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Abstract: Fire and explosion accidents often occur in storage tanks leading to great economic loss and serious casualties during the
working,  operation  and  maintenance.  This  paper  established  a  reduced-scale  storage  tank  experimental  system,  and  then  the
explosion characteristics of gasoline-air mixture in storage tank were studied. The experimental results show that several parameters
(such as concentration of gasoline-air mixture, initial temperature of gasoline-air mixture, initial O2 and N2 contained in the storage
tank) have very important influence on the gasoline-air mixture explosion and its explosion products. The upper and lower explosion
limits of gasoline-air  mixture are about 0.86% and 4.3% HC respectively according to the experimental  results,  and the critical
explosion  concentration  is  about  2.5%  HC.  The  explosion  of  gasoline-air  mixture  under  different  initial  temperatures  in  the
concentration of 2.5% was carried out to find out that the biggest explosion overpressure is at the initial temperature of 308 K. The
concentrations of explosion products namely CO and CO2 are closely related to the initial concentration of gasoline-air mixture, and
the critical initial concentration of gasoline-air mixture to determine the higher and lower concentrations of CO and CO2 in explosion
products is around 2.5% HC. Meanwhile, the ignition of gasoline-air mixture under various concentrations of premixed N2 and O2 in
the storage tank was carried out, and the results show that the ignition of gasoline-air mixture with the concentration of 2.0% HC is
impossible when the concentration of O2 is below 18.80%.
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1. INTRODUCTION

Storage tanks often store volatile materials like gasoline which could form an explosive and flammable gaseous
mixture. Fires and explosions often occur in these storage tanks. Recent statistics has shown that the over 55 cases of
fire and explosion accidents, which are related to gasoline-air mixture, occurred globally between 1960 and 2003 [1].
Several catastrophic fire and explosion accidents of petroleum storage tank occurred across the world leading to great
casualties, severe environmental pollution and large economic losses [2 - 4], such as the Buncefield oil depot explosion
accident in London on December 2005 [5, 6], oil storage facility fire in Bayamon, Puerto Rico on October 2009 [7] and
storage tank fires of PetroChina Corporation Ltd. in Dalian, China on both July and October 2010 [8].

The major studies on fire and explosion of storage tank included statistics or case studies related to storage tank
accidents [1, 9 - 11], comprehensive safety assessment or evaluation of storage tank fire or explosion [12 - 15], and
experimental and numerical analysis of fire and explosion in storage tank [16 - 20]. Recently, many researchers have
studied explosion in confined spaces or large vessels [21 - 27], and did a lot of work in combustion limits [28 - 30].
From the studies mentioned above, it was indicated that the majority of explosion accidents that occurred in storage
tanks could have been avoided by scientific guidance and careful security management. During these studies, which
were  evaluating  storage  tank  accidents,  researches  were  investigating  the  root  causes  of  such  accidents  and
summarizing  the lessons  learned from  the safety  management. However,  the explosion  characteristics in  the storage
 tank  were  seldom  involved. According  the  National  Design  Code  of  Petroleum  Depot  in  China  [31], the  upper
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explosion limit of gasoline-air mixture is roughly 4% HC. It is quite obscure and worrying to give such a
simple number about gasoline-air mixture explosion in the storage tank without taking into consideration the
configurations of the storage tank, Upper and Lower Explosion Limits of gasoline-air mixture in the storage
tank, initial explosion temperature, and explosion products. In addition, among all these experimental and
numerical  studies  mentioned  above,  many  researches  have  been  interested  in  the  explosion  of  liquid
petroleum products, methane, hydrogen, LPG or other flammable materials in storage tank but seldom have
been concerned with gasoline-air mixture. Therefore, the main purpose of this paper is to study the explosion
characteristics in a reduced-scale storage tank, and then to propose a practical solution to prevent storage
tank accidents by inserting pure N2 into the petroleum storage tank to avoid explosion during the operation or
maintenance.
2. EXPERIMENTAL APPARATUS AND EQUIPMENT

The experimental apparatus system is shown in Fig. (1). It is composed of three parts, namely the main experimental
equipment, the testing system and the auxiliary system. The main experimental equipment contained a reduced-scale
petroleum storage tank. The testing system included testing apparatus of pressure, temperature and flow rate, and the
concentration  collection  system to  measure  the  volume fraction  of  HC,  O2,  N2,  CO and CO2.  The  auxiliary  system
consists of vacuum circulating pump, gasoline evaporation apparatus, ignition system, control valve, heating device, N2

supply system, etc.

Fig. (1). Experimental apparatus and measuring system.

