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Hydrogen is one of the most suitable candidates in replacing heavy hydrocarbons. Liquefaction of fuels is one
of the most effective processes to increase their low density. This is critical especially in large-scale or mobile
applications such as in the maritime or aeronautical fields. A potential loss of integrity of the cryogenic storage
equipment might lead to severe consequences due to the properties of these substances (e.g. high
flammability). For this reason, this critical event must be avoided. The aim of this study is to analyse the
behaviour of the cryogenic vessel and its lading when it is exposed to a fire and understand how to prevent a
catastrophic rupture of the tank during this accident scenario.

A two-dimensional computational fluid dynamic (CFD) analysis is carried out on a cryogenic liquid hydrogen
(LH2) vessel to investigate its thermal response when engulfed in a fire. The model accounts for the evaporation
and condensation of the substance and can predict the tank pressurization rate and temperature distribution. It
is assumed that the vessel is completely engulfed in the fire (worst-case scenario). The CFD model is validated
with the outcomes of a small-scale fire test of an LH2 tank. Critical indications on the dynamic response of the
cryogenic tank involved in a worst-case accident scenario are provided. Tank pressurisation and temperature
distributions of the case study can be exploited to provide conservative estimations of the time to failure (TTF)
of the vessel. These outcomes represent useful information to support the emergency response to this type of
accident scenario and can aid the selection of appropriate and effective safety barriers to prevent the complete
destruction of the tank.

1. Introduction

In the near future, the consumption of low- or zero-emission fuels might increase to reduce the environmental
pollution, greenhouse gas emission and related issues such as global warming. Hydrogen is a zero-emission
fuel if used in fuel cells, and it is potentially renewable if produced from water. Liquid hydrogen (LH2) is one of
the best options to store large amounts of hydrogen and tackle its low-density issue. LH2 is stored close to
atmospheric pressure in cryogenic conditions (20 K (NIST, 2019)) in double walled super insulated vessels.
Gaseous hydrogen (GH) is always present in any LH2 storage component due to the boil-off gas (BOG)
formation caused by the heat losses with the surroundings. Therefore, the hazards related to GH2 must be
always considered when LH:z is employed, beyond the cryogenic hazard represented by its ultra-low boiling
point. Hydrogen is known to be extremely flammable and difficult to detect. For these reasons, a loss of
containment (LOC) must be avoided. Beyond the fire that might result after the LOC of hydrogen equipment, a
boiling liquid expanding vapour explosion (BLEVE) may be generated after the catastrophic rupture of a vessel
containing a liquefied gas. BLEVE is an atypical accident scenario since it is not always considered as direct
consequence of a complete destruction of the tank (Ustolin et al., 2020a). This phenomenon and all types of
emerging risks must be prevented when hydrogen is deployed for new applications such as the maritime ones.
In the past, few works analysed the atypical accident scenarios for LH2 vessels. For instance, Scarponi et al.
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(2016) and Ustolin et al. (2021) developed a lumped model to estimate the pressure build-up inside the liquefied
natural gas (LNG) and LH2 tanks when exposed to a fire, respectively, while the consequences of an LH2 were
assessed in (Ustolin et al., 2020a) and the ones of methane and propane tanks in (Ustolin et al., 2020b).

This study focused on the modelling of an LH2 tank exposed to a fire. The behaviour of the tank lading was
investigated thanks to a CFD analysis. In particular, the tank pressure build-up and the temperature increase
were simulated as well as the hydrogen evaporation-condensation. The CFD model developed in this study was
then validated with an LH2 tank fire test published by Pehr (1996). The aim of this paper is to provide a tool to
characterize LH2 tank behaviour under fire exposure so that measure can be put in place to prevent LOC. For
instance, the CFD model can be employed to estimate the time to failure (TTF) of the LH2 vessel and provide
critical indications to the emergency responders. A similar model can be employed for other types of liquefied
gases as already done for LNG in (lannaccone et al., 2021) and liquefied petroleum gas (LPG) in (Scarponi et
al., 2019).

