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h i g h l i g h t s
� CFD model to simulate maximum pressure in a blast wave after LH2 tank rupture.

� Tests on rupture of LH2 tanks with pressure up to 11.3 bar are used for validation.

� Hydrogen combustion at the contact surface contributes to the blast wave strength.
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The underlying physical mechanisms leading to the generation of blast waves after liquid

hydrogen (LH2) storage tank rupture in a fire are not yet fully understood. This makes it

difficult to develop predictive models and validate them against a very limited number of

experiments. This study aims at the development of a CFD model able to predict maximum

pressure in the blast wave after the LH2 storage tank rupture in a fire. The performed

critical review of previous works and the thorough numerical analysis of BMW experi-

ments (LH2 storage pressure in the range 2.0e11.3 bar abs) allowed us to conclude that the

maximum pressure in the blast wave is generated by gaseous phase starting shock

enhanced by combustion reaction of hydrogen at the contact surface with heated by the

shock air. The boiling liquid expanding vapour explosion (BLEVE) pressure peak follows the

gaseous phase blast and is smaller in amplitude. The CFD model validated recently against

high-pressure hydrogen storage tank rupture in fire experiments is essentially updated in

this study to account for cryogenic conditions of LH2 storage. The simulation results

provided insight into the blast wave and combustion dynamics, demonstrating that

combustion at the contact surface contributes significantly to the generated blast wave,

increasing the overpressure at 3 m from the tank up to 5 times. The developed CFD model

can be used as a contemporary tool for hydrogen safety engineering, e.g. for assessment of

hazard distances from LH2 storage.
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Introduction

Liquid hydrogen (LH2) provides larger density and efficiency

gains over gaseous transport and storage, making it an

attractive option for scaling up the hydrogen supply infra-

structure and long-distance hydrogen-powered trucks, trains,

ships and aeroplanes. Tube trailers used for LH2 road transport

canmove volumes exceeding 60m3 capacities [1]. The hazards

and associated risks for LH2 are somewhat different from

compressed gaseous hydrogen (CGH2). Liquid hydrogen is

generally stored in double-wall, vacuum super-insulated

tanks. The worst-case incident scenario is a failure of the LH2

tank in a fire releasing the stored mechanical and chemical

energy in a form of a blast wave of a complex structure. In the

case of LH2 storage rupture, a boiling liquid expanding vapour

explosion (BLEVE) is expected, which is defined as “a sudden

release of a largemass of pressurised superheated liquid to the

atmosphere” [2,3]. In this case, the failure of a storage tank

containing pressurised liquid at a temperature above its at-

mospheric pressure boiling point would imply the release of

the expanding vapour fromboiling liquid. The hazards include

a blast wave, fireball and projectiles. The incident mitigation

technique includes the provision of LH2 storage tanks with

pressure relief devices (PRD) venting hydrogen from the cold

gaseous phase to avoid the pressure build-up in a tank

exchangingheatwith the external ambient, such as in the case

of exposure to a fire damaging the thermal insulation and/or

structural integrity of a tank. If the PRD fails, or the structural

integrity of the tank is compromised before the release of the

stored hydrogen, a failure of a tank may happen. The open

question is the “rate of vapour release” that would define the

severity of the blast wave from BLEVE.

In 1994-95 Birk et al. [4,5] performed several experiments to

assess the potential of a BLEVE to happen for propane tanks

exposed to a fire depending on a tank volume and filling ratio,

fire engulfment ratio, type, and duration of exposure. The

tests showed that for tanks with 400 L volume severely

weakened by a fire, a BLEVE may happen for propane at

ambient temperature. Lowering the liquid temperature may

reduce the potential of a BLEVE. Time to failure of a tank with

PRV, compromised or absent thermal insulation and 80%

liquid filling ratio, was seen to depend on the fire type and

location, and the tank dimensions.

The 1974 event involving a 76m3 LH2 storage tank releasing

cryogenic gaseous hydrogen through the vent stack is

described in [6]. Firefighters called to the incident scene inter-

vened extinguishing the observed jet fire that originated from

thevent stackusingwater jets.Thewaterentered theopenvent

stack and froze, blocking the exit. Due to the compromised

vacuum isolation, the hydrogen in the tank kept warming up

and over-pressurising until the pressure limit to rupture was

reached, causing the failure of the tank and what is usually

called “BLEVE”.

In 1996 BMW carried out experiments on the “controlled”

rupture of LH2 storage systems [7]. LH2 tank rupture was

provided in all tests by an explosive charge cutting the cylin-

der along its circumference. Storage pressure before rupture

varied from 2 to 15 bar abs. The storage tanks had a volume of

120 L but an unknown liquid/gas filling ratio. The stored
hydrogen mass varied in the range of 1.8e5.4 kg. Blast wave

overpressure wasmeasured at 3m from the tank centre. Fig. 1

[7] shows different patterns of experimental pressure dy-

namics with either one, two or three distinctive peaks. The

author [7] attributed the three peaks (all present in Fig. 1c) to

the following phenomena:

� Peak 1: a brief sudden surge of pressure due to the explo-

sion of the cutting charge initiating the entire tank bursting

procedure.

� Peak 2: spontaneous evaporation of the amount of liquid

stored in the tank and sudden expansion of gaseous

hydrogen in the tank generating a pressure wave.

� Peak 3: additional pressure event followed by the acceler-

ation of flames and expansion of exhaust gas behind the

progressingflamefrontof the ignitedhydrogen/airmixture.

The peaks could probably coincide in some circumstances,

e.g. peaks 1 and 2 (Fig. 1a and b) or not to be pronounced, e.g.

peak 1 (Fig. 1a and b) or peak 3 (Fig. 1a). It is worth noting that

the maximum pressure is achieved in peak 2 (Fig. 1c) which is

peak 1 in Fig. 1a and b. The present authors do ascribe this

highest peak to the blast wave associated with the gaseous

phase in the LH2 tank. This is supported by a sharp front of the

blast at peak 2 compared to the smeared blast front of the

follow-up pressure peak 3 which logically should be associ-

ated with a slower (compared to the starting shock propaga-

tion) evaporation process happening behind the starting

shock. The BLEVE peak 3 being smaller in amplitude compared

to peak 2 can have a larger impulse, and thus should be

accounted for in the assessment of pressure loads and their

effects on humans and structures. In this study, we will focus

on maximum pressure peak, i.e. peak 2 associated with

gaseous phase in the LH2 storage tank.

Several methodologies have been proposed to assess haz-

ards from an LH2 tank rupture, differing in the assumptions

on the energy released at the moment of a tank rupture and

estimation of overpressure decay. In 1991 Prugh [8] considered

the energy released in the expansion of the vapour inside the

vessel plus the amount generated by the vaporisation of the

superheated liquid, which was assumed to be instantaneous.

