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Abstract 10 

Background 11 

The previous researches mainly focused on the potential hazards associated with LNG leaks and 12 

the level of the influence of external environmental factors on the dispersion effect of LNG spills. 13 

Few considerations were given to phase change. Therefore, in order to investigate the evolution 14 

process of LNG liquid pool and gas cloud diffusion, the effect of phase change on dispersion 15 

during LNG release is studied to analyze the behavior characteristics of LNG liquid pool 16 

expansion and gas cloud diffusion, and the effect of the leaking aperture on the gas cloud 17 

diffusion process is also studied. 18 

Methods 19 

The Eluerian model and Realizable k-ε model were used to numerically simulate the liquid phase 20 

leakage and diffusion process of LNG storage tanks. The homogeneous Eulerian multiphase 21 

model was adopted to model the phase change process after LNG leaks to the ground. The 22 

Eulerian model defines that different phases are treated as interpenetrating continuum, and each 23 

phase has its own conservation equation. The average diameter of LNG droplet and NG bubble 24 

were set to 0.01m. The standard k-ε model and realizable k-ε model are commonly used to 25 

describe turbulent motion. However, the realizable k-ε model can not only effectively solve the 26 

problem of curved wall flow, but also simulate free flow containing jets and mixed flows. In 27 

addition, the realizable k-ε model had higher accuracy in concentration distribution by simulating 28 

Thorney’s heavy gas diffusion field test. Therefore, the realizable k-ε model was selected for gas 29 

diffusion turbulence.  30 

Results 31 
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The diffusion of the explosive cloud was divided into heavy gas accumulation, entrainment heat 32 

transfer and light gas drift. The vapor cloud gradually separated into two parts from the whole 33 

"fan leaf shape". One part was a heavy gas cloud, the other part was a light gas cloud which 34 

spread with the wind in the downwind direction. The change of leakage aperture had a greater 35 

impact on the whole spill and dispersion process of the storage tank. The increasing leakage 36 

aperture would lead to 10.3 times increase in liquid pool area, 78.5% increase in downwind 37 

dispersion of methane concentration at 0.5LFL, 22.6% increase in crosswind dispersion of 38 

methane concentration at 0.5LFL and 249% increase in flammable vapor cloud volume. Within 39 

the variation range of the leakage aperture, the trend of the gas cloud diffusion remains 40 

consistent, but the time for the liquid pool to keep stable and the gas cloud to enter the next 41 

diffusion stage was delayed. The low-pressure cavity area within 200m of the leeward surface of 42 

the storage tank will accumulate heavy gas for a long time, forming a local high concentration 43 

area. 44 

Conclusion 45 

Within the variation range of leakage aperture, there will always be a local high concentration 46 

area within 200m downstream of the storage tank. In the field near the storage tank, the clouds 47 

settle and accumulate towards the ground in the state of gas-liquid two-phase flow, and the 48 

density of the cloud is gradually lower than the air in the far field, manifesting as light gas 49 

diffusion. The methane concentration in this area is high and lasts for a long time, so it should be 50 

the focus area of alarm prediction. 51 

Keywords: LNG leakage and diffusion; Combustible cloud; Phase change; Plume flow; Leakage 52 

aperture 53 

1. Introduction 54 

Liquefied Natural Gas (LNG) is mostly methane with small amounts of ethane, propane, 55 
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butane and nitrogen. It is expected to be the second largest energy source in energy composition 56 

in 2030[1]. However, liquefied natural gashas exposed many safety problems in terms of LNG 57 

leakage and vapor explosion. Scholars in China and overseas have conducted many studies on 58 

the prediction of possible hazards associated with LNG vapor dispersion. Koopman et al.[2] 59 

carried out the Burro series of tests in 1980 to observe the diffusion of LNG vapor clouds under 60 

different conditions after LNG leaked to the water surface. It was found that the diffusion 61 

behavior of the vapor cloud was affected by the way of LNG spill. In 1983, the Coyote series of 62 

test[3] was conducted to study the ignition and flash evaporation processes of LNG.The rapid 63 

phase transition, vapor cloud diffusion and pool fire were all observed in this test. Brown et al. [4] 64 

carried out Falcon series of experiments to study the leakage and diffusion of LNG under 65 

obstacle conditions, accurately evaluating the effectiveness of the fence to mitigate the harm of 66 

LNG gas cloud diffusion. In addition, Several mathematical models have been developed to 67 

simulate heavy gas diffusion based on experimental data, such as DEGADIS, SLAB [5], FEM3 68 

[6,7] , etc.. Field tests can reproduce the actual situation of LNG leakage and diffusion, However, 69 

the cycle is too long and the repeatability is poor. Thus, CFD simulation is used as a promising 70 

alternative to calculate the diffusion distance of LNG. Giannissi et al. [8] simulated the LNG 71 

diffusion in an open and obstructed environment based on Falcon series experiments. It was 72 

verified that the leak source model greatly affected the diffusion of LNG, and the best case to 73 

simulate the leakage source was to model the source as two phase. Vílchez et al. [9] used 74 