2. Methodology

A 2D computational fluid dynamics (CFD) model was developed in Ansys Fluent® to study the behaviour of a
cryogenic tank content when exposed to a fire. Particularly, the model developed by Scarponi et al. (2018) to
analyse LPG tanks engulfed in fire end extended to LKG tanks by lannaccone et al. (2021) was adapted for LH2
tanks. The CFD simulation domain consisted of the cross-section of the cryogenic double walled tank
horizontally oriented and composed by the inner and outer shells separated by a vacuum jacket where the
insulation was installed. In this study, multilayer vacuum insulation (MLVI) was considered as thermal protection
of the vessel. The governing equations for the turbulent, two phases, transient CFD setup implemented in Fluent
can be found in (lannaccone et al., 2021). The tank lading was composed by both LH2 and GH2. Due to the
extremely low temperature of LH2 (-253 °C (NIST, 2019)), para-hydrogen was chosen instead of normal-
hydrogen. The properties of the fluid such as density, specific heat capacity, viscosity and thermal conductivity
were gathered from the NIST database (NIST, 2019) where the Helmholtz Free Energy equation of state is
employed (Leachman et al., 2009). The properties were implemented in Fluent as piece-wise linear function of
temperature. The Peng Robinson equation of state was selected to estimate the density of the gaseous phase.
The density of the MLVI insulation was taken from Barron and Nellis (2016) by considering its layer density,
while thermal conductivity of the MLVI was estimated by following the procedure suggested in the 1SO21013-
3:2016 standard (1ISO, 2016). The MLVI specific heat capacity at constant pressure (cp) was calculated with the
rule of mixture (Eq.(1)) as suggested by Motes and Hegeman (2019).

CoMLVI = X1Cp1 T XaCpo + -+ X Cp e )

where cp are the specific heat capacities of the species which compose the MLVI (e.g. metals, polymers) in J
kg K, and x is the fraction of each species. A similar procedure to estimate the MLVI properties was adopted
in (Ustolin et al., 2021).

2.1 Numerical settings

The volume of fluid (VOF) multiphase model was selected to solve the continuity equation. The evaporation-
condensation model implemented in Fluent (Lee, 1979) was employed to estimate the mass transfer between
the liquid and gaseous phases. The default value of 0.1 was kept for the evaporation-condensation frequency
coefficients. The k-w shear stress transport (SST) turbulence model was selected to simulate the turbulent
natural convection regime. The semi-implicit method for pressure linked equations-consistent (SIMPLEC)
algorithm was selected for the pressure-velocity coupling. The transient analysis was modelled by means of the
first-order implicit scheme, considering a time step of 0.01 s. Second-order discretization schemes were adopted
for density, momentum, energy, turbulent kinetic energy (k) and dissipation rate (w). The pressure staggering
option (PRESTO!) and geo-reconstruction schemes were used for pressure and volume fraction, respectively.
The gradients are discretized with the least square cell-based equation. The under-relaxation factors set in the
analysis are collected in Table 1.

Table 1: Values of selected under-relaxation factors

Pressure Density Body Momentum Vaporization kand w Energy Other
forces mass variables
Value 0.3 0.7 0.7 0.5 0.7 0.8 0.8 1.0
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2.2 BMW fire test case study

The fire test reported in (Pehr, 1996) was simulated in this study. During the experiment, the double walled LH2
tank described in (Rudiger, 1992) was tested. This LH2 vessel had a volume of 0.122 m3 and was thermally
protected with 80 layers of multilayer insulation (MLI) installed together with two vapour-cooled radiation shields
in a 35 mm gap between the inner and outer shells (Rudiger, 1992). Since the vacuum is created in this
interstice, this type of insulation is defined as multilayer vacuum insulation (MLVI). The LH2 vessel was
horizontally oriented and completely engulfed in a propane fire during the experiment. The average temperature
of the flames was 920 °C (Pehr, 1996). Almost half of the tank (55%) was filled with LH2. Two pressure relief
valves (PRVs) installed on the tank were placed outside the fire area to avoid any opening induced by heat
leakage. The pressure in the vacuum cavity increased due to the thermal decomposition of the MLVI materials
during the fire test. This led to an increase of the insulation thermal conductivity with a consequent tank pressure
build-up. The PRVs were activated for the first time when the tank reached a pressure of 4.6 bar, approximately
six minutes after the ignition of the propane fire. The whole tank lading was fully vented 14 minutes after the
beginning of the test. The outer shell made of austenitic steel resisted to the fire for more than one hour.
Contrarily, the inner aluminium tank melted when emptied. Despite this is a unique and critical test, the
description of few parameters was not published. In particular, the materials of the MLVI insulation were not
specified, thus their properties such as density, thermal conductivity and ¢, must be assumed. The broad
temperature gradients generated within the tank due to the different properties of the hydrogen phases cannot
be investigated due to the unknown positions of the temperature sensors. Moreover, the size (diameter) of the
PRVs was not reported. Furthermore, the temperature measurements published in (Pehr, 1996) are all depicted
on the same graph (temperature range of 1,400 K) making difficult to read and extrapolate the data. Regarding
the tank dimensions, only the internal volume and the insulation thickness were specified by Rudiger (1992).
Therefore, it was assumed that the internal diameter of the inner tank was 460 mm, and the tank walls thickness
was 3 mm. The characteristics of the simulated tank are summarised in Table 2.