The TNT equivalence approach was proposed to estimate the

pressure effects by treating the expanding vapour as an ideal

gas and assuming an adiabatic and reversible expansion. In

2004 Planas-Cuchi et al. [9] applied a similar approachwith the

assumption of an irreversible expansion for propane BLEVEs.

This approach was later employed in [10] to analyse the con-

sequences of a BLEVE from a LNG road tanker accident

happened in Spain. In 2004 Van den Berg et al. [11] proposed

an expansion controlled model, which assumes infinitely fast

evaporation of the superheated liquid contributing fully to the

leading shock overpressure.

In 2007 Birk et al. [12] analysed the overpressure generated

by the failure and BLEVE of propane tanks exposed to torch

and pool fires. The authors concluded that the generated

shock overpressure in the near- and far-field would be deter-

mined by the vapour (gaseous phase) energy in the tank prior

to rupture. This leading shock would generate the maximum

first pressure peak recorded at 20 m from the side of a 1.9 m3

propane tank (see Fig. 2). The first pressure peak is followed by

https://doi.org/10.1016/j.ijhydene.2022.09.114
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Fig. 2 e Overpressure transient recorded at 20 m from the

side of a 1.9 m3 propane tank [12].

Fig. 1 e Typical pressure transients at 3 m from the tank centre with one (a), two (b) and three (c) distinctive peaks in BMW

experiments [7]. Pressure units on y-axis not available.
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a negative pressure phase of similar magnitude due to the

overexpansion of the vapour phase, followed by a second

pressure peak associated with the recompression and recov-

ery of the vapour flow. Only after approximately 0.15 s a third

pressure peak is recorded, which is deemed to the flashing

liquid expanding and pushing the atmosphere, i.e. BLEVE.

Later, in 2018 Birk et al. [13] published retroreflective

shadowgraph images of small scale propane BLEVEs. They

clearly show that a shock is formed ahead of the condensation

cloud and boiling wave. This experimental observation con-

firms that the flashing liquid process is comparatively slow to

contribute to the leading shock (starting shock) of the blast

wave. The energy associated with the fraction of liquid pro-

pane flashing and expanding was rather suggested to
contribute to dynamic pressure effects in the near field and

projectiles acceleration, whether the liquid temperature at

failure would be either below, at or above the atmospheric

superheat limit for propane. However, the authors kept open

the possibility that the liquid flashing process could

contribute to the blast wave at larger scales. The authors of

[12] used the TNT equivalent model to assess overpressure

from the propane BLEVEs considering the thermo-mechanical

energy of the vapour phase in the tank. However, the TNT

methodology is only applicable to the far-field from the tank,

as it is over-conservative in the near-field, and does not ac-

count for the contribution of chemical energy (combustion) to

the blast wave strength. Birk et al. [13] proposed the shock

tube theory to predict overpressures in the near-field of the

propane BLEVEs. This method required the knowledge of the

shock start position, which was determined from experi-

mental measurements, making it not applicable to cases

where these parameters are unknown and experimental

measurements are unavailable. In the following work of Birk

and colleagues [14], the shock tube theory was employed

along with the spherical shock propagation model that was

compared against small scale propane BLEVE tests with tanks

of 0.6 L volume.

In 2016 Yakush [15] investigated superheated liquid pro-

pane expansions in the atmosphere using numerical simula-

tions. The two-phase mixture was assumed to be in

thermodynamic equilibrium during expansion. The author

concluded that the energy release rate and wave formation

due to the liquid expansion is restricted by the lower propa-

gation velocity through the multiphase mixture itself.

https://doi.org/10.1016/j.ijhydene.2022.09.114
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In 2016 Hansen and Kjellander [16] simulated separately

the expansion of pressurised vapour and evaporation of liquid

in propane and butane BLEVEs. The authors showed that

experimental maximum overpressure could be well repro-

duced by considering the only vapour head expansion in the

majority of the cases, while in a few experiments results were

underestimated. This was deemed, from the authors’ [16]

point of view, to be themissing contribution of liquid flashing,

however, it is worth highlighting that combustion was not

included in their numerical model and thus, following results

of this study, could explain underprediction by themodel [16].

In 2020 Li and Hao [17] performed numerical simulations of

the propane BLEVEs experiments presented in [12]. They used

the shock theory to assess the initial pressure of the vapour

head in CFD simulations. Liquid flashing was modelled via a

pseudo-source assumed to start propagating only 67 ms after

the pressurised vapour source, according to experimental

observations in [12]. Experimental overpressures were seen to

be well reproduced by the numerical model. Abdel-Jawad [18]

proposed an hybrid approach where the source of explosion

was first calculated analytically in terms of pressure and

temperature, and then fed into a CFD solver to assess the blast

wave propagation in a 2D domain.

The majority of experimental, theoretical and numerical

studies were conducted on hydrocarbons BLEVEs. Fewer

studies are available on LH2 BLEVEs. In 2019 Hansen [19] even

questioned the possibility that a violent BLEVE event in the

“traditional” sense may occur for LH2. The author applied

Reid's superheat temperature limit (STL) criterion to state that

a BLEVE may take place at a temperature above 29.7 K, which

corresponds to a saturation pressure of 7.7 bar abs. A more

conservative method by Casal [20] provided 26.2 K in the work

of 2020 by Ustolin et al. [21], which corresponds to the satu-

ration pressure of 4.2 bar. Due to the low difference between

STL and the hydrogen boiling point at atmospheric pressure,

Hansen [19] estimated that even assuming an immediate

boiling due to the sudden depressurization after the tank

rupture, only 11% of stored LH2would be involved considering

an STL temperature of 29.7 K. Furthermore, it is considered

that LH2 droplets may further cool down and eventually

freeze air components during the mixing process, and it is

unclear the net effect that this would have on the pressure

dynamics.

To the best of the authors' knowledge, the only experi-

ments on the rupture of LH2 storage systems available in the

literature are those by BMW [7] described above. Ustolin et al.

[21] compared several methodologies, including those

described in [8,9,12], to assess the blast wave generated in the

BMW tests. The method by Birk et al. [12] was found to be the

most conservative for the supercritical BLEVE at the pressure

of 14.8 bar, whereas it could underestimate experiments for

sub-critical BLEVEs. In the following work [22], Ustolin et al.

performed numerical simulations on a BMW test with initial

pressure 11 bar ab. Their CFD model was based on a RANS

approach, Homogeneous Equilibrium Model and Raoult's law

to describe the multiphase mixture. Their simulation results

suggested that both gaseous and liquid phases would

contribute to the maximum explosion overpressure, similarly

to the conclusions of experimentalists who carried out the

BMW tests [7]. The present authors believe that the
conclusions of this numerical study are somewhat question-

able due to the absence of combustion modelling and its

contribution to the blast wave strength following the mecha-

nisms described and validated in [23]. There are two distinc-

tive combustion stages following a hydrogen storage tank

rupture in a fire [23]: the first stage is a short duration of a few

milliseconds combustion at the contact surface between

heated by starting shock air and cooled by expansion

hydrogen, and the second stage is the comparatively slow

combustion of hydrogen of few seconds in a form of a fireball.

