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Abstract

The characteristics of methane-air explosion in interconnected containers with different dimensions are studied in this paper, and the prediction
models are established. The explosion apparatus consists of two cylindrical containers and a connecting pipe, and three structure parameters are
selected as influencing factors for the experiments. The explosion pressure, the maximum rate of pressure rise and pressure growth index under
different conditions are compared by changing the volume ratio (V;/V,), the length of the pipe, and the inner diameter of the pipe. During the
experiment, the combustion and explosion of gas developed from the main container to the auxiliary container. Under different size effect
conditions, the maximum explosion pressure in the secondary container was always higher than the maximum explosion pressure in the primary
container. The maximum explosion pressure and the maximum rate of pressure rise in the primary and secondary containers both increase with
increasing pipe length. With an increase in the pipe diameter, the maximum explosion pressure and the maximum rate of pressure rise both
decrease gradually. When the volume ratio changes, the parameters such as the maximum explosion pressure are also affected by the volume
changes of the containers at both ends. Therefore, the explosion parameters in both connected containers do not show a single development
trend with the increase of the volume ratio. For practical application, in order to reduce the explosion intensity and protect the device, large-
diameter pipes should be used and the volume ratio should be reduced.
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INTRODUCTION

To date, a lot of intensive research has been conducted on
the combustion and explosion processes of gases in containers
and pipes. The explosion characteristics and explosion behavior
of sealed containers can be affected by many factors, such as
gas concentration, gas composition, initial pressure, and initial
temperature. Under different experimental conditions, the
explosion hazard can be evaluated by obtaining characteristic
parameters such as explosion pressure, maximum rate of
pressure rise ((dP/dt) . and pressure growth index (Kg)['2l.

(dp/di)ma V' = Kg M

Where (dP/dt) . is the maximum explosion pressure rising
rate, Pa/s; V is the volume of the container, m3; K; is an
explosion severity factor called pressure growth index, Pa-m-s~".
The pressure growth index is an indication of the 'robustness'
of the explosion.

There are many studies on the combustion and explosion
behavior of flammable mixtures in connected containers. Wang
et al.B] conducted a comparative study on gas explosion in a
single container and connected containers and found that the
maximum explosion pressure (P,,,,) and pressure rising rate in
connected containers are higher than those in the single
containment container. Maremonti et al.! used AutoReaGas
software to simulate the explosive capacity of the connected
containers and found that both peak pressures and rates of
pressure rise are much higher than those generated in single
container explosions, and the turbulence induced in both
containers represent a major factor affecting the explosion
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violence. In the experiment on the connected containers where
the spherical container and the pipe are connected, it was
found that both the size of the pipe, the ignition position, and
the initial pressure have greater impact on the explosion of the
connected containers, and the changes in the explosion
pressure of the containers on both sides were also different(>6l,
Singh!! carried out experiments in linked containers with a
total volume of 0.07 m3. The results showed that, when the
volume ratio, the pipe length and the pipe diameter are
constant, the value of the maximum explosion pressure both in
the primary container and secondary container increased with
the volume of the primary container increasing. In other words,
the size effect is very obvious. Razus et al.l® carried out
experiments on the explosion of propylene-air mixtures in two
cylindrical containers connected by pipes. The results showed
that the initial pressure and the tube diameter are the major
factors which influence the explosion evolution in linked con-
tainers. Other factors such as the direction of flame propaga-
tion, the volume ratio of the primary and secondary containers
and the distance between the ignition source and the
connecting tube inlet are also important for pressure evolution.
According to research carried out by Bartknecht!”, the maxi-
mum pressure can be reduced by choosing an appropriate
value for the ratio of the pipe cross section to the container
volume. Usually, the phenomenon that the gas explosion
characteristics change with the size of the container is known
as the size effect of the gas explosion characteristics. Benedetto
et al.l'%1 studied the effect of the volume ratio and ignition
position of the connected containers on the explosion pressure
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based on experiments and simulations, and found that the
pressure peak intensity is mainly affected by the coupling
between the pre-compression of the mixture in the secondary
container and the violence of explosion in the same container
as related to the venting time. Zhang et al.l'Z studied the
influence of pipe length on methane-air mixture explosion in
linked containers, when the pipe diameter and length was
constant, a bigger primary container causes higher initial flame
propagation speed, a smaller secondary container caused
stronger blocking effect during the flame propagation. Zhen et
al.l'3! investigated the size effects on a methane-air mixture
explosion in the interconnected containers, the maximum rate
of pressure rise changed inconspicuously while the secondary
container was larger than the primary one, and the cubic-root
law was not applicable to an explosion in the interconnected
containers. Ogungbemide et al.l'4l investigated the effects of
varying the length-to-diameter ratio (L/D) of the primary
container on pressure piling using numerical modelling, and
found that as the L/D of the primary container increased,
pressure enhancement in the secondary container (relative to
the primary container) increased, and the flame speed in the
connected duct decreased, and high frequency oscillations
were observed in the extremities of the primary containers.
Willacy et all'®! analyzed the flame propagation and
deflagration-detonation transition process through closed and
interconnected geometric containers. Roser et al.l'®l found from
the explosion data that the flame front propagation time has a
certain relationship with the explosion overpressure reduction
of the main explosion container, and accordingly established a
new flame front propagation time prediction model. Most of
the existing experiments and simulations on connected
containers are for spherical containers and mainly study the
effects of pipe size, gas initial state and dust addition on the
combustion and explosion in the connected container, while
the research on the container size and pipe size effect of
connected containers of different shapes is not extensive and
in-depth, so the size effect study of the cylindrical connected
container can further expand and verify the combustion and
explosion process and theory of combustible gas.

