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Abstract : Gas explosion characteristics of hydrogen and liquefied petroleum gas(LPG) were measured in 6L cylindrical
vessel, and experiment for explosion to fire transition phenomena of the gases were carried out using the 270L vessel.
Explosion characteristics were measured using the strain type pressure transducer and explosion to fire transition
phenomena was analyzed with the high-speed camera. Base on the experiment, it was found that explosion pressure was
most high slightly above the stoichiometric concentration, and explosion pressure rise rate and flame propagation velocity
were proportional to the combustion velocity. And we find that those kind of explosion characteristics affect the
explosion-to-fire transition, in addition, explosion flame temperature, flame residence time, are important parameters in
explosion-to-fire transition.

2% 4aU39) WA 68 §718 ol83tel Fa% AAG /LALPG)S B EHS SAFAT 2702)
B9 g 718 o) gsjel T4 F sz Ho] @IS AP FU HAL srain type YRUNE A}
8310] 2RO B % A2 Aol Ae aSspie I BT A9 Hor o 4 5
= e oF e Sueld A UYL Yehiels FUYE 35 SE9 3G WiEEE dades)
HEEe & ¢ ey o d Iu EAE ° Tl & Aol Hoj 1 °§’%L°* e & 5 YTk w3 2
sk, st &7 W AFAL TE 8 3 sz Hojd Fag Wyt g8 ¢ & Ik

Key Words : hydrogen explosion, LPG explosion, explosion to fire transition

1. Introduction water itself without pollutant like the products of
hydrocarbon combustion”. Hydrogen is usually used as
a fuel of rocket and some special field for this reason.

Carbon dioxide is a main product of hydrocarbon fuel

As we know, hydrogen is the smallest and lightest
element in earth, and the element exist in the hydro-

carbon compound and water mainly. Therefore hydro-
gen can be made from the cracking of hydrocarbon or
the dissociation of water. Hydrogen shows high reac-
tivity with oxygen, and the product of the reaction is
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combustion and recently, the global warming effect
caused by the carbon dioxide becomes a big problem
for the environment of earth. And the advanced coun-
tries make a protocol for regulate the product amount
of carbon dioxide. For this reason, many countries
speed up to develop a new energy source that could
alternate the hydrocarbon fuel. There are many kinds
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of alternative energy such as nuclear energy, solar
energy, wind energy, tidal energy and hydrogen energy.
Among these alternative energies, hydrogen attracts
attention because of its cleanness and efficiency. Fuel
cell for electric generation and hydrogen energy auto-
mobile were developed during the last century and
many countries try to research for practical use of them.
There are many kinds of manufacturing and pro-
duction process of hydrogen such as direct dissociation
of natural gas, electric dissociation of water, and photo-
chemistry etc. In spite of many merit of hydrogen, it
has some problems for practical use as an energy
source. The storage and transportation of hydrogen
have many difficulties in contrast to the hydrocarbon
because of its difficulty in liquefaction. And it shows
great hazards of explosion and fire because of the
concentration range of combustion from 4 to 74%,
which is much wider than the most of the hydrocarbon
gas fuel, and because of its small ignition energy of
10°J class™>. During the last century, combustion and
explosion characteristics of hydrogen were studied in
many respects. Research about the explosion-to-fire
transition of hydrocarbon gases was carried out by
some researchers™®, but little were done in the disci-
pline of hydrogen explosion. This paper represents the
explosion and combustion characteristics of hydrogen
compared with the hydrocarbon gases, and we consider
about the explosion to fire transition of hydrogen
through the explosion experiment in the 270-litter
explosion vessel.'.

2. Explosion to Fire Transition

In case of fire after gas explosion, a combustible
material, which coexists in the space but does not
contribute to the explosion, could be ignited by the
heat of explosion. So far, the conditions and mecha-
nism of explosion-to-fire transition have not been
explained clearly.

