutions. To clearly present the overall trend in pressure variation, a 
101-point moving median filter was applied to reduce instantaneous numerical oscillations. 
With a time step of 5 × 10−4  s, the 101-point window corresponds to a time interval of 
approximately 0.0505 s. The moving median filter was applied only for visualization 
of the pressure histories, and the original simulation data were used for all quantitative 
comparisons. The original data at the beginning and end of the simulation, where a complete 
filtering window was not available, were retained.

Figure 3. Time histories of the absolute pressure inside the tank for different mesh resolutions.
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For all mesh resolutions, the initial absolute pressure inside the tank was approximately 
8.01 bar, and a rapid pressure decrease occurred immediately after the release began due 
to the pressure difference between the inside and outside of the tank. During the initial 
transient period, some differences in the rate of pressure decrease were observed depending 
on the mesh resolution. In particular, the initial pressure decrease was relatively faster for the 
Fine mesh than for the Medium and Coarse meshes. At 0.1 s, the absolute pressures for the 
Fine, Medium, and Coarse meshes were approximately 2.78, 4.66, and 4.66 bar, respectively. 
Thereafter, the pressure differences among the three meshes gradually decreased.

At approximately 1 s, the absolute pressures for the Fine, Medium, and Coarse meshes 
were approximately 1.40, 1.29, and 1.31 bar, respectively. Subsequently, all three cases 
exhibited similar pressure variations within a range of approximately 1.2–1.3 bar. For the 
Coarse mesh, a temporary pressure fluctuation occurred during the initial transient period 
but rapidly stabilized thereafter, and after approximately 2 s, the pressure variations for the 
three meshes were generally similar.

At the end of the simulation, t = 10 s, the absolute pressures for the Fine, Medium, and 
Coarse meshes were approximately 1.27, 1.26, and 1.27 bar, respectively. Therefore, although 
differences among the mesh resolutions were observed during the rapid depressurization 
immediately after the release began, these differences decreased with time, and the pressures 
tended to converge toward similar levels.

3.3. Ammonia Mass Variation
Figure 4 shows the temporal variations in the masses of liquid ammonia and ammonia 

vapor inside the tank for different mesh resolutions. The initial mass of liquid ammonia was 
approximately 2500.65 kg for all mesh resolutions and decreased rapidly after the release 
began due to outflow from the tank and phase change.

   

(a) Liquid ammonia.  (b) Ammonia vapor. 

Figure 4. Time histories of ammonia mass inside the tank for different mesh resolutions.

As shown in Figure 4a, the mass of liquid ammonia exhibited a similar trend for all 
mesh resolutions, decreasing rapidly during approximately the first 1 s after the onset 
of the release and then decreasing more gradually with time. Differences among the 
mesh resolutions were observed during the initial transient period. At 1 s, the masses of 
liquid ammonia for the Fine, Medium, and Coarse meshes were approximately 1598, 1431, 
and 1359 kg, respectively. Thereafter, the decrease in liquid ammonia mass proceeded 
more gradually, and the corresponding masses at 10 s were approximately 1321, 1344, 
and 1300 kg, respectively. Based on the initial mass, approximately 52–54% of the liquid 
ammonia remained inside the tank at the end of the simulation.
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As shown in Figure 4b, the mass of ammonia vapor increased rapidly immediately 
after the release began due to the vaporization of liquid ammonia. At 1 s, the masses of 
ammonia vapor for the Fine, Medium, and Coarse meshes were approximately 10.83, 13.42, 
and 14.65 kg, respectively. As with the liquid ammonia mass, relatively large differences 
among the mesh resolutions were observed during the initial transient period. Thereafter, 
the rate of change in the vapor mass decreased substantially, and the masses at 10 s were 
approximately 13.60, 13.95, and 14.19 kg, respectively. Consequently, during the later stage 
of the simulation, the differences in ammonia vapor mass among the three mesh resolutions 
were smaller than those observed during the initial transient period.

For the Fine mesh, the ammonia vapor mass remained nearly constant after approxi-
mately 4 s, whereas for the Coarse mesh, it showed a slight decrease after the initial increase. 
For the Medium mesh, a gradual increase continued until the end of the simulation. Despite 
these detailed differences, all mesh resolutions exhibited the same overall behavior: a rapid 
decrease in liquid ammonia mass and an increase in ammonia vapor mass during the initial 
stage of the release, followed by a reduction in the rates of mass change.