Date acquisition instrument

Explosion pressures in interconnected containers

Although a lot of research work has been carried out on the
gas explosion in closed containers through experiments and
numerical analysis, most of the research is limited to single
containers and the connected container in which the primary
container and the secondary container are spherical. Whereas
the cylindrical containers are also very common in industry.
Therefore, it is necessary to study the combustion and explo-
sion of cylindrical connected containers. Because the structure
of the connected container is more complicated than the single
container and the flame propagation is different, changing the
volume ratio of the connected container and the size of the
pipe may have an important effect on the explosion of com-
bustible gas. Therefore, by changing the volume ratio of
cylindrical communication container and the size of pipe to
study the explosion of combustible gas, the process and theory
of combustion and explosion of combustible gas can be further
expanded.

EXPERIMENTAL APPARATUS AND METHODS

Experimental system

As shown in Fig. 1, the explosion apparatus consists of two
cylindrical containers and a connecting pipe. These two cylin-
drical containers are named primary container (the container
that installed high-energy electronic igniter) and secondary
container (the container connected with primary container by a
pipe). The connection modes of eight volume ratios (the ratio
of the primary container volume to the secondary container
volume (1) were formed through the combination of four
different volume containers (11 L, 22 L, 55 L, and 113 L). In this
manuscript, the effect of eight volume ratios (1 = 0.1, 0.2, 0.4,
0.5, 2, 2.5, 5.1, and 10.3) on explosion intensity was researched.
There are four M 20 x 1.5 hickeys on the wall of the container,
which can be connected to pressure transducers, flame sensors,
gas valves and an ignitor. The container can be connected to
other pipes or containers by flanges. The flanges are connected
to the containers by a reinforcing tube, both of which are 0.125
m in length. The length of each pipe is 2 m, and the inner
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Fig. 1 Schematic of experimental apparatus.
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diameters are 0.02 m, 0.059 m, 0.108 m and 0.133 m. The 0.059
m diameter pipe has four sections, the others have one section,
and the two ends of the circular pipe are provided with a flange
pair interface. To change the inner diameter of the pipe, six
kinds of convergent pipes with different specifications were
used in the experiments.