The proof of combustion contribution to a blast wave strength

was proved for the first time using theoretical analysis of

experimental data [24] and then by numerical simulations of

experiments [23]. This is supported by experimental evidence

in a recent paper [25], analysing the blast wave generated from

the rupture of pressurised hydrogen and helium storage tanks

in a tunnel.

This study aims at the development of a CFD model based

on the physics of the phenomena, including combustion at

the contact surface behind the starting shock, to enable ac-

curate prediction of the blast wave overpressure generated by

rupture of an LH2 storage tank in a fire to carry out hydrogen

safety engineering. The insight into underlying complex

phenomena allows rethinking what is currently called the

hydrogen “BLEVE” explosion. It is demonstrated that the

maximum blast wave overpressure is associated with the

gaseous phase and the boiling liquid expanding vapour ex-

plosion (BLEVE) is a follow-up process with a lower pressure

peak if any. This understanding helps to develop recommen-

dations for the design of inherently safer LH2 storage tanks.
Validation experiments

BMW performed a series of experiments to assess the pres-

sure and thermal effects following the bursting of LH2 storage

systems [7]. The tests were conducted on cylindrical, single-

wall tanks, isolated with a layer of foam. The inner volume

corresponded to about 120 L. The tank pressure before rupture

varied in the range of 2e15 bar abs. The stored hydrogenmass

varied in the range of 1.8e5.4 kg. It has not been possible in

experiments to determine the exact amount of hydrogen or

fraction of gaseous phasemass due to increasing imprecisions

of the level sensors for high pressures. A cutting charge

around the circumference of the cylinder has been used to

cause the sudden rupture of the tank within 0.2 ms. Experi-

mentalists considered that the amount of explosive charge

was not sufficient to affect the overpressure generated by the

LH2 storage tank rupture. Pressure sensors were located at a

3 m distance from the centre point of the tank. Data on

maximum overpressure are available for 9 tests and are pre-

sented in Table 1.

In general, measured maximum overpressure was

observed to increase with increasing tank storage pressure,

from 33 mbar gauge for storage pressure Ps ¼ 2.1 bar abs (Test

2) to 150mbar for Ps¼ 15 bar abs (Test 9). However, Tests 1 and

7 presented significantly higher overpressure compared to the

general trend. Experimentalists explained the high pressure

measured in Test 1 as resulting from a rapid succession of

energy contributions and combined effect in a pressure peak

https://doi.org/10.1016/j.ijhydene.2022.09.114
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Table 1 e BMW experiments: LH2 tank storage pressure and measured blast wave overpressure at 3 m [7].

Test No. 1 2 3 4 5 6 7 8 9

Tank storage pressure, bar abs 2.0 2.1 3.7 4.0 4.0 11.0 11.0 11.3 15.0

Blast overpressure, mbar gauge 167 33 60 77 110 133 470 150 150
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of the cutting charge, spontaneous evaporation expansion of

gas and combustion of hydrogen, conversely to the pressure

waves pattern shown in Fig. 1c [7]. On the other hand, Test 7

presented defective insulation which may have caused an

enrichment of oxygen at the low temperature tank wall and a

more energetic event following its combustionwith hydrogen.

These conclusions will be revised through physical modelling

and numerical simulations in this study.
Modelling approach and simulations

The interpretation of three experimentally observed pressure

peaks in Fig. 1c in our physical model are as follows. The first

peak, as in the original interpretation [7], is due to the initia-

tion of the detonation cord located outside the tank isolation,

i.e. at some distance of the load-bearing metallic tank wall.

The second peak, which is the highest, in our model is

attributed to the enhanced by combustion starting shock from

the hydrogen gaseous phase propagating over the surround-

ing air. The increase of pressure in the starting shock is due to

the release of chemical energy due to the combustion reaction

between heated by shock air and expanding hydrogen at the

contact surface just behind the starting shock. The high-

temperature products of the detonation cord initiate the re-

action between hydrogen and air mimicking the tank rupture

in a fire (this is modelled by a high-temperature patch in the

simulations as described in Section 3.3). The third experi-

mentally observed peak is attributed in our model to what is

called BLEVE. The non-premixed comparatively slow com-

bustion of hydrogen at the BLEVE stage is responsible for the

fireball size defined by the stored hydrogen mass [26] and

probably contributes to the magnitude of the third pressure

peak which we interpret as BLEVE. This interpretation of the

experimentally observed three-peak blast wave structure

implies the apparent assumption that the characteristic time

for the starting shock propagation after tank rupture is shorter

compared to the characteristic time for evaporation and

expansion of LH2 and these two processes are not contrib-

uting the highest pressure in the second peak (in reality it will

be the first pressure peak as the pressure peak due to deto-

nation cord could be excluded).

The physical model accepted in this study allows avoiding

the simulation of the process of gaseous hydrogen conden-

sation due to expansion at a critical temperature at the con-

tact surface, where chemical energy contributing to the

starting shock overpressure is released because hydrogen

temperature is raised in the vicinity and at the contact surface

by heated by the starting shock air and then by reaction

products. The process of hydrogen vapour condensation tak-

ing place due to its expansion behind the contact surface does

not affect the magnitude of the starting shock front. This is
because the positive temperature gradient from the area of

hydrogen condensation to the hydrogen reaction at the con-

tact surface will not allow sound waves to transmit

“condensation signal” to the leading shock front.

This study is focused on the physical model and repro-

duction in simulations of the maximum pressure (“second”

pressure peak, Fig. 1c [7]) in the blast wave after the LH2 tank

rupture in a fire. It is worth again to underline that this peak is

not associated with BLEVE. Therefore, the physical model in

this paper assumes that the blast wave maximum pressure is

defined only by the parameters of the hydrogen gaseous phase

in the LH2 tank at the time of its rupture. It is considered that

the phase change process in liquid hydrogenwould not be fast

enough to contribute to the starting shock that defines the

maximum blast wave pressure. This assumption is supported

by the experimental study [12], where the authors concluded

that the energy associated with the liquid fraction of propane

in the tank has very little impact on the maximum shock

overpressure from the tank rupture event. The liquid phase

evaporation and expansion is considered to strongly affect the

impulse of the pressure and fireball dimensions, which are

beyond the scope of this study.

