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Introduction

= Liquid hydrogen (LH,) storage tanks are equipped with
pressure relief devices (PRD) to vent hydrogen and
avoid the pressure build-up.

" |In case of tank structural integrity or PRD failure in
conditions of fire, a storage tank can catastrophically
rupture.

= The tank rupture results in what is called a boiling liquid
expanding vapour explosion (BLEVE) with consequent:

> Blast wave;

> Fireball;

» Projectiles.

Catastrophic rupture of a 76 m3® LH, storage

lv tank (Shen and Miller, 2024).

Ulster 2
University Co-funded by 4/ Clean Hydrogen UK Ressarch 2
the European Union il Partnership and Innovation



Knowledge gaps on understanding of LH, BLEVE @'HYS

= The underlying physical mechanisms leading to the generation of blast waves after LH,
storage tank rupture are not yet fully understood.

= Authors’ study on “rethinking BLEVE” concluded that: é.\ a
: : . Ullage gasjexplosion
o The maximum blast wave pressure is generated by  : e ||
the GH, phase starting shock. \‘Wm Mo L .
o BLEVE pressure peak follows the GH; phase blast. [HZ flash Boililnaan
. 2 combustio b
= Absence of numerical models capable to reproduce e | e -
blast wave and fireball from LH, BLEVEs accounting for 1] ‘xwﬂ,«/w ‘
both multiphase and combustion modelling. c
Aim of the research: i P
Develop a novel “throughout” model able to simulate the N\t !
multi-peak blast wave structure and the entire fireball Detonation belt ib'“_%"é;’ N
1 Ical presSsure transients a m 1rrom tne tan
dynamlcs of a I‘H2 Storage tank BLEVE' as observed ceiiltee with one (a), two (b) and three (c) distinctive
experimentally by (PEhr, 1996) peaks in BMWexperiments (Pehr, 1996).
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Real scale “BMW"” tests on BLEVE @'HYS

= BMW experiments on the “controlled” rupture of LH, storage tanks by an

explosive charge.

= Cylindrical storage tank with volume 0.12 m?3.
= Stored H, mass: 1.8-5.4 kg (unknown mass for each

test).

= Tank storage pressure: 0.2-1.5 MPa(a).

= Blast overpressure was measured at 3 m from the tank
(availability of only maximum overpressure).

= Maximum fireball diameter: 20 m.

Test No.
Tank storage pressure, MPa(a)

L 2 3 4
0.2 0.21 037 04

5 6 7 8

Development of a fireball: a) Ignition (t=0),
0.4 1.1 1.1 113 b) t=250 ms, c) t=1250 ms, d) t=1800 ms

Blast overpressure at 3 m,
kPa(g)

16.7 33 6.0 7.7

(Pehr, 1996).
11.0 13.3 47.0 15.0
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CFD model and numerical details @'HYS

= Large Eddy Simulations (LES) approach with Volume of Fluid for multiphase modelling.
= Combined Finite Rate and Eddy Dissipation Model for combustion.

* The numerical domain is a poly-hexa hemispherical grid (400-700k CVs) with radius up to
120 m.

= Numerical simulations for each test pressure were performed for the minimum and
maximum possible total H, masses within the experimental range 1.8-5.4 kg.

Gaseous hydrogen,
ab b X GH, mass fraction =1

=

Liquid hydrogen,
LH, mass fraction =1
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Simulations of multi-peak overpressure dynamlcs@'

Simulated overpressure at 3 m perpendicularly to the storage tank.
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Pressure and temperature dynamics
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Effect of LH, filling ratio (FR) &vhys

Simulated overpressure at 3 m perpendicularly to the storage tank.

H. mass=2.0 kg (FR=0%) H., mass=3.3-4.0 kg (FR=45-55%)

H, mass=5.4 kg (FR=93%)
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@IHYS

Effect of hydrogen combustion

BLEVE with immediate ignition BLEVE without immediate ignition
and combustion and combustion
20 : 20 :
¢ Exp Min | ¢ Exp Min Peak 1: Starting shock
s | | CFD, with combustion s | T CFD, with combustion )
L= B s e CFD, w/o combustion Q15 -- CFD, w/o combustion B from U”age gas eXp|05|On
o i o ' -45% overpressure
ﬁ 10 § 10 M /
2 2 g Peak 2: LH, flash boiling
2 ; ) 2 I blast. No combustion: less
o AN 5 A7 :
: | “i \ § AV I evaporation
B IR [ FTLATOA . -60% max overpressure
S 0 2 \ Y r— T 0 vt \\.«\. s =
® \ R\ ATAVAY @ U KW V| -65% impulse than peak 1
‘\J’ '\‘\/’ :
5 5 | Presence of negative
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Time, ms Time, ms pressure phase

Combustion significantly contributes to the entire blast wave dynamics!
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Fireball dynamics

K

Fireball dynamics in experiments (Pehr, 1996) Parallel plane R
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Hazard distances by pressure and thermal effects @'HYS

Assessment of entire blast wave and fireball dynamics and
associated hazard distances: 12
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Hazard distances by pressure effects increase with CGH,

[o]
o

fraction and burst pressure.

CFD - paral dir

CFD - perp dir

Fatality, 100 kPa

Serious injury zone, 16.5 kPa
Slight injury zone, 1.35 kPa |

Hazard distances by thermal effects decrease with

N
o

Max overpressure decay, kPa
(2]
o

increase of CGH, fraction, conversely to hazard distances

N
o

-
R
N

by pressure effects.

LS

................

0
0

Hazard distances by thermal dose can be greater than
those defined by pressure effects.
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The hazard distances defined by thermal effects for the ’l

-
o
o

BLEVE scenario with immediate combustion are observed

(o]
o

to be greater than the flammable cloud extension.
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CFD - perp dir

Fatality, 100 kPa

Serious injury zone, 16.5 kPa
Slight injury zone, 1.35kPa |

N
o

The LFL cloud is observed to persist significantly longer in

N
o

Max overpressure decay, kPa
[o)]
o

time, increasing the duration of the incident and

RN

potential for delayed ignition of the flammable cloud. 0

Co-funded by
the European Union

4 6

8 10 12 14 16

Distance from tank, m

UK Research
and Innovation

Ps=1.1 MPa(a), H, mass=2.0 kg (FR=20%)

Ps=1.1 MPa(a), H, mass=5.4 kg (FR=93%)
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Concluding remarks @'HYS

* The CFD model can reproduce the multi-peak structure of blast wave and fireball observed in the
BLEVE experiments performed earlier by BMW.

" |t is demonstrated that the larger first pressure peak is generated by CGH, phase shock that is
amplified by combustion at the contact surface between hydrogen and heated by shock air.

* The flash evaporation of the bulk liquid phase produces a series of secondary pressure waves
smaller in amplitude of comparable impulse.

" The developed and validated CFD model can be used as a contemporary tool for hydrogen safety
engineering and assessment of hazard distances for LH, storage tank BLEVE.

= A comprehensive assessment of BLEVE hazard distances shall account for both pressure and
thermal hazards in case of immediate ignition and combustion, whose tendencies can shift
according to the prevailing storage conditions.
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Donys

Thank you for your attention

d.cirrone@ulster.ac.uk
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