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ABSTRACT 
Kawasaki Heavy Industries, Ltd. (KHI) established a CO2 free Hydrogen Energy Supply Chain project 
which aims to introduce a large amount of liquefied hydrogen (LH2) from Australia to Japan. While 
LH2 is transported with LH2 Carriers, the pressure in the storage vessel will increase because of heat 
input. Therefore, it will be necessary to reduce the pressure to 1 atmosphere before unloading for the 
safety reason. However, decreasing pressure rapidly will cause flash evaporation which occurs when 
saturated liquid undergoes pressure reduction. This leads to an increase in the vent mass flow, which 
easily exceeds the venting capacity. In the worst case, the liquid leakage will probably occur, because 
the vapor will raise the liquid level. Therefore, the purpose of this research is to predict the pressure 
reduction rate through a thermodynamic approach and to investigate liquid behavior during pressure 
reduction by numerical simulation. On thermodynamic analysis, the assumptions of an ideal gas, 
incompressible liquid, quasi-static process, and no external heat input are involved to determine pressure 
reduction speed based on the law of conservation of mass and energy. The theoretical results agreed 
with the experimental results, and this proved that the theoretical model was able to predict the pressure 
reduction rate. To reveal the influence of heat conductivity / transfer and liquid behavior under the 
hazardous condition, numerical simulations were conducted with the in-house code, called 'CIP-LSM' 
(CIP based Level Set & MARS). As a preliminary study, one case of rapid pressure reduction situation 
was calculated. The numerical simulation assuming boiling from only the wall or liquid surface 
illustrated that the boiling gas pushed up the liquid level, because of the slow rising speed of bubble. 
Considering the hazardous boiling situation which allowed boiling inside liquid phase, the result showed 
that liquid vertical oscillation and pressure oscillation would occur. 

1 INTRODUCTION 

In 2017, Japanese government determined the Basic Hydrogen Strategy which regarded hydrogen as 
a new energy choice. The strategy aims to promote the use of hydrogen by introducing fuel cell 
vehicles and hydrogen power generation [1]. Thus, it is clear that constructing large-scale hydrogen 
supply chain is essential to meet the increasing demands of hydrogen supply in Japan for the sake of 
widespread use of hydrogen energy. 

Kawasaki Heavy Industries, Ltd. (KHI) established a CO2 free Hydrogen Energy Supply Chain 
(HESC) project for demonstrating the technology necessary to develop, store, transport and deliver 
liquefied hydrogen from Australia to Japan. As Figure 1 shows, gasification of brown coal mined in 
the Australian state of Victoria will split the fuel into its component parts: carbon, which will be 
captured and stored securely offshore underground; and hydrogen, which will be liquefied and stored 
at 20 K in on-site tanks designed by KHI, and transported to Japan by using LH2 Carriers also 
designed by KHI [3]. 

During shipping with the LH2 Carriers, the liquefied hydrogen is stored in several the accumulator 
tanks, which will be heated and pressurized by heat input. Therefore, it needs to reduce the tank 
pressure to 1 atmosphere before unloading for the safety reason. However, how to depressurize the 
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tank pressure properly is very crucial. If the pressure is released too fast, it will probably trigger a 
rapid evaporation of the saturated liquid and exceed vent capacity. In the worst case, the evaporated 
gaseous will push up the liquid level and cause liquid leakage. On the other hand, reducing pressure 
slowly will increase the cost of cargo handling. However, there are few researches to predict the 
pressure reduction rate and liquid behaviour inside large-scale liquid hydrogen tank. Thus, it is 
required to understand the mechanism of flash evaporation so as to manipulate the adequate reduction 
in pressure and prevent liquid leakage. 

 

Figure 1 Concept of CO2 Free Hydrogen Energy Supply Chain project [2] 

2 RESEARCH PURPOSE 

Our research aims to clarify the characteristic of depressurization in the liquid hydrogen storage 
vessel, especially the relation between the vent mass and the time history of pressure drop, and liquid 
motion under sudden pressure reduction. To solve such complex two-phase flow problem, both 
experimental and numerical efforts are essential. For this purpose, experiments and theoretical 
analyses have been done for predicting the pressure reduction rate, and numerical analysis has been 
conducted for capturing the motion of the liquid surface. 