The numerical model in this work stems from the authors’

study [23] and accounts for the need to properly treat the

phenomena of hydrogen at cryogenic temperatures close to

the critical point. Due to this reasoning and limitation of real

gas EoS in the ANSYS Fluent software, the CFD approach im-

plements the ideal gas EoS. The Large Eddy Simulations (LES)

approach with Smagorinsky-Lilly Sub-Grid Scale (SGS) turbu-

lence sub-model, Eddy Dissipation Concept (EDC) and the

global reaction rate for hydrogen-air combustion is used. More

details on the numerical model are given in Section 3.3.

Assessment of conditions in the LH2 storage tank before
rupture

It is assumed that both phases of hydrogen in the LH2 storage

tank, i.e. gaseous and liquid, are in equilibrium at the satu-

ration temperature corresponding to the storage pressure at a

particular test. It is admitted, however, that temperature of

the gaseous phase could be somewhat higher due to heat

transfer through the tank walls and the temperature in the

liquid phase could be not uniform due to stratification and

heat transfer from walls.

The only experimental information on the stored mass of

hydrogen in the BMW tests is that it is within the range of

1.8e5.4 kg. Therefore, for each experimentally recorded

pressure, the two limiting cases are considered here, one

corresponding to the minimum (1.8 kg) and one to the

maximum (5.4 kg) mass of hydrogen (mH2;tot).

The Webbook database implementing NIST EoS [27] is

employed to retrieve the densities at the storage pressure and

https://doi.org/10.1016/j.ijhydene.2022.09.114
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saturation temperature for the liquid, rLH2;r, and compressed

gaseous, rCGH2;r, phases, hence the subscript “r” for real gas. In

themodel, both phases of hydrogen in the tank are considered

to be homogeneous and in equilibrium. Thus, the definition

for the mixture specific volume, i.e. the ratio of the substance

phase volume over its mass (reciprocal to density), is applied

[28]:

vH2;tot;r ¼vCGH2;r,xr þ ð1� xrÞ,vLH2;r (1)

where vLH2;r and vCGH2;r are the specific volumes for the liquid

and gaseous phases respectively, and xr is the mixture vapour

quality, i.e. the ratio of the gaseous mass over the total mass

(xr ¼mCGH2;r=mH2;tot). The internal volume of the tank in all tests

was 120 L. The specific volume of the mixture in the tank

leading to either minimum or maximummass of hydrogen in

the defined range can be calculated as:

vH2;tot�min;r ¼ V
mH2;tot�min;r

; vH2;tot�max;r ¼ V
mH2;tot�max;r

(2)

Eqs. (1) and (2) are used to retrieve the vapour quality for

each limiting case:

xmin;r ¼ vH2;tot�min;r � vLH2;r

vCGH2;r � vLH2;r
; xmax;r ¼ vH2;tot�max;r � vLH2;r

vCGH2;r � vLH2;r
(3)

From the definition of vapour quality it is possible to esti-

mate the mass and volume of gaseous (real gas) and liquid

hydrogen within the LH2 storage tank:

mCGH2�min;r ¼ xmin;r,mH2;tot�min;r ;mCGH2�max;r ¼ xmax;r,mH2;tot�max;r

(4)

VCGH2�min;r ¼ vCGH2;r,mCGH2�min;r;VCGH2�max;r ¼ vCGH2;r,mCGH2�max;r

(5)

Table 2 shows the calculated initial conditions in the LH2

storage tank for a given pressure and both minimum and

maximum hydrogenmass (1.8 kg and 5.4 kg) before rupture. It

can be observed that the minimum total mass of liquid and

gaseous hydrogen in the tank (1.8 kg) always results in the

higher mass of the gaseous hydrogen in the tank. For the case

with maximum total hydrogen mass in the LH2 storage tank

(5.4 kg) the mass of the gaseous phase is lower compared to

the case of total mass equal to 1.8 kg.
Table 2 e Initial conditions and amount of gaseous
hydrogen in the LH2 storage tank before rupture.

Pressure,
bar abs

Temperature,
K

mH2;tot,
kg

xr mCGH2;r,
kg

VCGH2;r,
m3

2.0 22.9 1.8 0.13 0.24 0.097

2.0 22.9 5.4 0.02 0.10 0.041

2.1 23.1 1.8 0.14 0.25 0.042

2.1 23.1 5.4 0.02 0.11 0.097

3.7 25.7 1.8 0.25 0.44 0.099

3.7 25.7 5.4 0.03 0.17 0.038

4.0 26.1 1.8 0.27 0.48 0.099

4.0 26.1 5.4 0.03 0.18 0.037

11.0 32.0 2.0 1.00 1.99 0.120

11.0 32.0 5.4 0.02 0.13 0.008

11.3 32.2 2.1 1.00 2.10 0.120

11.3 32.2 5.4 0.01 0.06 0.004
Definition of vapour hydrogen volume in CFD simulations

The presented above initial conditions in the LH2 storage tank,

including calculation of the fraction of mass and volume

occupied by the gaseous hydrogen, are calculated using the

real gas NIST EoS. To accommodate for combustion in the CFD

model well defined for an ideal gas in ANSYS Fluent, the sim-

ulations are performed with the ideal gas EoS. Therefore, the

volumeof the gaseousphase considered in simulations should

be scaled to conserve the internal energy defined by the real

gas EoS.

The internal (mechanical) energy associated with the

compressed gaseous phase of hydrogen in the tank can be

written as [24]:

Ei;r ¼mCGH2;r,cv;r,T (6)

To conserve the internal energy of compressed hydrogen at

real gas conditions (as per experiment) in our simulations

with the ideal gas EoS the following equation is applicable:

Ei;r ¼Ei;id/mCGH2;r,cv;r,T ¼ mCGH2; id,cv;id,T (7)

The initial temperature in the storage tank is unvaried. The

specific heat at constant volume for the real gas, cv;r, is given by

the NIST WebBook database [27]. However, ANSYS Fluent al-

lows to define as input in simulations only the specific heat at

constant pressure, cp;id, and, given that the ideal gas EoS isused,

calculates the specific heat at constant volume as cv;id ¼ cp;id �
RH2. Fluent database provides the specific heat at constant

pressure as a function of temperature only for the range

300e5000 K. This leaves uncovered the characterisation of

cryogenic substances. A user-defined polynomial expression

of cp;id as a function of temperature is defined from 300 K down

to the saturation point by using the data provided by the NIST

WebBook database [27]. To have the same cv;r ¼ cv;id for

respectively the real gas and ideal gas formulations, the cp;id
implemented in Fluent through UDF is calculated as cp;id ¼
RH2 þ cv;r, with cv;r providedby theNISTWebBookdatabase [27].