DEGADIS modelto predict the explosion distances of vapor cloud after LNG leakage and 75 

defined the diffusion safety factor (DSF) to estimate these distances. Li et al. [10] evaluated the 76 

effect of safety clearance on the diffusion of cylindrical floating LNG through FLACS software. 77 
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The result demonstrated that the safety gap increased the size of the gas cloud far from the 78 

cylindrical FLNG release position, and decreased the size of the gas cloud near the release 79 

position. Zhang et al. [11] studied the process of LNG leakage and diffusion in different wind 80 

directions. The result showed that the LNG spread farthest along the horizontal downwind 81 

direction. Marsegan et al. [12] carried out numerical simulation of LNG diffusion under active and 82 

passive barriers, founding that the active barrier effectively reduced the diffusion range of LNG 83 

by accelerating the entrainment between air and gas. Nguyen et al. [13] conducted a liquid pool 84 

evaporation experiment with different leak rates on the water surface. They proposed a model to 85 

express the function relationship between evaporation rate, leakage rate and time based on the 86 

experimental results and one-dimensional heat conduction model. Gopalaswami et al. [14] 87 

developed a transient three-dimensional multiphase model in CFX based on the comprehensive 88 

test data and numerical simulation data, and found that wind affected the evaporation and 89 

diffusion of LNG by carrying additional heat and unsaturation. Ikealumba et al. [15] studied the 90 

effects of atmospheric and ocean stability on LNG diffusion. They found that the instability 91 

caused by the waves would aggravate the leakage hazard of LNG ships. Luo et al. [16] proposed 92 

an integrated multiphase CFD model to simulate the complete process of LNG leakage on the 93 

water surface. The study found that water storage would shorten the horizontal diffusion distance 94 

of the gas cloud. Dasgotra et al. [17] simulated the diffusion of heavy gas in natural gas storage 95 

facilities. They found that the average diameter of gas cloud ranged from 0 to 500 m under 96 

relatively stable weather conditions. Giannissi et al. [18] investigated the effect of environmental 97 

humidity on the diffusion of LNG, and it was concluded that in the case of high environmental 98 

humidity, the explosion distance of gas cloud would be reduced. 99 
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The above researches mainly focused on the potential hazards associated with LNG leaks 100 

and the level of the influence of external environmental factors on the dispersion effect of LNG 101 

spills. Few considerations were given to phase change. Therefore, the effect of phase change on 102 

dispersion during LNG release is studied to analyze the behavior characteristics of LNG liquid 103 

pool expansion and gas cloud diffusion, and the effect of the leaking aperture on the gas cloud 104 

diffusion process is also studied. 105 

2. Materials and Methods 106 

2.1 Numerical model 107 

The homogeneous Eulerian multiphase model was adopted to model the phase change 108 

process after LNG leaks to the ground. The Eulerian model defines that different phases are 109 

treated as interpenetrating continuum, and each phase has its own conservation equation. The 110 

average diameter of LNG droplet and NG bubble were set to 0.01m. 111 

The process of LNG leakage takes place in open air space, so the flow and diffusion process 112 

of gas is greatly affected by atmospheric motion. The standard k-ε model and realizable k-ε 113 

model are commonly used to describe turbulent motion. However, the realizable k-ε model can 114 

not only effectively solve the problem of curved wall flow, but also simulate free flow containing 115 

jets and mixed flows, which has obvious advantages compared with the standard k-ε model. In 116 

addition, the realizable k-ε model had higher accuracy in concentration distribution than the 117 

standard k-ε model by simulating Thorney’s heavy gas diffusion (Freon-12) field test[19]. 118 

Therefore, the realizable k-ε model was selected for gas diffusion turbulence.  119 

The turbulent kinetic energy k equation is as follows. 120 
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The turbulent dissipation rate ε equation is as follows. 122 
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  （8） 123 

2.2 Parameter setting 124 

A 16×104 m3 large cylindrical LNG storage tank was chosen for the simulation. The outer 125 

diameter of the tank is 82 m and the height is 50 m. The structural dimension of the tank is 126 

shown in Fig.1. The normal operating pressure of the storage tank was 25kPa, and the maximum 127 

liquid level in the tank was 34.6m. The origin of the computational domain was located at the 128 

center of the bottom of the tank. The coordinate of the leakage hole center point was (41, 10, 0), 129 

which was located on the leeward side of the tank. The leakage hole sizes were respectively 130 

