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[bookmark: _Hlk495475023]Hydrogen can play a central role in the energy transition thanks to its unique properties. However, its low density is one of the main drawbacks. The liquefaction process can drastically increase its density up to virtually 71 kg m-3 at atmospheric pressure and -253°C (NIST, 2019). The safety knowledge gap on physical explosions is still broad in the case of liquid hydrogen (LH2). For instance, it is unclear what are the consequences yields as well as the probabilities of a catastrophic rupture of an LH2 tank. A boiling liquid expanding vapour explosion (BLEVE) might arise after this top event. In this case, the expansion of the compressed gaseous phase is followed by the flashing of a fraction of the liquid. Moreover, combustion may occur for hydrogen since it is highly flammable. This complex phenomenon was not widely explored for LH2 yet.
This study focused on the physical explosion by also considering the combustion process. Many integral models were adopted to estimate the mechanical energy developed by the explosion. The tank pressure prior to the rupture was considered below the critical one (1.298 MPa (NIST, 2019)). It was assumed that both liquid and gaseous phases are present inside the tank. The influences of the filling degree of the tank (liquid level) and the temperatures of the liquid and gaseous phases on the explosion energy were analysed. The results were compared with the ones of a previous study where similar models were employed to estimate the mechanical energy of an LH2 tank with different initial conditions (Ustolin et al., 2020a). In particular, the effect of the combustion process on the explosion energy and shock wave overpressure was not accounted for. The aim of this study is to conduct a comparison between different models and assess which are the most and the least conservative. The outcomes of this work provide critical suggestions on the consequence analysis of cryogenic liquefied gas vessels explosions.
Introduction
Considerable quantities of hydrogen are foreseen to be consumed in many applications if hydrogen technologies will be deployed on a large scale. The employment of liquid hydrogen (LH2) is predicted for mobile applications in the maritime and aviation sectors (DNV, 2021). LH2 can broadly increase the low hydrogen density. Emerging risks must be avoided when hydrogen is employed in new applications. One of the worst-case scenarios might be the catastrophic rupture of the LH2 vessel. From this critical event, a physical explosion called boiling liquid expanding vapour explosion (BLEVE) might arise. A thorough description of this phenomenon for LH2 tanks can be found in (Ustolin et al., 2020a) where it was attempted to simulate its consequences (shock wave, missiles, and fireball) by means of integral and empirical models. In that study, an underestimation of the BLEVE shock wave overpressure was found when comparing the simulated results with the experimental data. Therefore, it was speculated that the sudden combustion of hydrogen might influence the blast wave overpressure. This hypothesis was also proposed by Molkov and Kashkarov (2015) who modelled the shock wave created after the rupture of compressed gaseous hydrogen vessels by considering the combustion process. Hence, the aim of this study was to investigate how hydrogen combustion affects the energy generated by the explosion and the blast wave overpressure.
Methodology
The mechanical energy generated by the explosion which may occur after the catastrophic rupture of liquefied gas vessels was assessed by means of integral models. The focus was placed on cryogenic vessels containing LH2. However, the same models were already applied to different substances such as methane and propane (Ustolin et al., 2020b). Both ideal and real gas behaviour models were employed in this analysis to estimate the abovementioned mechanical energy. The considered ideal gas behaviour models were developed by the following authors: Brode (1959); Smith and Van Ness (1996); Crowl (1992, 1991), thermodynamic availability (TA) model; Prugh (1991); while the selected real gas behaviour models were proposed by: van den Bosch and Weterings (2005), TNO model; Planas-Cuchi et al. (2004); Genova et al. (2008); Birk et al. (2007).
These models were already applied to LH2 vessels by Ustolin et al. (2020a), and a description of the equations of the models can be found there. In this work, the superheating energy model (Casal and Salla, 2006) was not considered because it is usually employed to directly estimate the overpressure of the blast wave and not the mechanical energy. It was assumed that the hydrogen contained in the vessel was at saturation conditions to obtain the most conservative estimations. The CoolProp package (Bell et al., 2014) was used to retrieve the hydrogen thermodynamic properties.
Barely the fraction of energy that contributes to the shock wave should be considered to determine its overpressure. Hemmatian et al. (2017) suggested that only 40% or 80% of the mechanical energy determined by the ideal gas behaviour models contribute to the blast wave if the tank fracture is ductile or fragile, respectively. However, it was assumed that 100% (α = 1) of this energy transforms to overpressure since underestimations were obtained by Ustolin et al. (2020a) when comparing the simulation outcomes with experimental data. On the other hand, different factors were suggested by the authors of real gas behaviour models. For instance, the TNO and Birk models account for the reflection on the ground of the blast wave, and van den Bosch and Weterings (2005) recommend multiplying the mechanical energy by a factor of 2. The factors to estimate the mechanical energy contribution to the shock wave for the real gas behaviour models are collected in Table 1.
Table 1: Factors (α) to estimate the mechanical energy contribution to the shock wave for the real gas behaviour models
	Model 
	α
	