3.4. Grid Sensitivity Assessment
To quantitatively evaluate the differences in the numerical results with mesh resolution, 

the relative differences for the Medium and Coarse meshes were calculated with respect to 
the Fine mesh. The relative difference was defined as follows:

Relative difference (%) =
|𝑋mesh–𝑋Fine|

𝑋Fine
×100 (16)

where 𝑋mesh represents the physical quantity calculated using the Medium or Coarse mesh, 
and 𝑋Fine is the value calculated using the Fine mesh at the same time. To compare both the 
initial transient behavior and the subsequent evolution, the absolute pressure inside the 
tank and the masses of liquid ammonia and ammonia vapor were compared at 1, 5, and 
10 s.

The calculated relative differences are summarized in Table 7.

Table 7. Relative differences in the numerical results for the Medium and Coarse meshes with respect 
to the Fine mesh.

Physical Quantity Time (s) Medium–Fine (%) Coarse–Fine (%)

Absolute pressure
1 7.09 6.20
5 0.41 1.02

10 0.93 0.24

Liquid ammonia mass
1 10.44 14.97
5 0.83 4.40

10 1.76 1.61

Ammonia vapor mass
1 23.85 35.21
5 1.98 5.90

10 2.60 4.32

At the initial stage of the release, 1 s, relatively large differences were observed among 
the mesh resolutions. In particular, the ammonia vapor masses obtained with the Medium 
and Coarse meshes differed from those obtained with the Fine mesh by approximately 23.9% 
and 35.2%, respectively, indicating that the initial transient period, during which rapid 
depressurization and phase change occur simultaneously, was relatively sensitive to the 
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spatial mesh resolution. The liquid ammonia mass also showed differences of approximately 
10.4% and 15.0% at 1 s, while the differences in pressure were approximately 6–7%.

The relatively large mesh sensitivity during the initial transient period can be attributed 
to the highly localized and rapidly evolving flow near the release opening. Immediately 
after the onset of the release, steep pressure and velocity gradients, rapid phase change, 
and strong variations in the phase interfaces occur simultaneously within a limited region 
around the 0.2 m opening. Because the Fine, Medium, and Coarse meshes resolve this region 
with approximately 20, 10, and 5 cells across the opening, respectively, the representation of 
these localized gradients and interphase mass transfer is more sensitive to mesh resolution 
during the early stage of the release.

In contrast, the differences among the meshes decreased substantially with time. At 5 s, 
the relative differences were within approximately 1% for the absolute pressure, 4.4% for the 
liquid ammonia mass, and 5.9% for the ammonia vapor mass. At 10 s, the corresponding 
differences were within 1%, approximately 1.8%, and approximately 4.3%, respectively. 
Thus, the effect of mesh resolution was relatively pronounced during the rapid initial 
transient period but decreased with time for both the pressure and ammonia mass.

Because this study aims to analyze both the initial pressure decrease and phase-change 
behavior following the release, the Fine mesh, which provides finer resolution of the initial 
transient period, was employed for the subsequent simulations. However, relatively large 
differences among the mesh resolutions were observed during the initial transient period, 
and monotonic convergence was not obtained for all physical quantities and sampling 
times. Therefore, the present analysis should be interpreted as a grid-sensitivity assessment 
rather than a demonstration of asymptotic grid convergence or strict grid independence. 
Among the three meshes examined, the Fine mesh was selected as the most highly resolved 
configuration for the subsequent tank-volume simulations.

4. Underwater Release Behavior of Liquefied Ammonia Using the 
Revised Numerical Model
4.1. Pressure Variation for Different Tank Volumes

Figure 5 shows the temporal variations in the absolute pressure inside the 4, 8, and 
16 m3  tanks obtained using the revised numerical model. The same 101-point moving 
median filter described in Section 3.2 was applied only for visualization of the pressure 
histories to reduce instantaneous numerical oscillations and to facilitate comparison of the 
overall pressure-decrease trends.

For all simulation cases, the initial absolute pressure inside the tank was set to approx-
imately 8.01 bar, and rapid depressurization occurred immediately after the release began 
due to the pressure difference between the inside and outside of the tank. However, the 
rate and duration of depressurization differed markedly depending on the tank volume. 
For the 4 m3  tank, the pressure decreased most rapidly immediately after the onset of the 
release, reaching approximately 1.3–1.4 bar within about 1 s. In contrast, the 8 and 16 m3 
tanks contained larger amounts of liquefied ammonia, resulting in a more gradual decrease 
in pressure and a delayed arrival at the low-pressure region.