0.1×0.1 m, 0.13×0.13 m, 0.15×0.15 m, 0.18×0.18 m and 0.2×0.2 m. Considering the calculation 131 

accuracy, the computational domain was determined to be 1000m × 250m × 500 m in the x, y and 132 

z directions, and the tank with a blocking rate of 2.78% was placed at a distance of 200 m 133 

downwind. The whole computational domain was discretized by structured grid, and the specific 134 

grid division was shown in Fig. 2. In order to adapt to the change of flow field and ensure the 135 

accuracy of solution, the grid around the leakage hole was encrypted by block method. The 136 

independence of grid and time step had been verified. Overall, the total number of cells in the 137 

calculation domain was finally determined to be 1,865,345, and the simulation time step was set 138 

to 0.1s. 139 

 140 
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Fig.1 The geometry and boundary settings of the large-scale LNG storage tank. a: geometric schematic of the 141 

tank;  b: the boundary settings of the tank 142 

 143 

Fig. 2 Meshing of computational watershed 144 

The gas flow was modeled by solving the mass, energy and momentum equations of each 145 

phase as well as the heat and mass transfer equations on the interface. The drag force, lift force 146 

and virtual mass force of each phase were considered in the model, which had a great influence 147 

on the movement of particles between phases[20]. It required complex equations to be solved for 148 

processing LNG into a mixture of different components , which usually increased the calculation 149 

difficulty and thus caused a deviation in the calculation. Therefore, LNG was regarded as pure 150 

liquid methane with a volume fraction of 100%. At the initial moment, the boiling temperature 151 

and the air temperature were respectively 111.6K and 300K. After the low-temperature liquefied 152 

natural gas exchanged heat with the air, the temperature of methane raised. Due to the variation 153 

of the density, viscosity, specific heat capacity and heat transfer coefficient of methane with 154 

temperature, the above parameters were converted into a function with time by referring to the 155 

corresponding empirical formula[21-24]. 156 
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In order to represent the node coordinates more accurately and ensure the convergence of 157 

calculation, double precision solver and implicit method were used in the calculation. Couple 158 

algorithm was adopted for pressure and speed coupling. And the momentum and energy 159 

equations were discretized by the second order upwind scheme. Fig.3 shows the meshing of 160 

LNG leakage diffusion experiment. The calculation domain was established with the 161 

size of 900m× 500m× 50m on the X-axis, Y-axis, and Z-axis respectively. The x-z 162 

plane was placed on the ground and the y-direction was the vertical height. 163 

Furthermore, the wind direction remained unchanged throughout the calculation 164 

domain. The boundary conditions on the left and right sides of the calculation 165 

domain were the velocity-inlet and the pressure-outlet, respectively. Hexahedral 166 

mesh units were used for mesh generation, while the area around the pond was divided 167 

into fine meshes. A total of 803,287 cells were used for subsequent simulations. 168 

 169 

Fig.3 The meshing of LNG leakage diffusion experiment 170 

3. Results and Discussions 171 

3.1 Model validation 172 

In this paper, data from the Burro 8 spill test[25] which conducted in 1980 was 173 
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used as the basis of the validation analysis. In the test, LNG was released onto 174 

the water surface of a round pond, with 25 gas concentration monitorsplaced at 175 

different heights in the downwind. Besides, the water pond had an average diameter 176 

of 58 m, with an average water level about 1.5 m below the surrounding ground level. 177 

The basic data obtained from this series of tests were good, which were often used 178 

for model verification. Based on Burro series tests, the reliability of the multiphase 179 

model was evaluated by comparing the numerical results with the experimental results based on 180 

the diffusion range and concentration change of methane. Fig.4 and Fig.5 show the contour 181 

distribution of methane volume fraction after LNG spill 80 s on the x = 57m and y = 1m planes, 182 

respectively. In Fig. 4(a), (b) and Fig. 5(a), (b), the distribution areas of methane with different 183 

volume fractions on the horizontal and vertical planes were basically consistent with the 184 

experimental data. And Fig.4(c) and Fig.5(c) show the comparison of the coverage areas of 185 

dispersion clouds with different volume concentrations. There is a very good quantitative 186 

agreement between the simulation results and the experimental data. Besides, Table1 shows the 187 

comparison between the calculated and experimental values of maximum volume fraction of 188 

methane at different distances in downwind direction. It showed that the calculated maximum 189 

volume fraction of methane was lower than that of the experiment, however, in the area away 190 

from the leakage source, the calculated maximum volume fraction of methane was higher than 191 

that of the experiment. The reason was that the coupled heat transfer between the ground and the 192 

LNG vapor cloud was assumed to be constant in the simulation. Actually, the heat produced by 193 

ground heat transfer and solar radiation was variable. The error analysis method of heavy gas 194 

diffusion model proposed by Emark et al. [26] was used to analyze the deviation between the 195 
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value of simulation and test. The method includes relative deviation (FB), geometric mean 196 

deviation (MG), geometric mean deviation (VG), relative mean square error (MRSE), relative 197 

mean square error (FAC2) and normalized mean square error (NMSE), which can be used to 198 

judge the validity of the numerical model. The deviation between numerical and experimental 199 

values is shown in Table 2. It could be seen that all deviation were within the range allowed by 200 

the evaluation parameters. Therefore, the multiphase model is suitable for the study of LNG 201 

leakage and diffusion. 202 

 203 

(a)Burro 8 test measured value (b) Fluent simulation results (c) Comparison of test and simulation 204 

Fig.4 Comparison of experimental and simulated values of methane volume concentration at a vertical height of 205 

1 m 206 

 207 

(a)Burro 8 test measured value (b) Fluent simulation results    (c) Comparison of test and simulation 208 