An ignition device is a high-energy electronic ignition device
(Model Number: KTD-A) with an ignition energy of 5 J, and the
front material of the ignition rod is Kanthal, which is installed
on the spherical container. The explosion pressure is obtained
by high-frequency pressure transducers (HM90H2-2-V2-F10-
W?2), the measure range of this transducer is 0~5 MPa, the
output voltage is 0~5 VDG, the voltage of power supply is £ 15
VDC, the protection level is IP 67, the frequency resolution is 20
kHz, and the measurement accuracy is + 0.25% FS, which are
installed on the spherical container and pipe. A 2X-8GA vacuum
circulating pump is used to replace the waste gas in the
interconnected containers with fresh air. The data acquisition
device is Sirius produced by DEWE Soft, and the model of the
gas distributor is RCS2000-B, which is used to produce the
methane-air premixed gas. The methane in the gas distribution
system is produced by a methane cylinder, and air is produced
by an air compressor.

In the experiment, as shown in Fig. 1, the pressure trans-
ducers on the container and the pipe and the data collector to
monitor the pressure in advance were installed. The container
was vacuumed to —0.1 MPa and confirmed well-sealed. Then
the mixed gas from the gas inlet of the primary container
through the gas distribution instrument was filled until the
internal pressure of the container reaches atmospheric
pressure. After staying for a period of time, the high-energy
electronic igniter was used to ignite the combustible gas. And
the development and intensity of explosion were analyzed by
the pressure measured by the data acquisition device. Based on
the explosion pressure-time data, the explosion pressure is
differentiated against time to obtain the explosion pressure
rising rate (dp/dt) value.

Experimental conditions and scheme

The experiment was carried out in a sealed container at
normal temperature (25 °C) and pressure (0.1 MPa). Ignition
position is in the center of the primary container, and the
ignition energy is 5 J. Before preparing methane/air mixture,
the container was vacuumed to —0.1 MPa and confirmed well-
sealed, methane/air mixture (10%) was adopted during the
experiment. To achieve reliable results, each experiment was
repeated five times at least in this research. According to the
measured results, the maximum deviations of the explosion
pressure and flame propagation velocity were 5.4% and 7.9%
respectively. The specific experimental program is shown in
Table 1.

RESULTS AND ANALYSIS

Effect of volume ratio

To analyze the influence of the volume ratio on the methane-
air mixture explosion in interconnected containers, an experi-
mental system with different volume ratios (0.1, 0.2, 0.4, 0.5, 2,
2.5, 5.1, and 10.3) is established. Table 2 shows the explosion
pressure in the primary and secondary containers under
different volume ratio conditions. The explosion pressure rising
rate only exists in the explosion pressure rising stage, in the
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Table 1. Experimental scheme.

Test V%Irlf rr:; r;/a:r?dOf Volume of \s/:clgnmdea?)f Length  Pipe

No. secondary cog'lc’la?:\i?(u container of(%)e d|a(r;rT11e)ter

container (L)

Test 1 0.1 1 113 2.25 0.059
Test 2 0.2 22 113 2.25 0.059
Test 3 0.4 22 55 2.25 0.059
Test 4 0.5 1 22 2.25 0.020
Test5 0.5 11 22 2.25 0.059
Test6 0.5 1 22 2.25 0.108
Test7 0.5 1 22 2.25 0.133
Test 8 0.5 11 22 4.25 0.059
Test9 0.5 1 22 6.25 0.059
Test 10 0.5 1 22 8.25 0.059
Test 11 2 22 1 2.25 0.059
Test 12 2.5 55 22 2.25 0.059
Test 13 5.1 113 22 2.25 0.059
Test 14 10.3 113 1 2.25 0.020
Test 15 10.3 113 11 2.25 0.059
Test 16 10.3 113 1 2.25 0.108
Test17 10.3 113 1 2.25 0.133
Test 18 10.3 113 11 4.25 0.059
Test 19 10.3 113 1 6.25 0.059
Test 20 10.3 113 1 8.25 0.059

explosion pressure comparison chart, the degree of oscillation
is small in the pressure rising stage. And the degree of
oscillation is greater only in the pressure drop stage, so the
existence of the oscillation range and degree does not affect
the acquisition of the maximum explosion pressure rising rate
in this research. The maximum explosion pressure rising rate
can be obtained through pressure change data and graphs. The
maximum explosion pressure and maximum explosion
pressure rising rate are shown in Table 2.