The reduced-scale storage tank, which is made of steel, is 1000 mm high with a diameter of 1000mm (Fig. 2). The
thickness of tank wall is 10mm to maintain the safety aspects during the experiment, and the total volume of the tank is
2.03 m3. In order to observe the explosion or flame behavior occurring in the storage tank, three circular observation
windows are located in the equator of the tank with a diameter of 150mm. Four pressure and temperature transducers
are  connected  to  the  data  acquisition  system  with  an  accuracy  of  0.1%  and  dynamic  response  time  of  10ms.  The
concentration  collection  system  is  mainly  composed  of  a  GXH-1050  infrared  analyzer  (Junfang  physicochemical
Science and Technology Institution of Beijing) and an NHA-502 automotive emission analyzer (Nanhua instruments
Co. Ltd.). The concentration of the gasoline-air mixture can be obtained by the first analyzer, and concentrations of
other gaseous materials (N2, O2, CO2 and CO) are measured by analyzer. The ignition system consists of a spark plug
with the maximum ignition energy of  20J.  Since the ignition energy and position have significant  influence on the
initial flame propagation, speeds and overpressures [26, 27], the ignition positions are set at three locations, namely at
the top of storage tank, at the equator and at the bottom of it with the constant ignition energy of about 20J. The ignition
positions do have great influence on the overpressures in closed vessels, especially for those with large value of L/D
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confined spaces and with branch configuration. But for this paper, the difference among such experiments (with ignition
at the top of storage tank, at the equator and at the bottom of it) is less than 3% since the reduced-scale storage tank is a
more  spherical  like  configuration.  The  explosions  data  of  storage  tank  under  certain  condition  can  be  obtained  by
averaging the three ignition results.  The N2  was generated by separating it  from the ambient  air  using the nitrogen
generator (Shanghai  Rich gas equipment Co.  LTD),  and its  purities could reach up to about 95%-99%. An electric
resistance wire acting as the heating device is used to increase the initial temperature of gasoline-air mixture in the
storage tank. For different desired temperature (287K-320K), it would take 15-20 minutes to keep the temperature of
gasoline-air mixture to be increased to reach this temperature in the storage tank. The gasoline-air mixture used in the
experiments  was  produced  from  the  93  RON  vehicle  gasoline  by  the  gasoline  evaporation  apparatus.  A  detailed
hydrocarbon analysis (DHA) of the used gasoline in this experiment is attached in the Appendix section (Table I), since
the composition of gasoline varies spatially and temporally. Details and working principles of such gasoline evaporation
apparatus  and  previous  work  of  this  preliminary  experimental  work  could  be  found  in  [32].  The  major  difference
between this experimental setup and ASTM’s standard test is the shape of testing vessel. For ASTM’s standard test, the
5-litre glass test vessel is spherical. However, the testing vessel in this experiment is a reduced-storage tank which is
cylindrical.  Secondly,  the  ignition position of  ASTM’s standard test  is  in  the  center  of  the  5-litre  glass  test  vessel.
However, the ignition positions of those storage tank accidents mostly occurred in sealed board of the floating roof
which was in the vicinity of the tank wall, thus the ignition position of reduced-scale storage tank is set near the tank
wall. The shape and ignition position have great influence on the values of UEL and LEL (or UFL and LFL), so the
experimental setup develops a different testing vessel and ignition position to test the UEL and LEL in this particular
reduced-scale storage tank.

Fig. (2). Reduced-scale petroleum storage tank.

The experimental conditions were as follows: (1) the explosion characteristics in the storage tank under different
concentrations  of  gasoline-air  mixture  (from 0.6% HC to  5.0% HC) at  the  temperature  of  300K;  (2)  the  explosion
characteristics in storage tank at different initial temperatures (from 287K to 320K) with the concentration of 2.5% HC;
(3) the explosion products in storage tank under different initial  concentrations of gasoline-air mixture; and (4) the
ignition of gasoline-air  mixture with the initial  concentration of 2.0% HC in storage tank under different premixed
concentrations of O2 and N2 in the reduced-scale storage tank.

3. RESULTS AND DISCUSSION

3.1. The Effect of Concentration of Gasoline-air Mixture

The overpressure versus time curve under the concentration of 2.0% HC of gasoline-air mixture is shown in Fig. (3).
From this figure, it can be observed that the overpressure increases rapidly at the beginning but decreases slowly after it
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reaches the peak value (about 500 ms). This is a typical explosion overpressure curve of gasoline-air mixture. Due to
the chain-reaction, a lot of active chemical reactions release a large amount of heat which is greater than the heat loss
heat from the tank wall through conduction and radiation after the ignition of gasoline-air mixture. The overpressure
increases  rapidly  within  a  short  time  from  the  ignition  of  gasoline-air  mixture  (from  0  to  500  ms).  However,  the
concentrations of gasoline-air mixture or O2 are insufficient for the further combustions when the overpressure reaches
its peak value. After that, heat loss from tank wall is greater than the heat release from combustion reactions, so the
overpressure gradually decreases at a slow pace.

