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Abstract

:

Liquid hydrogen is one of the high-quality energy carriers, but a large leak of liquid hydrogen can pose significant safety risks. Understanding its diffusion law after accidental leakage is an important issue for the safe utilization of hydrogen energy. In this paper, a series of open-space large-volume liquid hydrogen release experiments are performed to observe the evolution of visible clouds during the release, and an array of hydrogen concentration sensors is set up to monitor the fluctuation in hydrogen concentration at different locations. Based on the experimental conditions, the diffusion of hydrogen clouds in the atmosphere under different release hole diameters and different ground materials is compared. The results show that with the release of liquid hydrogen, the white visible cloud formed by air condensation or solidification is generated rapidly and spread widely, and the visible cloud is most obvious near the ground. With the termination of liquid hydrogen release, solid air is deposited on the ground, and the visible clouds gradually shrink from the far field to the release source. Hydrogen concentration fluctuations in the far field in the case of the cobblestone ground are more dependent on spontaneous diffusion by the hydrogen concentration gradient. In addition, compared with the concrete ground, the cobblestone ground has greater resistance to liquid hydrogen extension; the diffusion of hydrogen clouds to the far field lags. The rapid increase stage of hydrogen concentration at N8 in Test 7 lags about 3 s behind N12 in Test 6, N3 lags about 7.5 s behind N1, and N16 lags about 8.25 s behind N14. The near-source space is prone to high-concentration hydrogen clouds. The duration of the high-concentration hydrogen cloud at N12 is about 15 s, which is twice as long as the duration at N8, increasing the safety risk of the near-source space.
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1. Introduction


Liquid hydrogen is an efficient energy carrier with great potential for application in space exploration, energy production, and civil applications [1,2,3,4,5,6,7,8]. However, liquid hydrogen has extremely low temperature and highly flammable characteristics, which will pose serious safety risks in the case of accidental leakage [9,10]. Application scenarios of liquid hydrogen are generally not in confined spaces but mainly in large areas such as space launch sites, hydrogen liquefaction plants, hydrogen refueling stations, and so on. Such scenarios are characterized by the large volume of liquid hydrogen stored and the unimpeded diffusion of liquid hydrogen after leakage, with the hydrogen cloud formed by the evaporation of liquid hydrogen spontaneously spreading by a concentration gradient or spreading with the wind, resulting in a wide range of flammable and explosion regions.



The diffusion behavior of liquid hydrogen in open or closed spaces has been studied extensively by researchers. In the experiment aspect, the most recognized liquid hydrogen release experiments in the last century were performed by the National Aeronautics and Space Administration (NASA) at the White Sands Test Facility in New Mexico [11]. In that experiment, about 180 kg of liquid hydrogen was released onto the ground in 38 s, through a release vent with an area of 0.25 m2. A fence with a diameter of 9.1 m was built around the release source. An array of sensors was arranged to monitor the dynamic hydrogen concentrations at different locations. According to the captured data, the profile of the hydrogen concentration distribution was obtained, which is widely used to validate the numerical models. Under the effect of ambient wind, the farthest downwind distance and the farthest downwind height of the flammable cloud reached 157.5 m and 63.9 m, respectively. The visible cloud survived for 90 s. In this century, the Health and Safety Laboratory (HSL) carried out large-scale LH2 release experiments [12]. The release rate was 0.07 kg/s from a hole with a diameter of 26.6 mm, and the release direction included horizontal and vertical. The experiment mainly found that once the substrate contacted with liquid hydrogen was cooled enough, the liquid hydrogen pool formed, and solid air appeared.



