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Abstract − In process installations, chemicals operate at high temperature and high pressure. Propylene is used as a

basic raw material for manufacturing synthetic materials in the petrochemical industry; However, it is a flammable

substance and explosive in the gaseous state. Thus, caution is needed when handling propylene. To prevent explosions, an

inert gas, carbon dioxide, was used and the changes in the extent of explosion due to changes in pressure and oxygen

concentration at 25 °C, 100 °C, and 200 °C were measured. At constant temperature, the increase in explosive pressure

and the rates of the explosive pressure were observed to rise as the pressure was augmented. Moreover, as the oxygen

concentration decreased, the maximum explosive pressure decreased. At 25 °C and oxygen concentration of 21%, as the

pressure increased from 1.0 barg to 2.5 bar, the gas deflagration index (Kg) increased significantly from 4.71 barg·m/s to

18.83 barg·m/s.
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1. Introduction

When designing a chemical process, it is imperative to accurately

identify the properties of the inflammable chemicals being handled

in order to prevent fires or explosions. An explosion occurs when a

gas rapidly expands due to a sharp increase in pressure. It is a

phenomenon that causes massive damage as strong shock waves

hit surfaces along with sound and pressure waves. There are physical,

chemical, electrical, and nuclear explosions. Most chemical explosions

are caused when heat and energy are released through rapid oxidation

and reduction reactions by chemical substances [1,2].

Factors affecting the intensity of chemical explosions include the

initial temperature, pressure, and oxygen concentration. The strongest

explosions occur near the stoichiometric ratio, which is the concentration

ratio of fuel and air for which the fuel is completely burned. In addition,

the higher the temperature and pressure, the higher the maximum

explosion pressure and the speed at which the burst pressure increases,

resulting in secondary damage, such as damage to human life and

property [3-5]. 

Injection of nitrogen, argon, and carbon dioxide as inert gases to

prevent explosion results in changes in propagation characteristics

such as the explosive pressure of combustible gas, the pressure

increase of explosion, and the combustion speed. Carbon dioxide

as inert gas changes the physical properties of thermal diffusivity

and heat capacity through the ability to disassemble within a flame

wire, consuming part of the heat from combustion [6,7].

As an explosion causes the destruction of its vessel, the National

Fire Protection Association 68 [8] recommends the installation of

explosion pressure outlets, such as rupture discs, to reduce this risk.

The gas deflagration index (Kg) required for the design of an

explosion pressure outlet can be calculated using the maximum

explosion pressure rise rate and the vessel volume [9-11]. Cong et

al. [12] studied the dynamic reaction of oxidation of ethylene and

propene under the presence of carbon dioxide and water vapor with

variations in temperature at 1 atmosphere, while Chen et al. [13]

studied explosive characteristics such as blast pressure and maximum

burst pressure of nitro-thinner with variations in initial temperature

and initial pressure. In addition, Shen et al. [14] measured the maximum

pressure rise rate and the burst index of a methane and air mixture.

However, propylene is used at high temperature and pressure, so

secondary damage can be increased due to the increased pressure

of the gas explosion in the event of an explosion accident. In

addition, the explosion limit, burst pressure, explosion pressure rate,

and gas explosion index are generally obtained through experimental

studies, but existing studies are still insufficient to prevent explosions

in industrial processes. In this study, the explosion pressure, the

explosion pressure rise rate, and the gas deflagration index (Kg) of

propylene were obtained with respect to the temperature (25 °C,

100 °C, and 200 °C) and the pressure (1.0, 1.5, 2.0, and 2.5 barg).

2. Theoretical Background

2-1. Ideal gas equation [15]

The ideal gas equation shows the relationship between pressure

(P), volume (V), number of moles (n), and temperature (T) in a gas.
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It can be expressed as in Eq. (1).

(1)

2-2. Dalton’s and Amagat’s equations [16,17]

It is important to be aware of the concentrations of the chemical

components of a gas because the extent of an explosion depends

upon those concentrations. Thus, the partial pressure of each component

of the mixture can be calculated if only the total pressure and mole

fractions are known and the required concentrations of chemicals

can be calculated.