As seen from Figs 2 & 3 and Table 2, there is an obvious size
effect on the gas explosion in the interconnected containers.
When the volume ratio is less than 1, the maximum explosion
pressure and the maximum rate of pressure rise in the primary
and secondary containers both increase with increasing
volume ratio, and the maximum explosion pressure difference
is small. The difference in the maximum explosion pressure
between the primary and secondary containers is relatively
small, approximately 0.02 MPa. When the volume ratio greater
than 1, the maximum explosion pressure in the primary and
secondary containers both increase as the volume ratio in-
creases. However, as the volume ratio increases, the maximum
pressure rising rate of the primary container gradually
decreases, while the pressure rising rate of the secondary con-
tainer gradually increases. The difference in the maximum
explosion pressure between the primary and secondary
containers is larger than 0.2 MPa, which is approximately 10
times that of the former. The parameter K; of the primary
container in Table 2 changes with the increase of the volume
ratio. It reaches the highest value when the volume ratio is 0.2.
It indicates that the explosion in the primary container is more
dangerous at this time. When the volume ratio is greater than
0.5, the pressure growth index of the secondary container
changes greatly with the increase of the volume ratio, the
pressure growth index reaches its peak value when the volume
ratio is 10.3.

The maximum explosion pressure of the primary and
secondary containers increases with the increase of the volume

Page3of11



Emergency Management
Science and Technology Explosion pressures in interconnected containers

Table2. Explosion test results in primary and secondary containers under different volume ratio conditions.

Volume ratio 0.1 0.2 0.4 0.5 2 25 5.1 10.3 *P
Primary container Prax / MPa 0.619 0.625 0.631 0.635 0.610 0.613 0.650 0.677 0.000
Absolute deviation 0.0003 0.0007 0.0000 0.0023 0.0027 0.0010 0.0020 0.0010 -
(dP/dt) iy / MPa-s™! 17.16 20.37 22.70 24.73 22.31 20.25 17.07 15.10 0.000
K/ MPa-m-s™! 8.70 10.60 9.91 8.40 7.58 8.84 8.89 7.65 -
Secondary container P,/ MPa 0.640 0.644 0.654 0.657 0.825 0.831 0.874 0.908 0.000
Absolute deviation 0.0000  0.0020  0.0023  0.0047 0.0043 0.0010  0.0030  0.0063 -
(dP/dt);ax / MPa-s™ 20.59 2272 26.46 2841 44.98 48.36 53.90 60.03 0.001
Ks/ MPa-m-s~' 10.43 11.83 11.55 9.65 15.27 21.11 28.06 30.42 -
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Fig.3 Explosion pressure curves in the secondary container under different volume ratio conditions.

ratio. When the volume of the secondary container is relatively ~ ssure wave of the primary container. After the pressure
small, the pressure in the secondary container is increased by  increases, the flame and air flow return to the primary
the pre-compression effect of the explosion combustion pre-  container, so that the maximum explosion pressure of the
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primary and secondary containers increases continuously, as
the volume ratio increases, the turbulence in the primary and
secondary containers increases, and the pressures in both
containers also increasel'”), When the volume of the primary
container is large enough, the heat loss is sufficient to cause a
large drop in pressure. So when the volume ratio is greater than
1, the maximum rate of pressure rise in the primary container
decreases with the volume ratio, and that of the secondary
container increases with the volume ratiol'8l.

