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ABSTRACT
The significant advances made in hydrogen storage and transport techniques, along 
with the necessity to satisfy the market needs, led to a notable increase in the use of 
liquid hydrogen (LH2). On the one hand, LH2 is convenient in terms of storage capacity 
and energy content per unit volume. On the other hand, it poses relevant safety 
issues that must be considered to ensure its reliable and safe utilization. From a safety 
standpoint, one of the most critical scenarios is the fire exposure of cryogenic tanks. 
When it occurs, pressure buildup manifests in the component due to the formation of 
boil-off gas. As a result, the cryogenic equipment could fail catastrophically, potentially 
generating a boiling liquid expanding vapor explosion (BLEVE). The hazardous 
consequences of this phenomenon include the blast wave, the projection of fragments, 
and the fireball. This work aims to provide a prediction of the consequences of an 
LH2 BLEVE arising from cryogenic components involved in LH2 storage and transfer 
operations, such as tanks and hoses. Analytical models able to assess blast wave and 
fireball effects were implemented in the engineering tool BLEXCOM. A new approach 
is proposed to accurately determine the LH2 BLEVE blast overpressure and impulse. 
The experiments conducted in the Norwegian research project SH2IFT are considered 
as case study and exploited for validation purposes. This research is expected to yield 
innovative insights into the contribution of hydrogen combustion to the effects of the 
BLEVE consequences. Ultimately, the proposed model could be used during the design 
phase of inherently safer LH2 equipment.
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1.0 INTRODUCTION
Boiling liquid expanding vapor explosion (BLEVE) is a physical explosion that can occur when a 
tank containing a liquefied gas ruptures catastrophically. This high-consequence/low-probability 
phenomenon can be triggered by a variety of causes, including external heating, mechanical 
damage, or failure of safety devices. Despite being commonly associated with flammable 
substances, BLEVE can also involve non-flammable chemicals, such as water or nitrogen.

Traditionally, BLEVE is characterized by the rapid phase transition of a liquid to vapor following 
depressurization, leading to the release of significant mechanical energy. However, some 
researchers (Laboureur et al., 2015; Ustolin et al., 2020) have expanded the definition to include 
supercritical scenarios, i.e., when the fluid inside the tank is above its critical temperature and 
pressure prior to rupture. Such conditions may arise if safety devices (e.g., pressure relief valves) 
fail or when substances with low critical points, such as hydrogen (critical point: approx. 33 K, 
1.3 MPa), are involved (McAllister et al., 2011). The consequences of a BLEVE typically include 
a blast wave, projectiles generated by tank fragmentation, and, if the released substance is 
flammable and an ignition source is present, a fireball.

Multiple models have been proposed to estimate the blast wave effects of BLEVE, particularly 
focusing on overpressure (Ustolin et al., 2020). These models vary in the assumptions used 
to calculate the released energy. For instance, some consider ideal gas expansion after tank 
rupture (Brode, 1959), while others treat the vapor as an ideal gas (Casal and Salla, 2006; 
Genova et al., 2008; van den Bosch and Weterings, 2005). Moreover, while some approaches 
consider the liquid in the calculation of the mechanical energy released by the explosion (Casal 
and Salla, 2006; Genova et al., 2008; van den Bosch and Weterings, 2005), others only account 
for the vapor contribution. The first approach is regarded as more accurate, particularly in cases 
where either liquid or vapor may dominate depending on system conditions (e.g., tanks full of 
liquid or supercritical BLEVEs) (Ustolin et al., 2020).

A critical limitation shared by these traditional approaches lies in the neglection of the chemical 
energy contribution to the total released energy. In fact, while these models give satisfactory 
performance when used for hydrocarbons, they consistently underestimate the blast wave 
overpressure observed in liquid hydrogen BLEVEs (Ustolin et al., 2020). Compared to other 
hydrocarbon-based fuels, hydrogen’s rapid diffusion and wide flammability range may facilitate 
partial combustion shortly after tank rupture. Molkov and Kashkarov (2015) suggested that 
approximately 5.2% of hydrogen’s chemical energy contributes to the blast wave generated 
by the rupture of high-pressure vessels containing gaseous hydrogen. This claim was later 
supported through analytical modeling (Ustolin et al., 2022) and CFD simulations (Cirrone et al., 
2023) for LH2 BLEVEs. These findings support the classification of LH2 BLEVEs as ‘hybrid’ events, 
involving both physical and partial chemical explosion mechanisms.

In addition to blast wave effects, the thermal consequences of LH2 BLEVEs, particularly the 
fireball, are also critical. Several empirical correlations exist for predicting fireball diameter 
and duration. The approach by Hord (1972), which relates fireball parameters directly to the 
fuel mass, is one of the most widely used. Most available methods simplify the inherently 
dynamic phenomenon by adopting a steady-state assumption, and the fireball shape is 
generally approximated as a sphere, although some studies have proposed hemispherical 
corrections to better capture early development (Makarov et al., 2021). Similar to overpressure 
correlations, the majority of these models were originally developed and validated for 
hydrocarbon fuels. More recently, Giannini et al. (2023) adapted these correlations specifically 
for liquid hydrogen BLEVEs, providing a more accurate representation of fireball characteristics 
in cryogenic scenarios.