Considering the flammability and explosiveness of hydrogen, liquid nitrogen and liquid helium are good alternatives to liquid hydrogen, which are often chosen by researchers to carry out cryogenic fluid release experiments. Shu et al. [13] designed a series of liquid helium spilling experiments to reveal the dispersion characteristics of liquid hydrogen in a confined space, and the concentration cloud and the infrared cloud images were captured. Nguyen et al. [14] performed an experiment to spill liquid nitrogen onto unbounded ground to evaluate the influence of the release rate on the evaporation rate. The results show that the greater the release rate, the higher the evaporation rate. In addition, they derived an equation to estimate the evaporation rate of the spreading pool through experimental data. They also conducted an experiment to study the vaporization of the bounded cryogenic liquid pool on concrete ground [15]. The dynamic temperature near the ground surface was measured, and then the boiling of the liquid nitrogen pool was analyzed. Shao et al. [16] performed a liquid nitrogen jet experiment to simulate the leakages of liquid hydrogen and liquid natural gas, and the transient heat flux on the concrete surface was calculated using the transfer function method. Baroudi et al. [17] built a refrigerated experimental setup to study the release behavior of liquid CO2 under shipping conditions. Releases under low-pressure (0.7–0.94 MPa, 223–228 K), medium-pressure (1.34–1.67 MPa, 234–245 K), and high-pressure tests (1.83–2.65 MPa, 249–259 K) were designed and observed. Zhu et al. [18] performed an experiment to release 1.4 tons of liquid methane and obtained the visible clouds during the initial stage, middle stage, and final stage. Based on the experiment, they numerically studied the leakage and diffusion characteristics of liquid methane.



Another popular method to study the evolution of the hydrogen cloud in the atmosphere is numerical simulation [19,20,21], which can rapidly obtain the diffusion characteristics under different environment conditions [22,23], different space types [24,25,26,27], different release states [28,29,30,31], and so on. In terms of theoretical study, Shi et al. [32] analyzed the diffusion characteristics of the hydrogen cloud during a liquid hydrogen leakage accident based on the Gaussian diffusion theory. The results show that the wind velocity helps the diffusion of the hydrogen cloud, and the dilution of the hydrogen cloud can be enhanced under higher wind velocities. Shu et al. [33] employed the jet integral model to calculate the diffusion of the hydrogen cloud that arises from the release of liquid hydrogen under a crossflow field, and the buoyant effect was concluded. They found that increasing the crossflow field velocity can inhibit the vertical diffusion of the hydrogen cloud, thus increasing the flammable region owing to a lower central trajectory of the flammable cloud.



Although numerical simulations and theoretical derivations are efficient means to study the leakage and diffusion characteristics of liquid hydrogen, there are often many assumptions in the models, which make it impossible to reflect the real situation. In addition, the use of liquid nitrogen as a substitute for liquid hydrogen in existing experiments can reduce the safety hazard of the experiments, but the huge difference in physical properties makes it difficult to generalize the experimental results to the leakage–diffusion of liquid hydrogen. Only a few release experiments used liquid hydrogen in large spaces to observe the diffusion characteristics directly. In order to reveal the diffusion mechanism of liquid hydrogen in a large open space and to complement the relative experiments, a series of liquid hydrogen release experiments are carried out outdoors, with the total release volume ranging from 0.5 m3 to 3 m3. Meanwhile, arrays of hydrogen concentration sensors and temperature sensors are set up to monitor and investigate the diffusion of the cryogenic hydrogen clouds formed by the evaporation of liquid hydrogen in an open space, which contributes to the development of safety guidelines, risk assessment protocols, and emergency response strategies.




2. Experiment Introduction


2.1. Experimental Setup


The configuration of the liquid hydrogen release experiment is shown in Figure 1. A tank is suspended on a support frame and can be tilted 135° by a remote traction device (that is, from standing upright with the opening pointing vertically upwards to tilted with the opening sloping downwards at 45°). Liquid hydrogen is released onto the ground from the tank. Two forms of liquid hydrogen release tests were conducted: One where the tank’s flange is opened by a remote traction device and the liquid hydrogen is directly poured out. The other type involves liquid hydrogen leaking from a 50 mm or 100 mm leak hole. The leak hole is located near the edge of the flange, so that when pouring, it can ensure that liquid hydrogen completely flows out.



An array of hydrogen concentration sensors and temperature sensors at heights 2 m, 8 m, 12 m, and 20 m is set up to monitor the distributions of hydrogen concentrations and temperatures in the atmosphere, as shown in Figure 2 and Figure 3. In this paper, the +x direction is specified from N1 to N3, the +y direction is specified as the jet direction, and the +z direction is specified as perpendicular to the ground upwards; the corresponding coordinates are listed in Table 1 and Table 2. The hydrogen concentration sensor and temperature sensor at the same location share the same ID number.