But the explosion to fire transition process was
considered as follows.

i) combustible gas are generated from the pyrolysis
of combustible materials.

ii) combustible gas mixture is formed by mixing the

ErmotmEtEx|, M19A di4z, 20044

pyrolyzed gas and air.

iii) there are ignition sources to ignite the gas mix-
ture or the temperature of the atmosphere is high
enough for igniting the gas mixture.

iv) pyrolyzed solid material is ignited after ignition
of gas mixture by the heat. There are many kinds of
combustible materials like flammable liquid and gas
but we only consider solid fuel in this study.

For the pyrolysis of solid material, certain amount
of heat transfer is needed and the heat transfer to raise
temperature of the solid exists from the beginning to
the end of explosion, and hot gas is vented.

As we know, there are three types of heat transfer
process, i.e. conduction, convection, radiation”.

Conduction and convection depend on the tempe-
rature gradient and heat transfer rate of hot gas which
contacts on the solid surface.

The amount of heat transfer to the surface of solid
material per unit time and unit ¢, area can be expre-
ssed as follows:
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Ag : heat transfer rate of hot gas
% : temperature gradient

And the radiation heat transfer depends on the
temperature of hot gas T, and emissivity ¢ like follo-
wing equation.

q, =¢ol, @
€ : emissivity

¢ : Stefan - Boltzmann constant

T; : Hot gas temperature

In equation (1) the temperature gradient can be
express by using Nusselt number

)
&), A 3

In this equation AT is the temperature difference
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between hot gas and combustible solid, / is the size of
combustible material and x is the distance from the tip
to heat transferred position in flow direction. If we
substitute the equation (3) to equation (1)

v AT
q. =hmy M @

And if we consider the combustible solid is smooth
plate in horizontal, Nusselt number can be express like
following

_ Cfl
Nu=="Re )

If we substitute the equation (5) to equation (4)

o C/llgw .AT

q. =7yt R ©

- In equation (5) Cx is local friction coefficient and
Re is Reynold number.

Heat transfer from the gas explosion to solid is
implemented in the manner of convection and radiation
mainly.

From the above equations, we can find that heat
transfer from the explosion flame to solid depends on
the temperature of flame and hot gas, and the resident
time of flame and hot gas in the space.

Also the explosion to fire transition strongly depends
on the thermal property of combustible solid material.

3. Experiment

Two kinds of experiments were carried out. One is
for determining the explosion characteristic and another
is explosion to fire transition.

A 6L vessel of cylindrical type was used for mea-
suring explosion characteristics of gas mixture. Fig. 2
shows a 270L hexahedral type vessel for the explosion
to fire transition experiment. To simulate a living room
of 87m’ apartment, dimension of the vessel was scale
down 1/5 in length scale. Vented explosion was carried
out in the 270L vessel to simulate the explosion
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accident, and the vent size was of 27cm X40cm.

Hydrogen-air mixture concentration was varied from
10vol% to 60vol% (in equivalent ratio( ¢): 0.27~3.57)
and LPG concentration was varied from 2.5vol% to
Tvol%(in equivalent ratio( ¢): 0.61~1.79).

Table 1 shows a conversion of gas concentration
(vol%) to equivalent ratio( ¢).

10kV electric spark was used as the ignition source
of the gas mixture in the vessel and strain type pre-
ssure transducer was used to measure explosion cha-
racteristics.

Fig. 1 is a schematic diagram of the experimental
setup for measuring the explosion characteristics of
hydrogen-air mixture. Gas mixture was injected after the
vessel is vacuumed. Explosion to fire transition phe-
nomena was visualized by a high-speed camera, and the
experiment was carried out as the concentration was

Table 1. Conversion of gas concentration to equivalent ratio
()
Vol(%)| 10 | 15{ 20| 25{ 30 {3540 {45 |50 | 55| 60
¢ 10.27/0.42|0.59]0.79| 1.0211.28|1.591.95|2.38|2.91(3.57
Vol%)| 2.5) 3 (350 4 | 45| 5 {55/ 6165 7] -
0.