Fig. (3). The overpressure vs. time curve.

Fig. (4). The overpressure vs. concentration curve.

The overpressure versus concentration of gasoline-air mixture is shown in Fig. (4). This curve is a typical downward
parabola. When the concentration of gasoline-air mixture is low, there is sufficient O2 to supply the completion of the
combustion  reaction.  Therefore,  the  heat  release  rate  per  unit  mass  increases  with  the  growth  of  concentration  of
gasoline-air mixture, and the explosion overpressure increases in accordance with that growth. When the concentration
of  gasoline-air  mixture  increases  to  the  critical  explosion  concentration,  the  overpressure  reaches  its  peak  value.
However, after that, the overpressure decreases with the continuous growth of concentration of gasoline-air mixture.
This is because the amount of gasoline-air mixture exceeds the O2 supply which causes an oxygen-depleted reaction or
incomplete combustion reaction. But for those experiments with concentrations lower than 0.86% HC or higher than
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4.3% HC, the ignition of gasoline-air mixture is impossible, the upper explosion limit and the lower explosion limit of
gasoline-air  mixture  in  reduced-scale  storage  tank  are  0.86%  HC  and  4.3%  HC  respectively.  The  peak  value  of
overpressure occurs under the concentration of about 2.5% HC, so the critical explosion concentration is about 2.5%
HC. When the initial concentration of gasoline-air mixture is below 0.86% or above 4.3%, the ignition of gasoline-air
mixture in storage tank is impossible with 20J electrical spark. But it should be pointed out that the explosion limits
might be widened as a result of increasing in the ignition energy.

3.2. The Effect of Initial Temperature

The overpressure versus initial temperature curve under the critical concentration (2.5% HC) is shown in Fig. (5).
Generally, the lower the initial temperature of gasoline-gas mixture (typically less than 287 K), the more difficult it is to
ignite the mixture. In order to carry out the experiment, the initial temperature of gasoline-air mixture in the storage
tank has to be heated by preheating or other methods. The impact of initial temperature on explosion in storage tank can
be  significant,  and  it  can  be  explained  by  the  flame  propagation  velocity,  which  is  affected  back  by  the  initial
temperature as well. Higher initial temperature will increase the molecular transport speed and the energy exchange rate
between  molecules.  As  a  result,  it  will  increase  the  intensity  of  heat  and  mass  transfer  and  chemical  reaction  in
combustion. With the growth of initial temperature, the burning intensity and flame propagation velocity will increase.
However, Fig. (5) shows that the impact of initial temperature on the explosion overpressure is not a linear relationship.
When the initial temperature is higher than a critical temperature (about 308 K), a negative growth of overpressure
comes out as the initial temperature increases. It is supposed that the gasoline was not completely vaporized or just its
light components were vaporized at initial temperatures lower than 310 K, so this might cause much lower explosion
pressures as expected. Besides, increasing the initial temperature will also change the composition and concentration of
the hydrocarbon mixture above the liquid surface in a typical gasoline tank, which will also affect the flammability of
the mixture. However, due to the restriction of experimental conditions and complying with the safety considerations,
the initial temperature has not been tested beyond 324K.

Fig. (5). The overpressure vs. initial temperature curve.

3.3. The Effect of Concentration of Gasoline-air Mixture on Explosion Products

The concentration curve of explosion products versus initial concentration of gasoline-air mixture is shown in Fig.
(6). It can be seen that the concentration of CO2 in the explosion products decreases with the increase of concentration
of initial  gasoline-air mixture, while the concentration of CO increases.  As mentioned above, the critical explosion
concentration of gasoline-air mixture in the reduced-scale storage tank is about 2.5% HC, which is also the intersection
concentration of CO and CO2 in the explosion products. When the initial concentration of gasoline-air mixture is larger
than  2.5%  HC,  the  concentration  of  CO  in  explosion  products  is  higher  than  that  of  CO2.  However,  if  the  initial
concentration of gasoline-air mixture is less than 2.5% HC, the concentration of CO2 in explosion products is higher
than that of CO. This is because when the ignition starts at a low initial concentration of gasoline-air mixture there is
sufficient oxygen to support the complete combustion of gasoline-air mixture. On the contrary, when the explosive
reaction  is  at  a  high  initial  concentration  of  gasoline-air  mixture,  there  is  not  enough  oxygen  to  support  full  used
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oxidation of gasoline-air mixture and this leads to a higher concentration of CO and lower concentration of CO2. When
the initial concentration of gasoline-air mixture is near the upper explosion limit of 4.3%, only the slow deflagration
reaction occurs.  Meanwhile,  when the  concentration of  O2  is  very  small,  the  reaction is  stopped.  At  that  point,  the
explosion products contain high concentrations of O2 and CO and a low concentration of CO2.