The mass of compressed hydrogen for the ideal gas can be

rewritten as:

mCGH2;id ¼VCGH2;id,rCGH2;id (8)

To conserve the mechanical energy of compressed in LH2

storage hydrogen (real gas), the tank volume of “ideal gas”

used in simulations should be scaled as:

VCGH2; id ¼ mCGH2;r,cv;r,T
rCGH2;id,cv;id,T

¼ mCGH2;r

rCGH2;id
(9)

Table 3 shows the calculated ideal gas volume of the

gaseous phase in the LH2 tank to be implemented in simula-

tions along with the saturation temperature and pressure as

initial conditions.

Details of the numerical model

An original modelling approach has been used to get insights

into what is called the boiling liquid expanding vapour explo-

sion (BLEVE) after the LH2 storage container rupture in a fire.

The sub-models and parameters of the present CFD approach

are selected following the numerical model validated against
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Table 3 e Hydrogen gaseous phase volume in CFD simulations conserving the internal energy: NIST real gas EoS (r) versus
ideal gas EoS (id).

Pressure, bar abs Temperature, K mH2;tot, kg xr mCGH2;r, kg rCGH2;r, kg/m
3 rCGH2;id, kg/m

3 VCGH2;r, m
3 VCGH2; id, m

3

2.0 22.9 1.8 0.13 0.24 2.483 2.118 0.097 0.113

2.0 22.9 5.4 0.02 0.10 2.483 2.118 0.041 0.047

2.1 23.1 1.8 0.14 0.25 2.599 2.204 0.097 0.114

2.1 23.1 5.4 0.02 0.11 2.599 2.204 0.042 0.050

3.7 25.7 1.8 0.25 0.44 4.478 3.492 0.099 0.126

3.7 25.7 5.4 0.03 0.17 4.478 3.492 0.038 0.049

4.0 26.1 1.8 0.27 0.48 4.841 3.719 0.099 0.129

4.0 26.1 5.4 0.03 0.18 4.841 3.719 0.037 0.048

11.0 32.0 1.99* 1.00 1.99 16.619 8.327 0.120 0.239

11.0 32.0 5.4 0.02 0.13 16.619 8.327 0.008 0.017

11.3 32.2 2.1* 1.00 2.10 17.519 8.506 0.120 0.247

11.3 32.2 5.4 0.01 0.06 17.519 8.506 0.004 0.007

Note: * - Given the higher densities for Ps ¼ 11.0 bar ab and Ps ¼ 11.3 bar abs, the minimum mass possible in the storage tank is given by the

scenario of the storage tank fully filled with hydrogen in the gaseous phase, i.e. xr ¼ 1. Even in such case, the calculated minimum mass that

could be stored in a 0.120 m3 tank is equal to 1.99 kg for Ps ¼ 11.0 bar abs and 2.10 kg for Ps ¼ 11.3 bar abs.
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tests on the rupture of a high-pressure gaseous hydrogen

storage tank (ambient storage temperature) in a fire [23]. Here,

the CFD model was adapted to simulate the maximum pres-

sure after LH2 tank ruptureperformedexperimentally byBMW

[7]. The pressure-based solver with the PISO pressure-velocity

coupling algorithm is employed. The LES approach is used,

which implements the Smagorinsky-Lilly SGS turbulence sub-

model [29]. The CFD model accounts for the contribution of

hydrogen reaction with air at the contact surface to the blast

wave strength through the Eddy Dissipation Concept (EDC)

model [30]. The EDC allowsmodelling the effect of turbulence-

chemistry interaction on the combustion rate through so-

called fine scales. The one-step Arrhenius chemistry is

applied to reduce calculation timewhilemaintaining the good

accuracy of a solution. The numerical sub-models and

schemes used in the present study follow the considerations

and best-practices suggested in [23] following an extensive

parametric study. The second-order upwind scheme is used to

discretize convective terms and a second-order interpolation

scheme for pressure terms. A first-order accurate time-step

discretization is used for time advancement. The original

time step adapting technique described in [23] has been

employed here to maintain a constant CFL number. The

hydrogen thermal conductivity down to saturation tempera-

turehas beendefinedaccording to theNISTdatabase in [27]. As

an example, thermal conductivity at ambient pressure has

been defined as a polynomial function of temperature:

k ¼ 2.2,10�10T3-3.9,10�7T2þ7.0,10�4Tþ4.6,

10�3 (W/m/K).

The numerical domain is a hemisphere with a diameter of

100 m. The ground is modelled as an adiabatic no-slip imper-

meable wall. A gauge pressure equal to zero is imposed at the

external boundarieswith air. The tank is placed at the centreof

the hemispherical domain and has volume depending on the

simulated test (see Table 3). The distance of the tank axis from

the ground is kept constant from test to test and is equal to

45 cm. The tank is cylindrical, with the ratio of a height to a

diameter equal to 1.6. This dimensions’ ratio was maintained

when scaling the tank according to the ideal gas volumes used

in numerical simulations (see Table 3). The cylindrical tank

wasplacedhorizontallywith its axisparallel to theground.The
numerical grid is hexahedral and has a minimum size of

approximately 2 cm inside the tank and its vicinity. A

maximumgrid expansion ratio of 1.1 has been employed in the

near field to the tank,whereas the ratio of 1.2 in the domain far

field. These hexahedral mesh sizing parameters were seen to

provide grid convergence in [23] for modelling the blast wave

following the rupture of hydrogen storage tanks with nominal

working pressure up to 70 MPa. The minimum size of control

volumes was decreased to approximately 1 cm for the cases

with the lowest tank volume, i.e. VCGH2 ¼ 0.017 m3 for Ps-
¼ 11.0 bar abs and VCGH2 ¼ 0.007 m3 for Ps ¼ 11.3 bar abs. The

total number of control volumes (CVs) varied, depending on

the simulated test, from 384,368 CVs for the case with storage

pressure 2 bar abs to amaximumof 1,156,864 for the casewith

storage pressure 11.3 bar abs. The domain has been initialised

with a temperature equal to 288 K, pressure 101,325 Pa and

normal air composition, i.e. 0.23 of O2 and 0.77 of N2 bymass in

air. The tank region is initialised with burst pressure and

temperature as defined in Table 3 for each simulated case, and

hydrogen mass fraction is set to 1. A thin layer of cells sur-

rounding the tank, consisting of 2 cells, is initialised with

temperature 1600 K andwater vapourmass fraction 0.01 in the

air to imitate a fire (mimicked in experiments by the explosive

charge combustion cloud). Temperature of 1600 K was set by

approximating the data available in [31] on temperature of a

TNT combustion cloud at 0.2ms (time to fully open the tank by

the explosive charge [7]). For the simulated cases with storage

pressure in the range 11.0e11.3 bar abs, the layer surrounding

the tank with temperature 1600 K and 0.01 water vapour mass

fraction was increased to 4 cells to enable combustion. Fluent

v.17.2 has been used as the computational engine for the

simulations.
Results and discussion

The convergence of solution by CFL number

The convergence of a solution is evaluated by the over-

pressure recorded at the sensor location z ¼ 3 m (see Fig. 3a)

and by the amount of burnt hydrogen and the hydrogenmass

https://doi.org/10.1016/j.ijhydene.2022.09.114
https://doi.org/10.1016/j.ijhydene.2022.09.114