3 EXPERIMENTAL RESULTS 

To investigate the depressurization, experiments were designed and carried out. Figure 2 and 3 show the 
experimental apparatus. Liquid hydrogen tank (Figure 2 a) is located at JAXA Noshiro Rocket Testing 
Center, and the volume is 30 m3. The liquid hydrogen tank has pressure gauges and the probe (Figure 2 
b) attached 16 thermometers which can measure vertical temperature distribution. The vent line has 
pressure gauges, thermometers, and flowmeters in Figure 3. In this research, turbine flowmeter and 
Coriolis flowmeter (Figure 2 c) were used for measuring mass flow data in the vent line as shown. These 
measurements, data-collecting, monitoring, and storage systems were originally developed by the 
authors. 

To examine the heat transfer intensity and the consequence tank final temperature, The LH2 tank had 
been pressurized and sealed for a given length of time are arranged to vary from one hour to three weeks. 
As Table 1 showed, 6 test cases were conducted. Case 1, 2 were that the liquid temperature was 
saturation temperature at 1 atmosphere and the liquid level was high. The test condition at Case 3, 4 was 
that the liquid temperature was the same as Case 1, 2 and the liquid temperature was low, which means 
that the volumes of gas phase at Case 1, 2 were smaller than the one at Case 3, 4. Case 5, 6 were that 
the liquid temperature was higher than saturation temperature at 1 atmosphere and the liquid level was 
low. The difference between Case 5 and 6 was the liquid temperature. The liquid temperate at Case 6 
was saturation temperature at the initial pressure of the experiment. Case 5 was the higher liquid 
temperature than saturation temperature at 1 atmosphere and the lower liquid temperature than Case 5. 
Therefore, the flash evaporation occurred during pressure reduction at Case 5, 6. After the experimental 
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condition was set, the gaseous hydrogen vent valve was opened, and then pressure reduction started. 
The initial pressures shown in Table 1 were set to the lower ones than the designed pressure of the 
experimental device for the safety reason. 

Figure 4 illustrated the experimental results of the 6 test conditions. The results led to the fact that higher 
liquid temperature caused a larger vent mass loss. This meant that the phenomenon in the tank was time 
independent, thus total vent mass could be calculated by the amount of pressure reduction without 
considering pressure reduction rate if given initial temperature distribution and pressure. 

             

(a) LH2 tank (b) Thermometer probe (before installation) (c) Turbine and Coriolis flowmeters 

Figure 2 Liquid hydrogen storage vessel and measurement instruments 

 

(a) Schematic of the LH2 tank and vent pipe. 16 thermometers were located in LH2 tank. When 
GH2 vent valve was open, depressurizing the storage vessel started, and the mass flow were 

vented from vent stack after the mass flow, temperature and pressure were measured. 
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(b) The layout of flowmeters. Turbine flowmeter and Coriolis flowmeter were used, but orifice 
flowmeter was unused. 

Figure 3 Schematic of liquid hydrogen tank and vent pipe arrangement 

Table 1. Test parameters 

Case 
ID 

Liquid 
Level 

Liquid temperature [K] Initial pressure [kPaG] 

1, 2 High 20.4 (Boiling point at atmosphere) 300.0 (Case 1, 2) 
3, 4 Low 20.4 (Boiling point at atmosphere) 356.5 (Case 3) / 306.8 (Case 4) 
5 Low 24.7 (Boiling point at pressure 

between atmosphere and initial 
pressure) 

351.0 

6 Low 26.3 (Boiling point at given initial 
pressure) 

308.2 

 

Figure 4 Experimental results. The vertical line shows pressure in the liquid hydrogen tank and 
horizontal one total vent mass from the tank. 