Temporary pressure fluctuations were observed during the initial depressurization 
process for the 8 and 16 m3  tanks. Because these fluctuations may include the effects 
of numerical oscillations arising from the transient multiphase-flow and phase-change 
calculations, the results were compared primarily on the basis of the overall pressure-
decrease trend rather than individual instantaneous values.

After approximately 3 s, the absolute pressures inside all three tanks were at similar 
levels, within approximately 1.2–1.4 bar, and thereafter changed gradually without sub-
stantial differences until 10 s. Thus, although the initial depressurization proceeded more 
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slowly with increasing tank volume, all three cases tended to approach similar pressure 
levels close to the external hydrostatic pressure after sufficient time had elapsed.

Figure 5. Time histories of the absolute pressure inside the tank for different tank volumes.

4.2. Release and Flow Characteristics
Figure 6 shows the velocity magnitude distributions of liquid ammonia at t = 0.1, 1.0, 

and 3.0 s for the 4, 8, and 16 m3  tanks. During the initial stage of the release, liquid ammonia 
was discharged at high velocity through the release opening in all three cases, forming a 
distinct jet immediately downstream of the opening. The initial jet developed primarily in 
the horizontal direction and, with time, exhibited an upward-curving flow structure due to 
interactions with the surrounding fluid and buoyancy effects.

For the 4 m3  tank, the initial depressurization proceeded relatively rapidly, and the 
high-velocity liquid-phase flow tended to weaken within a short period. In contrast, for the 
8 and 16 m3  tanks, the internal tank pressure was maintained for a relatively longer period, 
resulting in a more sustained liquid ammonia jet and a greater spatial extent of plume devel-
opment outside the release opening. In particular, for the 16 m3  tank at 3.0 s, liquid ammonia 
spread over a wider region and formed complex vortex and recirculation structures.

These results suggest that, as the tank volume increases, the release of liquid ammonia 
can be sustained for a longer period due to the greater initial stored mass and the resulting 
pressure-retention effect, allowing the flow structure outside the tank to develop over a 
larger region. However, different velocity-magnitude ranges were used for the individual 
contours because the maximum velocities differed substantially among the tank-volume 
cases and time instants. The upper limit of each color bar corresponds to the maximum 
velocity obtained for the corresponding case and time. For example, at 1.0 s, the maximum 
velocities were approximately 6.8, 24.1, and 31.2 m/s for the 4, 8, and 16 m3  tanks, respectively. 
Applying a common scale based on the largest value would substantially reduce the visibility 
of the flow structures in the lower-velocity cases. Therefore, the individual scales were 
retained to visualize the spatial development of the flow, while the color-bar maxima allow 
quantitative comparison of the maximum velocity. Because the present simulations are 
two-dimensional, the velocity contours are used to compare the relative planar development 
of the release flow among the tank-volume cases; the detailed vortex structures and spatial 
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spreading should not be interpreted as quantitative representations of the corresponding 
three-dimensional flow field.

Figure 6. Temporal evolution of velocity magnitude contours of liquid ammonia for the 4, 8, and 
16 m3  tanks. The tank outline and release opening are also shown for clarity. The upper limit of each 
velocity-magnitude color bar represents the maximum velocity for the corresponding tank-volume 
case and time instant.

4.3. Phase Change and Volume-Fraction Variation
Figure 7 shows the volume-fraction distributions of ammonia vapor at t = 0.1, 1.0, 

and 3.0 s after the release for the 4, 8, and 16 m3  tanks. All contours are presented using 
the same volume-fraction range of 0–1 to allow comparison of the relative changes in the 
vapor-phase distribution with time and tank volume.

Immediately after the release, at t = 0.1 s, a localized ammonia vapor region formed 
near the release opening for all tank volumes. At this time, flash vaporization due to 
depressurization had begun, but the vapor phase remained confined to a limited region 
around the release opening. Thus, during the initial stage, ammonia vapor existed as 
small bubble-like structures near the release opening rather than spreading throughout the 
computational domain.

At t = 1.0 s, the ammonia vapor region expanded into the surrounding domain together 
with the release jet and developed a distinct vortical structure. For the 4 m3  tank, the vapor 
phase exhibited a relatively small curled structure near the release opening and expanded 
upward and forward, whereas larger vapor-phase regions were formed for the 8 and 16 m3 
tanks. This behavior is attributed to the relatively slower depressurization with increasing 
tank volume, which allows the release and vaporization processes to continue for a certain 
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period under a relatively high pressure difference. Accordingly, at the same time, the spatial 
extent of the vapor-phase distribution was generally greater for the 8 and 16 m3  tanks than 
for the 4 m3  tank.