This study introduces BLEXCOM (BLEVE consequences model), a new engineering tool designed 
to predict the blast wave and fireball effects of BLEVE events. In this paper, the tool is presented 
with a specific focus on supercritical LH2 scenarios. The model integrates multiple sub-models 
and has been validated against experimental data from the Norwegian project SH2IFT, where 
a supercritical LH2 BLEVE was recorded (Ødegård et al., 2022). Results indicate that BLEXCOM 
can accurately predict blast wave overpressure and impulse, though discrepancies remain in 
fireball predictions, potentially due to uncertainties in initial conditions (e.g., hydrogen mass 
and temperature recorded during the tests). While further validation is needed, BLEXCOM 
shows promise as a reliable tool for assessing LH2 BLEVE consequences, particularly in safety-
critical applications such as hydrogen infrastructure development.
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2.0 METHODOLOGY
BLEXCOM is an independent engineering tool that can be used to assess the BLEVE consequences 
of different substances, including hydrogen. This is possible thanks to the implementation 
of the CoolProp package (Bell et al., 2014) to retrieve the thermodynamic properties of the 
substance. The peculiarity of the proposed tool is that it considers part of the chemical energy 
contained in the fuel contributing to the blast wave consequences. Moreover, BLEXCOM can 
assess supercritical BLEVEs. These two aspects are particularly important for LH2 BLEVEs.

The methodology adopted to develop the BLEXCOM tool, capable of assessing both blast wave 
and fireball effects, is described in this section. The different steps of the methodology are 
shown in Figure 1. The blue boxes in the flow diagram indicate the inputs needed by the model, 
including the information retrieved from databases, such as the thermodynamic properties. The 
white boxes represent the steps in which the model takes a decision or performs a calculation 
(see Sections 2.1 and 2.2). Finally, the green boxes indicate the outcomes provided by BLEXCOM.

2.1 BLEXCOM—BLAST EFFECTS

The model treats the estimation of total energy (both mechanical and chemical energy) 
differently, depending on the internal tank pressure relative (Ptank) to the critical value (Pc) at the 
moment of rupture and explosion. There are two options:

1.	 Ptank < Pc (subcritical conditions): both gaseous and liquid phases are present in the tank.

2.	 Ptank > Pc (supercritical conditions): only one supercritical phase is present in the tank.

The total hydrogen mass initially stored inside the tank and the tank volume are required as 
input for the calculation together with the internal tank pressure. For subcritical conditions, the 
internal temperature is obtained assuming saturation conditions. For supercritical conditions, 
the isochoric curve is followed to determine the temperature. Alternatively, if the temperature 
is known, the mass can be derived.

After retrieving the thermodynamic properties (density, internal energy, entropy) using the 
CoolProp wrapper implemented in Matlab, the total energy is estimated by calculating first the 
mechanical and then the chemical energy. The mechanical energy is estimated with Eq. (1) by 
following the real gas behavior and isentropic expansion (RISE) approach (van den Bosch and 
Weterings, 2005):

Figure 1 Flow diagram of 
the methodology employed 
in BLEXCOM to assess blast 
wave and fireball effects 
from BLEVEs (abbreviations: 
T: temperature before the 
explosion, m: fuel mass 
before the explosion, Pc: 
critical pressure, Ptank: tank 
internal pressure before the 
explosion, u: internal energy, 
s: entropy, ρ: density, Hc: heat 
of combustion).
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( ) ( )1, 2, , 1, 2, ,   g gmech is g l l is lE m u u m u u= − + − � (1)

where the subscripts g and l indicate the gaseous and liquid phases, respectively, 1 and 2, are 
the conditions before and after the explosion considering an isentropic expansion, respectively, 
m is the mass of fuel in kg, and u the internal energy in J/kg. The internal energy after isentropic 
expansion can be estimated with Eq. (2) for the gaseous phase and with Eq. (3) for the liquid one:

( ) 2,2, , 2,1 gis g l l lu X u X u= − ⋅ + ⋅ � (2)

( ) 2,2, , 2,1 g g gis l lu X u X u= − ⋅ + ⋅ � (3)

where the subscript 2 indicates that the internal energy is at atmospheric pressure and normal 
boiling point (20.3 K for hydrogen (McAllister et al., 2011)), and Xg and Xl are the flashing fractions 
for the gaseous and liquid phases and are estimated with Eqs. (4) and (5), respectively:
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where s is the entropy in J/kg K. Finally, the masses can be directly provided as input in the 
model, or estimated based on the volume and filling degree of the tank, i.e., amount of liquid, 
gaseous, and liquid densities before the explosion as shown in Eqs. (6) and (7):