	Model 
	α

	TNO
	2.00
	
	Planas
	0.40

	Birk
	2.00
	
	Genova
	0.07



As previously mentioned, fireball is one of the BLEVE consequences in the case of flammable substances. Ustolin et al. (2020a) employed the abovementioned models to estimate the mechanical energy generated by the physical explosion (BLEVE) without considering the potential contribution of the combustion. In this study, the chemical energy contribution to the explosion energy is considered by following the methodology proposed by Molkov and Kashkarov (2015). In particular, these authors accounted for the combustion process by adding the chemical energy contribution to the physical one. This method was applied to the explosion of high-pressure gaseous hydrogen tanks explosion and validated with experimental results. The chemical energy contribution (Ech) was estimated with Eq(1):
	 
	(1)


where β is the chemical energy coefficient (0.052 for compressed gaseous hydrogen (Molkov and Kashkarov, 2015)), rsh and rb are the radii of the hemispheres where the turbulent non-premixed combustion occurs and the chemical energy is released and the hemisphere potentially occupied by the combustion products in m, respectively, and LHV stands for lower heating value (119.96 MJ kg-1 for hydrogen (McAllister et al., 2011)). The parameter rb can be calculated with Eq(2):
	 
	(2)


where Vb is the volume of the hemisphere potentially occupied by the complete combustion products of air and hydrogen released from the vessel in m3 estimated with Eq(3):
	 
	(3)


where Vu is the volume of unburned stoichiometric mixture of air with released hydrogen (see Eq(4)), and Ei is the expansion coefficient of combustion products, equal to 6.85 for 30% hydrogen-air mixture (Molkov, 2012).
	 
	(4)


where nH2 and nair are the numbers of moles occupied by hydrogen and air, respectively, while VM is the molar volume, i.e., the volume occupied by one mole of any ideal gas at standard conditions (22.4 × 10-3 m3 mol-1). The number of hydrogen moles which participates in the combustion can be assessed with Eq(5):
	 
	(5)


[bookmark: _Hlk91689896]where mH2 is the mass of hydrogen which is burnt when released (equal to the hydrogen mass content) in kg, and MH2 is the hydrogen molar mass (2.016 × 10-3 kg mol-1 (NIST, 2019)). On the other hand, the number of air moles, nair, is estimated with Eq(6):
	 
	(6)


where 2.38 are the moles of air required to burn one hydrogen mole in stoichiometric conditions (Molkov and Kashkarov, 2015). Therefore, the chemical energy contribution (Ech) is summed to the mechanical energy (Eme) as indicated in Eq(7), to calculate the total energy (ETOT) generated by the explosion.
	 
