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Abstract: Explosion resistance is one of the most important performances for all flameproof enclo-
sures. Pressure piling requires the flameproof enclosures to withstand explosion pressure higher
than the design pressure. In order to study the explosion parameters in a flameproof enclosure under
pressure piling, two experimental setups were prepared based on the theoretical analysis of the
mechanism of pressure piling. One setup simulated the condition that the interior of a flameproof
box is isolated by a baffle with a small hole. Another setup simulated the condition that a large
number of electrical components were installed inside an explosion-proof box. The experimental
result showed that the explosion pressure increased significantly in a very short time under pressure
piling. When an explosion occurred in a cavity, the pressure wave of the explosion propagated faster
than the flame propagation, and the pressure wave was transmitted to another cavity through a gas
channel between the two cavities. This resulted in the pre-pressurization of the combustible gas in
another cavity. It was observed that the ignition time in the cavity with an ignition source, is the key
factor for pressure piling.

Keywords: explosion resistance; pressure piling; gas channel

1. Introduction

Substances with flammable and explosive characteristics can easily form an explosive
environment in the process of mining, oil, and gas development, and transportation. In
particular, most of the production facilities in the petrochemical industry are installed in
an explosive gas atmosphere [1]. Flameproof electrical equipment is widely used in an
explosive gas atmosphere to prevent the ignition of surrounding flammables. Figure 1a
shows a photo of a flameproof control box after an explosion and Figure 1b shows a photo
of the upper-end cover of the flameproof control box after this explosion. The cause of
this accident was the following. Due to flammable gas leakage, when the concentration
of the flammable gas in the chamber was within the explosion limit, a spark generated
by the start button ignited the flammable gas and it exploded, as shown in Figure 1c. As
the flameproof control box was divided into two cavities, as shown in Figure 1d, pressure
piling occurred. The explosion pressure exceeded the designed pressure of the shell. As is
well known, explosion resistance is an important attribute to determine the performance of
flameproof electrical equipment. The enclosure needs to have a certain level of mechanical
strength so that any internal explosion will not cause enclosure damage or deformation.
Enclosures should be well designed and carefully used as much as possible to avoid the
pressure piling. However, pressure piling is normally not taken into consideration in the
process of equipment design and installation. The explosion pressure will cause enclosure
damage or deformation.
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Figure 1. Burst accident of flameproof electrical equipment.

Pressure piling is defined as “results of an ignition, in a compartment or subdivision
of an enclosure, of a gas mixture recompressed, for example, due to a primary ignition
in another compartment or subdivision” [2]. Therefore, the evaluation of the explosion
pressure parameters in flameproof enclosures under the pressure piling condition plays a
significant role in the industry.

Researchers have done a lot of studies on the flameproof enclosure from the points of
design and test and such studies have established the foundation for practical applications.
In the industry, the strength designing of flameproof enclosures is usually carried out
according to theoretical calculations. With the development of computer technology, using
ANSYS, the finite element model for flameproof enclosures, can be conveniently established
and various loads can be applied to understand the deformation and stress of structures [3].
However, a test for demonstrating the ability of the enclosure to withstand the pressure
is very important for flameproof enclosures. The objective of the test is to verify that the
enclosure can withstand the pressure of an internal explosion [4]. Tim et al. investigated
the static and dynamic stresses of flameproof enclosures [5]. It was shown that the results
obtained under these two conditions were different. In the ability test of an enclosure to
withstand the pressure, the temperature, the ignition source position, and obstacles in
the flameproof enclosure have significant effects on the development of the pressure [6,7].
However, the internal structure of enclosures can also affect the explosion pressure in
practical industrial applications.