 1g t gm V fd    � (6)

tl lm V fd   � (7)

where Vt is the tank volume in m3, ρ is the density in kg/m3, and fd is the filling degree in %. 
This method to determine the mechanical energy contained in the tank prior to the explosion 
was already adopted for hydrogen by Ustolin et al. (2020). In the case of supercritical BLEVE, 
there is no liquid phase. Therefore, only the gaseous phase is considered, assuming its mass 
is equal to the total amount contained in the tank. As suggested by Laboureur et al. (2015) 
for supercritical propane BLEVE, the gas inside a tank exposed to a fire follows the isochoric 
curve once the pressure exceeds the critical value. Therefore, the temperature and related 
thermodynamic properties can be determined by knowing the initial mass of the tank content, 
and assuming that venting or other types of releases or leakages occurred during the test 
(or incident).

The chemical energy contributing to the blast wave effects is determined following the method 
suggested for vapor cloud explosions by van den Bosch and Weterings (2005) and described 
by Eq. (8):

g cchE St m H= ⋅ ⋅ � (8)

where St is the stoichiometric concentration, i.e., the ratio between the fuel moles and the 
moles of fuel and air (e.g., 1/3.38 for hydrogen), and Hc is the heat of combustion of the 
fuel (e.g., approx. 120 MJ/kg for hydrogen (McAllister et al., 2011)). It is assumed that only 
the combustion of the gaseous phase contributes to the BLEVE blast wave. It is suggested 
to estimate the chemical energy only for LH2 BLEVE since it was demonstrated that this does 
not contribute to the BLEVE for other types of fuels (e.g., propane) most likely due to the slow 
burning velocity compared to hydrogen. Finally, the total energy can be estimated with Eq. (9):

( )2tot mech chE E Eβ= ⋅ + ⋅ � (9)

It can be noticed that the total energy contributing to the explosion is multiplied by a factor 
of 2 to account for reflection on the ground (van den Bosch and Weterings, 2005). Moreover, 
only part of the chemical energy is added to the total amount. Molkov and Kashkarov (2015) 
suggested using β = 0.052 for explosions of high-pressure hydrogen vessels. The same 
coefficient is used in BLEXCOM for supercritical BLEVEs. If BLEVE is estimated for substances 
other than hydrogen, the chemical energy is neglected, thus β = 0.

The total energy is then converted into overpressure and impulse with the scaling law, and the 
non-dimensional overpressure and impulse curves developed by Baker et al. (1977) are used. 
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The correct curve must be selected by following the procedure described by van den Bosch and 
Weterings (2005) for pressure gas vessels, i.e., calculating the hemispherical vessel’s radius 
(Eq. (10)) and the initial scaled distance (Eq. (11)):

1/3
0 0.782 tr V= ⋅ � (10)

1/3
0

0
tot

pR r
E
 

= ⋅  
 

� (11)

where Vt is the tank volume in m3, and p0 is the atmospheric pressure (101.3 kPa). The initial 
peak overpressure ( SOP ) can be read from the chart developed by Baker et al. (1977), knowing 
the ratio of speed of sound in the gas (ag) and in air (a0), and the ratio between tank and 
atmospheric pressure. Alternatively, it can be calculated by solving iteratively Eq. (12):
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where γ0 and γg are the specific heat ratios of the air and the gas in the vessel. The scaled 
overpressure ( SP ) and impulse ( SI ) can be read from the chart. Eventually, it can be multiplied by 
factors accounting for the tank elevation from the ground and its cylindrical shape. Specifically, 
when 1R ≥ , an elevation factor of 1.1 can be used and when 3.5R ≥  (i.e., far field) a shape factor 
of 1.4 can be adopted; both factors can be used at the same time for elevated cylindrical tanks. 
Finally, the overpressure (ps) and impulse (is) can be estimated with Eqs. (13) and (14):

0 0s Sp p P p− = ⋅ � (13)

2/3 1/3
S 0

s
0

totI p Ei
a

⋅
= � (14)

2.2 BLEXCOM—FIREBALL EFFECTS

Following the release of cryogenic hydrogen, a fireball is likely to form, especially in hot BLEVE 
scenarios where an external fire can ignite the vapor–aerosol mixture. The fireball evolves through 
rapid fuel–air mixing, full-volume combustion, and eventual lift and extinction due to buoyancy, 
typically lasting less than 30 s. Given its short duration, fireball diameter, height, and radiation 
are calculated considering the steady-state combustion phase (i.e., full-volume combustion).