Table 2: Characteristics of the simulated tank (abbreviation: MLVI: multilayer vacuum insulation)

Tank volume Tank internal Type of Insulation Tank wall
(m?3) diameter (m) insulation thickness (m) thickness (m)
Value 0.122 0.460 MLVI 0.035 0.003

A grid independence study was carried out. The computational mesh was unstructured, i.e. composed by both
quadrilateral and triangular elements. The maximum cell size was 3 mm with a global growth rate of 1.1. The
walls of the inner and the outer shells were divided in 241 segments. In this way, the length of each of these
segments was approx. 3 mm. A total of 25 inflation layers with a first layer thickness of 0.2 mm were implemented
on the inner tank wall with a growth rate of 1.2 toward the centre of the vessel in order to increase the grid
resolution in the near wall region. The symmetry condition was imposed along the transversal axis of the tank
in order to reduce the number of cells in the grid, thus the computational time. The total number of cells was
17,029. The initial conditions for the simulation were set in accordance with the experimental ones (Pehr, 1996).
The temperatures of the liquid phase was set equal to 20 K, while a linear vertical temperature gradient between
20 and 36 K was imposed in the gaseous phases by means of a user define function (UDF). The filling degree
of the tank was 55% which corresponds to a height of the liquid-vapor interface of 253 mm for this tank size.
The initial tank pressure was slightly above the atmospheric one (160 kPa). An external radiation temperature
of 920 °C (~ 1,193 K) was selected on the outer tank wall for the radiation thermal condition as boundary
condition to simulate the propane fire. A total of four case studies was defined. In case studies A, B and C three
different constant values for the MLVI thermal conductivity were considered. In case D, with the aim of mimicking
the effect of the loss of vacuum and MLVI materials degradation caused by the fire exposure, a time varying
value was assumed for this parameter. The value of the MLVI thermal conductivity was calculated with the
abovementioned ISO standard by considering that each layer of the insulation was made of a 0.006 mm
aluminium foil and a 0.015 mm fiberglass paper with a degree of vacuum of 13.3 mPa. On the other hand, this
property was also estimated in case of a complete loss of vacuum and penetration of hydrogen inside the
insulation. In the case D, the MLVI thermal conductivity was changed at 115 s. This time was deducted by
observing the experimental pressure and temperature curves, that show a sudden increase of tank pressure
and temperatures starting from 115 s. Finally, the PRVs installed on the tank were neglected making not possible
to reproduce the entire experiment. Hence, the total simulation time was 351 s, i.e. when the PRVs opened for
the first time.

The MLVI density was 167 kg m3, estimated for a layer density of 23 layers cm™'. The calculated ¢, of the MLVI
insulation was 881.5 J kg™ K-'. The estimated MLVI thermal conductivities before and after the loss of vacuum
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were 1.5 and 239.0 mW m" K, respectively. However, the simulated pressure build-up and temperatures did
not match the experimental outcomes if these values were set in the simulations. Therefore, the thermal
conductivity was changed to 160.0 mW m! K-' for the case C. Since the model results were too conservative,
the thermal conductivity was changed from 1.5 to 160.0 mW m™' K'* through a UDF in Fluent at the simulated
time of 115 s (case D). The MLVI properties for the four case studies are listed in Table 3.

Table 3: MLVI calculated properties

Density c¢p Thermal conductivity
(kgm?3) (Jkg' K" (MW m K1)
Case A Case B Case C Case D
Value 167.0 881.5 1.5 239.0 160.0 150<t<115s