At t = 3.0 s, the differences among the tank volumes became more pronounced. For 
the 4 m3  tank, ammonia vapor extended forward from the release opening but remained 
distributed within a relatively limited region, with a more elongated structure than that 
observed during the initial stage of the release. In contrast, for the 8 and 16 m3  tanks, 
ammonia vapor spread over wider regions and formed complex vortex and recirculation 
structures. In particular, the 16 m3  tank showed a more spatially extended and persistent 
vapor-phase region within the two-dimensional computational domain. This is because 
a larger tank contains a greater amount of liquid ammonia and sustains the release for a 
longer period, thereby enhancing the generation and development of the vapor phase.

These results are consistent with the pressure variation and velocity-field results pre-
sented above. Specifically, in the smaller tank, rapid initial depressurization caused the 
release intensity and vapor-phase development to weaken within a relatively short pe-
riod. In contrast, the larger tanks underwent more gradual depressurization, allowing 
the generation and outward spread of ammonia vapor to continue for a longer period. 
Therefore, for the underwater release of liquefied ammonia in shallow water, tank volume 
was found to be a major factor influencing not only the amount of ammonia vapor gen-
erated but also the spatial development of the vapor phase within the two-dimensional 
computational framework.

Figure 7. Temporal evolution of ammonia vapor volume fraction for the 4, 8, and 16 m3  tanks at 0.1, 
1.0, and 3.0 s.
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4.4. Ammonia Mass Inside the Tank
Figure 8 shows the temporal variations in the masses of liquid ammonia and ammonia 

vapor inside the tank for different tank volumes. The initial masses of liquid ammonia were 
approximately 2500.65, 5001.30, and 10,002.60 kg for the 4, 8, and 16 m3  tanks, respectively, 
and decreased rapidly after the release began in all cases. In particular, the liquid ammonia 
mass decreased substantially during the initial depressurization period of approximately 
1–3 s, after which the rate of decrease became relatively gradual.

   

(a) Liquid ammonia.  (b) Ammonia vapor. 

Figure 8. Time histories of ammonia mass inside the tank for different tank volumes.

At 1 s, the masses of liquid ammonia inside the 4, 8, and 16 m3  tanks were approximately 
1598, 3121, and 7596 kg, respectively. In particular, for the 16 m3  tank, a relatively large 
amount of liquid ammonia remained inside the tank compared with its initial mass at the 
same time, which is consistent with the differences in depressurization rate observed among 
the tank volumes. After approximately 3 s, the rate of decrease in liquid ammonia mass 
was substantially reduced for all three cases, and at around 10 s, the corresponding masses 
were approximately 1.32 × 103 , 2.55 × 103 , and 5.44 × 103  kg, respectively.

The mass of ammonia vapor inside the tank increased rapidly immediately after the 
release began. For the 4 m3  tank, it reached approximately 13 kg after about 2 s and then 
remained nearly constant. For the 8 and 16 m3  tanks, the ammonia vapor mass also increased 
continuously during the initial stage, reached maximum values of approximately 31 and 
58 kg, respectively, and then gradually decreased. At around 10 s, the ammonia vapor 
masses were approximately 13.6, 28.8, and 55.7 kg for the 4, 8, and 16 m3  tanks, respectively.

Thus, during the initial depressurization process, the mass of liquid ammonia inside 
the tank decreased rapidly while the mass of ammonia vapor increased. After the pressure 
stabilized, the rates of mass change for both phases decreased substantially. In addition, 
the absolute masses of both liquid ammonia and ammonia vapor inside the tank tended to 
increase with increasing tank volume.

4.5. Ammonia Mass Outside the Tank and Vaporization Characteristics
Figure 9 shows the temporal variations in the masses of liquid ammonia and ammonia 

vapor outside the tank for different tank volumes. The mass of liquid ammonia outside 
the tank increased rapidly immediately after the release began, and the absolute mass of 
liquid ammonia present in the external region increased with increasing tank volume. For 
the 8 and 16 m3  tanks, the liquid ammonia mass increased rapidly until approximately 

https://doi.org/10.3390/app162110973

https://doi.org/10.3390/app162110973


Appl. Sci. 2026, 16, 10973 20 of 27

2–3 s and then gradually decreased. This behavior can be attributed to a reduction in the 
amount of liquid ammonia released as the internal tank pressure decreased following the 
initial high-intensity release, together with vaporization of a portion of the liquid ammonia 
present outside the tank.