Empirical equations were appositely developed to determine diameter (Dfb, see Eq. (15)), height 
(Hfb, see Eq. (16)) and duration (tfb, see Eq. (17)) of hydrogen fireballs by Giannini et al. (2023):

1/310.97fb fD m= ⋅ � (15)

0.75fb fbH D= ⋅ � (16)

1/63.26fb ft m= ⋅ � (17)

where mf is the mass of fuel involved in the fireball, in kg. The solid flame model (Planas and 
Casal, 2016) is implemented in BLEXCOM to estimate the fireball radiation and thermal dose. 
The radiation received by a target from the fireball (qfb) is calculated with Eq. (18), assuming the 
fireball is a homogeneous sphere and adopting the surface emitter model approach:

afbq F SEP τ= ⋅ ⋅ � (18)

where F is the view factor (see Eq. (19)), SEP is the surface-emitted power of the fireball in 
W/m2, (see Eq. (20)), and τa is the atmospheric transmissivity. The view factor for a vertical 
surface (e.g., a standing target) is:

( )
( )

2

3/22 2

/2  fb

fb

x D
F

x H

⋅
=

+

� (19)

where x is the horizontal distance between the target and the center of the explosion, in m. The 
SEP depends on the type of fuel as per Eq. (20):
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where η is the fraction of total heat radiated from the fireball and depends on the internal tank 
pressure before the explosion as suggested by Planas and Casal (2016) and shown in Eq. (21):

0.32 0.00325 tankPη = � (21)

where Ptank is the tank burst pressure, in Pa. The atmospheric transmissivity depends on the 
distance of the target from the fireball and the relative humidity of the air as demonstrated by 
Planas and Casal (2016). The approach of these authors was implemented in BLEXCOM. Finally, 
the thermal dose (T.d.) is estimated with Eq. (22):

4/3. .  fb fbT d q t= ⋅ � (22)

A threshold value of 80 (kW/m2)4/3 s is assumed to define the no-harm distance. Overall, the 
model requires the fuel mass involved in the fireball and the tank pressure at the moment of 
rupture as input parameters.

2.3 CASE STUDY

The experimental data used in this work to validate the BLEXCOM tool are retrieved from the fire 
test performed on an LH2 tank during the Norwegian research project SH2IFT (Ødegård et al., 
2022) ending with the catastrophic rupture of the tank. The critical aspects to be considered in 
this work to analyze the rupture are as follows:

•	 Internal volume of the LH2 tank was 1 m3.

•	 Burst pressure of the LH2 tank was 4.85 MPa, and temperature of hydrogen was between 
53 K (−220°C) and 153 K (−120°C). Therefore, it is assumed that the content was under 
supercritical conditions.

•	 Initial filling degree was between 35 and 40%, i.e., the LH2 mass was 25–30 kg 
considering the density at the normal boiling point.

•	 Part of the hydrogen was vented before the tank rupture; the mass of vented hydrogen is 
unknown and cannot be reliably estimated.

•	 Maximum blast wave overpressure measured at 22.5 and 26.4 m from the explosion 
center was 13.3 and 9.9 kPa, respectively.

•	 Fireball diameter and duration were 25.8 m and 5 s, respectively.

•	 Maximum radiation emitted by the fireball was 2,122 and 1,242 W/m2 at 70 and 90 m 
from the tank center, respectively.

The LH2 tank data are summarized in Table 1, while the consequences of blast wave and fireball 
needed for model validation purposes are collected in Table 2. The main uncertainties found in 
the tests results are the hydrogen mass in the tank at the beginning of the test and before the 
explosion and the temperature gradient of hydrogen during the test (it was measured in only 
two points).

3.0 RESULTS AND DISCUSSION
The mass of hydrogen in the tank during the SH2IFT fire test of LH2 tank analyzed in this study was 
estimated by considering a tank filling degree of 35%, tank internal pressure at the beginning 
of the test of 0.37 MPa, and assuming saturation conditions. Therefore, at 0.37 MPa and 25.6 K, 

Table 1 Characteristics of the 
LH2 tank and its content.INNER TANK 

VOLUME (m3) 
BURST PRESSURE 
(MPa)

H2 TEMPERATURE BEFORE 
EXPLOSION (K)

TANK FILLING 
DEGREE (%)

1.00 4.85 53–153 35–40

Table 2 Consequences of 
blast wave and fireball 
(abbreviations: OP: 
overpressure, FB: fireball).

OP AT 
22.5 m 
(kPa) 

OP AT 
26.4 m 
(kPa)

FB 
DIAMETER 
(m)

FB DURATION 
(s)

FB RADIATION AT 
70 m (W/m2)

FB RADIATION AT 
90 m (W/m2)

13.3 9.9 25.8 5 2,122 1,242
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the densities of liquid and gaseous hydrogen are 63.6 and 4.5 kg/m3, respectively. This gives a 
total hydrogen mass of approximately 25.2 kg. From the total mass, the average density in the 
tank is 25.2 kg/m3. This is critical to obtain the average temperature of hydrogen prior to the 
explosion and retrieve the correct thermodynamic properties. Following the isochoric curve, 
the correspondent temperature at 4.85 MPa is 57 K. This is an acceptable value, between the 
measured ones (53–153 K). Figure 2 displays the measurements of temperature and pressure 
inside the LH2 tank during the SH2IFT fire test until the tank explosion, and the temperature of 
the tank system is estimated by assuming isochoric compression of the gas. It can be noticed 
that this hypothesis fits very well the experimental recordings.