LPG —
o |0.61/0.74{0.86|0.99 1.12 |1.25[1.39(1.52|1.66{1.79] -

H,

Tgnition Coil
1)
[ Explosion vessel

Pressure B P Dlil
Transducer

Strain

et O5cili03C0PE
Arrp.

Fig. 1. Schematic diagram of experimental apparatus for
explosion characteristics.
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Fig. 2. Schematic diagram of experimental apparatus.
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varied from 10% to 50%. A piece of newspaper
was used as the combustible solid material. Fig. 2
shows the schematic diagram of this experiment.

4, Results and Discussions

Fig. 3 and Fig. 4 show the explosion characteristics
of hydrogen-air mixture and LPG-air mixture in 6L
vessel.

Fig. 3 shows the maximum explosion pressure accor-
ding to the concentration of gas-air mixture. From the
Fig. 3 explosion pressure of LPG-air mixture is slightly
higher than the hydrogen-air mixture, but the difference
is not so great. Flammable range of hydrogen was more
wide than the LPG and explosion pressure was still
high to the near the upper flammable limit.

It means that hydrogen-air mixture has more dan-
gerously than LPG-air mixture.

Fig. 4 shows the average explosion pressure rising
rate (APR). As we know, APR is represent a pressure
divided by the time of explosion( AP/ 4t). Maximum
combustion velocity of hydrogen-air mixture is about 7
times faster than LPG-air mixture. Similarly, APR of
hydrogen-air mixture in Fig. 4 is about 5 times higher
than that of LPG-air mixture.

This means that the time for pyrolysis of solid
combustibles is shorter in hydrogen. explosion in
contrast to the LPG explosion. Radiation heat transfer
fraction of explosion of hydrogen-air mixture is 17~
25% and LPG-air mixture is 20~35%. We can predict
that the probability of gas explosion to fire transition
will be higher in LPG explosion than in hydrogen
explosion. But hydrogen explosion flame temperature
is higher than that of LPG explosion flame. Therefore
it is difficult to predict the probability of explosion to
fire transition with this data.

Fig. 5 shows the explosion flame propagation velo-
city in 270L vessel.

Explosion flame propagation velocity of hydrogen-
air mixture is about S times faster than that of LPG-air
mixture. Therefore contact time between explosion
flame and combustible material in the explosion vessel
will be shorter, and the possibility of explosion to fire
transition will be lower compare with the LPG-air
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explosion. .

Explosion flame residence time in 270L vessel
analyzed according to the high-speed photograph and
the Fig. 6 shows the experimental result. Explosion
flame residence time of LPG-air mixture was longer
than that of the hydrogen-air mixture. With the incre-
ase of gas concentration more than the stoichiometric,
the explosion flame residence time become longer.
Especially flame residence time of LPG-air mixture
was increased much more than that of the hydrogen-air
mixture. /

In case of hydrogen-air mixture explosion, flame
residence time was short because of high flame pro-
pagation velocity and high explosion pressure rising
rate.

From the analysis of high speed photograph,
ignition of combustible solid was began after incoming
a fresh air from outside of vessel after vented the
explosion gas. And a time to ignition of combustible
solid in vessel of hydrogen-air mixture was 160ms and
it was about one fifth of the LPG-air mixture.
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Fig. 3. Explosion pressure of gas—air mixture in 6L vessel.
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Fig. 6. Explosion flame residence time of gas-air mixture in
270L vessel.

5. Conclusion

Based on the explosion of hydrogen-air and LPG-air
mixture and explosion to fire transition experiment, we
can get the following conclusions.

- As fast the explosion flame velocity, the flame
residence time become short and the probability of
explosion to fire transition will be decrease.

- As high the flame temperature, heat transfer rate
will be increase and the possibility of explosion to fire
transition will be increase also.

- Explosion to fire transition phenomena is affected
by the explosion characteristics.

To occur the explosion to fire transition, addi-
tional fresh air should be supplied after explosion.

Therefore, the oxygen concentration should be
reduced by inerting the atmosphere after explosion to
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prevent the explosion to fire transition and cool down
the atmosphere to reduce the heat transfer rate.
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