   
(a) Tank‐external liquid ammonia mass.  (b) Tank‐external ammonia vapor mass. 

Figure 9. Time histories of liquid and vapor ammonia masses outside the tank for different 
tank volumes.

In contrast, the mass of ammonia vapor outside the tank continuously increased with 
time for all cases. The increase was relatively small during the initial stage of the release; 
however, the vapor mass gradually increased as vaporization of the liquid ammonia released 
outside the tank and transport of the vapor phase continued. At approximately 10 s, the 
masses of ammonia vapor outside the tank were approximately 121, 308, and 359 kg for 
the 4, 8, and 16 m3  tanks, respectively. Thus, the absolute mass of ammonia vapor present 
outside the tank increased with increasing tank volume.

To quantitatively compare the vaporization characteristics, ammonia vapor discharged 
from the computational domain through the upper outlet was considered in addition to the 
ammonia vapor present within the computational domain. Accordingly, the total amount 
of gas-phase ammonia was calculated as the sum of the ammonia vapor mass inside the 
tank, the ammonia vapor mass outside the tank, and the cumulative ammonia vapor mass 
discharged through the outlet. The cumulative outlet mass was calculated by multiplying 
the mass flow rate at each time step by the time step of 5 × 10−4  s and accumulating the 
resulting mass over time.

The total gas-phase ammonia mass shown in Figure 10a increased with time for all 
cases and reached approximately 134, 342, and 419 kg at around 10 s for the 4, 8, and 
16 m3  tanks, respectively. Although the total gas-phase ammonia mass increased with 
tank volume, the fraction normalized by the initial stored ammonia mass did not increase 
monotonically, reaching approximately 5.4%, 6.8%, and 4.2% for the 4, 8, and 16 m3  tanks, 
respectively, at approximately 10 s. This behavior is considered to result from the combined 
effects of differences in depressurization rate, release duration, and phase-change processes 
among the tank volumes.

To evaluate mass conservation in the numerical simulations, the masses of liquid 
ammonia and ammonia vapor present inside and outside the tank were summed with the 
cumulative ammonia mass discharged through the outlet and then normalized by the initial 
ammonia mass. As shown in Figure 10b, the mass conservation ratio remained close to 1 

https://doi.org/10.3390/app162110973

https://doi.org/10.3390/app162110973


Appl. Sci. 2026, 16, 10973 21 of 27

throughout the simulation period for all tank volumes. This result confirmed that the total 
ammonia mass, including the mass associated with release, phase change, and discharge 
from the computational domain, was generally conserved during the simulations.

Figure 10. Time histories of (a) total gas-phase ammonia mass and (b) mass conservation ratio for 
different tank volumes.

5. Discussion
5.1. Grid Sensitivity

In this study, the sensitivity of the numerical results to mesh size was examined for the 
4 m3  tank by varying the minimum cell size among 0.01, 0.02, and 0.04 m. The corresponding 
total numbers of cells were 659,167, 166,332, and 43,935, respectively. Relative to the Fine 
mesh, the numbers of cells in the Medium and Coarse meshes were approximately 25.2% 
and 6.7%, respectively.

The effect of mesh size was relatively pronounced during the rapid initial transient 
period immediately after the release began. At 1 s, differences among the meshes were 
observed not only in pressure and liquid ammonia mass but also in ammonia vapor mass. 
In particular, the mass of the vapor phase generated by phase change showed relatively high 
sensitivity to the spatial mesh resolution. This behavior is considered to result from the 
simultaneous occurrence of large pressure gradients, high velocity gradients, phase change, 
and variations in the interphase interfaces immediately after the onset of the release.

In contrast, the differences in pressure and ammonia mass among the three meshes 
decreased with time. During the 5–10 s period, the differences in absolute pressure de-
creased to approximately 1%, while the mesh dependency of both liquid ammonia and 
ammonia vapor masses was also substantially reduced compared with that during the 
initial transient period. Therefore, rather than concluding that complete grid independence 
was achieved, the present study confirmed a decreasing tendency in mesh dependency for 
the major integrated physical quantities during the later stage of the simulation.