4 THEORETICAL ANALYSIS 

A theoretical model which aimed to predict the pressure reduction rate obtained from the experiments 
had been developed. This model was established under four assumptions: ideal gas, incompressible 
liquid, a quasi-static process in the tank, and no external heat input.  
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Based on the thermodynamic analysis, pressure reduction rate in the tank could be regarded as two 
sub-processes, which were “tank part” and “vent line part” as depicted in Figure 5 . In “tank part” 
which was time independent part, the amount of pressure reduction led total vent mass, and in “vent 
line part” which was time dependent, vent mass flow was derived from the amount of pressure 
reduction. “Vent line part” part was time dependent, and it was difficult to analyse the dynamic 
phenomenon thermodynamically. Therefore, experimental data was provided to this vent line part as 
the input data, and only the tank part should have been considered. 

For considering vertical temperature distribution in the liquid hydrogen storage vessel, a one-
dimensional model was adopted in the tank part. Main features of this model were summarized in the 
list below and Figure 7. Each cell had its own thermodynamic parameters, and had no influence on other 
cells. We hereby use one cell element as an example for the illustration.  

1) Divide the space in the tank into a couple of domains. Meanwhile, the volume 0 m3 domain in 
the gas-liquid phase boundary was secured. This domain was named boundary domain tentatively. 

2) Calculate the parameters of all domains. 

3) Depressurize the vessel and calculate all parameters of each area. 

4) Move the gas emerged in the liquid phase and the liquid emerged in the gaseous phase into the 
boundary domain. 

5) Sum all volumes of the domains. 

6) Subtract the initial volume from the total volume calculated in 5). The initial volume of this 
paper was 30m3. 

7) Add the value of subtraction into the total discharge mass. 

8) Repeat from 3) to 7) until finishing depressurization. 

The parameters after depressurizing 3) could be calculated by using the following phase change model 
and equations, connecting the parameters before pressure drop with the ones after depressurization. As 
Figure 7 illustrated, the mechanism of a flash evaporation phenomenon was considered that 
depressurization made the state in the cell non-equilibrium, and then the phase change phenomenon 
moved the state to equilibrium under constant pressure condition. During this change, no heat input and 
equilibrium approximation were assumed. With this method, the equations which determined the 
amount of the thermodynamic parameters’ change were derived. During depressurizing the cell, the gas 
temperature and volume would be changed to meet the isentropic relations, and the liquid would not 
change because of incompressible liquid assumption.  

GAS: 𝑇"# = 𝑇" %
&'
&(
)
*+(
* , (1) 

LIQUID: 𝑇"# = 𝑇" 

𝑀" = 𝑀"#, (2) 

where 𝑀 – mass, kg; 𝑇 – temperature, K; 𝑃 – pressure, Pa; 	" – the initial condition, -; 	"# – condition 
after depressurizing, -; 

After that, the law of conservation of enthalpy and mass in constant-pressure change were given as Eq. 
(3) and (4). 

𝑀"#/𝛽"#ℎ234"# + (1 − 𝛽"#)ℎ:;<"#= = 𝑀>/𝛽>ℎ234> + (1 − 𝛽>)ℎ:;<>=, (3) 
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𝑀"# = 𝑀>, (4) 

where 𝑀 – mass, kg; 𝛽 - gas mass ratio, -; ℎ234 – enthalpy of gas, J/kg;	ℎ:;< – enthalpy of liquid, 
J/kg;	"# – condition before the constant-pressure change, -;	> – condition after the constant-pressure 
change, -. 

These two equations led to the following equations which determined thermodynamic parameters after 
pressure reduction. 
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where 𝑉" – volume, m3; 𝛽 - gas mass ratio, -; 𝜌:;< – liquid density, kg/m3; 𝑅 – gas constant, J/K/kg; 𝑇 
– temperature, K; 𝑇43I(Z) – saturated temperature, K; 𝑃 – pressure, Pa; 𝐿 – latent heat, J/kg; 𝐶q234 – 
heat capacity of gas at constant pressure, J/K/kg; 𝐶:;<  – heat capacity of liquid, J/K/kg; 𝛾 – heat 
capacity ratio, -; 	" – the initial condition, -;	> – condition after the constant-pressure change, -. 