3.1 BLAST WAVE EFFECTS

Overpressure and impulse of the blast wave generated by the catastrophic rupture of the 
LH2 tank during the SH2IFT fire test were estimated with the BLEXCOM model by considering 
part of the hydrogen chemical energy contributing to the blast wave effects. Therefore, it was 
assumed that part of the hydrogen combustion with air is as fast as the expansion of the gas 
and it is superimposed to the physical explosion. As a comparison, the blast wave effects were 
assessed without considering the chemical energy as well, thus considering the BLEVE solely as 
a physical explosion. A sensitivity analysis was conducted to identify the total hydrogen mass 
that best reproduces the experimental measurements of overpressure and impulse. For clarity, 
only the results corresponding to the hydrogen mass (25.2 kg) providing the best agreement 
with the experimental data are presented in this study. The BLEXCOM results for the blast wave 
overpressure are compared with the experimental measurements in Figure 3.

Figure 2 Temperature and 
pressure measurements 
during the SH2IFT fire test until 
the tank explosion compared 
with the temperature 
estimated, assuming isochoric 
compression of the gas.

Figure 3 Blast wave 
overpressure generated by 
the supercritical LH2 BLEVE 
measured during the SH2IFT 
fire test and compared with 
the values assessed by the 
BLEXCOM tool with and 
without considering the 
combustion contribution.
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The blast wave overpressure values were also collected in Table 3 together with the errors in 
relation to the experimental data. A very small error is obtained when the combustion process 
is accounted for by the BLEXCOM tool (+6.7 and +5.4% at 22.5 and 26.4 m, respectively), while 
a large underestimation (approx. 60%) is attained when neglecting the chemical energy.

Finally, the impulse of the blast wave was determined by both considering and neglecting the 
combustion process. The impulse from the experiments was estimated considering the following:

•	 Distance from the explosion center 22.5 m, maximum overpressure 13.3 kPa, positive 
overpressure phase duration 12.5 ms.

•	 Distance from the explosion center 26.4 m, maximum overpressure 9.9 kPa, positive 
overpressure phase duration 14.0 ms.

The impulse was calculated in BLEXCOM by converting the total energy involved in the explosion. 
All the values are collected in Table 4. Again, a very good estimation of the impulse is obtained 
by the model when considering a fraction of the chemical energy, while neglecting this effect 
leads to a larger underestimation.

3.2 FIREBALL EFFECTS

Results of the fireball effects are found in Table 5. While the fireball duration estimated by 
BLEXCOM agrees with the experimental results, the fireball diameter is overestimated (+25%). 
This can derive from the conservative assumption about the total mass of hydrogen involved in 
the fireball. As previously mentioned, a precise estimate of the vented mass is not experimentally 
available nor calculable. To account for this uncertainty, the calculation of the fireball diameter 
was based on the entire hydrogen mass present in the tank. The overestimation suggests the 
importance of accurately defining this parameter.

Table 6 shows the comparison between the fireball radiation measurements and model 
results. An overestimation is obtained by BLEXCOM. There are multiple reasons for this. First, 
the uncertainty about the hydrogen mass and fireball diameter that influences the outcomes 
of the radiation assessment. Second, the parameter η has never been validated for hydrogen.

Table 3 Blast wave 
overpressure simulated with 
BLEXCOM and compared with 
the SH2IFT experimental results.

OVERPRESSURE ERRORS

DISTANCE 
(m) 

EXPERIMENTS 
(kPa)

BLEXCOM WITH 
COMB (kPa)

BLEXCOM W/O 
COMB (kPa)

BLEXCOM WITH 
COMB (%)

BLEXCOM W/O 
COMB (%)

22.5 13.3 14.2 5.1 +6.7 −61.9

26.4 9.9 10.4 4.1 +5.4 −59.1

Table 4 Blast wave impulse 
simulated with BLEXCOM and 
compared with the SH2IFT 
experimental results.

IMPULSE ERRORS

DISTANCE 
(m) 

EXPERIMENTS 
(PA⋅S)

BLEXCOM WITH 
COMB (PA⋅S)

BLEXCOM W/O 
COMB (PA⋅S)

BLEXCOM 
WITH COMB 
(%)

BLEXCOM 
W/O COMB 
(%)

22.5 83.1 90.1 42.0 +8.4 −49.4

26.4 69.3 69.1 36.9 −0.4 −46.7

Table 5 Fireball diameter 
and duration simulated with 
BLEXCOM and compared with 
the experimental results.

FIREBALL PARAMETER EXPERIMENTS BLEXCOM ERROR
(%)

Diameter (m) 25.8 32.2 +24.8

Duration (s) 5 5.58 +11.6

Table 6 Fireball radiation 
simulated with BLEXCOM 
and compared with the 
experimental results.