The liquid hydrogen storage tank has an inner diameter of 1600 mm and a height of 2000 mm, with a total volume of 4 m3. Two temperature sensors are arranged on the liquid level indicator rod to accurately determine the liquid hydrogen volume released in each test by adjusting the positions of the temperature sensors, as shown in Figure 4. Another two temperature sensors are installed under the upper flange of the storage tank and will be lifted together with the upper flange when the lid is opened to release the liquid hydrogen. The initial moment of release is taken as the point at which the temperatures of both sensors begin to change.




2.2. Test Conditions and Classification


Table 3 and Table 4 summarize the release conditions and environmental conditions for the first six tests and the second six tests, respectively. It is worth noting that the first six tests are on concrete grounds, while the last six tests are on cobblestone grounds.



The environmental conditions in the above 12 tests are classified to compare specific issues influencing the experimental results. The details are shown in Table 5.





3. Results and Discussion


3.1. Visible Cloud Behaviors during the Release


The images taken in Test 8 are utilized to analyze the visible cloud evolution near the ground and in the environment during and after the liquid hydrogen release.




3.2. Near the Ground


The visible white cloud shown in Figure 5 is formed by the condensation of air’s major components (nitrogen, oxygen, water vapor, et al.) encountering liquid hydrogen and cryogenic gaseous hydrogen; among these air components, water vapor has the highest dew point. In Test 8, the relative humidity of the atmosphere is only 30%, and the partial pressure of water vapor is lower than the pressure at the water triple-phase point (611 Pa), so the water vapor converts directly into ice crystals, and the edge of the visible cloud corresponds to the sublimation temperature of water in the current environment. With the release of liquid hydrogen, white visible clouds formed by air condensation or solidification are rapidly generated and widely spread, and the visible clouds are most obvious near the ground.




3.3. In the Atmosphere


The diffusion of visible clouds in the atmosphere is shown in Figure 6. The extent of the cryogenic hydrogen cloud can be qualitatively inferred from the visible cloud distribution, but the edge of the visible cloud is not necessarily the edge of the flammable cloud. Test 8 is in a windless environment, and it can be observed that the visible clouds mainly diffuse in the jet direction while also appearing in the counter-jet direction, which is due to the hydrogen concentration gradient in the atmosphere that makes the cryogenic hydrogen clouds spontaneously diffuse into the surrounding environment. In addition, as the release continues, the size of the visible cloud gradually reaches a steady state.




3.4. Visible Cloud Behaviors after Terminating the Release


3.4.1. Near the Ground


Figure 7 shows the evolution of the visible clouds near the ground after terminating the release. Visible clouds shrink back toward the release source, and a small pothole formed by liquid hydrogen collisions is observed on the ground. Here, liquid hydrogen may still exist, and white visible clouds can be observed to arise from the pothole even after terminating the release and spread to the surroundings until the temperature in the pothole returns to ambient temperature.




3.4.2. In the Atmosphere


Figure 8 shows the dissipation of the visible cloud in the atmosphere observed from the far field. The size of the visible cloud evolves from “fat” to “thin”, shrinking from the far field to the release source, rather than fading away vertically from the bottom up.





3.5. Effect of Release Conditions


In this section, the diffusions of cryogenic hydrogen clouds under different release hole diameters (Test 7 and Test 8) and different ground materials (Test 6 and Test 7) are studied by analyzing the data from hydrogen concentration sensors and temperature sensors.



3.5.1. Release Hole Diameter


The release hole diameters are 100 mm and 50 mm in Test 7 and Test 8, and it takes 30 s and 60 s for Test 7 and Test 8 to release both 2.5 m3 of liquid hydrogen. The average jet velocity of liquid hydrogen can be calculated by Equation (1):


  v =   4 q   π  d 2  t    



(1)




where v is the jet velocity of liquid hydrogen, q is the total volume of the released liquid hydrogen, d is the hole diameter, and t is the release duration. Therefore, the liquid hydrogen jet velocity in Test 8 is greater than that in Test 7; the diffusion of liquid hydrogen and cryogenic hydrogen clouds is expected to show different behaviors in these two tests. For Test 7, the liquid hydrogen jet velocity is smaller, but the released volume of liquid hydrogen per unit time is larger, so the liquid hydrogen released in Test 7 tends to accumulate on the ground more often compared to Test 8. The sensors that monitored significant hydrogen concentration fluctuations in both tests are N28 and N29 at a height of 2 m and N13 at a height of 8 m, as shown in Figure 9a,b.