Dalton’s law of partial pressure states that for a mixture of gases

in a vessel, the sum of the mole numbers of each gas equals the number

of moles of the mixture, and each number of moles represents the

amount of each gas. According to Amagat’s law of partial volume,

the total volume of a non-reacting gas mixture at constant temperature

and pressure equals the sum of the partial volumes of each constituent

gas. The state equation for gas compounds can be predicted by the

pressure addition law of Dalton’s Eq. (2) and the volume addition

law of Amagat’s formula (3).

(2)

(3)

In the case of an actual gas mixture, Eqs. (2) and (3) are applied

to Eq. (1) to account for the deviation from abnormal gas behavior.

This can be expressed as Eq. (4). If the total pressure and mole

fraction of each gas in the mixture are known, then the partial pressure

of the components in the mixture can be calculated through Eq. (4).

(4)

2-3. Gas deflagration index

Explosions vary depending on the type, temperature, pressure,

concentration of the fuel, as well as the type of opening. NFPA 68

recommends the design of outlets, such as rupture plates, to prevent

overpressure caused by explosions. The gas deflagration index,

which is significantly affected by pressure, is obtained using the

maximum explosion pressure rise rate and volume of the vessel. It

is used in determining the size, thickness, and number of outlets

required in confined spaces. It is calculated as shown in Eq. (5) [8].

where, is the maximum explosion pressure rise rate and V is the

volume of the confined vessel (0.0011 m3).

(5)

3. Experiment

3-1. Experimental samples

Propylene, C3H6, is an olefinic hydrocarbon often used as a basic

raw material to produce synthetic materials via addition polymerization

reaction in petrochemical and polymer industries. The samples

used in this study were propylene (purity 99.9%) supplied from

Seonggwang Special Gas, CO2 (purity 99.99%), an inert gas, and

O2 (purity 99.99%) supplied from Cheon-ma Industrial Gas Co.,

Ltd.

3-2. Experimental setup

Fig. 1 shows an explosive device fabricated in accordance with

the ASTM E 918-83 [18]. The inner volume of the explosive vessel

is 1.1 L. The vessel includes thermocouples and pressure sensors

for measuring temperature and pressure. The explosive vessel (outer

diameter: 148 mm, inner diameter: 105 mm) was fabricated as an

enclosure (length 400 mm × width 300 mm × height 330 mm)

composed of insulating materials to maintain the set temperature.

A k-type Thermocouple (O.D 1.0 mm) was used to measure the

temperature. As for the pressure sensor, Sejin Co. (S-1100) with a

0~100 barg measurement range was used on the side of the vessel.

Digital pressure gauges from Copal Electronics (PG-200-103GP-S

with a 0~10 barg measurement range and PG-200-102VP-S with a

–1~0 barg range) were installed to measure pressures during gas

injection. At the bottom of the vessel, a vacuum pump (TRP-12)

with a vacuum pressure of 0.4 Pa was used to inject and discharge

gas. For the energy supply, a high-voltage device with a 0~10 kV

measurement range (TOS 5101, Kikusui) was used. 

The explosion was determined through an amplifier (Tokyo

Sokki Kenkyujo, DA-16A) capable of amplifying the signal of the

pressure sensor, and an oscilloscope (Tektronix, TDS 3014) capable

of measuring the amplified signal. The obtained data were stored in

a computer.

3-3. Experimental method

The experiment was conducted following the sequence shown in

Fig. 2. 

1. The propylene, oxygen, and carbon dioxide were prepared,
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Fig. 1. Schematic diagram of experimental apparatus for explosion

measurement.

1. Control box 6. Oxygen bombe

2. Explosion vessel 7. High voltage transformer

3. Vacuum pump 8. Amplifier

4. Propylene bombe 9. Oscilloscope

5. Carbon dioxide bombe 10. Computer
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and the temperature of the explosive vessel was established using a

temperature control device.