Fig. 3 e Convergency of a solution by CFL number for test P ¼ 2.0 bar, VCGH2;id ¼ 0:113m3: (a) blast wave overpressure

dynamics at 3 m in a perpendicular direction to the tank axis; (b) burned hydrogen mass (black curves, left Y-axis) and

hydrogen imbalance in the calculation domain (grey lines, right Y-axis) as a function of time. Note: URF is an under-

relaxation factor.
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imbalance (see Fig. 3b). The hydrogen mass imbalance (%) is

assessed as ðHtot
2 � Hin

2 Þ=Hin
2 ,100, where Hin

2 is the amount of

hydrogen at time 0 s, and Htot
2 is the total mass of hydrogen at

the time t of the simulations, which includes the hydrogen

present in the domain in its molecular form, plus the

hydrogen contained in the H2O produced during combustion.

The overpressure dynamics is practically not affected by

the change of CFL from 0.1 to 0.05 (see Fig. 3a, curves with

legend URF ¼ 0.4e1.0). Maximum overpressure peaks are

87.6 kPa and 88.8 kPa for CFL¼ 0.1 and CFL¼ 0.05, respectively.

This corresponds to a relative difference below 1.4%, which is

deemed to be negligible for the problem of such complexity.

However, the saving in computational time is significant, as it

decreases from approximately 50 h for simulating 14 ms for

CFL¼ 0.05ona70coresmachine to about 30h forCFL¼ 0.1. The

pressuredynamics forCFL¼ 0.2 showsmoreattenuatedpeaks,

recording a maximum overpressure of 85.5 kPa. The curves of

burnt hydrogenmass are shown to be slightlymore affected by

the CFL change (see Fig. 3b, curves with legend URF¼ 0.4e1.0).

The curves of burnt hydrogen for CFL ¼ 0.05 and CFL ¼ 0.1

practically overlap in the initial phase of fast combustion,

which is the one contributing to the blast wave strength. At

10 ms, the simulated burnt hydrogen is about 1.00% for

CFL ¼ 0.05 and 0.96% for CFL ¼ 0.1, which is considered to be a

negligible difference. This variation may be due to the

employed under-relaxation factors (URF) of 0.4 for pressure

and momentum, and URF ¼ 1.0 for the energy, species and

density equations. It can be observed in Fig. 3b that the

decrease of URFs from1.0 to 0.2 for energy, species and density

equations brings the curve associated to CFL ¼ 0.1 (notation

“CFL¼ 0.1 URF¼ 0.2e0.4”) to almost coincidewith the curve for

a CFL ¼ 0.05 and URF ¼ 0.4e1.0, whereas a negligible effect is

seen on the pressure dynamics. Thus, the increase of CFLmay

be accompanied by decrease of URFs to increase accuracy, but

it shouldbehandled carefully as itmaycausehigher instability

of a solution, as shown by the mass imbalance trend, and

higher computational cost. Overall, variation for both over-

pressure dynamics and burnt hydrogenmass is negligible, and

a solution is deemed to converge. A CFL ¼ 0.1 can be used for

engineering purposes andwill be employed in the simulations.
Effect of hydrogen combustion and the blast wave strength

The study [23] showed that hydrogen reaction at the contact

surface with heated by starting shock air can greatly affect the

blast wave strength generated by the rupture of a 70 MPa

hydrogen storage tank in a fire. It was observed that the

release of chemical energy via combustion causes an increase

of the pressure peak in one of the tests by 37%. In the present

study, the effect of combustion contribution is assessed by

performing two simulations one with and another without

taking into account chemical energy contribution into the

blast wave strength, simply activating or deactivating the EDC

combustion model. The analysis selects two extreme cases

corresponding to the experiments that resulted in the mini-

mum andmaximum experimentally recorded overpressure at

3 m from the tank, respectively for storage pressure Ps-
¼ 2.1 bar abs (5.4 kg of hydrogen in liquid and gaseous phases)

and Ps ¼ 11.0 bar abs (2 kg).

Fig. 4a shows the simulated pressure dynamics for the

numerical test with Ps ¼ 2.1 bar abs and VCGH2; id ¼ 0.050 m3

(5.4 kg) in comparison to experimentally measuredmaximum

overpressure of 33 mbar. The simulation with combustion

resulted in the maximum overpressure of 53.4 mbar at

approximately 8.6 ms after the LH2 tank rupture. The simu-

lation is conservative compared to the experimentally

measured 33 mbar. This could be due to the neglection of

losses of mechanical energy on projecting the tank fragments

and ground catering. The first pressure peak is followed by a

negative pressure phase, which is characteristic of gaseous

explosions including that the maximum negative pressure is

comparable to the positive first pressure peak. In reality, the

negative pressure amplitude could be reduced due to the

flashing evaporation of LH2 (not simulated in this paperwhich

is focused on predictive modelling of the maximum pressure

in the blast wave). At about 12 ms, the overpressure at 3 m

from the tank rises again forming a second peak. In general,

the pressure dynamics is similar to that of the propane tank

explosion (see Fig. 2).

Fig. 4b shows a steep rise in the burnt hydrogen within

1 ms, which corresponds to the initial phase of combustion at
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Fig. 4 e Simulated pressure dynamics at 3m perpendicularly to the tank axis for test with Ps ¼ 2.1 bar abs and Vid ¼ 0.050m3

(5.4 kg)with andwithout combustion (a). The amount of burnedhydrogen (black curve, left Y-axis) and imbalanceof hydrogen

(grey line, right Y-axis) in the computational domain as a function of time for simulation including combustion (b).
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the contact surface before the detachment from the starting

shock. About 2.5% hydrogen has burnt by 14 ms, whereas the

hydrogen mass imbalance is maintained around 0.3%, which

is considered to be an acceptable accuracy of calculations.

Fig. 4a shows as well the pressure dynamics recorded in

simulations without the inclusion of combustion modelling.