Before fitting, we performed a T-test on these data to ensure
that the data was statistically significant, the results are shown
in Table 2. Because there are differences in personnel operation
and the degree of gas mixing in each experiment in the con-
nected container, in order to confirm whether the experimental
results of different experiments are statistically significant,
probability in hypothesis testing (*P) is calculated. The *P value
is a probability value obtained statistically based on the
significance test method, and reflects the probability of the
difference between the samples due to the sampling error. On
the basis that *P < 0.05 which indicates the results are
statistically significant, it shows that the difference between the
maximum explosion pressure and the maximum explosion rise
rate obtained by multiple experiments is statistically significant.
Since the R? is greater than 0.9, we consider these predictive
models to be effective.

When the volume ratio less than 1, the explosion prediction
model in the primary container is:

Pmax = 0.61262 + 0.0706 x 1-0.055% > R*=0.9775  (2)

(dp/dDmax = 14.72+29.25x 1-19.65x > R*=0.9202  (3)

The explosion intensity prediction model in the secondary
container is:

Pmax = 0.6340 + 0.054 x 1-0.016 x> R*=0.9791 4)

(dp]dt)max = 18.53+21.20x1-3.045x 2> R>=0.9990 (5)

When the volume ratio is greater than 1, the explosion
prediction model in the primary container is:

Pmax = 0.5712 +0.02013 x 1-9.536x 10™*x/> R*=0.9892 (6)

(dp/dmax = 2651 —2.641 x 1+0.1489x > R*=0.9411  (7)

The explosion intensity prediction model in the secondary
container is:

Pmax=0.78 + 0.02392 x 1-0.00112x > R>*=0.9940  (8)

(dp/dt)max = 37.66+4214x1-2.770x 2> R>*=0.9941 (9)

Where P..« is the maximum explosion pressure, MPa;

(dP/dt)may is the maximum explosion pressure rising rate,
MPa/s; 1 is the volume ratio.

Effect of pipe length

As seen from the previous section, when the volume ratio is
0.5 and 10.3, the maximum explosion pressure rising rate and
the maximum explosion pressure value reach the peak respec-
tively, and the risk of explosion in the container is greater. In
this section, the volume ratio will be fixed and pipes with
different lengths (2.25, 4.25, 6.25, and 8.25 m) are used to study
the effect of pipe length on the explosion characteristics in the
primary and secondary containers.

It can be seen from Figs 4 & 5 that the size effect of the pipe
length on methane-air explosion in the primary container and
secondary container is obvious. The maximum explosion
pressures in both the primary and secondary containers
increase with pipe length at a volume ratio of 0.5 or 10.3. The
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maximum explosion pressure exhibited a larger change when
the volume ratio is 10.3. At this point, the maximum explosion
pressure in the secondary container increased from 0.908 MPa
at a 2 m pipe length to 1.398 MPa at an 8 m pipe length, and
the pressure difference reached 0.490 MPa. Thus, under this
condition, the influence of the pipe length on the maximum
explosion pressure in the secondary container is very clear.
When the volume ratio is 0.5, the oscillation in the container is
small, which is the opposite of the oscillation intensity at a
volume ratio of 10.3.

In addition, the oscillation intensity increases as the pipe
length increased at a volume ratio of 10.3. It can be seen from
Table 3 that when the volume ratio is 0.5, the difference in
maximum explosion pressure and the maximum rate of
pressure rise between the primary and secondary containers is
small, which is different to the value at a volume ratio of 10.3.
As shown in Tables 3 & 4, these data have statistical significance
(*P < 0.05). Based on the experimental results, the required
prediction models can be obtained.

When the volume ratio is 0.5, the explosion prediction model
in the primary container is:

Pmax = 0.5917 + 0.2377 x [-0.00123 x > R* =0.9997 (10)

(dp/dmax = —16.87 +21.44 x [—0.1828 x > R?=0.9976  (11)

The explosion prediction model in the secondary container
is:

Pmax = 0.6155 +0.02368 x [-0.00114x > R>=0.9406  (12)

(dp/dfmax = —2.068 +15.92x1-0.3314x > R?>=0.9999 (13)

When the volume ratio is 10.3, the explosion prediction
model in the primary container is:

Pmax = 0.6397 +0.01774 x [+7.562x 1074 x > R?=0.9955 (14)

(dp]df)max = —16.29+ 1547 x[-0.06933 x> R>=0.9928 (15)

The explosion prediction model in the secondary container
is:

Pmax = 0.9259 - 0.03464 x [+0.01176 x> R*=0.9869  (16)

(dpldf)may =42.56+2.319x[+2.770x > R*=0.9902  (17)

Where P.x is the maximum explosion pressure, MPa;
(dP/dt)may is the maximum explosion pressure rising rate,
MPa/s; lis the length of the pipe, m. Since the R? is greater than
0.9, this model has a certain practical value.

