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Liquid hydrogen (LH2) may be employed to transport large quantities of pure hydrogen or be stored onboard of
ships, airplanes and trains fuelled by hydrogen, thanks to its high density compared to gaseous compressed
hydrogen. LH2 is a cryogenic fluid with an extremely low boiling point (-253°C at atmospheric pressure) that
must be stored in double-walled vacuum insulated tanks to limit the boil-off formation. There is limited knowledge
on the consequences of LH2 tanks catastrophic rupture. In fact, the yield of the consequences of an LH2 tank
explosion (pressure wave, fragments and fireball) depend on many parameters such as tank dimension, filling
degree, and tank internal conditions (temperature and pressure) prior the rupture. Only two accidents provoked
by the rupture of an LH2 tank occurred in the past and a couple of experimental campaigns focussed on this
type of accident scenario were carried out for LH2.

The aim of this study is to analyse one of the LH2 tank explosion consequences namely the fragments. The
longest horizontal and vertical ranges of the fragments thrown away from the blast wave are estimated together
with the spatial distribution around the tank. Theoretical models are adopted in this work and validated with the
experimental results. The proposed models can aid the risk analysis of LH2 storage technologies and provide
critical insights to plan a prevention and mitigation strategy and improve the safety of hydrogen applications.

1. Introduction

Incorporating hydrogen as a key player in the shift towards a decarbonized energy landscape requires storing
significant amounts of hydrogen. This can be challenging due to its low density at ambient conditions. Liquid
hydrogen at cryogenic temperature (-253 °C) is a promising solution for efficiently storing hydrogen, but it
requires double-walled vacuum-insulated tanks to ensure proper thermal insulation and prevent boil-off gas
formation. Aside from requiring specific storage conditions, hydrogen also has properties that require caution,
including the wide flammability range in air of 4 — 75 %vol (Nicoletti et al., 2015) and the low minimum ignition
energy of 0.017 mJ (Nicoletti et al., 2015). Therefore, the willingness to expand the range of hydrogen
applications requires a thorough investigation of safety aspects.

Accident scenarios that may occur include the catastrophic rupture of the LH2 vessel, which could result in a
Boiling Liquid Expanding Vapor Explosion (BLEVE), a physical explosion considered as an atypical accident
scenario, which is a scenario that falls outside of the typical range of unwanted or worst-case events, and is
therefore not considered credible by standard risk assessment processes (Paltrinieri et al., 2012). BLEVE can
be defined as “the explosion of a vessel containing a liquid (or liquid plus vapor) at a temperature significantly
above its boiling point at atmospheric pressure” (Hemmatian et al., 2016). This phenomenon has been
extensively studied and described by Ustolin et al. (2020, 2022) including attempts to simulate its potential
consequences, which are shock wave, fireball and fragments. The projection of the latter can lead to both human
injury and property damage and can mostly cause an escalation of the accident (domino effect), as shown by
Tugnoli et al. (2022). For this reason, predicting the trajectory and maximum range of fragments is critical, as it
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would allow safety measures to be taken to prevent or mitigate the effects of this phenomenon. Several models
have been proposed to predict how many debris might be generated after the catastrophic rupture of the tank,
how far they may travel, and how they might be distributed in space. However, according to the authors’
knowledge, the only fragment analysis for liquid hydrogen tank explosions was carried out by Ustolin et al.
(2020). In that study, a preliminary fragment analysis was carried out by simulating the BMW LH2 tank bursting
scenario tests (Pehr, 1996), while in this study the LH2 tank fire tests carried out during the Norwegian project
Safe Hydrogen Fuel Handling and Use for Efficient Implementation (SH2IFT) (van Wingerden et al., 2022) are
analysed for the first time by focussing on the generated fragments. The peculiar properties of hydrogen and
the double-walled tanks structure differ from conventional hydrocarbon technologies and must be taken into
account when carrying out this type of analysis.

This paper should be considered as a starting point for addressing this lack of information. The State of the art
(Section 2) describes models for predicting horizontal distance. However, the focus of this paper is the analysis
of experimental data from the SH2IFT project, which is described in Section 3. As depicted in Methodology
(Section 4), the purpose is to study the distribution of fragments in the area around the vessel. Finally, the
Results (Section 5) and Discussion (Section 6) are provided together with some suggestions for further studies
(Section 7).

