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A B S T R A C T

This paper is aimed at evaluating the hydrogen cloud explosion under inert gas atmosphere experimentally and
numerically. The results demonstrate that only under Ar, N2 and CO2 atmosphere, the lean and stoichiometric
hydrogen flame tends to be unstable. The Markstein length of Ar, N2 and CO2 is less than zero and the decreasing
order is Ar, N2 and CO2. Except for CO2, the average flame propagation velocity, maximum explosion pressure,
maximum pressure rise rate, positive pressure impulse and explosion pressure attenuation decrease mono-
tonously in the order of He, Ar and N2. For various equivalence ratios and inert gases, the explosion pressure
releases into the far field at the sound speed and attenuates with distance. Due to the fact that the explosion
pressure is closely related to laminar burning velocity, the explosion pressure suppression by inert gas is revealed
by analyzing the factors affecting laminar burning velocity. As equivalence ratio increases, the adiabatic flame
temperature plays a more important role in affecting laminar burning velocity than thermal diffusivity. For
different inert gases, the effect of thermal diffusivity on laminar burning velocity is obviously greater than
adiabatic flame temperature. Besides, the third-body effect of various inert gases increases gradually until
Φ=1.4. and then decreases with increasing equivalence ratio. For a given equivalence ratio, the increasing
order of third-body effect is He, Ar and CO2.

1. Introduction

With ever increasing energy demand, hydrogen is attracting more
and more attentions due to ultra-low harmful emissions [1–2]. How-
ever, great challenges must to be overcome when hydrogen is regarded
as an eco-friendly energy carrier due to its extremely low ignition en-
ergy and wide flammability limits. In the transportation and storage of
hydrogen energy, once hydrogen is released to the atmosphere en-
vironment and the flammable gas cloud encounters with ignition, the
hydrogen cloud explosion is very likely to happen.

Several studies on the hydrogen cloud explosion have been carried
out. Kim [3–4] experimentally investigated the cloud explosion beha-
vior of hydrogen-air mixture using the soap bubble method and thin
vinyl sheet, and pointed out that the expanding flame will accelerate
spontaneously under the flame instabilities, which could enhance the
explosion pressure significantly. In addition, Kim [5] also developed a
simple model to predict the explosion pressure using the self-similarity
and acoustic theory. Molkov [6] numerically reproduced the cellular
flame structure of hydrogen cloud explosion inside a 2.3 m-diameter
spherical vessel and the fractal dimension obtained in simulations
reaches D=2.15, which is close to experimental data. Dorofeev [7]
established an approximate method to evaluate the safety distance

related to hydrogen cloud explosion. The flame speed, hydrogen dis-
persion, blast parameter and blast damage criteria are considered in
this model and the results show that the explosion pressure is strongly
dependent on the congestion level. Mukhim [8] found that the existing
VCE models are inaccurate for predicting the explosion overpressure
and a new method is established based on Sach's scaling laws.

In fact, the inert gas addition has a significant influence on the
explosion and combustion characteristics of the flammable mixture [9].
As an efficient technology, the inert gas addition is usually to mitigate
the explosion pressure and reduce the accident loss [10–11]. Zhang
[12] found that the dilution ratio is beyond a certain value, the
minimum ignition energy increases exponentially. Qiao [13] compared
the effect of He, Ar, N2 and CO2 on laminar burning velocity of near-
limit H2-air flame in microgravity, and concluded that the decreasing
order of laminar burning velocity is He, Ar, N2 and CO2. The diluents
addition could decrease the Markstein number, especially CO2 could
cause the flame to become more susceptible to diffusional-thermal in-
stability. It should be noted that the explosion characteristics of other
flammable gases inhibited by inert gas are regarded as a reference due
to the fact that the effect of inert gas on hydrogen cloud explosion is
scarcely studied. Benedetto [14] studied the effect of diluents on the
rapid phase transition of water induced by combustion and suggested

https://doi.org/10.1016/j.fuproc.2018.08.015
Received 13 July 2018; Received in revised form 20 August 2018; Accepted 20 August 2018

⁎ Corresponding author.
E-mail address: gaoweidlut@dlut.edu.cn (W. Gao).