In recent years, because of frequent pipeline explosion accidents, an explosion in
pipelines has become the focus of research. A series of experiments were carried out in a
spherical vessel connected to a pipeline. The results showed that the presence of obstacles,
the blockage ratio, and the position play significant roles in determining the explosion
intensity [8]. The explosion severity can be very high in the turbulent field of methane/air
mixture and the presence of strong ignition energies [9]. When two spherical vessels are
connected by a pipe, the peak pressure and the rate of pressure rise are much higher than
those observed in single vessel explosions [10-12]. The maximum explosion pressure and
the rate of pressure rise increase when a small vessel is used as the secondary vessel [13].
These studies on pressure piling mainly focused on theory and simulation [14,15].

In the above studies, the research target was mainly limited to coal mine methane gas,
and the experimental setups were prepared just by connecting pipes and vessels. However,
petrochemical facilities are located in an explosive gas environment, and explosion-proof
equipment is mostly used. The pressure piling can also occur if flameproof enclosures
are not well designed or installed correctly. In this article, the theoretical analysis of
pressure piling was carried out by using some fundamental equations firstly. Then, the
situations encountered in actual industrial applications were reproduced by preparing
two experimental setups. Through the experimental research, the theoretical analysis was
verified and the relevant requirements in the standard were proven to be satisfied.
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2. Theory of the Pressure Piling

It is assumed that the pressure piling occurs when either of the following conditions
will be met [4].

(1) The ratio between the pressures at the ignition side and the opposite side, obtained
during a series of experiments under the same configuration, is higher than 1.5, or
(2) The pressure rise time is less than five ms.

In the ideal state, the explosion pressure after the explosion of the combustible gas
mixture can be determined according to the ideal gas law that the explosion pressure is
proportional to the temperature before and after the explosion, the initial pressure, and
the number of moles before and after the explosion. The ideal gas law can be expressed as

follows [16]:
P _ Tn M

po To mo

where py, is the maximum explosion pressure of the gas, py is the initial pressure of the gas,

T}, is the maximum temperature of the gas after the explosion, Tj is the initial temperature

of the gas, 1y, is the number of moles of gas after the explosion, and n is the number of
moles of the gas before the explosion.

By transforming Equation (1), the pressure of the gas after the explosion can be
calculated by the following equation.

)
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The degree of damage to the equipment during an explosion is not only related to the
maximum explosion pressure but also the rate of explosion pressure rise. The explosion
power index is used to express the degree of explosion damage.

Ep = pm X0 (©)]

where Ey, is the explosion pressure index and v is the average pressure rise rate determined
by the following equation:
o= P10 @)

where ¢ is the pressure rise time.
After transforming Equations (2)-(4), we can obtain the following equation:
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The key parameter of the pressure piling can be derived from Equation (5). When an
explosion occurs in a cavity, the pressure wave of the explosion propagates faster than the
flame propagation, and the pressure wave is transmitted to another cavity through a gas
channel between the two cavities [11]. An increase in the initial pressure pg in the cavity
causes an increase in the pressure p,;, after the explosion, and the explosion pressure index
Ep also increases. The shorter the pressure rise time t during the explosion is, the greater
the explosion pressure index E, and the damage become.

3. Experimental Platform
3.1. Experimental Device

The explosion pressure test channel was added to meet the test requirement by using
the existent explosion test device in our laboratory. The experimental device could achieve
an online collection of the ternary gas distribution and the explosion pressure parameters.
The experimental device consisted of a gas distribution system, an electric control system,
an explosion tank, and a pressure acquisition system. The gas distribution system was
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used to control the concentration ratio between the combustible gas and air. The explosive
tank was used to install the experimental samples, and the electric control system was
used to control the gas distribution and ignition. The pressure acquisition system was com-
posed of pressure sensors, charge amplifiers, and data acquisition systems. The pressure
sensor is made of Piezoelectric Pressure Sensor (Kistler Type 6031, PE—250 bar/3'625 psi,
Sensitivity—14 pC/bar/1.0 pC/psi, high inherent frequency—160 kHz). Charge amplifica-
tion (Kistler Type 5018) is used for signal conditioning of piezoelectric pressure sensors to
convert the charge signal of the sensor into a corresponding proportion of voltage output.
For data acquisition and measurement, a PXI-5922 16 to 24-Bit digitizer coordinates (sam-
pling rate 6 MHz) with the software is used. The schematic diagram of the experimental
device is shown in Figure 2. The explosion pressure was determined by IEC 60079-1,
section 15.2.2. The experimental flow chart is shown in Figure 3.