As is shown in Tables 3 & 4, the P,,,, value in the secondary
container is larger than that in the primary container. Simul-
taneously, when the ignited container is constant, a longer pipe
leads to a larger Pmax. For the same pipe length, the container
of 10.3 volume ratio is more dangerous. For the same volume
ratio, the secondary container is more dangerous (compared
with the primary container, the P,, value of the secondary
container is larger). This is because an increase in pipe length
causes an obvious accelerated effect of the pipe on the flame
and pressure wave, and the explosion flame becomes a jet
flame before the secondary container!’l, As the turbulence of
the jet flame is large and the temperature is high, after the
mixed gas enters the secondary container, it will be ignited,
which makes the turbulence degree in the secondary container
larger. Compared with the primary container, the explosion
pressure in the secondary container is larger at this time, and
the maximum rate of pressure rise is also largert202'l, Thus, for
the same connecting pipe, the larger the explosion container is,
the lower the explosion strength.
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Explosion pressures in interconnected containers
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Fig. 4 Explosion pressure curves in the primary and secondary containers with different pipe lengths and a 0.5 volume ratio of the primary

and secondary containers.

Effect of pipe diameter

It can be seen from the results above that when the volume
ratios are 0.5 and 10.3, the device is more dangerous. Therefore,
in this section, these two working conditions are selected. The
pipe length is fixed (2.25 m), and pipes with different diameters
(0.02 m, 0.059 m, 0.108 m, and 0.133 m) are used to study the
effect of pipe diameter on the explosion characteristics of the
interconnected containers. Figure 6 shows the change in the
explosion pressure in the primary and secondary containers
with different pipe diameters and a 0.5 volume ratio of the
primary and secondary containers. Figure 7 shows the change
in the explosion pressure in the primary and secondary
containers with different pipe diameters and a 10.3 volume
ratio of the primary and secondary containers.

Page6of 11

As seen from Figs 6 & Figs 7, the size effect on gas explosion
in the interconnected containers is noticeable. As the diameter
of the pipe increases, the explosion pressures in both the
primary and secondary containers decrease gradually. In addi-
tion, when the volume ratio is 10.3, the oscillation intensities in
the primary container and the secondary container are more
intense than those at 0.5. The maximum explosion pressure
increases from 0.707 MPa to 0.943 MPa, and the difference is
0.236 MPa, which is 10 x that of interconnected containers with
a volume ratio of 0.5. From Tables 5 & 6, the maximum
explosion pressure rise rates in both the primary and secondary
containers decrease with an increase in the pipe diameter
when the volume ratios are 0.5 and 10.3. The maximum rate of
pressure rise in the secondary container is always greater than
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Fig. 5 Explosion pressure curves in the primary and secondary containers with different pipe lengths and a 10.3 volume ratio of the primary
and secondary containers.

Table 3. Explosion test results in primary and secondary containers under different pipe length conditions with a vessel ratio of 0.5.
Volume ratio (0.5) Pipe length 2.25m 425m 6.25m 8.25m *P
Primary container Piax/ MPa 0.635 0.667 0.690 0.703 0.000
Absolute deviation 0.0023 0.0007 0.0017 0.0057 -
(dP/dt)may / MPa-s™! 24.73 67.66 103.55 143.55 0.048
K/ MPa-m-s~! 8.40 24.00 38.19 54.80 -
Secondary container Prax/ MPa 0.657 0.697 0.711 0.734 0.000
Absolute deviation 0.0047 0.0017 0.0043 0.0006 -
(dP/db)may / MPa-s™! 2841 56.44 81.41 104.14 0.030
K/ MPa-m-s~! 9.65 20.02 30.01 39.72 -
Lin et al. Emergency Management Science and Technology 2022, 2:17 Page7of11
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Table4. Explosion test results in primary and secondary containers under different pipe length conditions with a vessel ratio of 10.3.