Because the present study primarily focuses on the initial release, depressurization, 
and associated phase-change behavior, the Fine mesh was employed for the subsequent 
simulations with different tank volumes to provide finer resolution of the rapid changes 
occurring around the release opening. Accordingly, the Fine mesh was selected as the most 
highly resolved mesh among the three configurations examined, rather than on the basis 
of a claim that strict grid independence had been achieved. Further refinement would be 
required to establish asymptotic grid convergence, particularly for the strongly transient 
phase-change behavior immediately following the onset of the release.
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5.2. Effects of Numerical Model Modifications
In this study, the basic model framework used in the previous study, including the 

Eulerian multiphase model, Standard 𝑘 − 𝜀 turbulence model, and Lee phase-change model, 
was retained, while the treatment of ammonia properties, interfacial phenomena, and 
several numerical settings was refined. In particular, the densities of liquid ammonia and 
ammonia vapor were defined as temperature-dependent properties, and the temperature 
dependence of the constant-pressure specific heat of ammonia vapor was also considered. 
In addition, surface tension was applied to the major phase pairs involving liquid ammonia 
to incorporate the effects of interfacial forces into the numerical model.

During the underwater release of pressurized liquefied ammonia, the temperature and 
pressure continuously change as a result of depressurization inside the tank and vaporiza-
tion. Therefore, assuming constant ammonia density makes it difficult to adequately account 
for the effects of these state changes on the thermophysical properties. The temperature-
dependent properties employed in the present study were introduced to allow the density 
and thermal properties of each phase to vary during the release and phase-change processes.

Surface tension was incorporated to account for the interfacial behavior between liquid 
ammonia and the surrounding fluids and may particularly affect the interface behavior 
during the initial transient period, when the liquid jet and vapor phase form near the 
release opening. However, because several conditions, including thermophysical properties, 
surface tension, and numerical schemes, were modified simultaneously in the present study, 
differences from the previous study cannot be attributed to any single factor. Therefore, 
rather than isolating the effect of each individual modification, the results were evaluated 
in terms of the overall release and phase-change behavior obtained using the revised 
numerical model.

5.3. Release and Vaporization Characteristics with Tank Volume
Comparison of the results for the 4, 8, and 16 m3  tanks showed that tank volume 

directly affected the initial depressurization rate and release duration. Although the same 
initial pressure and release-opening conditions were applied to all tanks, a longer time was 
required for the internal pressure to decrease as the tank volume increased. Consequently, 
for the larger tanks, the high-velocity release of liquid ammonia and the external flow field 
were maintained for a relatively longer period.

These differences were also evident in the quantitative results. For the 4 m3  tank, 
the internal pressure decreased to approximately 1.3–1.4 bar within about 1 s, whereas 
the larger tanks exhibited a more gradual depressurization; after approximately 3 s, the 
pressures in all three cases were within approximately 1.2–1.4 bar. At 1.0 s, the maximum 
liquid-ammonia velocities were approximately 6.8, 24.1, and 31.2 m/s for the 4, 8, and 16 m3 
tanks, respectively. In addition, at approximately 10 s, the total gas-phase ammonia masses 
were approximately 134, 342, and 419 kg, respectively, corresponding to approximately 
5.4%, 6.8%, and 4.2% of the initial stored ammonia mass. These quantitative results support 
the observed differences in depressurization, persistence of the high-velocity release, and 
vaporization behavior among the tank-volume cases.

This tendency was also confirmed by the velocity-field and vapor-volume-fraction 
results. Immediately after the release began, a localized high-velocity jet and vapor phase 
formed near the release opening in all cases. Subsequently, the ammonia vapor moved 
upward due to buoyancy and developed a complex flow structure accompanied by vortices. 
As the tank volume increased, the liquid- and vapor-phase flow fields were distributed 
over relatively wider regions at the same time, and these structures tended to persist for 
longer periods.
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The mass of liquid ammonia inside the tank decreased rapidly during the initial 
depressurization period for all cases, after which the rate of decrease was substantially 
reduced. Outside the tank, the mass of liquid ammonia increased rapidly immediately 
after the release began and then gradually decreased as a portion of the liquid ammonia 
vaporized, while the mass of ammonia vapor continuously increased with time. These 
results indicate that increasing tank volume affects not only the amount of stored ammonia 
but also the depressurization rate, release duration, and phase-change behavior inside and 
outside the tank.