Fig.5 Comparison of experimental and simulated values of methane volume concentration at 57m in 209 

downwinddirection 210 

Table 1 Experimental and simulated values of maximum volume fraction of methane at different distances 211 

in downwind direction 212 

Downwind distance/m 
Maximum methane volume fraction at 1m height/% 

Test measured value Fluent simulation value 

140 16.49 15.4 

400 4.25 5.32 
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800 1.93 2.25 

 213 

 214 

 215 

Table 2 The error comparison of simulation results 216 

Deviation statistics FB MG VG MRSE FAC2 NMSE 

Ideal value 0 1 1 0 1 0 

Evaluation standard （-0.4,0.4） （0.67,1.50） <3.3 <2.3 >0.5 <4 

Burro 8 -0.18 0.88 1.03 0.04 0.87 0.23 

3.2 Basic characteristics of LNG storage tank leakage and diffusion 217 

3.2.1 Simulation of LNG storage tank wind field 218 

LNG storage tank will obstruct the flow of wind speed and affect the diffusion of LNG. In 219 

this study, the average wind speed at the height of 10 m was 4 m/s, and the wind speed of inflow 220 

profile was implemented in a user-defined function (UDF) which was embedded in the 221 

numerical model as the boundary condition. Fig. 6 shows the wind speed distribution of different 222 

planes in the calculation domain. As shown in Fig.6(a), the wind speed at the boundary of the 223 

entire wind field was evenly distributed in the vertical plane of 30m. And the wind speed varied 224 

with height to form gradient wind, which was the same as the wind field distribution law of the 225 

real atmospheric environment. However, the atmospheric flow near the storage tank was affected, 226 

resulting in changes in wind speed and direction. When the wind flowed from the top and both 227 

sides of the storage tank, it caused a high wind speed zone with the speed of 7m/s on top of the 228 

storage tank (shown in the black box, Fig.6) and a low wind speed zone with the speed of less 229 

than 1m/s on both sides of the storage tank(shown in the red box, Fig.6). In Fig.6(b), in the area 230 

away from the storage tank, the wind speed was maintained at 4m/s, however, in areas near the 231 

storage tank, the wind speed was reduced due to obstruction. A detention zone was formed on the 232 

windward side of the tank due to the obstruction of the tank, and the wind speed decreased 233 

sharply.When the wind bypassed both sides of the tank, a symmetrical bifurcated flow wake of a 234 
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certain length was formed in the downstream of the tank (shown in the red circle). 235 

Fig.7 shows the distribution of wind speed streamline near the storage tank. It could be seen 236 

that there were vortices on the windward and leeward sides of the tank. Besides, two 237 

symmetrical vortices were formed at 70m in the x=axis behind the horizontal of the tank after the 238 

atmosphere bypassed the tank (Fig.7, a). In the process of the wind flowing downstream along 239 

both sides of the tank, the wind speed decreased continuously and the wind direction changed to 240 

produce backflow. When the wind moved to the central axis of the storage tank, its speed was 241 

close to zero, and a small cavity zone was formed on the back of the storage tank(Fig.7,b). 242 

However, the vortex and low wind speed areas were very close to the storage tank. When the 243 

wind was away from the storage tank, the streamline returned to normal and the wind movement 244 

also stabilized. 245 

 246 

(a) Cross wind direction z=0m                            (b) Vertical height y = 10m 247 

Fig.6 The wind speed in calculation area 248 

 249 

(a) Cross wind direction z =0m        (b) Vertical height y = 1.5m 250 

Fig.7 The distribution of wind speed streamline near the storage tank 251 

3.2.2 Liquid phase leakage diffusion process of LNG storage tank 252 

The average wind speed was assumed to be 4m/s, and LNG leaked at arate of 105.5kg/s for 253 
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400s.The expansion of liquid LNG after leakage is shown in Fig.8. It can be seen that the 254 

pressure difference between the inside and outside of the tank caused the LNG to continuously 255 

spray from the leakage port to the ground in the form of parabola. The amount of LNG leakage 256 

was large, but the limited heat of the surrounding environment was hard to provide enough heat 257 

for the entire LNG to vaporize. Therefore, part of LNG absorbed heat from the surrounding 258 

environment and evaporated into a low temperature gas cloud, and others formed a liquid pool 259 

on the ground. During the landing process, part of the atomized LNG droplets absorbed heat 260 

from the air and evaporate into a gas state, resulting in a higher concentration of LNG leaking 261 

from the leakage hole and a lower concentration of LNG in the surface liquid pool(Fig.8, c). 262 

Under the action of initial kinetic energy and gravity, the liquid LNG diffused aroundthe landing 263 

point which was 7m away from the storage tankto form a thin "round" liquid pool (Fig.8, b). 264 

 265 

(a)Three-dimensional view of the liquid pool (b) Expansion of liquid pool at Y=0m(c) LNG injection at Z=0m 266 