2. A vacuum state with a -1.0 barg pressure was obtained inside

the explosive device using a vacuum pump.

3. The amount of each gas to be injected was calculated using

Dalton’s law of partial pressure. The gases were injected using a

precision value (NV2H-4T) at the corresponding pressure values

through the vacuum gauge installed at the top of the explosive

device.

4. Once the mixing of the gases was complete, the ignition

switch of the high-voltage device was operated and the result was

observed. If an explosion occurred, the pressure was recorded on

the oscilloscope through the amplifier.

5. The experiment was performed ten or more times at the same

concentration. If at least one explosion occurred, the minimum

concentration was established as the lower explosion limit and the

maximum concentration was established as the upper explosion limit.

4. Results and Discussion

4-1. Explosion pressure and explosion pressure rise rate with

respect to the oxygen concentration, temperature, and pressure

4-1-1. At 25 °C

The process of dropping the oxygen concentration below the

minimum level by adding an inert gas to increase safety in transporting,

storing, and handling materials and to prevent an explosion is

referred to as inerting.

Fig. 3 and 4 show the results of the experiment in which the

concentration of propylene was fixed at 5% and its pressure was

Fig. 2. Flowchart of experimental method.

Fig. 3. Relationship between explosion pressure of propylene and time according to oxygen concentrations at 25 °C. (a) 1.0 bar, (b) 1.5 bar, (c)

2.0 bar, (d) 2.5 bar.
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increased from 1.0 to 2.5 barg using carbon dioxide, an inert gas, at

25 °C.

Fig. 3 shows the explosion pressures by a, b, c and d, and Figure

4 shows the explosion pressure rise rate by a', b', c', and d'.

When the oxygen concentration was 21% and the pressure was 1

barg, the explosion pressure at 0.50 s was 1.49 barg, and the maximum

explosion pressure at 0.52 s was 2.40 barg, so  demonstrated a

pressure rise rate of 45.60 barg/s.

In addition, at 21% oxygen concentration, the maximum explosion

pressure increased from 2.40 barg at a pressure of 1.0 barg to 8.26

barg at a pressure of 2.5 barg. In addition, the maximum explosion

pressure rise rate increased from 45.6 barg/s to 182.4 barg/s as the

pressure increased from 1.0 to 2.5 barg under the oxygen concentration

of 21%.

The maximum explosion pressure and the maximum explosion

pressure rise rate appear to have increased as the initial pressure

increased because the number of collisions between molecules in

the vessel increased. 

4-1-2. At 100 °C

Fig. 5 and 6 show the results of the explosion pressure and

pressure rise rate of propylene when the pressure varied from 1.0 to

2.5 barg under the same concentration at 100 °C. Fig. 5 shows the

explosion pressures by a, b, c and d, and Fig. 6 shows the explosion

pressure rise rate by a', b', c', and d'. The maximum explosion

pressure at 1.0 barg was 3.54 barg for an oxygen concentration of

21%, 3.01 barg for 18%, 2.25 barg for 17%, and 1.42 barg for 16%.

The maximum explosion pressure rise rate was 38.0 barg/s for an

oxygen concentration of 21%, 22.8 barg/s for 18%, 20.9 barg/s for

17%, and 15.2 barg/s for 16%. When the oxygen concentration was

21% and the pressure rose from 1.0 barg to 2.5 barg, the maximum

explosion pressure of propylene increased from 3.54 barg to 6.67

barg, and the maximum explosion pressure rise rate increased from

38.0 barg/s to 152.0 barg/s. This is considered to occur for the same

reason as 25 °C.