Explosion pressures in interconnected containers

Volume ratio (10.3) Pipe length 225m 425m 6.25m 8.25m *P
Primary container Prax/ MPa 0.677 0.726 0.771 0.831 0.000
Absolute deviation 0.0010 0.0050 0.0033 0.0020 -
(dP/db) ax / MPa-s™ 15.10 42.30 76.22 102.3 0.046
K/ MPa-m-s~! 7.65 21.73 39.68 53.94 -
Secondary container Piax/ MPa 0.908 0.963 1.154 1.398 0.000
Absolute deviation 0.0063 0.0070 0.0050 0.0000 -
(dP/dt) a0/ MPa-s™! 60.03 90.93 161.47 236.70 0.043
K/ MPa-m-s~! 30.42 46.72 84.08 124.80 -
a Primary vessel
0.8
—a— (0.059m —— (0.108m —0—0.133m
0.7 - L

= = s
kS in =

Explosion pressure (MPa)
=
b

0.2
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0.0
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= = = = =
[ L] E= tn (=

e
=

and secondary containers.
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Fig. 6 Explosion pressure curves in the primary and secondary containers with different pipe diameters and a 0.5 volume ratio of the primary
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Fig. 7 Explosion pressure curves in the primary and secondary containers with different pipe diameters and a 10.3 volume ratio of primary
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and secondary containers.

that in the primary container, and the difference changes
slightly. However, when the mass ratio is 10.3, the maximum
rate of pressure rise in the primary container is always smaller
than that in the secondary container, and the difference value
decreases gradually with the pipe diameter, which is 15 x the
volume ratio of 0.5.

As shown in Tables 5 & 6, the K value decreases with an
increase in the pipe diameter. According to the t-test results,
these data are statistically significant (*P < 0.05). Then, we use
the same method as above to process the data and got the
prediction model we needed.

When the volume ratio is 0.5, the explosion prediction model
in the primary container is:

Lin et al. Emergency Management Science and Technology 2022, 2:17

Pmax = 0.7036 —0.00133 x d/1000 + 3.573 x 107° x (d/1000)>
R*=0.9816
(18)
(dp/d)max = 30.77 = 0.09761 x d /1000 — 4.358 x (d/1000)?
R*=10.9978 (19)
The explosion prediction model in the secondary container is:

Pmax = 0.7221—0.0012 % (d/1000) +2.937 x 107° x (d/1000)?
R*=0.9517

(20)
(dp/dt)max = 34.04—0.07578 X (d/1000) — 2.637 x (d/1000)*
R*=0.9942

2n
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When the volume ratio is 10.3, the explosion prediction

model in the primary container is:
Pmax = 0.7226 — 8.481x10™* x (d/1000)+1.687 x 10 x(d/1000)*
R?=0.9816
(22)
(dp/dt)max = 18.44—-0.04414 % (d/1000) - 1.318 x (d/1000)>
R? =0.9947
(23)

The explosion prediction model in the secondary container

is:
Pmax = 0.9579 —8.204 x 107 % (d/1000)+1.018x1077 x (d/1000)>
R*>=0.9816
(24)
(dp]dt)max = 81.13 —0.3991 X (d/1000) + 0.00111 x (d/1000)>
R?=0.9760
(25)

Where P.x is the maximum explosion pressure, MPa;
(dP/dt)ax is the maximum explosion pressure rising rate,
MPa/s; d is the inner diameter of the pipe, m. this model has a
certain practical value since the R2 is greater than 0.9.