Pressure transient shows a behaviour similar to the simula-

tions with combustion, presenting the same two peaks struc-

ture. However, the combustion significantly affects the

maximum overpressure reached at 3 m, increasing it by

approximately 5 times from 12.3 mbar to 53.4 mbar. It is

possible to observe that if combustion is not included in the

CFD model, simulations would underpredict the experimen-

tally observed overpressure of 33 mbar by approximately 3

times.

Fig. 5 provides insights into the blast wave propagation and

combustion dynamics by showing the contours of pressure,

temperature,water vapour andhydrogenmole fractions in the

time range 1e12 ms. Legend limits for pressure and tempera-

ture are different in snapshots at 1 ms and 2 ms due to the

larger variation in the parameter's maximum. The pressure

snapshot at 1 ms clearly shows the shock wave moving out

from the source and detaching from the contact surface be-

tween hydrogen and air. The blast wave strength is seen to

decrease as it moves out and decays. The starting shock hits

thegroundandpressure increasesduring reflection, andby the

time the sensor at 3 m (about 8 ms) is reached, the reflected

wave off the ground has caught up with the primary wave

combining in a singular front. At 1 ms, temperature contours

do not show a steep increase in the zone where the air is

compressed by the starting shock, due to the comparatively

lowstoragepressure in this case (Ps¼ 2.1 bar abs). Temperature

increases mainly due to combustion at the contact surface up

to about 2000 K within 4 ms. In the meanwhile, the tempera-

ture of the gaseous hydrogen phase in the storage tank region

decreases significantly in time due to expansion. The contact

surface area where the hydrogen cooled by expansion reacts

with the oxygen of air heated by the starting shock starts to be

deformed by instabilities at around 4e6 ms, including the

Rayleigh-Taylor instability [23].
Fig. 6a shows the comparison of pressure dynamics for

simulations with and without combustion for the test with

Ps ¼ 11.0 bar abs and VCGH2; id ¼ 0.239m3 (2 kg). In this case, the

inclusion of combustion in simulations increases the

maximum pressure peak at a distance of 3 m from the tank

from 274.5 mbar to 563.3 mbar, i.e. approximately twice. The

blast wave arrival time at 3 m is approximately 1 ms faster for

the case with combustion compared to the case without

combustion. The portion of burnt hydrogen at 10 ms is

approximately 1.2%, see Fig. 6b. This value is lower than the

1.9% amount burnt at 10 ms for the test with Ps ¼ 2.1 bar abs.

The simulations with combustion (563.3 mbar) slightly over-

estimate the experimentally measured overpressure of

470 mbar. It is worth noting that simulations with

VCGH2; id ¼ 0.239 m3 consider the maximum possible gaseous

quantity in the tank, whereas the actual amount in experi-

ments is unknown and only assumed to be the possible

maximum for the sake of conservatism of the simulations.

Furthermore, losses to ground cratering and tank fragments

projection are not simulated too. The simulations without the

inclusion of combustion underestimate experimentally

recorded maximum overpressure by approximately a 1.7 fac-

tor, i.e. cannot be used for carrying out hydrogen safety en-

gineering. It can be concluded that the release of chemical

energy shall always be taken into account along with the

release of mechanical energy to perform accurate safety

design of LH2 system or infrastructure. Indeed, the release of

chemical energy during combustion at the contact surface is

confirmed to affect the blast wave strength for LH2 hydrogen

storage and the effect (ratio of overpressureswith andwithout

combustion) is seen to increase for decreasing storage pres-

sure before rupture.

Analysis of the set of all BMW tests

To perform a thorough analysis of BMW tests, the simulations

were carried out for all the cases listed in Table 3. As

mentioned in Section 3.2, these correspond to the possible

minimumandmaximumquantity of gaseous hydrogen phase

in the tank for a given storage pressure. This apparentlywould
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Fig. 5 e Dynamics of pressure and temperature (a), mole fractions of water vapour and hydrogen (b) at time 1e12 ms for the

test with Ps ¼ 2.1 bar abs and Vid ¼ 0.050 m3 (5.4 kg) on the plane perpendicular to the tank axis.
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Fig. 5 e (continued).
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Fig. 6 e Simulated pressure dynamics at 3 m perpendicularly to the tank axis for the test with Ps ¼ 11.0 bar abs and

Vid ¼ 0.239 m3 (2 kg) for the cases with and without combustion (a). The amount of burned hydrogen (black curve, left Y-

axis) and imbalance of hydrogen (grey line, right Y-axis) in the domain as a function of time for simulation including

combustion (b).

Fig. 7 e Simulated minimum and maximum overpressure at 3 m perpendicular to (a) and along (b) the tank axis versus

experimental measurements for Tests No. 1e8 [7] (marked close to experimental pressure points).
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correspond to the minimum and maximum blast wave over-

pressure at the sensor location at 3 m. Fig. 7 represents the

results of simulations at these two extreme conditions as lines

with bars corresponding to the minimum and maximum

calculated overpressure. Generally, it can be recommended

that to decrease the blast wave pressure the quantity of

gaseous hydrogen phase in the tank is kept as minimum as

possible. For the majority of BMW experiments, precisely

No.2-6 in Table 1 and Fig. 7, the results of simulations with the

minimum mass of gaseous hydrogen are in excellent agree-

ment with measured overpressure. A certain conservatism of

simulations is due to the neglection of losses of mechanical

energy on projecting the tank fragments and ground catering.

Experimental measurement for Test 8 is well within the

simulated pressure range, indicating that it could be charac-

terised by an amount of gaseous hydrogen larger than the

minimum employed in simulations (mCGH2 ¼ 0.06 kg).
The experimentalists explained the large overpressure

measured in Test 7 as a consequence of the tank defective

insulation which may have caused an enrichment of oxygen

at the low temperature tank wall and a more energetic event

following its reaction with hydrogen [7]. Although the effect of

oxygen enrichment is not dismissed, we consider that the

major effect of the defective insulation is the larger heat

transfer through the tank walls warming up the hydrogen in

the tank and leading to a larger volume fraction of the gaseous

hydrogen phase before LH2 tank rupture.