3.2. Experimental Samples

In industrial applications, it is very common that two chambers in a flameproof
box are not isolated and sealed at the crossing line, such as flameproof enclosure with
interconnected structure. The electrical components are installed inside a flameproof box
because the shape and layout of the components cannot be changed. The interior of the
enclosure was divided into two cavities with a gas channel, such as a motor. In this study;,
a flameproof enclosure, with interconnected structure and a motor, were used to reproduce
the pressure piling condition.

Data Colector

|

Gas distribution system

Electric control cabinet

Hydrogen Ethylene

Compressor cylinder  cylinder

Figure 2. Schematic diagram of the experimental device.
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Figure 3. Experimental flow chart.

3.2.1. Sample 1

Sample 1 was composed of pipe A, pipe B, and an orifice, and the material of the
sample is F304 L. The total lengths of pipes A and B were 250 mm and 500 mm, respectively.
The inner diameter of the cavity was 161.5 mm, while that of the middle hole in the orifice
was 15 mm. The thickness of the orifice was 6 mm. These three parts were connected by
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twenty-four M20X80 hexagonal bolts. Two M20X80 hexagonal bolts were connected with
gaskets between the flanges. The net volumes of pipes A and B were about 5.12 L and
10.23 L, respectively. The air source interface and the pressure sensor were installed on the
flange of pipes A and B according to the thread specifications.

Configuration 1 consists of pipes A and B and the ignition source was installed on
the flange of pipe A. Configuration 1 is shown schematically in Figure 4. Configuration
2 consists of pipe A, pipe B, and an orifice, and the ignition source was installed on the
flange of pipe A. Configuration 2 is shown schematically in Figure 5.

Gas supply Gas supply

Ignition source .

e

Pipe A Pipe B " Side 2
Bt

Side 1 ¥
Pressure scnsoé' | 250mm .| 500mm = “\Pressure sensor S2
(P1) | \ | (P2)

Figure 4. Configuration 1 of sample 1.

Gas supply Orifice Gas supply

B
Ignition source v
Side 1 = FipeA Pipe B . Side2

Pressure sensor S 1 Pressure sensor S2
(P1) (P2)

Figure 5. Configuration 2 of sample 1.

According to the experimental parameters and procedures, specified in IEC 60079-1,
ethylene was selected as a typical explosive gas. The experimental conditions for Sample 1
are shown in Table 1.

Table 1. Experimental condition for Sample 1.

Gas Molecular Volume Ambient Ambient Initial Pressure Number of Trials
Symbol Ratio Humidity (%) Temperature (°C) (Bar)
Ethylene CoHy 8+ 5% 40+ 2 20+ 5 1.0 5

3.2.2. Sample 2

A flameproof three-phase asynchronous motor was selected as Sample 2. The shape
of the stator and the rotor shell of the motor was cylindrical. As the air gap between the
stator and the rotor was very small, there was a narrow channel connecting the front and
rear covers of the motor, as shown in Figure 6. Following the experimental procedure
specified in IEC 60079-1 section 15.2.2.2, ethylene (volume ratio = 8 &= 0.5%) was selected
as an explosive gas for the experiment. Sensors were set on both the front and back covers,
and ignition was conducted from both ends. Five sets of experiments under the stationary
and rotating states of the motor were performed alternately. The experimental conditions
for Sample 2 are shown in Table 2.
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Stator
------------------------------- Gas Channel
Figure 6. Schematic layout of Sample 2.
Table 2. Experimental condition for Sample 2.