4-1-3. At 200 °C

Fig. 7 and 8 show the results of the explosion pressure and

pressure rise rate of propylene when the pressure varied from 1.0 to

2.5 barg under the same concentration at 200 °C. Under the oxygen

concentration of 21%, the maximum explosion pressure increased

from 3.47 barg to 5.14 barg as the maximum explosion pressure

increased from 1.0 to 2.5 barg. The maximum explosion pressure

rise rate increased from 36.1 to 140.6 barg/s. At constant temperature

and pressure, the maximum explosion pressure time decreased as

the oxygen concentration increased. This appears to be because the

temperature and pressure of the flame propagation surface increased

with the explosion due to the pressure wave reflected from the inner

dp

dt
------

Fig. 4. Relationship between explosion pressure rise rate of propylene and time according to oxygen concentrations at 25 °C. (a') 1.0 bar, (b')

1.5 bar, (c') 2.0 bar, (d') 2.5 bar.
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Fig. 5. Relationship between explosion pressure of propylene and time according to oxygen concentrations at 100 °C. (a) 1.0 bar, (b) 1.5 bar,

(c) 2.0 bar, (d) 2.5 bar.

Fig. 6. Relationship between explosion pressure rise rate of propylene and time according to oxygen concentrations at 100 °C. (a') 1.0 bar, (b')

1.5 bar, (c') 2.0 bar, (d') 2.5 bar.
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Fig. 7. Relationship between explosion pressure of propylene and time according to oxygen concentrations at 200 °C. (a) 1.0 bar, (b) 1.5 bar,

(c) 2.0 bar, (d) 2.5 bar.

Fig. 8. Relationship between explosion pressure rise rate of propylene and time according to oxygen concentrations at 200 °C. (a') 1.0 bar, (b')

1.5 bar, (c') 2.0 bar, (d') 2.5 bar.
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wall of the pressure vessel to the flame surface, and the chemical

reaction accelerated due to the increase in the number of collisions

between gas molecules. 

4-2. Gas deflagration index with respect to the temperature

and pressure 

Tables 1, 2, and 3 show the gas deflagration index with respect to

pressure at varied oxygen concentrations and temperatures, as per

Eq. (5). The gas deflagration index for changes in oxygen concentration

and pressure at 100 °C and 200 °C was calculated in the same

manner as for the standard state. The gas deflagration index decreased

by the maximum explosion pressure rise rate as the oxygen concentration

decreased at the same temperature. The gas deflagration index increased

as the pressure increased.

5. Conclusions

We measured the explosion pressure, the rate of explosion

pressure rise and the deflagration index according to change in

temperature (25 °C, 100 °C, 200 °C) and pressure (1.0 barg, 1.5

barg, 2.0 barg, 2.5 barg) using flammable gas propylene and inert

gas carbon dioxide. Through this, we aimed to provide the basic

data for prevention of fire and explosion in the processes using

propylene.

First, at 21% oxygen concentration, the maximum explosion

pressure increased from 2.40 barg at a pressure of 1.0 barg to 8.26

barg at a pressure of 2.5 barg. In addition, the maximum explosion

pressure rise rate increased from 45.6 barg/s to 182.4 barg/s as the

pressure increased from 1.0 to 2.5 barg under the oxygen concentration

of 21%. The degree of explosion risk can be determined through

the explosion pressure and the speed at which the explosion pressure

rises. 

Second, at constant temperature and pressure, the maximum

explosion delay time decreased as the oxygen concentration

increased. 

Third, the gas deflagration index (Kg) was calculated from the

maximum explosion pressure rise rate and the volume of the vessel.

It decreased as the oxygen concentration decreased and increased

as the pressure increased. The index is used in determining the size,

thickness, and number of outlets required in confined spaces. 

The conditions required in the petrochemical industry are diverse;

thus, it is judged that data on design, manufacture, and operation

can be used based on the data presented in this study.

Nomenclature

P : Absolute pressure [kPa]

V : Volume [m3]

R : Gas constant [kPa·m3/kg·K]

T : Absolute temperature [K]

n : Number of moles [kmol]

M : Molecular mass [kg/kmol]

m : Mass [kg]

ni : Mole of component [mol]

nt : Total mole of all components [mol]

Vi : Volume of component [m3]

Vt : Total volume of all components [m3]

Pi : Partial pressure of component [kPa]

Pt : Total pressure of all components [kPa]

Kg : Gas deflagration index [barg·m/s]

: Pressure rise rate [barg/s]
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