Therefore, when evaluating the release characteristics of liquefied ammonia for differ-
ent tank volumes, it is necessary to consider not only the absolute amount released but also 
the pressure-decrease process, release duration, and temporal variations in the liquid and 
vapor phases.

5.4. Limitations of the Study
This study aimed to numerically investigate the depressurization, release, and phase-

change characteristics associated with the underwater release of pressurized liquefied am-
monia in shallow water. However, actual ammonia release involves a complex multiphase-
flow process in which various physical phenomena, including pressure and temperature 
changes, phase change, and interactions with seawater, occur simultaneously. Therefore, 
several limitations should be acknowledged.

First, quantitative validation using experimental data directly comparable to the condi-
tions considered in this study was not performed. Ammonia is highly toxic, and experiments 
involving the release of pressurized liquefied ammonia are subject to considerable con-
straints in terms of safety facilities and experimental scale. Consequently, it was difficult 
to obtain experimental data directly corresponding to the tank size, initial pressure, and 
underwater release conditions in shallow water considered in this study. Therefore, the con-
sistency of the numerical results was examined based on mass conservation, grid sensitivity, 
and physically expected release and buoyancy-driven behavior. Although the experimental 
studies cited above provide supporting evidence for multiphase and phase-change model-
ing of pressurized liquid ammonia, their release configurations differ substantially from the 
shallow-water underwater release considered here. Therefore, they cannot be regarded as a 
direct quantitative validation of the present model. The present results should accordingly 
be interpreted primarily in terms of the relative effects of tank volume under consistently 
applied numerical conditions rather than as experimentally calibrated predictions of the ab-
solute amount of vapor generated. Quantitative validation against appropriate experimental 
data will be required when such data become available.

In addition, a two-dimensional numerical model was employed in this study consider-
ing computational efficiency. Although the two-dimensional model can be used for relative 
comparisons of integrated physical quantities, such as pressure and mass variations among 
different tank volumes, it cannot directly reproduce spanwise flow or three-dimensional 
vortex structures. Therefore, additional three-dimensional simulations may be required 
to accurately evaluate the spatial extent and local concentration distributions associated 
with longer-duration releases. The previous study [10] compared two-dimensional and 
three-dimensional simulations under the same release conditions and showed similar early-
stage trends in the integrated liquid- and vapor-ammonia masses up to approximately 1.8 s, 
although the three-dimensional simulation exhibited broader spatial spreading owing to 
spanwise transport. This comparison supports the use of the two-dimensional model for rel-
ative comparisons of integrated quantities, such as pressure and ammonia mass, among the 
different tank-volume cases. However, the two-dimensional formulation does not resolve 
spanwise dispersion, vortex stretching, or other three-dimensional turbulent structures. 

https://doi.org/10.3390/app162110973

https://doi.org/10.3390/app162110973


Appl. Sci. 2026, 16, 10973 24 of 27

Consequently, the detailed plume shape, local spatial extent, and vortical structures ob-
tained in the present simulations should be interpreted as qualitative two-dimensional 
representations rather than quantitative predictions of the corresponding three-dimensional 
flow field. Three-dimensional simulations would be required for detailed assessment of 
local concentration distributions and spatial plume development.

In addition, first-order spatial discretization schemes were employed to improve nu-
merical stability during the strongly transient multiphase release. These schemes introduce 
numerical diffusion and may smooth steep velocity and volume-fraction gradients, reduce 
local peak values, and damp small-scale jet, interface, and vortical structures. Accordingly, 
local flow and interface characteristics should be interpreted with this numerical limitation 
in mind. Because the same discretization schemes were applied to all tank-volume cases, 
the comparative analysis was performed under consistent numerical settings; however, this 
does not eliminate the effects of numerical diffusion.

The coefficients used in the Lee phase-change model are empirical model parameters 
and were not experimentally calibrated for the conditions considered in this study. Therefore, 
the absolute values of the phase-change rate and the amount of vapor generated may be 
affected by the model coefficients, and further sensitivity analyses of these coefficients using 
experimental data or independent reference data are required. Because the same coefficients 
were applied to all tank-volume cases, the relative comparisons presented in this study 
were performed under a consistent phase-change-model setting; however, this does not 
eliminate the uncertainty in the absolute amount of vapor generated. In addition, constant 
surface tension coefficients were applied to the major interfaces, although the actual surface 
tension may vary with temperature and composition. Consequently, variations in the 
actual interfacial tension may affect the local interface deformation and phase distribution; 
however, the use of identical constant values in all tank-volume cases provides a consistent 
basis for the relative comparisons presented in this study.