Test 1 presents a twice higher experimental overpressure

compared to the simulations that is opposite to the general

trend of all other tests. This is deemed by experimentalists to

be the combined effect of the cutting charge, spontaneous

evaporation and expansion of gas, and combustion of

hydrogen on the pressure peak (however, this is controversial

to the experimental pressure peaks pattern shown in Fig. 1c).
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The evaporation process is too slow to contribute to the first

pressure peak. From the data available in [7], it is unknown the

exact magnitude of the peaks shown in Fig. 1c or which test

they are referred to. It can only be assessed that the proportion

of the first peak in Fig. 1c associated with the detonation belt

to the second peak, associated in our study with the gaseous

explosion, is about 15%. This means that detonation belt

contribution could range from a minimum of 5.0 mbar to a

maximum of 70.5 mbar, depending to which test Fig. 1c is

referred to. Simulations do not account for the detonation belt

contribution to the pressure wave. If the detonation belt were

to be as high as 70.5 mbar, this could bring simulated

maximum overpressure of 87.6 mbar for the test with Ps-
¼ 2.1 bar ab to 158.1 mbar, which corresponds to merely 5.6%

underestimation of the experimentally measured pressure of

167 mbar for Test 1.

The horizontally located cylindrical tank causes the blast

to be stronger from the sides than from the ends of the tank

[11,21]. This effect was seen to decrease with distance in [23].

Fig. 7b shows the simulated maximum overpressure at 3 m in

axial direction to the cylindrical tank. The reduction in

calculated overpressure at 3 m in axial direction to the tank

was seen to vary from �2.0 to �37.7% relative difference from

the overpressure calculated at 3m perpendicularly to the tank

axis.

The simulation results and their reproduction of the BMW

experiments on LH2 tanks rupture confirm the assumptions of

the physical model and finally the validity of the CFD model.

The mechanical energy in the gaseous hydrogen phase is

immediately available to produce work in its surroundings.

The tank rupture generates the starting shock followed by the

contact surface where the reaction between hydrogen and air

takes place with an essential contribution to the blast wave

strength. This process defines the maximum pressure peak of

what is called the LH2 tank “BLEVE” explosion. This conclu-

sion is supported by observations [12e14,16,32]. Hydrogen

reaction with air at the contact surface greatly contributes to

the maximum pressure peak, increasing it by up to a factor of

5. Blast wave overpressure increases with the volume fraction

of the gaseous hydrogen phase in the tank and the storage

pressure. Liquid hydrogen volumetric fraction as high as

possible is recommended to limit the pressure hazards that

originated in the event of rupture of the LH2 tank in a fire. The

developed CFD model can be employed for predictive simu-

lations and the results be used as a basis for informing Reg-

ulations, Codes and Standards (RCS). The pressure hazards

should be examined along with the thermal hazards associ-

ated with the produced fireball. Modelling of fireball after LH2

tank rupture in a fire is beyond the scope of this study. The

maximum fireball diameter is known to be a function of the

total stored mass of hydrogen. Makarov et al. [26] proposed a

correlation to assess the maximum fireball diameter of an

ignited LH2 spill by the mass of hydrogen in the tank. The

application of the best fit correlation for liquid hydrogen

storage, i.e. Dbf ¼ 8:16,m0:45 [26], to the mass range of the

present study, i.e. 1.8e5.4 kg, results in the fireball diameter

11.9e17.2 m. The authors [26] proposed as well a conservative

correlation estimating themaximumfireball diameter asDc ¼
10,m0:45. The conservative estimation of fireball in BMW tests

leads to the range 13.0e21.4m. The estimates of fireball by the
correlations are in agreement with experimental recordings

[7]: fireball maximum horizontal diameter was observed to be

in the range 6e15 m while on the ground, whereas it was

recorded to be up to 20 m after lift-off from the ground.

Further research could focus on the physical modelling and

simulations of all stages of LH2 tank rupture in a fire, including

the effect of evaporation of liquid hydrogen phase in the tank

on the blast wave pressure dynamics and impulse, the

development of a fireball in open, confined and congested

environment of hydrogen refuelling station and associated

thermal hazards.
Conclusions

The significance of this work is in the rethinking of physical

processes responsible for the generation of maximum blast

wave pressure after an LH2 storage tank rupture in a fire. The

gaseous hydrogen phase is responsible for maximum blast

wave pressure rather than the follow-up BLEVE process aswas

interpreted by the experimentalists performing the BMW test

series in 1996. Both the instantaneous release of mechanical

energy of the compressed gaseous phase and the release of

chemical energy in the reaction of hydrogen with air at the

contact surface contribute to the blast wave strength. The

models without combustion of hydrogen at the contact sur-

face should not be used for predictive simulations for

hydrogen safety engineering. These results allow designing

inherently safer LH2 storage systems and calculating more

accurate hazard distances. It is considered that the developed

CFD model can also be employed for safety assessments on

large scale LH2 applications.

The originality of this work is in the physical model based

on the responsibility of the volumetric fraction of the gaseous

hydrogen phase for the maximum blast wave pressure. The

essential part of this model and the numerical simulations is

accounting for hydrogen reaction with heated by the starting

shock air at the contact surface. This has enabled the inter-

pretation, for the first time, of all maximum blast wave pres-

sure recorded in the BMW experiments and pressure scatter

that is found to depend on the volumetric fraction of the

gaseous phase in the tank and pressure in the storage tank at

the time of rupture.

For the first time, the contribution of chemical energy to

the blast wave strength associatedwith cryogenic hydrogen in

LH2 storage tanks was accounted for in numerical simula-

tions. The combustion reaction was initiated in the experi-

ments by the detonation belt thus mimicking a fire. The

simulations demonstrated that combustion significantly

contributes to the generated maximum blast wave over-

pressure, increasing it up to 5 times at 3 m from the tank

compared to simulations without combustion. The model

conserves the mechanical energy of real gas by rescaling the

real tank volume fraction with gaseous phase to that with the

ideal gas applied in the simulations.

The simulated maximum blast wave pressure increases

with the storage pressure and volumetric fraction of the

gaseous hydrogen phase in the tank before rupture. Particu-

larly high overpressure of 470 mbar experimentally measured

for the test with Ps ¼ 11.0 bar abs is explained by a larger
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volumetric fraction of gaseous hydrogen phase in the LH2

tank due to defective insulation of the vessel. Indeed, simu-

lation employing the maximum possible volumetric fraction

of gaseous hydrogen in the tank for the defined range of mass

1.8e5.4 kg was seen to conservatively estimate the experi-

mental pressures.

The rigour of this research is in the validation of the CFD

model against a set of all experimental data available to the

authors from the literature. Unique experimental tests per-

formed by BMW on LH2 storage tanks with pressure up to

11.3 bar abs were used for the assessment of the CFD model

predictive capability and accuracy. The validation domain

includes tests with storage pressure in the range

2.0e11.3 bar abs and mass of hydrogen within 1.8e5.4 kg. The

simulations successfully reproduced experimental maximum

overpressure measured at 3 m from the storage tank.

Liquid filling ratios as high as possible are recommended to

limit the pressure hazards that originate in the event of LH2

tank rupture in a fire. These pressure hazards should be

counterposed with the thermal hazards associated with the

fireball.
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