The hydrogen concentration fluctuations at sensors N28 and N29 in Test 7 and Test 8 are compared in Figure 10 and Figure 11. Unsurprisingly, the near-source sensors N28 and N29 always monitor the hydrogen concentration fluctuations earlier in Test 8 due to the higher jet velocity. However, when it comes to the far-field sensor N13, the hydrogen concentration fluctuations are monitored in Test 7 about 13 s earlier than in Test 8, as presented in Figure 12.



In Test 7 and Test 8, the liquid hydrogen pools are almost confined within the cobblestone cover due to the high flow resistance, so the fluctuation in hydrogen concentration at the far-field sensor should be more dependent on spontaneous hydrogen diffusion. As previously mentioned, the liquid hydrogen jet in Test 7 tends to accumulate more on the ground, the near-source concentration of the cryogenic hydrogen cloud is higher, and the temperature difference between the cryogenic hydrogen cloud and the atmosphere is larger, as shown in Figure 13, and therefore the spontaneous hydrogen diffusion will be enhanced, which leads to an earlier monitoring of hydrogen concentration fluctuations in the far-field sensors. In addition, for sensor 13 in Test 7, the temperature here starts to decrease significantly at 5 s, and accordingly, the hydrogen concentration starts to increase dramatically at this point. Similarly in Test 8, at about 18 s, the temperature at sensor 13 begins to decrease and the concentration of hydrogen begins to increase. The results indicate a correlation between hydrogen concentration and temperature fluctuations.




3.5.2. Ground Material


The ground material in Test 6 is concrete, while in Test 7, it is cobblestone; all other release and ambient conditions are the same, and the level of wind velocity is no wind (0–0.3 m/s). In Figure 14, it can be observed that the visible cloud is slightly shifted to the right in Test 6 while slightly shifted to the left in Test 7, which could come from a minimal influence of slight ambient wind. Meanwhile, in Test 6, the sensors that monitored significant hydrogen concentration fluctuations are located on the right side of the jet direction (N3, N8, N16), whereas in Test 7, they are located on the left side (N1, N12, N14), as shown in Figure 15. In other words, the sensors that monitored the hydrogen concentration fluctuations in the two tests are symmetric about the y-axis. Therefore, we consider these symmetrical sensors in the same location. The hydrogen concentration fluctuations at these locations in the two tests are investigated to evaluate the effect of the ground material (concrete or cobblestone) on the diffusion behaviors of the liquid hydrogen and cryogenic hydrogen clouds, as shown in Figure 16, Figure 17 and Figure 18. The blue curve corresponds to Test 6 (concrete ground), and the red curve corresponds to Test 7 (cobblestone ground).



It can be seen that the sensors in Test 6 all detect the rapid increase stage of the hydrogen concentration much earlier, although the maximum hydrogen concentration is smaller than that in Test 7. It can be inferred that due to the higher resistance to flow on the cobblestone ground in Test 7, the flow of liquid hydrogen is much slower, resulting in a lag in the rapid rise stage of the hydrogen concentration at the sensors. In addition, the farther away the sensors are from the release source, the more significant the lag effect becomes; N8 lags by about 3.0 s compared to N12, N3 lags by about 7.5 s compared to N1, and N16 lags by about 8.3 s compared to N14. On the other hand, the pools of liquid hydrogen on the cobblestone ground tend to accumulate in the near-source regions, thus resulting in a more concentrated cloud of high-concentration hydrogen in Test 7. For example, the maximum hydrogen concentration at N8 in Test 6 is about 25%, whereas at N12 in Test 7, it can be as high as 75%, and the duration of the high-concentration hydrogen cloud at N12 is about 15 s, which is twice as long as the duration at N8. From Figure 17 and Figure 18, it can be seen that the maximum hydrogen concentrations at the sensors with the same x and y coordinates but with a higher height in both tests are lower than those at lower heights, indicating that the higher the height, the higher the dilution of hydrogen clouds.