Finally, the dissolution of ammonia in seawater and the associated chemical and ther-
mal interactions were not considered in this study. Because ammonia is highly soluble 
in water, a portion of the released ammonia may dissolve in seawater during an actual 
underwater release. Because dissolution is not represented as a mass-transfer pathway from 
the ammonia phases to the aqueous phase in the present model, the amount of free-phase 
ammonia available for vaporization and transport may be overestimated. Inclusion of 
dissolution would therefore be expected to reduce the free ammonia available to form and 
sustain the vapor-phase plume; however, the magnitude of this effect cannot be quantified 
from the present simulations because it depends on the coupled mass-transfer and thermo-
dynamic conditions. Therefore, the calculated masses and spatial distributions of liquid 
ammonia and ammonia vapor in this study do not include these effects. Future studies 
should extend the present model to a multiphase, multicomponent framework that accounts 
for ammonia dissolution and interactions with seawater and should conduct additional 
sensitivity analyses of the time step and phase-change-model coefficients.

6. Conclusions
This study investigated the underwater release and phase-change behavior of pressur-

ized liquefied ammonia in shallow water using a revised numerical model that incorporated 
temperature-dependent ammonia properties and interfacial surface tension. A grid sensi-
tivity analysis was first performed for the 4 m3  tank, and the depressurization, release flow, 
and ammonia mass variations were subsequently compared for the 4, 8, and 16 m3  tanks. 
The main findings are summarized as follows:
1. The grid sensitivity analysis showed that differences in pressure and ammonia mass 

among the mesh resolutions were relatively large during the initial transient period, 
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when rapid depressurization and phase change occurred. In contrast, these differences 
decreased with time, and the pressure and major mass variations exhibited similar 
trends during the later stage of the simulation. To resolve the initial release behavior 
more finely, the Fine mesh with a minimum cell size of 0.01 m was employed for the 
simulations with different tank volumes.

2. As the tank volume increased, a longer time was required for the internal pressure to 
decrease, and consequently, the high-velocity release of liquid ammonia persisted for a 
relatively longer period. During the initial stage of the release, a localized high-velocity 
liquid jet formed near the release opening, and upward flow and vortex structures 
developed with time. These flow structures tended to persist for longer periods in the 
larger tanks.

3. Ammonia vapor formed near the release opening during the initial stage of the release 
and subsequently moved upward due to buoyancy, developing complex spatial distri-
butions over time. Differences in the spatial development and persistence of the vapor 
phase were observed among the tank volumes, indicating that tank depressurization 
and release duration also influenced the external vapor-phase distribution.

4. The mass of liquid ammonia inside the tank decreased rapidly during the initial 
depressurization period and then decreased more gradually. Outside the tank, the 
mass of released liquid ammonia initially increased rapidly and subsequently changed 
as a portion of the liquid ammonia vaporized. The total gas-phase ammonia mass was 
calculated as the sum of the ammonia vapor mass inside and outside the tank and the 
cumulative ammonia vapor mass discharged through the outlet. Although this total 
mass increased with tank volume, its fraction relative to the initial stored ammonia 
mass did not increase monotonically, reaching approximately 5.4%, 6.8%, and 4.2% for 
the 4, 8, and 16 m3  tanks, respectively, at approximately 10 s.

5. The mass conservation ratio, calculated by accounting for liquid and vapor ammonia 
inside and outside the tank together with the cumulative mass discharged through the 
outlet, remained close to 1 throughout the simulation period. This confirmed that the 
total ammonia mass, including the effects of release, phase change, and discharge from 
the computational domain, was generally conserved during the numerical simulations.
This study focused on comparing the underwater release and initial phase-change 

characteristics of liquefied ammonia for different tank volumes. However, because of the 
toxicity of ammonia and the experimental constraints associated with releases of pressurized 
liquefied ammonia, it was difficult to obtain suitable experimental data directly comparable 
to the conditions considered in this study, limiting quantitative validation. In addition, 
uncertainties remain due to the use of a two-dimensional model, the exclusion of ammonia 
dissolution in seawater, and the coefficients used in the phase-change model. Future studies 
should conduct quantitative comparisons when relevant experimental data become available 
and further investigate underwater liquefied ammonia release through three-dimensional 
simulations, modeling of ammonia dissolution in seawater, and sensitivity analyses of the 
phase-change model.
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