RADIATION (W/m2)

DISTANCE FROM 
FIREBALL (m)

EXPERIMENTS BLEXCOM ERROR
(%)

70 2,120 2,570 +21.2

90 1,240 1,580 +27.4
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Finally, the thermal dose was estimated (Table 7). It was concluded that both distances from 
the explosion center (70 and 90 m) can be defined as no harm since the thermal dose values 
are below the threshold of 80 (kW/m2)4/3 s. However, this means that a target standing at 
those distances will not be harmed by the fireball, but it could get injured due to the blast 
wave effects. Therefore, both 70 and 90 m cannot be defined as safety distances from the 
supercritical LH2 BLEVE.

4.0 DISCUSSION
The results obtained with BLEXCOM highlight both strengths and areas requiring further 
refinement, particularly in the context of modeling LH2 BLEVE events. One of the main 
challenges encountered in the validation process was the presence of uncertainties in 
the experimental data, particularly initial test conditions such as the mass of hydrogen 
and its exact temperature prior to tank rupture. These parameters critically influence the 
thermodynamic state of the fluid and, consequently, the BLEVE consequences, including 
both the blast wave and fireball behavior. For instance, the sensitivity analysis identified a 
total hydrogen mass that best reproduces the measured overpressure and impulse, and only 
this best-fitting case was reported in Section 3.1. However, significant uncertainty remains 
because an unknown fraction of hydrogen was vented during the fire test prior to the tank 
explosion. This limitation underscores the need for additional experiments to better constrain 
the relationships among pressure, temperature, and the masses of gaseous and liquid 
hydrogen, and to further validate the model.

The inclusion of chemical energy is essential when modeling LH2 BLEVEs. As demonstrated 
in previous studies, a fraction of hydrogen’s chemical energy contributes to the blast wave 
overpressure. This study confirms that neglecting this contribution leads to significant 
underestimation of the blast effect. However, the empirical coefficient used to account for the 
partial combustion of hydrogen in the blast wave, estimated equal to 5.2% of the chemical 
energy, should be further validated with additional experimental data. Current results support 
its effectiveness, but a broader dataset would strengthen confidence in its application across 
different BLEVE scenarios, especially for subcritical BLEVEs.

Fireball prediction results revealed an overestimation of fireball diameter, which is likely tied 
to uncertainties in the hydrogen mass involved in the SH2IFT experiments. Since the size and 
intensity of a fireball are closely related to the available fuel mass, any discrepancy in this 
parameter can significantly affect model accuracy. The radiation predictions showed good 
agreement with observed data if compared with results obtained in a previous study where a 
blind prediction was carried out (Ustolin and Paltrinieri, 2020). This suggests that the general 
approach to radiative heat estimation is sound, and some residual errors may still be attributed 
to the same uncertainty in the initial hydrogen mass.

Another factor influencing radiative predictions is the fraction of total heat radiated from 
the fireball (η) used to determine the surface emissive power. The current model uses an 
approach suggested for hydrocarbon fireballs; its applicability to hydrogen fireballs, especially 
those resulting from BLEVEs, should be verified. Hydrogen fireballs tend to emit less thermal 
radiation than those from hydrocarbon fuels yet are more visible than hydrogen jet fires. This 
intermediate behavior should be better captured by refining the emissive power coefficient.

Lastly, it is evident that a more accurate representation of fireball dynamics, i.e., variation of 
emitted radiation in time, would enhance the model’s predictive capability. BLEXCOM currently 
employs simplified assumptions in this regard, and future work should focus on incorporating 
transient fireball behavior to improve radiation estimates.

Table 7 Fireball thermal dose 
simulated with BLEXCOM 
and calculated from the 
experimental results.

THERMAL DOSE (kW/m2)4/3 s

DISTANCE FROM 
FIREBALL (m)

EXPERIMENTS BLEXCOM ERROR
(%)

70 13.6 19.6 +44.3

90 6.7 10.3 +54.2
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5.0 CONCLUSION
The consequences of a supercritical LH2 BLEVE, including both blast wave and fireball effects, 
were assessed using the BLEXCOM tool. The study demonstrated that a fraction of the chemical 
energy released during partial combustion must be considered to accurately predict blast wave 
overpressure and impulse for hydrogen BLEVEs. BLEXCOM showed very good agreement with 
experimental data, particularly in modeling the blast wave effects. While the tool represents a 
significant step forward in BLEVE consequence prediction, especially for hydrogen applications, 
further improvements are needed, particularly in fireball modeling. Continued development 
and validation of BLEXCOM will require additional experimental data to reduce uncertainties 
and enhance predictive accuracy.

FUNDING INFORMATION
This work was undertaken as part of the ELVHYS project No. 101101381 supported by the Clean 
Hydrogen Partnership and its members and the European Union. UK participants in Horizon 
Europe Project ELVHYS are supported by UKRI grant numbers 10063519 (University of Ulster) and 
10070592 (Health and Safety Executive). Funded by the European Union. Views and opinions 
expressed are, however, those of the author(s) only and do not necessarily reflect those of the 
European Union or Clean Hydrogen JU. Neither the European Union nor the granting authority 
can be held responsible for them.