According to the above equations, total vent mass could be calculated by the amount of pressure 
reduction without considering time. Figure 8 showed the results of the theoretical model and 
experiment at Case 5 and 6. The relation between pressure and total vent mass flow (Figure 8 (a)) 
calculated by the one-dimensional model indicated the tank part result. Given relation between 
pressure and mass flow obtained from the experimental data (Figure 8 (b)), the time variation of 
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pressure (Figure 8 (c)) could be derived. These results clearly illustrated that the one-dimensional 
model matched the experimental result, thus it was considered that the pressure reduction rate could be 
predicted. 

 

Figure 5 Schematic of two parts: tank part and vent line part 

 

Figure 6 Calculation method of one-dimensional theoretical model 

 

Figure 7 Schematic of mechanism of phase change caused by pressure reduction 
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(a-1) Case 5                                                               (a-2) Case 6 

(a) Pressure vs total value of mass 

 

(b-1) Case 5                                                               (b-2) Case 6 

(b) Pressure vs mass flow obtained by experiment 

 

(c-1) Case 5                                                               (c-2) Case 6 

(c) The time variation of pressure 

Figure 8 Theoretical results and experimental results 
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5 SIMULATION RESUTLS  

The purpose of the numerical research was to clarify heat conduction and heat transfer phenomenon 
which was difficult to handle by the theoretical model, and to apply the numerical analysis to hazardous 
situation including rapid pressure reduction and the explosion of boiling. When rapid pressure reduction 
occurred, boiling gas pushed up the liquid level, and caused liquid leakage from the tank. This hazardous 
situation was difficult to analyze by experiment and theoretical method. Therefore, the situation of rapid 
pressure reduction had been investigated based on Computational Fluid Dynamics (CFD) for clarifying 
liquid behavior under sudden pressure reduction. The numerical method, called 'CIP-LSM' (CIP based 
Level Set & MARS [4], [5]), was used, and this CFD method employed TCUP (Temperature-based 
CIP-CUP) to solve hydrodynamic equations for free-surface flow and HLSM (Hybrid Level Set method 
and MARS) for the tracking of surface position on the fixed grid system. This numerical model also had 
phase change model on sub-grid and grid scale, enables the simulation of phase change phenomenon 
[6]. For simplification, phase change calculation was conducted at only the cell in contact with the gas-
liquid phase and wall. Moreover, when the hazardous boiling, bumping, was handled, another phase 
change calculation inside the liquid cell which did not have the gas-liquid phase and wall was applied. 

As a preliminary study based on CFD analysis, one case of rapid pressure reduction situation was 
examined with two-dimensional mesh. As shown in Figure 9 (a), the computed domain was given as a 
rectangle shape, simplifying the shape of the 30 m3 liquid hydrogen tank and reducing the dimension. 
5544 stencils in total were solved. Since the vacuum chamber could reduce convective and radiative 
heat transfer, the adiabatic condition was imposed on the bottom and side walls. The upper wall was set 
as an outflow boundary condition at a fixed pressure. The fixed pressure was 1 atmosphere, just the 
same as exposure to atmospheric pressure. The operating fluids were liquid hydrogen and gaseous 
hydrogen. Corresponding to the condition that the pressure decreased rapidly by one atmosphere, the 
superheated liquid was placed in the tank which was exposed to the atmosphere. The degree of 
superheat, 5.7 K, was the same as the difference between the boiling temperature at atmosphere and 
boiling one at 300 kPaG. To meet these numerical conditions, the pressure in the whole area was 1 
atmosphere. Considering the liquid leakage caused by pressure reduction, the liquid level was set 6 m 
high as Figure 9 (b) showed. H means the liquid occupation ration inside each cell. When H is 0.5, the 
liquid occupies 100% of the cell. On the other hand, H = -0.5 means that only the gas exists inside the 
mesh. 