Fuel Processing Technology 180 (2018) 96–104

0378-3820/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03783820
https://www.elsevier.com/locate/fuproc
https://doi.org/10.1016/j.fuproc.2018.08.015
https://doi.org/10.1016/j.fuproc.2018.08.015
mailto:gaoweidlut@dlut.edu.cn
https://doi.org/10.1016/j.fuproc.2018.08.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuproc.2018.08.015&domain=pdf


that the less effective diluent is in the order of Ar, He, N2 and CO2.
Razus [15] pointed out that the inert gas addition to CH4-N2O mixtures
could decrease the explosion pressure and maximum pressure rise rate.
The explosion suppression efficient is in the decreasing order of CO2,
N2, Ar and He. Li [16] found that laminar burning velocity of H2/CO
flame continues to decrease with increasing CO2 dilution, which could
be attributed to the combined effect of decrease in adiabatic tempera-
ture and thermal diffusivity and the CO2 participation in the chemical
reaction of CO+OH]CO2+H. Li also suggested that the H2/CO
flame tends to be more unstable with increasing CO2 dilution. Mitu [17]
thought that the increasing amounts of dilution will result in the de-
crease in laminar burning velocity and maximum flame temperature of
methane-air mixtures.

To sum up, the hydrogen cloud explosion under the inert gas at-
mosphere has not been fully understood and the data about hydrogen
cloud explosion under inert gas atmosphere is very scarce. Especially
the effect of inert gas on pressure attenuation of cloud explosion has not
been reported now. The objective of this work is aimed at revealing the
effect of inert gases on the flame morphology, maximum explosion
pressure, maximum pressure rise rate, positive pressure impulse, ne-
gative pressure impulse and explosion pressure attenuation. Besides,
due to the strong relationship between laminar burning velocity and

explosion pressure, the effect of inert gas on laminar burning velocity is
analyzed by considering the thermal factor, diffusion factor, chemical
elementary reaction and third-body effect.

2. Experimental apparatus

In this work, the soap bubble method is adopted to achieve the
hydrogen cloud explosion. The soap bubble could prevent hydrogen-air
mixture leakage and the constraint effect of soap bubble is relatively
limited. The bubble ingredient is soap water and glycerol. Fig. 1 dis-
plays the schematic of experimental apparatus, which consists of a soap
bubble device, a high-speed schlieren photography system, a gas sup-
plying system, a transient sound pressure measurement system, a data
acquisition system, a high-voltage ignition system, and a time controller
system. The flame morphology is captured by a FASTCAM SA4 high-
speed camera and microscopic lens (AF Micro Nikkor 200mm f/4D),
the operating speed of high-speed camera is 10,000 frame/s. The
transient sound pressure dynamics is measured at three distances
(20 cm, 30 cm and 40 cm) from the ignition source using PCB micro-
phone pressure transducer (106B52) and is recorded using data ac-
quisition YOKOGAWA DL850E, which sampling rate of each channel is
100 kS/s. The fresh mixture is ignited in the bubble center. The spark

Nomenclature

nH2
hydrogen mole number

ninert mole number of inert gas
p− negative explosion pressure
L Markstein length
σ thermal expansion ratio
Le Lewis number
ρair air density

d distance from ignition source to pressure-monitoring point
nO2

oxygen mole number
p+ positive explosion pressure
t time
δ flame thickness
Ze Zeldovich number
p explosion pressure
r flame radius

Fig. 1. Schematic of experimental apparatus: (1) point light source; (2) focusing lens; (3) schlieren mirror; (4) soap bubble device; (5) knife edge; (6) high-speed
camera; (7) microphone pressure transducer; (8) signal conditioner; (9) data recorder; (10) high-voltage spark igniter; (11) programmable logic controller; (12)
computer.
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