	(7)


The overpressure of the blast wave was then assessed by using the TNT equivalent mass method as explained by Ustolin et al. (2020a). The mechanical energy employed to assess the shock wave overpressure was the one estimated with the TNO model since it was demonstrated to be the most conservative method.
BMW safety tests
The BMW bursting tank scenario tests described in (Pehr, 1996) were selected as a case study. During the tests, ten single walled LH2 vessels insulated with a layer of foam were destroyed by means of explosive charges at different initial conditions. In particular, the internal pressure were varied in the range of 2 – 15 bar and the measured LH2 mass was 1.8 – 5.4 kg (Pehr, 1996). A thorough description of the BMW experiments and their uncertainties can be found in (Ustolin et al., 2020a) where these tests were simulated by neglecting the contribution of the combustion process to the explosion energy. As a result of that analysis, an underestimation of the blast wave overpressure was obtained by employing the models previously described. In this study, the tests in which the hydrogen temperature and pressure prior to the explosion were below the critical point (8 out of 9 tests) were considered in order to employ also the models which account for the liquid phase.
Results
The total energy (mechanical + chemical) generated by the BLEVE explosion estimated with the different ideal and gas behaviour models (described in Sec. 2) is depicted in Figure 1.
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Figure 1: Total energy (mechanical + chemical) which contributes to the pressure wave generation estimated with the ideal and real gas behaviour models when the tank is filled with (a) 1.8 and (b) 5.4 kg of LH2. 
In particular, the total energy was estimated for different initial tank pressures and LH2 amounts. In fact, the tank was considered filled with 1.8 kg (Figure 1a) and 5.4 kg (Figure 1b) of LH2 which were respectively the minimum and maximum masses measured during the BMW experiments. It can be noticed that the TNO model is the most conservative one as already noticed by Ustolin et al. (2020a). As expected, the maximum value of energy (2.06 MJ) was estimated by this model when the tank has an initial pressure of 11 bar and is filled with 5.4 kg of LH2. The maximum value of mechanical energy estimated by the same model by neglecting the combustion process was one order of magnitude lower (0.35 MJ) (Ustolin et al., 2020a). On the other hand, the Planas and Genova models seem to be the least conservative. Curiously, the Birk method is highly affected by the LH2 amount before the explosion since it considers only the compressed gaseous phase contribution. This is demonstrated by observing that this model becomes the least conservative when the LH2 mass contained by the tank increases 
The blast wave overpressures provoked by different initial tank pressures at 3 m from the tank centre are shown in Figure 2a, while the overpressure trend for an initial pressure of 11 bar at different distances from the tank is depicted in Figure 2b. The overpressures were estimated by employing the total energy calculated by means of the TNO model when the tank is holding 1.8 and 5.4 kg of LH2 (solid and dashed curves, respectively). The LH2 amount contained in the vessel has virtually no influence on the simulated overpressure. Furthermore, the slight difference caused by the different LH2 masses in the near field (3 m) already disappears at 8 m. The values of overpressure measured during the BMW tests are also reported in the charts of Figure 2 (red circles) as a comparison. A good agreement was found between the prediction obtained by the TNO model and the maximum shock wave overpressure (470 mbar) measured in one of the BMW tests where the rupture pressure was equal to 11 bar. Instead, an overprediction was attained if the simulated values are compared against the other BMW tests. 
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Figure 2: (a) overpressure of the blast wave calculated through the TNO model at 3 m from the tank centre for different initial tank pressures, and (b) at different distances when the initial tank pressure is 11 bar.
In Table 2, the comparison between the highest blast wave overpressures measured during the BMW experiments at different rupture pressures and the simulated ones with and without considering the combustion process is reported. From this comparison, it can be observed that when only the physical explosion was considered, the overpressure had been underestimated with the exception of the tests where the LH2 tanks were wrecked at 4 bar.
Table 2: Comparison between the maximum blast wave overpressures measured during the BMW experiments and the simulated ones with and without considering the combustion process
	
	Overpressure (mbar)

	Rupture pressure
(bar)
	BMW test
	Without combustion
(Ustolin et al., 2020a)
	With combustion (this study)