First, the CFD result obtained from phase change calculation only in the liquid surface and wall cell was 
shown in Figure 10. This figure clearly illustrated that the bubble was generated at the wall and pushed 
up the liquid level because of its slow rising rate. However, the result qualitatively suggested that the 
amount of the boiling gas was small. Thus, CIP-LSM had issues about the sub-grid scale phase change 
model in the gas-liquid phase and wall, because this CFD calculation employed the large mesh size. 

On the other hand, Figure 11 showed the time variation of liquid motion and pressure in the liquid 
considering the bumping situation. The time variation of pressure was measured at 2 m height. The 
calculated result clearly showed that rapid pressure reduction caused liquid vertical oscillation and liquid 
leakage. The bubble generated by flash evaporation seemed like acting a cushion to move the liquid up 
and down. Moreover, this liquid oscillation also led to pressure oscillation. It was considered that the 
generated bubbles increased in the pressure of the tank, and then the higher pressure caused the 
condensation, and the pressure decreased. As the time variation of pressure illustrated, the pressure 
increased from 1 atmosphere to 2.5 atmospheres, thus this was possible to exceed allowable tank 
pressure. This analysis was conducted under unrealistic condition which could not occur in real world. 
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(a) Grid              (b) The initial condition of liquid 

Figure 9 Computational domain 

 

(a) Time history of overall view of CFD result 

 

(b) Enlarged pictures of (a) 

Figure 10 CFD result of flash evaporation, not considering the hazardous phase change situation. 
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Figure 11 Liquid motion and the time variation of pressure considering bumping situation. 

6 CONCLUSIONS 

To investigate the pressure reduction rate with the vent mass flow for a liquid hydrogen tank, the two-
phase flow behavior during this pressurization processes are studied by experimental, theoretical as well 
as 2-D CFD simulations. The conclusions are summarized as follows: 

The experimental facility that model this process are designed and tested by the authors, which enables 
us to understand such complex two-phase flow phenomenon as well as provides necessary parameters 
for establishing the thermotical model. For conducting pressure reduction experiment, the measurement, 
data-collecting, monitoring, and storage systems were developed, and the data of pressure reduction 
experiments are collected and stored successfully. The experimental results show that temperature 
distribution has a great impact on pressure reduction rate and total vent mass can be calculated by the 
amount of pressure reduction. 

The theoretical model for predicting pressure reduction rate was developed based on this experimental 
analysis. This model is a one-dimensional for considering vertical temperature distribution, and 
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calculates the law of conservation of mass and energy under four assumptions: ideal gas, incompressible 
liquid, quasi-static phenomenon in the tank, and no external heat input. The theoretical results showed 
that this one-dimensional analysis could predict the pressure reduction rate because experimental and 
theoretical results matched well. 

As preliminary research, the numerical simulation by using CIP-LSM was conducted to investigate the 
influence of heat conduction and heat transfer phenomenon, and to clarify hazardous situation including 
rapid pressure reduction and the explosion of boiling. First, the result by using the model for no bumping 
situation suggests that the boiling gas raises the liquid level, and the sub-grid phase change model in the 
numerical method has issues about the amount of boiling. In addition to this, when the phase change 
model is changed for the hazardous situation, the numerical calculation illustrates that the rapid pressure 
reduction leads to vertical liquid / pressure oscillation, and liquid leakage. 

The CFD analysis still calls for future works for two reasons. The first reason is that 2-D CFD simulation 
cannot reproduce the real phenomenon, and the second reason is that it is not clear what phase change 
model should be used for revealing the phenomenon. Therefore, the future plan of this research is that 
3-D CFD simulation will be conducted for analyzing the pressure reduction phenomenon, and the results 
by 3-D calculation will be compared with the experiments for validating the phase change model. Also, 
the rapid pressure drop experiments with small-scale tank will be done. 
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