Fig.8 The distribution of LNG liquid pool 267 

Fig.9 is a three-dimensional perspective view of gas clouds with different methane volume 268 

fractions at different leakage moments, showing the movement and diffusion process of LNG 269 

low-temperature steam cloud with leaking. At the initial stage of leakage, the density of the 270 

low-temperature vapor cloud formed by flash evaporation was greater than that of the 271 

surrounding air, so the height of gas cloud with the volume fraction of methane greater than 1%, 272 
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5% and 15% were extremely low due to the gravitational settling. As the leakage time increased 273 

to 120s, the gas cloud with a volume fraction greater than 15% was still close to the ground with 274 

a "hole" inside, while the gas cloud with a volume fraction greater than 1% and 5% rose slightly. 275 

When the leakage time reached 320s, the whole gas cloud presented the phenomenon of "leaf 276 

like bifurcation" on both sides. However, gas cloud with volume fraction above 15% and 5% 277 

were of low height, while the height of gas cloud with volume fraction above 1% was relatively 278 

high, with a large amount of light methane floating over the tank (shown in the red box).The 279 

whole process of diffusion change fully reflected the accumulation of LNG in the form of heavy 280 

gas cloud after leakage, and the mixing with air to absorb and transfer heat, resulting in the 281 

gradual narrowing of the difference between gas cloud density and air density, and finally the 282 

transformation of heavy methane into light methane in the periphery of the gas cloud. 283 

284 

Fig.9 Three-dimensional perspectives of gas clouds with different methane volume concentrations at 285 

different leakage moments 286 

In order to reveal the spatial distribution characteristics of the LNG vapor cloud near the 287 

storage tank, methane concentration contours were selected from the xy plane, xz plane, and yz 288 

plane for analysis. Considering that the low height of the gas cloud bifurcated gas cloud along 289 
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the z axis on both sides of the tank, x = 57 m, z = 30m, y = 0.5m were selected as the observation 290 

surface. Fig.10 shows the methane gas cloud concentration distribution under different planes. As 291 

shown in Fig. 10(a), at the plane y = 0.5m, the overall shape of the gas cloud was "fan-shaped" 292 

(shown in white box), accompanied by a cavity with a radius of about 17m on the back. High 293 

concentrations of methane were deposited on both sides of the cloud, while low concentrations 294 

of methane were distributed in the middle of the cloud. As the leakage time went on, the low 295 

concentration methane in the middle was preferentially diluted by air, resulting in a "hole" in the 296 

middle of the gas cloud (shown in white box). After the leak continued for some time, the "hole" 297 

area expanded from the middle to the tail, and the gas cloud split into two parts. One part was a 298 

heavy gas cloud, which was stacked behind the storage tank in the form of "leaf-like bifurcation" 299 

(shown in white box), and the other part was a light gas cloud (shown in a white round frame), 300 

spreading further with the wind. Throughout the leakage process, the gas cloud gradually 301 

developed from a complete “fan shape” to a front-end “leaf-shaped bifurcation. Due to the 302 

disturbance effect of the storage tank on the atmospheric movement, the detention zone and low 303 

wind speed region behind the storage tank restrained the downwind expansion of the middle part 304 

of the gas cloud to some extent. When the low temperature LNG vapor mixed with the 305 

atmosphere, the movement of the vapor cloud also diverged laterally along the streamline 306 

development at the back of the tank, resulting in a large amount of methane accumulation on 307 

both sides and forming a leaf-shaped bifurcation.  308 

In Fig.10(b), it can be seen that the gas cloud is divided into different concentration layers 309 

along the vertical directionat plane z = 30m, and the methane volume fraction decreased with 310 

height. Among them, the methane concentration near the ground was high(shown in white box), 311 
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and the methane concentration far away from the ground was low(shown in white round frame). 312 

The reason was that a large amount of highly concentrated methane accumulated near the storage 313 

tank during the leakage process, which was difficult to dilute and dissipate. However, the heavy 314 

methane in the outermost part of the gas cloud continuously absorbed and transferred heat with 315 

air to form light methane with low concentration, and then spread to higher and farther places. In 316 

Fig.10(c), the gas cloudafter leakage was symmetrically distributed behind the storage tank at 317 

57m on the x direction. With the increase of leakage time, the width and height of vapor cloud in 318 

this area increased slightly. The vapor cloud appeared as "low in the middle and high at both 319 

ends" (shown in a white circle). 320 

According to the results of numerical simulation and relevant heavy gas diffusion theory[27], 321 

the macroscopic diffusion behavior of LNG vapor cloud could be roughly divided into three 322 

stages for the continuous leakage of LNG tank studied in this paper. 323 

 (1) Initial stage of diffusion (heavy gas accumulation): This stage was a period of heavy gas 324 

accumulation and diffusion. As shown in Fig.10, from the beginning of the leakage to 50s, the 325 

vapor cloud was in the shape of "fan leaf", and its internal concentration of the vapor cloud was 326 

in an unstable state. As methane concentration increased over time, the radial size of the vapor 327 

cloud increased, too. Due to the difference in density between the low-temperature gas cloud and 328 

the air, the heavy gas collapsed, making the height of gas cloud extremely low. In this stage, it 329 

was the turbulence caused by gravity collapse that played a dominant role in the shape and 330 

concentration distribution of the cloud, while the atmospheric turbulence played an auxiliary 331 

role. 332 

(2) Mid-stage of diffusion (Transitional levitation): This stage was a period of transition 333 
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from heavy gas to light gas. From 120s to 160s, the development of gas cloud was in a neutral 334 

state and the whole gas cloud was still in a "fan leaf shape". The methane concentration inside 335 

the gas cloud increased to a peak. Meanwhile, when the wind bypasses the storage tank during 336 

the diffusion process, a lateral divergence was formed with the methane moving with the wind. 337 