2. State of the art

The failure of a tank is associated with both the release of its contents and the release of its internal energy.
This latter is converted into mechanical energy, and a significant fraction of it is responsible for damaging shock
waves and high-velocity fragments. The extent of the blast and fragmentation effects is directly tied to the
amount of internal energy available, which is determined by the type of fuel, its mass stored in the tank, and its
thermodynamic properties. To conduct an effective risk assessment, evaluating the severity of the potential
outcomes is essential. In the case of pressure waves, it is necessary to measure the impulse and overpressure,
which is crucial in determining the extent of damage that could occur. In addition to impulse and overpressure,
fragments are another important factor to consider in a risk analysis of an explosion event. Fragments refer to
pieces of debris or shrapnel that can be produced from tank destruction and thrown away by the following
explosion and can cause significant damage and injury to people and property. The size and trajectory of the
fragments are important factors to consider when assessing the potential consequences of a blast wave.
Fragment-related consequences are typically gauged in terms of hazardous distance. For this reason, the
horizontal range travelled by fragments is a crucial parameter to evaluate, and different approaches are
available in the literature. The procedure for assessing this parameter begins with estimating the energy
released by the explosion (step 1); several methods presented by Ustolin et al. (2020) can be used to achieve
this aim. The following step (step 2) is to assess the fraction of mechanical energy that contributes to the
generation and projection of the fragments. Two different values were indicated by Kumar (1996) (40 %) and
Van de Bosch et al. (1997) (4 %). At this point, it is possible to evaluate the initial velocity in m s of the fragment
(step 3) with Eq (1) as in Ustolin et al. (2020):
2:AEqy

vi= T (1)
where 1 is the energy fraction responsible for fragment projection, E,,, is the released energy from the explosion
in J kg* and M, is the mass of the empty vessel in kg. Once the initial velocity has been established, there are
two methods for estimating the flying distance of fragments in an explosion event (step 4). The first method
assumes that air resistance is negligible and only calculates the flying distance considering the gravitational
force. The fragments characteristics are challenging to set a priori, this method focuses on the assumption of
the initial angle, which is typically 5+10 ° for cylindrical vessels horizontally placed and 45 ° if vertically oriented
(Kumar, 1996). Solving the equations of motion leads to determining the flying path of fragments, especially the
horizontal range by means of Eq(2) as shown by Lees (2012):

vZ-sin(2a)
g

R= @
where «a is the initial angle of the fragments and g is the acceleration of gravity (9.81 m s?). Clearly, this method
is useful to describe the overall distance a fragment can reach without giving any specific information.

On the other hand, the second method provides a more accurate prediction of the flying distance, but requires
a more detailed analysis of the fragment and the surrounding environment. Fluid dynamic forces are subdivided
into drag and lift components. The effect of drag and lift will depend both on the shape of the fragment and its
direction of motion with respect to the relative wind. The fluid dynamic force components of drag and lift at any
instant can be expressed with Eq(3) as presented by Lees (2012):
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where 4, is the drag area in m?, 4, is the lift area in m?, C,, is the drag coefficient, C,, is the lift coefficient, Fj, is
the drag force in N, F; is the lift force in N, v; is the velocity of the fragment in m s and p,, is the density of air
in kg m=3. In this case, solving the equations of motion is not trivial, and a graphical method is possible according
to Baker et al. (1983). It requires the evaluation of the initial scaled velocity as Eq(4) as illustrated by Lees
(2012):

_ CpAp*pav?
v, = % (4)
where M, is the mass of the fragment. The corresponding dimensionless range R is read off from the graph

provided by Kumar (1996), and the horizontal range is finally estimated with Eq(5) as shown by Lees (2012):
R-Mg

R= (%)

CpAp'Pa

To use this latter method, it is necessary to assume the mass, shape and dimension of the fragment, as the
parameters relating to the fluid dynamic forces are involved in the calculation. For this reason, it is suggested to
couple this method with the prediction of fragment patterns as in Gubinelli and Cozzani (2009). The steps of the
procedure outlined above are briefly presented in Figure 1.
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Figure 1 — Block diagram showing the procedure to apply models for predicting the horizontal range of
fragments.

3. Case study — SH2IFT LH2 BLEVE test

The experiment performed at the Test Site Technical Safety (TTS) of the Bundesanstalt fur Materialforschung
und —prifung (BAM) institute in Germany as part of the Norwegian project Safe Hydrogen Fuel Handling and
Use for Efficient Implementation (SH2IFT) was selected as a case study (van Wingerden K et al., 2022). This
test campaign aimed to investigate the behaviour of a double-walled storage tank containing liquefied hydrogen
(LH2) engulfed by a propane fire and the consequences of a BLEVE explosion in case of rupture of the LH2
vessel. A total of three LH2 tanks were tested with different types of insulation and orientation (horizontal or
vertical). Only one out of three vessels catastrophically failed to provoke an explosion.

More specifically, an LH2 double-walled vacuum insulated vessel of 1 m® volume oriented horizontal was
exposed to flames generated by the combustion of propane fuelled by burners placed under the tank. In this
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way, the LH2 contained in the tank began to evaporate due to the enhanced heat transfer, causing the internal
pressure of the tank to rise to a value of 50 bar. After 1 hour the vessel failed to generate a fireball, blast waves,
and fragments. The magnitudes of these consequences were measured with dedicated instruments, such as a
blast pencil for the pressure wave, and bolometers for the fireball radiation, and data were collected for the
fragment analysis. Specifically, each fragment's spatial coordinates, weight, and pictures were recorded and
catalogued. These data were exploited for the analysis proposed in this study.