COMPETING INTERESTS
F.U. is a member of the editorial board of the Hydrogen Safety journal. Authors have no other 
competing interests to declare.

AUTHOR CONTRIBUTIONS
Conceptualization: F.U., D.F., A.S., V.C.; Investigation: F.U., D.F., A.S.; Methodology: F.U., D.F., A.S.; 
Validation: F.U., D.F.; Supervision: F.U., V.C.; Visualization: F.U., D.F., A.S.; Writing—original draft: 
F.U., D.F.; Writing—review and editing: F.U., A.S.

AUTHOR AFFILIATIONS
Federico Ustolin  orcid.org/0000-0001-8392-0475 
Department of Mechanical and Industrial Engineering, Norwegian University of Science and Technology 
NTNU, Richard Birkelands vei 2B, Trondheim, 7034, Norway

Davide Furlani 
Department of Mechanical and Industrial Engineering, Norwegian University of Science and Technology 
NTNU, Richard Birkelands vei 2B, Trondheim, 7034, Norway; LISES – Laboratory of Industrial Safety and 
Environmental Sustainability – Department of Civil, Chemical, Materials and Industrial Engineering, 
University of Bologna, via Terracini 28, Bologna, 40131, Italy

Alice Schiaroli  orcid.org/0009-0003-6796-2001 
Department of Mechanical and Industrial Engineering, Norwegian University of Science and Technology 
NTNU, Richard Birkelands vei 2B, Trondheim, 7034, Norway; LISES – Laboratory of Industrial Safety and 
Environmental Sustainability – Department of Civil, Chemical, Materials and Industrial Engineering, 
University of Bologna, via Terracini 28, Bologna, 40131, Italy

Valerio Cozzani  orcid.org/0000-0003-4680-535X 
LISES – Laboratory of Industrial Safety and Environmental Sustainability – Department of Civil, Chemical, 
Materials and Industrial Engineering, University of Bologna, via Terracini 28, Bologna, 40131, Italy

REFERENCES
Baker, W. et al. (1977) Workbook for predicting pressure wave and fragment effects of exploding propellant 

tanks and gas storage vessels—NASA CR-134906.
Bell, I. et al. (2014) ‘Pure and pseudo-pure fluid thermophysical property evaluation and the open-source 

thermophysical property library CoolProp’, Industrial & Engineering Chemistry Research, 53(6), pp. 
2498–2508. Available at: https://doi.org/10.1021/ie4033999

Brode, H.L. (1959) ‘Blast wave from a spherical charge’, Physics of Fluids, 2(2), pp. 217–229. Available at: 
https://doi.org/10.1063/1.1705911

https://orcid.org/0000-0001-8392-0475
https://orcid.org/0000-0001-8392-0475
https://orcid.org/0009-0003-6796-2001
https://orcid.org/0009-0003-6796-2001
https://orcid.org/0000-0003-4680-535X
https://orcid.org/0000-0003-4680-535X
https://doi.org/10.1021/ie4033999
https://doi.org/10.1063/1.1705911


149Ustolin et al.

Hydrogen Safety  
DOI: 10.58895/hysafe.68

TO CITE THIS ARTICLE:
Ustolin, F., Furlani, D., Schiaroli, 
A. and Cozzani, V. (2026) 
‘Modeling the Consequences 
of BLEVEs Involving Liquid 
Hydrogen Components’, 
Hydrogen Safety, 3(1), pp. 139–
149. Available at: https://doi.
org/10.58895/hysafe.68

Submitted: 20 February 2026 
Accepted: 27 April 2026 
Published: 18 May 2026

COPYRIGHT:
© 2026 The Author(s). This is an 
open-access article distributed 
under the terms of the Creative 
Commons Attribution 4.0 
International License (CC-BY 
4.0), which permits unrestricted 
use, distribution, and 
reproduction in any medium, 
provided the original author 
and source are credited. See 
https://creativecommons.org/
licenses/by/4.0/.

Hydrogen Safety is a peer-
reviewed open access journal 
published by KIT Scientific 
Publishing.

Casal, J. and Salla, J.M. (2006) ‘Using liquid superheating energy for a quick estimation of overpressure in 
BLEVEs and similar explosions’, Journal of hazardous materials, 137(3), pp. 1321–1327. Available at: 
https://doi.org/10.1016/J.JHAZMAT.2006.05.001

Cirrone, D. et al. (2023) ‘Rethinking “BLEVE explosion” after liquid hydrogen storage tank rupture in a 
fire’, International Journal of Hydrogen Energy, 48(23), pp. 8716–8730. Available at: https://doi.
org/10.1016/J.IJHYDENE.2022.09.114

Genova, B. et al. (2008) ‘Evaluation of the blast-wave overpressure and fragments initial velocity for a 
BLEVE event via empirical correlations derived by a simplified model of released energy’, Journal of 
Loss Prevention in the Process Industries, 21(1), pp. 110–117. Available at: https://doi.org/10.1016/J.
JLP.2007.11.004