Ignition Motor Status Pressure Pressure Ambient Ambient Initial Number

Position Position 1 Position2  Humidity (%)  Temperature (°C)  Pressure (bar)  of Trials
Front cover Rest Front cover  Rear cover 40+ 2 20+ 5 1.0 5
Front cover Running Front cover  Rear cover 40+ 2 20+ 5 1.0 5
Rear cover Rest Front cover  Rear cover 40 £ 2 20+ 5 1.0 5
Rear cover Running Front cover = Rear cover 40£2 20£5 1.0 5

4. Results and Discussions

The pressure-time profiles of configuration 1 and configuration 2 for sample 1 are
shown in Figure 7. The pressure-time profiles for sample 2 are shown in Figure 8. The
pressure ratio was determined as the ratio of the pressure at the opposite side to the ignition
pressure at the ignition side. The pressure rise time was determined as the time between
10% and 90% of the curve of the maximum value of the pressure. The maximum rate of
explosion pressure rise (dp/dt)m.c was determined as the ratio of the maximum explosion
pressure to the rise time, according to the IEC 60079-1 section 15.2.2.4.

pressure/bar

Pl {configurationl)
= = = P2{configuration])
=P 1l{cenfiguration2)

P2 {configuration2)

1] 10

20

40 50 il T 0 an 100

Time/ms

Figure 7. Pressure-time profile for sample 1 of configuration 1 and configuration 2.
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Figure 8. Pressure-time profile for sample 2.

The explosion parameters (the maximum explosion pressure, the pressure rise time,
and the maximum rate of pressure rise) for sample 1 in five experiments are shown in
Table 3. The explosion parameters (the maximum explosion pressure, the pressure rise
time, and the maximum rate of pressure rise) for sample 2, in five experiments, are shown
in Table 4.

Table 3. Explosion pressure parameters of sample 1.

The Maximum Explosion - . The Maximum Rate of
Pressure Rise Time (in ms)

Sample Pressure Value (in bar) Pressure Rise (in bar/ms)
Side 1 Side 2 Side 1 Side 2 Side 1 Side 2
Sample 1 (Configuration 1) 5.67 5.80 64.41 64.32 0.09 0.09
Sample 1 (Configuration 2) 6.93 11.85 20.42 1.51 2.95 7.84

Table 4. Explosion pressure parameters of sample 2.

The maximum Explosion Pressure Rise Time (in ms) The Maximum Rate of Pressure
Ignition Place Pressure Value (in bar) Rise (in bar/ms)
Front Cover Back Cover Front Cover Back Cover Front Cover Back Cover
Front cover 6.85 8.57 3.02 0.06 2.26

Rear cover

4.12 223 11.85 2.73 0.35

4.1. Results of Sample 1

For configuration 1, it can be seen, from Figure 7, that the pressure-time profiles of
P1 and P2 are similar. It can be seen, from Table 3, that the maximum explosion pressures
value at side 1 was 5.67 bar while that at side 2 was 5.80 bar, the pressure rise time at side 1
was 64.41 ms, while that at side 2 was 64.32 ms, and the maximum rate of pressure rise of
side 1 and side 2 are same. The mixture of ethylene and air is ignited in a finite volume
and reacts at an extremely fast rate of heat release, accumulating in a very short period of
time in a finite volume, resulting in high temperature and high pressure, which creates an
explosion pressure.

According to the ideal gas equation, the explosive pressure value is linearly related to
the initial pressure value under the condition of the initial temperature and flammability
gas determination. It can be seen that the factors that form the explosion pressure can
be approximately equal, the initial pressure is approximately equal. It can be seen from
Table 3 that the pressure ratio is 1.02 less than 1.5, the pressure rise time is 64.32 ms more
than 5 ms, according to IEC 60079-1, section 15.2.2, pressure piling did not occur.