4. Methodology

This section describes the methodology adopted to analyze the fragments generated after the catastrophic
rupture of a double-walled tank containing a cryogenic liquefied gas and thrown away by the consequent
explosion. The first step for a proper fragment investigation is analyzing experimental data collected during the
experiments to examine the shape and number of fragments, then to showcase the scattering of fragments in
the area surrounding the tank. The weight of each piece is also considered. As mentioned in Section 3, the data
collected by the experiment for each fragment are:

e Spatial coordinates (X,y)

e Mass

e Pictures.
From these, a distribution graph is generated to allow for immediate visualization of the scale of fragments
produced by the explosion, both in terms of quantity and weight. It also reveals any possible preferential
directions or areas for fragment projection. Overall, it is essential to note that a light fragment should not be
compared to a fragment with a much greater mass, as the impact consequences for people or equipment would
be vastly different. Therefore, in this stage of the analysis only the main fragments, which weigh more than 60
kg, are counted.

5. Results

The LH2 vessel broke into 53 fragments with different masses, however the number of main and heaviest
fragments (m > 60 kg) was six.
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Figure 2 — Distribution of main fragments (m > 60 kg).The size of the bubbles is related to the mass (red label)
of each fragment of the tank (blue bubbles for the outer vessel and red bubbles for the inner vessel).
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The outer vessel failed to generate four pieces: two end caps (72 kg and 76 kg) and two parts of the shell; one
part remained attached to the tank support, resulting in a very heavy fragment (261 kg). The inner vessel broke
into two pieces: one end cap (61 kg) and the shell opened like a plate and attached to the other end cap (124
kg). The fragment that flew furthest was one of the two end caps of the outer vessel that reached 167 m. The
others spread out in the space around the vessel covering varying distances. Figure 2 shows the distribution of
the main fragments in the blast area. The size of the bubbles is related to the mass of each fragment, which is
labeled in red. Two different colors were used to distinguish between the two vessels: red bubbles indicate the
pieces of the inner tank, while blue bubbles indicate the ones of the outer tank. The origin of the graph
corresponds to the center of the initial location of the tank. The x-axis is oriented as the longitudinal axis of the
tank, while the y-axis is the transversal one. The explosion videos clearly show that the end cap of the inner
tank (61 kg) collided with the protective wall of the propane tank, and then rebounded toward the original position
of the LH2 tank. It is uncertain how far the fragment would have traveled without this barrier, but it would likely
have gone further.

6. Discussion

As expected, the outer and inner shells of the double-walled LH2 tanks showed a very different behavior to the
explosion. Firstly, the shells were ruptured into a different number of fragments, four pieces for the outer vessel
and two parts for the internal tank. Secondly, the outer shell pieces traveled larger distances than the inner
ones. The furthest fragments found were the end cap of the external tank (72 kg) and the lightest piece of its
shell (65 kg). On the other hand, the two parts of the inner tank were found very close to the point of the
explosion. This might suggest that the force of the explosion was not uniform, and some parts were affected
more than others. Further investigation would be required to determine the reasons for the differential
distribution of fragments. Moreover, the tendency of end caps to spread along the direction parallel to the
longitudinal axis of the vessel is higher than that of shell fragments as shown in Figure 2. This result is consistent
with what was expected according to Tugnoli et al. (2014).

Experimental data analysis regarding fragments was conducted for the first time for the selected case study.
The next step should be to apply the models described in Section 2 for predicting horizontal distance and
validate them with the experimental outcome. Clearly, to suggest potential modifications or adjustments, new
data and experiments will be necessary to validate the models, as there is not enough data on double-walled
tanks in the literature. Small-scale tests are recommended due to the cost-critical nature of these experiments.

7. Conclusion

An analysis of experimental data on the fragments generated by a BLEVE caused by the complete rupture of a
double-walled LH2 vessel was carried out in this study. The experimental data provided by the Norwegian
project Safe Hydrogen Fuel Handling and Use for Efficient Implementation (SH2IFT) were processed to analyze
the distribution of the fragments in the space surrounding the original position of the vessel. During that
experiment a double-walled vacuum insulated vessel engulfed by a propane fire failed leading to a fireball, a
pressure wave and fragments projection. Six heavier fragments were detected, four from the outer tank and two
from the inner tank. The fragments of the outer sell were found further away than the inner one, which, on the
other hand, remained much closer to the original vessel position. The maximum measured distance was 167 m
from the initial tank position. Additional studies such as modelling fragment distribution with conventional models
and their validation with experimental data were suggested. The ability to predict the behavior of tank fragments
after a failure is valuable for the domino effect handling part of the risk analysis.

Nomenclature

vi — initial velocity, m-s* AL — lift area, m?

A\ — energy fraction to fragments projection, - Ap — drag area, m?

Eav — energy available after the explosion, J FL — lift force, N

Mv — mass of the empty tank, kg Fo — drag force, N

R — horizontal range of fragment, m pa — density of air, kg-m-3

a — initial angle of fragment, ° R — dimensionless range, -

g — acceleration of gravity, m-s? 7, — dimensionless initial velocity, -
C. — lift coefficient, - Mt — mass of fragment, kg

Cpb — drag coefficient, -
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