High concentrations of methane accumulated on both sides of the vapor cloud, while lower 338 

concentrations of methane were distributed in the middle of the vapor cloud. When LNG vapor 339 

cloud exchanged heat with air and ground, the volume fraction of methane in the middle of gas 340 

cloud decreased rapidly, rising to tens of meters under the action of buoyancy. As the leakage 341 

time went on, the methane in the middle of the gas cloud is continuously diluted, resulting in a 342 

"hole" in the gas cloud. In addition, methane in the outermost part of the gas cloud was most 343 

affected by the wind, making the diffusion speed on both sides of the gas cloud significantly 344 

higher than the middle part, therefore, the vapor cloud presented the characteristics of "low in the 345 

middle and high on both ends". 346 

(3) Post diffusion stage (Light gas drift): This was the period when light gas entered into 347 

passive diffusion. After 210s of leakage, the development of vapor cloud was in a stable state, the 348 

width of gas cloud remained unchanged, but the length and height of vapor cloud slowly 349 

increased. As the "hole" area inside the vapor cloud continued to expand, the contact area 350 

between the gas cloud and the surrounding air increased, which led to the rise of temperature and 351 

the decrease of methane density at the tail of the gas cloud. When the methane with higher 352 

concentration in the middle of the gas cloud was converted to light methane, the gas cloud split 353 

into two parts from the whole. One part was a heavy gas cloud, which was piled up behind the 354 

storage tank in the form of "leaf-shaped bifurcation". The other part was a light gas cloud, which 355 
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diffused with the wind in the downwind directionand finally entered the passive diffusion stage. 356 

At the same time, under the influence of wind, methane in the outermost part of the cloud was 357 

still diluted the fastest, making the cloud still behave as "low in the middle and high at both 358 

ends". 359 

 360 

Fig.10 Distribution of methane concentration in different planes 361 
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3.3 Effect of leakage aperture on leakage and diffusion of LNG storage tanks 362 

3.3.1 Influence of leakage aperture on LNG liquid pool expansion 363 

The effect of leakage rate was studied to further investigate the impact of leakage 364 

apertureon LNG liquid pool expansion and vapor diffusion. According to fluid mechanics, the 365 

leakage rate of liquid phase in storage tank can be calculated by equation (9). 366 

 367 

 0 0
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                    （9） 368 

Where, Ql is the liquid phase rate and Cd is the liquid phase leakage coefficient which is 369 

taken as 0.6. A and A0 are respectively the leakage hole area and liquid cross-sectional area in 370 

storage tank. Furthermore, since the leak area of the hole leakage is much smaller than the 371 

surface area of the tank, the time correlation term on the right side of equation (9) is zero. By 372 

maintaining all the other conditions the same, cases of leakage aperture of 0.1 m,0.13 m,0.15 373 

m,0.18 m and 0.2m were tested in the multiphase model. The corresponding leakage rate are 374 

62.45 kg/s, 105.54 kg/s, 140.51 kg/s, 202.34 kg/s and 249.81 kg/s, respectively . 375 

Fig.11 shows the expansion diagram of the liquid pool of the storage tank after 180s leakage 376 

under different leakage apertures. It could be seen from the comparison that the LNG 377 

concentration and the liquid pool area on the ground both increased with the increase of leakage 378 

aperture. The instability of liquid pool expansion resulted in the unsmooth contour and irregular 379 

shape of liquid pool. However, the sensitivity of liquid pool expansion to different leakage 380 

apertures was also different. When the leakage aperture was less than 0.13m, the area of the 381 

liquid pool which was tardy to the change of the leakage aperture increased slightly with the 382 

increase of the leakage aperture.When the leakage aperture was more than 0.13 m, the area of the 383 

liquid pool which was extremely sensitive to the change of the leakage aperture increased rapidly 384 
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with the increase of the leakage aperture.  385 

Fig.12 was the comparison of the maximum diameter of the liquid pool with time under 386 

different leakage apertures.It can be seen from Fig. 12 that with the increase of leakage area, the 387 

growth rate of LNG liquid pool accelerated and the stabilization time to reach the maximum 388 

diameter also increased. For example, when the leakage aperture was respectively set as 0.1m, 389 