For configuration 2, it can be seen, from Table 3, that the maximum explosion pressures
value at side 1 was 6.93 bar, while that at side 2 was 11.85 bar, the pressure ratio was 1.71
more than 1.50, explosion-proof equipment is designed with a safety factor of 1.5, and the
explosion pressures value at side 2 was higher than the design pressure. The pressure rise
time at side 1 was 20.42 ms while that at side 2 was 1.51 ms, the maximum rate of pressure
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rise of side 1 was 2.95, while that at side 2 was 7.84, the pressure rise time was less than
5 ms. According to IEC 60079-1, section 15.2.2, pressure piling did occur.

To explain this phenomenon, we used ANSYS for numerical simulations. SolidWorks
was used to establish a 1:1 3D model of flameproof enclosure, and then, the model was
imported into ICEM for boundary layer meshing, and a finite element analysis model of
flameproof enclosure was obtained (see Figure 9a). The numerical solution was performed
in FLUENT software. Figure 9b showed the physical model. The Initial conditions are
shown in Table 1. The ignition source temperature was 400 K, and the ignition was
performed under the test conditions.

(b)

Figure 9. (a) Mesh generation for sample 1, (b) Physical model for sample 1.

According to the physical phenomenon of the explosion reaction process, combustible
gas explosion fluid flow needed to be described by momentum equation, and the velocity
field and pressure field distribution were calculated by solving the momentum conservation
equation in spatial 3D model. In addition, due to the large temperature difference during
the explosion, the effect of radiation on heat transfer must be considered, as well as the DO
discrete coordinate system radiation model, which was widely used for explosion reaction
was selected. The governing equations used for numerical calculations were the mass
conservation equation, the momentum conservation equation, the energy conservation
equation, the radiation model equation, the turbulence equation, and the component
transport and reaction (explosion) model equation.

In order to take into account the influence of diffusion of turbulent components on
the reaction, a very accurate conceptual model of eddy dissipation was chosen for the
explosion reaction model.

Distribution of temperature field and explosion pressure field were shown in Figure 10.
Figure 11 showed the explosion pressure wave form obtained by numerical simulation.
After the flammable gas was ignited in cavity A, the flame spreads to cavity B in the form
of a turbulent flame, an explosion pressure wave traveled to pipe B through a small hole
between the two pipes, cavity B was not yet burned, and the initial pressure on cavity
B was greater than the standard atmospheric pressure, so it can be concluded that the
pressure wave of the explosion propagated faster than the flame propagation. The explosive
pressure wave reached pipe B before the combustion flame reached. This resulted in the
pre-pressurization of the combustible gas in pipe B [11]. when the flame spread to the small
hole, the flammable gas in cavity B is ignited in a spray shape, and the flammable gas in
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cavity B was quickly ignited, while the flammable gas in cavity A had not yet fully burned,
and the explosive pressure on the A side of the cavity was still increasing.

Temperature [C] Pressure [Pa]

D I By I @y B &y T Ia Ts Ta Za T T O On S 72,8 T z B To Ty 8o 2 & 7y % O

D st T MR LR S O XN
% 0 0, iy 5 5y G O Y S R By,

Time = 0.0667 [ 5] o)

Time 20,0884 [ 5]

Time = 0.0954 (5 )

12

10

pressure/bar

0.00 0,04 0,08 0,12 0,16 0. 20

t/s

Figure 11. Waveform of explosion pressure of simulation.

The increase in the initial pressure PO in pipe B causes an increase in the pressure Pm
after the explosion, the explosion pressures value at side 2 was higher than that at side 1.
It can be also seen, from Figures 7 and 11, that pipe B reached the maximum explosion
pressure earlier than the ignition source side and the value of the maximum rate of pressure
rise on the opposite side was larger than that on the ignition source side. The maximum
rate of pressure rise of side 2 increases and the explosion pressure index Ep also increases.
The shorter the pressure rise time t during the explosion, the greater the explosion pressure
index Ep and the damage become.

From the perspective of the entire explosion process, an increase in explosion pressure
in flameproof enclosure under pressure piling was due to the increase in initial pressure.
After combustible gas was ignited in one cavity, as it exploded, the explosion pressure wave
caused the initial pressure in the other cavity to increase in the equivalent of a constant
volume change. The mechanism was consistent with the ideal gas equation of state.