4. Conclusions


In this paper, large-scale liquid hydrogen release experiments were conducted under various release conditions and materials of the ground, and the main conclusions obtained through result analysis can be summarized as follows.



	(1)

	
With the release of liquid hydrogen, white visible clouds formed by the condensation or solidification of air’s major components are rapidly generated and widely spread, and the visible clouds are most obvious near the ground. With the end of liquid hydrogen release, solid air is deposited on the ground and the visible cloud gradually shrinks from the far field to the release source.




	(2)

	
Hydrogen concentration fluctuations in the far field in the case of the cobblestone ground are more dependent on spontaneous diffusion by a hydrogen concentration gradient. With a larger diameter of the release hole, liquid hydrogen tends to accumulate on the ground, the heat exchange with the ground deteriorates, the temperature of the hydrogen cloud decreases, convection in the atmosphere becomes more pronounced, and fluctuations in hydrogen concentration in the far field are monitored earlier.




	(3)

	
Compared with the concrete ground, the cobblestone ground has greater resistance to the extension of liquid hydrogen, and the hydrogen cloud diffusion to the far field lags. The rapid increase stage of the hydrogen concentration at N8 in Test 7 lags about 3.0 s behind N12 in Test 6, N3 lags about 7.5 s behind N1, and N16 lags about 8.3 s behind N14. The near-source space is prone to high-concentration hydrogen clouds. The duration of the high-concentration hydrogen cloud at N12 is about 15 s, which is twice as long as the duration at N8 and thus increases the safety risk of the near-source space.
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Figure 1. The configurations of the liquid hydrogen release experiment. 
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Figure 2. The distributions of the hydrogen concentration sensors at heights 8 m and 12 m. 
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Figure 3. The distributions of the hydrogen concentration sensors at heights 2 m and 20 m. 
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Figure 4. The liquid hydrogen tank with a level indicator rod. 






Figure 4. The liquid hydrogen tank with a level indicator rod.



[image: Applsci 14 03645 g004]







[image: Applsci 14 03645 g005] 





Figure 5. The visible cloud behaviors during the release near the ground in Test 8. 
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Figure 6. The visible cloud behaviors during the release in the atmosphere in Test 8. 
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Figure 7. The visible cloud behaviors after terminating the release near the ground in Test 8. 
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Figure 8. The visible cloud behaviors after terminating the release in the atmosphere in Test 8. 
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Figure 9. The sensors acquired hydrogen concentration fluctuations at heights 2 m and 8 m. 






Figure 9. The sensors acquired hydrogen concentration fluctuations at heights 2 m and 8 m.



[image: Applsci 14 03645 g009]







[image: Applsci 14 03645 g010] 





Figure 10. Comparison of hydrogen concentration fluctuations at sensor N28. 
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Figure 11. Comparison of hydrogen concentration fluctuations at sensor N29. 
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Figure 12. Comparison of hydrogen concentration fluctuations at sensor N13. 
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Figure 13. Comparison of temperature fluctuations at sensor T13. 
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Figure 14. The liquid hydrogen releases in Test 6 and Test 7. 
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Figure 15. The sensors acquired hydrogen concentration fluctuations at heights 8 m and 12 m. 
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Figure 16. Comparison of hydrogen concentration fluctuations at sensors N8 (Test 6) and N12 (Test 7). 
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Figure 17. Comparison of hydrogen concentration fluctuations at sensors N3 (Test 6) and N1 (Test 7). 
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Figure 18. Comparison of hydrogen concentration fluctuations at sensors N16 (Test 6) and N14 (Test 7). 
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Table 1. The coordinates of sensors (except sensors N21/T21, N27/T27, N28/T28, and N29/T29).






Table 1. The coordinates of sensors (except sensors N21/T21, N27/T27, N28/T28, and N29/T29).