Fig. (6). The concentration curve of explosion products vs. initial concentration of gasoline-air mixture.

3.4. The Effect of O2 and N2 Concentrations in the Storage Tank

The ignition of  gasoline-air  mixture  in  the reduced-scale  storage tank becomes a  challenge with decreasing the
concentration of O2, so it may be a good technique to prevent explosion hazards in the storage tanks by diluting the
gasoline-air mixture and O2. Several experiments were carried out to find out the maximum concentration of O2 that
would lead to an ignition of gasoline-air mixture with the concentration of about 2.0% HC. The experimental results are
shown  in  Table  1  which  indicates  that  the  ignition  of  gasoline-air  mixture  with  the  concentration  of  2.0%  HC  is
impossible  when the  concentration of  O2  is  below 18.80%.  These  experiments  were  only  limited  in  the  ignition  of
gasoline-air  mixture  with  the  concentration  of  2.0% HC,  other  studies  on  influences  of  N2  amounts  on  ignition  in
different initial concentrations of gasoline-air mixture will be studied in the future work. This result provides a helpful
reference  to  manage  the  safety  aspects  of  these  storage  tanks  and  improve  related  fire  and  explosion  protection
techniques during the storage tank design phase. This means that it  is practical to prevent fire and explosion in the
storage tank by adding pure N2 to the storage tank before the operating or maintaining it.

Table 1. Ignition of gasoline-air mixture under different concentrations of O2.

Experimental number Fraction concentrations before ignition Fraction concentrations of explosion products
HC O2 N2 CO2 CO O2

1 1.91 18.51 79.27 Can not ignite
2 2.02 18.82 78.96 Can not ignite
3 1.98 18.97 78.84 4.83 14.09 0.09
4 2.03 19.97 77.80 7.0 10.0 0
5 1.78 20.17 77.63 9.11 5.37 4.55
6 1.52 20.15 77.65 9.0 5.38 2.03

CONCLUSION

This paper established an experimental reduced-scale storage tank to study the parameters of gasoline-air mixture
explosion. In the future work, the scale model or scale effects for these experiments will be taken into consideration,
furthermore, these results in the reduced-scale storage tank can be applied to full scale tank. Through experiments and
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analysis, the following conclusions were obtained:

The explosion limit of gasoline-air mixture in the reduced-scale storage tank can be ranged from 0.86% to 4.3%1.
HC, which are known as the UEL and LEL. The maximum overpressure of gasoline-air mixture in the storage
tank is mainly influenced by the initial concentration of gasoline-air mixture, and the critical concentration of
explosion is around 2.5% HC. The maximum explosion overpressure can be reduced when the concentration of
gasoline-air mixture is greater than or less than the critical one.
The relationship between the initial temperature and the explosion overpressure is not a linear relationship. If the2.
initial temperature is higher than a critical temperature (around 308K), a negative growth of overpressure comes
out as the increase in initial temperature. However, due to the restriction of experimental conditions, the initial
temperature was not tested beyond 324K. The effect of higher initial temperature on the explosion overpressure
needs to be further studied.
The  critical  initial  gasoline-air  mixture  concentration  of  2.5%  HC  also  exists  which  could  determine  the3.
concentrations in the explosion products. If the initial concentration of gasoline-air mixture is less than such
value, the concentration of CO2 is higher than that of CO. However, if the initial concentration is higher than the
critical value, the concentration of CO2 in the explosion products is lower than that of CO.
The ignition of gasoline-air mixture with a concentration of about 2.0% HC in the storage tank is impossible4.
when the concentration of O2 is below 18.80%, therefore it is practical to prevent explosion accidents in storage
tanks during the operation or maintenance work by adding pure N2 to the storage tank.

APPENDIX

Table I. The detailed hydrocarbon analysis of 93 RON gasoline.

Numbers
Atomicity

Percentage %
C H O

1 4 8 0 2.27
2 4 10 0 3
3 5 10 0 11.85
4 5 12 0 10.09
5 5 12 1 5.4
6 6 6 0 0.09
7 6 10 0 0.93
8 6 12 0 14.97
9 6 14 0 15.59
10 7 8 0 14.45
11 7 12 0 0.61
12 7 14 0 4.51
13 7 16 0 6.86
14 8 10 0 1.2
15 8 14 0 0.14
16 8 16 0 0.78
17 8 18 0 0.95
18 9 12 0 1.56
19 9 18 0 0.1
20 9 20 0 0.47
21 10 22 0 0.33
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