160.0t> 115s

3. Results and discussion

The first three case studies could not match the experimental results (Figure 1a). In fact, case A underestimated
the pressure build-up, while case B and C overestimated it. On the other hand, a good agreement was shown
between the last simulation (case D) and the experimental outcomes in regards of pressure and temperatures
as can be noticed in Figure 1. For this reason, the following discussion focuses on the outcomes of case D only.
The tank pressure was slightly conservative at the end of the simulation (Figure 1a) as well as the minimum LH2
temperature, while the maximum GHz one was underestimated (Figure 1b). As previously mentioned, the
positions of the thermocouples within the tank are unknown. Therefore, it is not clear if the measured GH:2
temperature is the highest one within the tank. Furthermore, the simulated LH2 temperature is largely higher
than the measured one since the latter remained constant at 20 K until the whole tank content evaporated. Thus,
a large relative error of 33% was committed. It might be possible that small temperature variations cannot be
spotted on the chart published by Pehr (1996) due to the vast temperature range (1,400 K) on the axis as
described above. Hence, it is unclear if the large error is caused by the unprecise reading of the chart or by the
CFD code and hydrogen properties setting. It might be possible that the hydrogen properties influenced the
accuracy of the CFD outcomes since these are barely temperature dependent. This means that only the
hydrogen saturation properties were implemented in this model for both LH2 and GH2 phases.
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Figure 1: Comparison between the (a) pressures and (b) lowest LH2 and highest GH2 temperatures estimated
by the CFD analysis for the different case studies (red lines) and measured during the experiment (black lines)

The temperature gradient and the stratification within the inner tank simulated by the CFD code can be
appreciated in Figure 2a. As expected, a wide temperature gradient can be found in the gaseous phase (70 K),
while only a 2 K temperature range was assessed in the liquid phase. Another issue related to the LHz is
represented by the LH2 level. During the fire test, the liquid level sensor measured an almost constant filling
degree of 55-56% until the hydrogen venting started through the PRVs. On the opposite, the liquid level in the
CFD simulation increased due to the increase in LH2 temperature with the consequent drop of its density.
Therefore, the CFD code estimated a liquid level of 270 mm at the end of the simulation (Figure 2b) which
corresponds to a filling degree of 60%. In Table 5, the simulated tank pressure, temperatures and filling degree
in the case D are compared with the measured ones at 351 s. The relative errors are also reported in Table 4.
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Figure 2: CFD contours of the (a) temperature gradients and (b) liquid hydrogen volume fraction in the inner
tank at the end of the case D simulation (351 s)

Table 4: Comparison between simulated (case D) and measured values of pressure, temperatures, and filling
degree at 351 s

Pressure Pressure GH2temp GH2temp LH2temp LH2temp Filling Filling degree
(Pa) error (%) (K) error (%) (K) error (%) degree (%) error (%)
Experiment 467,800 - 107.0 - 20.0 - 56 -
CFD 476,247 1.8 96.7 9.6 26.6 33.0 60 71

As shown in Figure 1, the MLVI properties (in particular the thermal conductivity), which are unknown for the
considered fire test, have a strong influence on the model results. Pehr (1996) demonstrated that the MLVI
changed its properties during the experiment due to the fire exposure with consequent vacuum loss and material
degradation. Additional tests on the fire resistance of the insulation materials are required to better assess the
modification of insulation characteristics. The evaporation-condensation frequency coefficients of the Lee model
might be modified in future studies to better estimate the maximum hydrogen temperature which was
underestimated in case D. Further experiments on the evaporation of para-hydrogen are suggested to define
the most accurate values of these coefficients, or suggest the employment of different evaporation-condensation
model. Moreover, the CFD model can be refined and improved by implementing in Fluent the hydrogen
thermodynamic properties dependent on both temperature and pressure from the NIST database by means of
a UDF. Nevertheless, the presented model can satisfactorily assess the pressure build-up in the LH2 tank and
be exploited to determine the time to failure of the vessel. Finally, the fire test analysed in this work is the only
one carried out on double walled LH2 tanks according to the authors’ knowledge. The heat transfer and the
pressure build-up strongly depend on the surface to volume ratio of the vessel. This means that a different
behaviour would manifest for larger container. Therefore, additional fire tests on this type of vessels are
suggested. This is one of the objectives of the safe hydrogen fuel handling and use for efficient implementation
(SH2IFT) project in which fire tests will be conducted on different double walled LH2 tanks with a volume of 1 m?3
(Sintef, 2019). The aim of these tests is to assess the tank performance under fire conditions and characterize
the risk of explosion.

4. Conclusions

This study highlighted the effect of fire exposure on a cryogenic hydrogen vessel. The behaviour of the tank
lading during a fire test was simulated and analysed by means of a CFD analysis. The developed model was
validated with experimental data and, considering the uncertainties on experimental measurements and
specification, a reasonable agreement was found. Additional experiments are necessary to investigate the
behaviour of this type of vessels and their lading during this type of accident scenario, determine the vessel TTF
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and further validate the proposed model. Finally, this numerical approach can aid and support the risk
assessment and emergency response planning of cryogenic liquefied gas vessels.
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