The two chambers in the flameproof box were not isolated and sealed at the crossing
line, and the interior of the enclosure was divided into two cavities by a narrow gas channel,
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which constituted a sufficient condition for the pressure piling. When two cavities must be
connected, a flame-proof structure or a seal structure shall be designed.

4.2. Results of Sample 2

Table 4 shows the explosion pressure parameters of sample 2, and five sets of experi-
ments under the stationary and rotating states of the motor were performed alternately. It
can be seen that the maximum explosion pressures value at front cover was 5.14 bar, while
that at back cover was 6.85 bar, and the explosion pressure ratios were less than 1.5, while
the pressure rise time of back cover was less than 5ms. When the front cover is ignited, the
maximum explosion pressures value at front cover was 6.08 bar, while that at back cover
was 4.12 bar, the explosion pressure ratios was less than 1.5, while the pressure rise time of
front cover is less than 5ms when the rear cover is ignited.

Figure 8 shows the pressure-time profile for sample 2 when the ignition was done in
the front and back covers. It can be seen that, after ignition, the first explosion occurred in
the cavity near the ignition source side in a very short time, and a shock wave was generated.
Passing through the air gap between the rotor and the stator, the shock wave reached the
opposite side before the combustion flame reached. This caused the explosive mixture in
the opposite side, having a pre-pressure, to attain the maximum explosion pressure in a
very short time. It can also be seen that the opposite side reached the maximum explosion
pressure earlier than the ignition source side, and the value of (dp/dt)u.x on the opposite
side was larger than that on the ignition source side. The flame reached the opposite side
under the action of a blast shock wave, and the opposite side was ignited before the value
of Pm on the ignition source side (the value of (dp/dt)max of the ignition source side # 0).
Then the pressure piling occurred.

The stator of the motor is cylindrical, the inner rotor is made up of cylinders that
cannot change, and the narrow gas channel between the rotor and the stator connects
the cavity between the front and rear end cover and the rotor, which also constituted a
sufficient condition for the pressure piling.

From the above experiments, we can see that the electrical components inside flame-
proof enclosures should be properly laid out. If not, they will create a narrow gas channel
at both sides in the flameproof enclosure. It will constitute a sufficient condition for the
pressure piling. When this kind of component layout cannot be avoided, the shell shall be
designed to have increased explosion resistance.

4.3. The Essence of the Pressure Pilling

The pressure wave of the explosion propagated faster than the flame propagation. The
two cavities were connected by small holes, so once an explosion occurred in one cavity, the
flame traveled another cavity within the action time of one explosion pressure wave, the
mixture of explosive gases and air in another compressed cavity was ignited immediately,
and it caused the explosion pressures value to grow higher.

5. Conclusions

In this paper, a flameproof pipeline product and a flameproof three-phase asyn-
chronous motor were used as samples to experimentally investigate the explosion pressure
parameters during the pressure piling. From the experimental analysis and research, we
can conclude as follows:

(1) A significant increase in the explosion pressure was observed in the flameproof
enclosures. The pressure on the opposite side was much higher than that on the
ignition side.

(2) The rise time of the explosion pressure in the flameproof enclosures was very short,
and the pressure in the opposite enclosure reached the maximum value within a few
milliseconds.
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(3) For a flameproof enclosure, if the interior of the enclosure is divided into cavities
with narrow gas channels, this configuration constitutes a sufficient condition for the
pressure piling.

(4) When the opposite side is ignited before the value of Pm on the ignition source side
(the value of (dp/dt)yax on the ignition source side # 0), the pressure piling occurs.

(5) Flameproof enclosures should be designed to have a flame-proof structure for avoid-
ing the occurrence of the pressure piling.

(6) The shell shall be designed to have increased explosion resistance when the layout of
the interior components cannot be changed.

(7)  Without reassessment, the layout of the internal components of equipment shall not
be changed because any careless changes may cause the pressure piling.
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