0.15m and 0.2m, accordingly, the liquid pool reached a maximum diameter of 8.8m in 50s, 42m 390 

in 120s and 83m in 160s. It meant that the increase in leakage would change the pool area by 391 

affecting the heat transfer between the LNG and the ground. At the initial stage of LNG leakage 392 

to the ground, due to the large temperature difference between LNG and the ground, the heat 393 

exchange between the two was close to forced convection. LNG would quickly boil and 394 

evaporate, forming a continuous vapor film between the ground and LNG. Subsequently, the gas 395 

film broke due to the decrease of ground temperature, resulting in the transition boiling of LNG 396 

in direct contact with the ground. Finally, the heat transfer between LNG and the ground 397 

stabilized, and nuclear boiling occurred between LNG and ground. In this process, if the leakage 398 

rate increased, more bubbles would be generated to cover the ground, which limited the heat flux 399 

between the LNG and the ground, therefore, it cost more time to form a relatively stable boiling 400 

rate. 401 
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 402 

Fig.11 Expansion of liquid pool under different leakage holes 403 

 404 

Fig.12 The change of liquid pool diameter with time under different leakage aperture 405 

3.3.2 Influence of leakage aperture on LNG vapor cloud diffusion 406 

Fig.13 shows the change in the morphology of LNG vapor cloud with time at 0.5m on the 407 

y= axis under five kinds of leakage apertures.When the leakage lasted for 60s which belong to 408 

the initial stage of diffusion, the vapor cloud was in the shape of "fan leaf" with the similar 409 

downwind diffusion speed under different leakage aperture. As the leakage aperture increased, 410 

the volume concentration of methane in the gas cloud kept rising, and the width of the gas cloud 411 

increased slightly. Compared with the situation at 60s, the gas cloud had different degrees of 412 
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holes inside at 180s which was at the middle stage of diffusion. However, the area of the hole in 413 

the gas cloud decreased with the leakage aperture increasing (shown in white box). When the 414 

leak lasted for 320 s, it reached the late stage of diffusion, the heavy gas in the vapor cloud was 415 

accumulated behind the storage tank in the form of "leaf like bifurcation", while the light gas at 416 

the tail of the vapor cloud was diluted with the wind. With the increase of the leakage aperture, 417 

the width of the heavy gas cloud became larger and the methane volume concentration of the 418 

light gas in the tail increased (shown in white round frame), which made it more difficult to be 419 

diluted. According to the LNG gas cloud diffusion under different leakage conditions, it could be 420 

demonstrated that the trend of the LNG vapor diffusion under different leakage apertures had 421 

similar characteristics.The change in the size of the leakage aperture would affect the coverage 422 

and concentration of the gas cloud, and thus delay the development of the gas cloud into the next 423 

diffusion stage. The motion trajectory of the vapor cloud was still determined by the wind field 424 

behind the tank. 425 

 426 

Fig.13 Variation of gas cloud concentration distribution aty= 0.5m plane under different leakage apertures 427 
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As shown in Fig.14, the comparison of changes inmethane volume fraction in the diffusion 428 

distance in the downwind direction at 100s, 200s and 300s leakage was made. Overall, the 429 

volume fraction of methaneat all times was increased with the increase in leakage aperture at the 430 

same location, which was attributed to the increase of leakage per unit time. Besides, within the 431 

range of leakage aperture variation, the volume fraction of methane in the range of 200m from 432 

the storage tank to the downwind direction was the largest, which reached the peak value. In 433 

other words, when the LNG storage tank leaked, the vaporized LNG was preferentially stacked 434 

vertically within the range of 200m, causing the methane concentration to rise rapidly and to 435 

form a local high concentration area. The results indicated thatthe diffusion process of LNG met 436 

the theory of heavy gas accumulation. Due to the effect of gravity, the leaked LNG would first 437 

diffuse to the horizontal direction, which increased the concentration of methane in the 438 

horizontal direction and the drag. When the drag increased close to the cloud gravity, the 439 

horizontal diffusion velocity decreased. Heavy gas accumulated inside the soft diffusion 440 

boundary, causing methane concentrations to rise rapidly and stratify. As the leakage continued, 441 

when the air soft boundary cannot support the cloud gravity, the methane in the cloud continued 442 

to climb along the boundary layer, forming a new diffusion zone of light methane. This was why 443 

the area near the tank had a high concentration of methane, and the area far away from the tank 444 

had a low concentration of methane. 445 
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 446 

Fig.14 Variation of methane volume fraction with downwind diffusion distance under different leakage times 447 

According to NFPA 59A, the distance where the concentration of natural gas was lower than 448 

50% of the lower flammability limit could be regarded as the safety distance. Therefore, the area 449 

with the volume fraction of methane from 2.5% to 15% belongs to the explosion risk area. The 450 

maximum explosion range of methane and the change of combustible gas cloud volume with 451 

leakage time are shown in Fig.15. The increase of the leakage aperture would promote the 452 

diffusion speed of the vapor cloud in the downwind direction. As the leakage aperture increased, 453 

the maximum explosion range of methane and the volume of flammable clouds increased rapidly. 454 