	2
	167
	118
	365

	4
	110
	194
	388

	11
	470
	362
	461


Discussion
As already noticed by Ustolin et al. (2020a), the LH2 mass has not a large influence on the mechanical energy and the blast wave overpressure. Contrarily, the initial tank pressure affects the most yield of the explosion. This was observed also in this study where the chemical energy contribution was considered. The combustion process has a large influence on the estimation of the energy generated by the explosion, thus on the overpressure of the shock wave. The total energy is one order of magnitude larger than the mechanical energy if a small fraction of the chemical energy released during the hydrogen combustion is considered to contribute to the blast wave. In this study, it was assumed that 5.2 % of this energy contributes to the shock wave as proposed by Molkov and Kashkarov (2015) for compressed gaseous hydrogen tanks explosions. A good agreement was obtained only with one of the BMW tests while a broad overprediction was attained when compared against the other overpressure measurements. It might be speculated that the combustion effect superimposed onto the physical explosion only in the test where the overpressure was the highest, as suggested by Pehr (1996). However, the chemical energy coefficient may be tuned to include the non-idealities due to extremely low temperatures and to consider the non-infinitely fast reactions that occur, only when additional experimental data will be available for LH2 tanks. In this sense, a comparison of the characteristic time of each phenomenon potentially involved in the analysed scenario can be essential for the determination of the energy and overpressure generated by an accidental release of LH2.
In this study, the TNT equivalent mass method, which is usually extremely conservative in the near field, was employed. As previously mentioned, the shock wave was measured at 3 m from the tank centre which should be already in the far-field for the size of the tested tanks (0.120 m3 (Pehr, 1996)). Therefore, the TNT method should not have provided high conservative overpressure estimations. Nevertheless, a comparison with other methods, such as the Sachs scaling law (Sachs, 1944) or the one suggested by Baker et al. (1983), should be conducted in future studies.
Since hydrogen has a low critical pressure compared with other gases, the explosion of the tank at supercritical conditions should be further investigated. This might be a possible scenario when the tank is exposed to an external fire and not wrecked by explosives as during the BMW tests. In any case, the combustion process should be accounted for due to the presence of an ignition source. Ustolin et al. (2020a), who considered supercritical BLEVEs, assumed that the entire tank content was in supercritical conditions, hence it was not possible to distinguish the liquid and gaseous phases. However, the liquid phase could exist even though the pressure is higher than the critical one thanks to the super insulation of the LH2 double-walled tank and the high LH2 specific heat capacity. In this case, the requisite for the liquid phase to exist is to have a temperature lower than the critical one. The effect of the liquid in supercritical conditions on the explosion yield should be investigated in future studies. Eventually, the contribution to the overall energy budget of the significantly endothermic conversion from para-hydrogen to ortho-hydrogen should be analysed. As described by Salzano et al. (2020), the neglection of this phenomenon on the characterization of scenarios involving LH2 might lead to a non-conservative result.
Conclusions
An analysis of the energy generated by a BLEVE caused after the complete rupture of the LH2 vessels was carried out in this study. The contribution of the combustion process to the explosion energy and the shock wave overpressure was considered since previous studies obtained an underestimation by accounting only for the mechanical energy. A good agreement between the simulation and the experimental outcomes was achieved by the most conservative model (TNO). The most relevant hypotheses were analysed to identify possible phenomena causing the observed discrepancies. Further studies on the modelling of the BLEVE phenomenon for LH2 were suggested as well as additional tests on the LH2 tank explosions.
Nomenclature

Ech – chemical energy, MJ

Ei – combustion products expansion coefficient, -
LHV – lower heating value, MJ
MH2 – hydrogen molar mass, kg mol-1
Vb – combustion products hemisphere volume, m3
VM – molar volume, m3
Vu – H2-air mixture hemisphere volume, m3
mH2 – hydrogen mass, kg
nair – number of air moles, -
nH2 – number of hydrogen moles, -
rb – combustion products hemisphere radius, m
rsh – shock wave radius, m
α – mech energy coefficient, -
β – chemical energy coefficient, -
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