	Sensor ID
	x (m)
	y (m)
	z (m)
	Sensor ID
	x (m)
	y (m)
	z (m)
	Sensor ID
	x (m)
	y (m)
	z (m)





	N1/T1
	−15
	0
	8
	N11/T11
	5
	−5
	8
	N21/T21
	-
	-
	-



	N2/T2
	0
	−15
	8
	N12/T12
	−5
	5
	8
	N22/T22
	10
	10
	12



	N3/T3
	15
	0
	8
	N13/T13
	−10
	10
	8
	N23/T23
	−10
	10
	12



	N4/T4
	0
	15
	8
	N14/T14
	−15
	0
	12
	N24/T24
	−5
	5
	12



	N5/T5
	−10
	−10
	8
	N15/T15
	0
	−15
	12
	N25/T25
	5
	−5
	12



	N6/T6
	−5
	−5
	8
	N16/T16
	15
	0
	12
	N26/T26
	10
	−10
	12



	N7/T7
	0
	0
	8
	N17/T17
	0
	15
	12
	N27/T27
	-
	-
	-



	N8/T8
	5
	5
	8
	N18/T18
	−10
	−10
	12
	N28/T28
	-
	-
	-



	N9/T9
	10
	10
	8
	N19/T19
	−5
	−5
	12
	N29/T29
	-
	-
	-



	N10/T10
	10
	−10
	8
	N20/T20
	0
	0
	12
	N30/T30
	5
	5
	12










 





Table 2. The coordinates of sensors N21/T21, N27/T27, N28/T28, and N29/T29.






Table 2. The coordinates of sensors N21/T21, N27/T27, N28/T28, and N29/T29.





	
Sensor ID

	
Tests 1–6

	
Tests 7–10

	
Tests 11–12




	
x (m)

	
y (m)

	
z (m)

	
x (m)

	
y (m)

	
z (m)

	
x (m)

	
y (m)

	
z (m)






	
N21/T21

	
0

	
15

	
20

	
4

	
−0.7

	
2

	
2

	
0

	
2




	
N27/T27

	
−15

	
0

	
20

	
4

	
3.7

	
2

	
2

	
3

	
2




	
N28/T28

	
0

	
−15

	
20

	
−4

	
3.7

	
2

	
−2

	
3

	
2




	
N29/T29

	
15

	
0

	
20

	
−4

	
−0.7

	
2

	
−2

	
0

	
2











 





Table 3. The release conditions of liquid hydrogen of the first 6 tests.
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	Test ID
	1
	2
	3
	4
	5
	6





	Release volume (m3)
	0.5
	3
	3
	2
	3
	2.5



	Release duration (s)
	-
	-
	-
	-
	4
	40



	Ambient temperature (K)
	281.13
	293.36
	309.15
	309.78
	291.73
	282.54



	Relative humidity (%)
	26.02
	32.24
	32.23
	33.96
	28.83
	39.76



	Wind velocity (m/s)
	0.72
	3
	0.45
	0.68
	0.13
	0.3



	Wind direction to release axis (°)
	-
	-
	-
	-
	270
	45



	Release method
	Pouring
	Pouring
	Pouring
	Pouring
	Pouring
	100 mm hole










 





Table 4. Release conditions of liquid hydrogen of the last 6 tests.






Table 4. Release conditions of liquid hydrogen of the last 6 tests.





	Test ID
	7
	8
	9
	10
	11
	12





	Release volume (m3)
	2.5
	2.5
	1.5
	3
	3
	0.5



	Release duration (s)
	30
	48
	25
	4
	5
	20



	Ambient temperature (K)
	277.76
	279.17
	283.06
	282.05
	307.82
	307.67



	Relative humidity (%)
	27.63
	29.21
	27.46
	46.11
	79.55
	67.13



	Wind velocity (m/s)
	0.04
	0.05
	0.61
	0.11
	0.01
	0.15



	Wind direction to release axis (°)
	135
	135
	90
	270
	270
	0



	Release method
	100 mm hole
	50 mm hole
	50 mm hole
	Pouring
	Pouring
	50 mm hole










 





Table 5. Meteorological conditions’ classification for liquid hydrogen tests.






Table 5. Meteorological conditions’ classification for liquid hydrogen tests.





	Ambient Temperature (°C)
	Level
	Relative Humidity (%)
	Level
	Wind Velocity (m/s)
	Level





	0–20
	cold
	0–40
	dry
	0–0.3
	No wind



	20–30
	warm
	40–60
	moist
	0.3–2.5
	Gentle wind



	30–40
	hot
	60–100
	humid
	Above 2.5
	High wind
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