For example, when the leakage aperture increased from 0.1m to 0.2m, the maximum diffusion 455 

distance of methane 0.5LFL in Fig.15(a) increased from 531m to 948m, with a growth rate of 456 

78.5%, and the volume of flammable vapor cloud in Fig.15(c) enlarged from 13563.44m3 to 457 
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53642.89m3, with a growth rate of 295%. However, there was some difference, as shown in 458 

Fig.15(b). When the leakage aperture was 0.1 m, the gas cloud with a concentration of 0.5LFL 459 

had the largest width on the z- axis at 243m. When the leakage aperture increased from 0.13m to 460 

0.2m, the largest width of methane 0.5LFL increased from 194.6m to 238.6m, with an increase 461 

of 22.6%. This was because when the leakage pore size was 0.1m, due to the small leakage 462 

volume, the methane density in the late stage of diffusion was close to the air and the gas cloud 463 

diffused faster in the horizontal direction, resulting in the farthest diffusion distance of the gas 464 

cloud along thez axis. As leakage aperture increased, the leakage and vaporization of LNG 465 

increased, and a larger volume of combustible gas clouds increased too. However, the dilution 466 

ability of air was limited, and the gas cloud rapidly accumulated and diffused along the 467 

downwind distance, resulting in a larger diffusion distance along the x and z axes. Therefore, 468 

after the LNG leaked, the leakage source should be cut off or blocked in time to reduce the 469 

amount of LNG leakage. 470 
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 471 

Fig.15 Variation of the farthest moving distance and volume of flammable vapor clouds with leakage time 472 

under different leakage apertures 473 

4. Conclusions 474 

A three-dimensional numerical model was established to describe the leakage and diffusion 475 

process of LNG storage tank by using the realizable k-ε turbulence model and the Eluerian 476 

model. The conclusions were drawn as follows. 477 

(1) After the storage tank leaked, LNG is sprayed to the ground to form a circular liquid 478 

pool and continuously exchanges heat with air to evaporate into low-temperature steam. The 479 

diameter of liquid pool increases first and then remains unchanged with the leakage time, while 480 

the gas cloud diffusion state is divided into three stages due to the cylindrical turbulence of the 481 

tank. In these three stages, the LNG gas cloud experienced heavy gas accumulation, entrainment 482 

heat transfer and light gas drift, with the shape gradually developing from a complete "fan blade" 483 
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to a "leaf bifurcation" of heavy methane at the front end. 484 

(2) Leakage aperture greatly affects the heat transfer between LNG and the surrounding 485 

environment. It delays the development of liquid pool and gas cloud to a stable state. In the five 486 

cases, heavy methane presented the characteristics of "leaf bifurcation". The increase of leakage 487 

aperture quantitatively affects the expansion process of LNG liquid pool and the distribution of 488 

vapor cloud across LNG dispersion routes. The liquid pool area is increased by 10.3 times, the 489 

length, the width and the volume of flammable vapor cloud is respectively increased by 78.5%, 490 

22.6% and 249%. Besides, within the variation range of leakage aperture, there will always be a 491 

local high concentration area within 200m downstream of the storage tank. In the field near the 492 

storage tank, the clouds settle and accumulate towards the ground in the state of gas-liquid 493 

two-phase flow, and the density of the cloud is gradually lower than the air in the far field, 494 

manifesting as light gas diffusion. The methane concentration in this area is high and lasts for a 495 

long time, so it should be the focus area of alarm prediction. 496 
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Figures

Figure 1

The geometry and boundary settings of the large-scale LNG storage tank. a: geometric schematic of the
tank; b: the boundary settings of the tank



Figure 2

Meshing of computational watershed

Figure 3

The meshing of LNG leakage diffusion experiment

Figure 4



Comparison of experimental and simulated values of methane volume concentration at a vertical height
of 1 m (a)Burro 8 test measured value (b) Fluent simulation results (c) Comparison of test and simulation

Figure 5

Comparison of experimental and simulated values of methane volume concentration at 57m in (a)Burro
8 test measured value (b) Fluent simulation results (c) Comparison of test and simulation

Figure 6

The wind speed in calculation area (a) Cross wind direction z=0m (b) Vertical height y = 10m

Figure 7

The distribution of wind speed streamline near the storage tank (a) Cross wind direction z =0m (b)
Vertical height y = 1.5m



Figure 8

The distribution of LNG liquid pool (a)Three-dimensional view of the liquid pool (b) Expansion of liquid
pool at Y=0m(c) LNG injection at Z=0m

Figure 9

Three-dimensional perspectives of gas clouds with different methane volume concentrations at different
leakage moments



Figure 10

Distribution of methane concentration in different planes



Figure 11

Expansion of liquid pool under different leakage holes



Figure 12

The change of liquid pool diameter with time under different leakage aperture



Figure 13

Variation of gas cloud concentration distribution aty= 0.5m plane under different leakage apertures



Figure 14

Variation of methane volume fraction with downwind diffusion distance under different leakage times



Figure 15

Variation of the farthest moving distance and volume of �ammable vapor clouds with leakage time under
different leakage apertures