Giannini, L. et al. (2023) ‘Modelling of fireballs generated after the catastrophic rupture of hydrogen 
tanks’, Chemical Engineering Transactions, 104, pp. 115–120. Available at: https://doi.org/10.3303/
CET23104020

Hord, J. (1972) Explosion criteria for liquid hydrogen test facilities—NBS Report.
Laboureur, D. et al. (2015) ‘A closer look at BLEVE overpressure’, Process Safety and Environmental 

Protection, 95, pp. 159–171. Available at: https://doi.org/10.1016/J.PSEP.2015.03.004
Makarov, D. et al. (2021) ‘Hydrogen tank rupture in fire in the open atmosphere: hazard distance defined 

by fireball’, Hydrogen, 2(1), pp. 134–146. Available at: https://doi.org/10.3390/hydrogen2010008
McAllister, S. et al. (2011) Fundamentals of Combustion Processes. Springer Science +Business Media, LLC, 

New York. Available at: https://doi.org/10.1007/978-1-4419-7943-8
Molkov, V. and Kashkarov, S. (2015) ‘Blast wave from a high-pressure gas tank rupture in a fire: Stand-

alone and under-vehicle hydrogen tanks’, International Journal of Hydrogen Energy, 40(36), pp. 
12581–12603. Available at: https://doi.org/10.1016/J.IJHYDENE.2015.07.001

Ødegård, A. et al. (2022) SH2IFT final project report. Available at: https://www.sintef.no/contentassets/4c1
c6a78b34f483cbfccad0fd8b2510c/20221213-sh2ift-final-project-report-1.pdf

Planas, E. and Casal, J. (2016) ‘BLEVE-Fireball’, in M. Lackner, F. Winter, and A.K. Agarwal (eds.) 
Handbook of combustion. Weinheim: Wiley-VCH Verlag GmbH & Co. KGaA. Available at: https://doi.
org/10.1002/9783527628148.hoc093

Ustolin, F. and Paltrinieri, N. (2020) ‘Hydrogen fireball consequence analysis’, Chemical Engineering 
Transactions, 82, pp. 211–216. Available at: https://doi.org/10.3303/CET2082036

Ustolin, F. et al. (2020) ‘An innovative and comprehensive approach for the consequence analysis of 
liquid hydrogen vessel explosions’, Journal of Loss Prevention in the Process Industries, 68, p. 104323. 
Available at: https://doi.org/10.1016/j.jlp.2020.104323

Ustolin, F. et al. (2022) ‘On the mechanical energy involved in the catastrophic rupture of liquid hydrogen 
tanks’, Chemical Engineering Transactions, 91, pp. 421–426. Available at: https://doi.org/10.3303/
CET2291071

van den Bosch, C.J.H. and Weterings, R.A.P.M. (2005) Methods for the calculation of physical effects – due 
to releases of hazardous materials (liquids and gases), “Yellow Book.” The Hague: The Committee for the 
Prevention of Disasters by Hazardous Materials, Director-General for Social Affairs and Employment.

https://doi.org/10.58895/hysafe.68
https://doi.org/10.58895/hysafe.68
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/J.JHAZMAT.2006.05.001
https://doi.org/10.1016/J.IJHYDENE.2022.09.114
https://doi.org/10.1016/J.IJHYDENE.2022.09.114
https://doi.org/10.1016/J.JLP.2007.11.004
https://doi.org/10.1016/J.JLP.2007.11.004
https://doi.org/10.3303/CET23104020
https://doi.org/10.3303/CET23104020
https://doi.org/10.1016/J.PSEP.2015.03.004
https://doi.org/10.3390/hydrogen2010008
https://doi.org/10.1007/978-1-4419-7943-8
https://doi.org/10.1016/J.IJHYDENE.2015.07.001
https://www.sintef.no/contentassets/4c1c6a78b34f483cbfccad0fd8b2510c/20221213-sh2ift-final-project-report-1.pdf
https://www.sintef.no/contentassets/4c1c6a78b34f483cbfccad0fd8b2510c/20221213-sh2ift-final-project-report-1.pdf
https://doi.org/10.1002/9783527628148.hoc093
https://doi.org/10.1002/9783527628148.hoc093
https://doi.org/10.3303/CET2082036
https://doi.org/10.1016/j.jlp.2020.104323
https://doi.org/10.3303/CET2291071
https://doi.org/10.3303/CET2291071

	Abstract
	﻿1.0 Introduction

	﻿2.0 Methodology

	﻿2.1 BLEXCOM—Blast effects

	﻿2.2 BLEXCOM—Fireball effects

	﻿2.3 Case study


	﻿3.0 Results and Discussion

	﻿3.1 Blast wave effects

	﻿3.2 Fireball effects


	﻿4.0 Discussion

	﻿5.0 Conclusion

	﻿Funding Information

	﻿Competing Interests

	﻿Author Contributions

	﻿﻿Author Affiliations

	﻿References