As illustrated in Tables 5 & 6, in the case of the four different
pipe diameter connections, the size effect of pipe diameter on
the explosion of methane-air mixed gas in the interconnected
containers is clear. The pressure change trends in the primary
and secondary containers with different pipe diameters are
basically the same. The change in the pipe diameter has a large
impact on the flames, and pressure waves, and the gas flow
generated in the primary container spreads to the secondary
container. The burned and unburned mixed gas flows to the
secondary container through the pipe under the action of the
high pressure generated in the primary container, and the high
pressure in the secondary container will make the mixed gas
return to the primary container again, then the mixed gas will
continuously flow between the two containers, finally entering
a stable statel??l. The smaller the diameter of the pipe is, the
greater is the resistance to the mixed gas flows in the pipe, and

Explosion pressures in interconnected containers

the turbulence of the airflow also increases. The explosion
flame becomes a jet flame before the secondary container, and
after it enters the secondary container, the mixed gas will be
ignited, which makes the turbulence degree in the secondary
container larger. The mixed gas flows in the secondary con-
tainer is transmitted through the pipe to the primary container,
which increases the explosion pressure in the primary
container. Increasing the diameter of the pipe weakens the
separation role of the two containers, resulting in a decrease in
the turbulence degree of the reflected airflow, and the
explosion pressure also decreases(?3l,

CONCLUSIONS

According to the experimental results, the empirical formulas
of methane-air explosion pressure in cylindrical interconnected
vessels with different sizes are obtained in this paper, and the
influence law and mechanism of different factors on the ex-
plosion characteristics in interconnected vessels are analyzed.
Besides, some experimental results are founded as follows:

(1) Both the P,,,, and K; of the secondary container increase
with the increase of the volume ratio. When the volume ratio is
greater than 1, the oscillation is obvious either in the primary
container or the secondary container. When the volume ratio is
less than 1, the pressure difference between the primary
container and secondary container is small. When the volume
ratio is higher than 1, the P, of the primary container will
grow rapidly, and the pressure difference between the primary
container and the secondary container is obviously increased.

(2) For the same connecting pipe and volume ratio, as the
length of the pipe increases, both the P, and (dp/dt) ., of the
primary container and secondary container increase, compared
with the primary container, the P, in the secondary container
is larger at this time, and the (dp/dt) . is also larger.

(3) The pressure change trends in the primary and secondary
containers with different pipe diameters are basically the same.
Increasing the diameter of the pipe will reduce P, and

Table 5. Explosion test results in primary and secondary containers under different pipe diameter conditions with a vessel ratio of 0.5.

Volume ratio (0.5) Pipe diameter 0.02m 0.059 m 0.108 m 0.133 m *P

Primary container Pmax/ MPa 0.680 0.635 0.605 0.588 0.000
Absolute deviation 0.0017 0.0003 0.0043 0.0027 -
(dP/dt)may / MPa-s™! 28.85 24.73 19.90 16.93 0.006
Kg/ MPa:m-s™! 9.32 8.40 7.50 6.78 -

Secondary container P max/ MPa 0.701 0.657 0.632 0.611 0.000
Absolute deviation 0.0010 0.0020 0.0023 0.0040 -
(dP/dt)may / MPa-s™! 32.51 28.41 23.11 19.13 0.005
Kg/ MPa:m-s™! 10.50 9.65 8.71 7.66 -

Table 6. Explosion test results in primary and secondary containers under different pipe diameter conditions with a vessel ratio of 10.3.
Volume ratio (10.3) Pipe diameter 0.02m 0.059 m 0.108 m 0.133 m *P
Primary container Pmax/ MPa 0.707 0.677 0.652 0.639 0.000
Absolute deviation 0.0023 0.0037 0.0130 0.0053 -
(dP/dt)may / MPa-s™! 17.61 15.10 12.50 10.05 0.009
Kg/ MPa:m-s™! 8.80 7.65 6.56 5.40 -
Secondary container P max/ MPa 0.943 0.908 0.873 0.849 0.000
Absolute deviation 0.0020 0.0023 0.0000 0.0007 -
(dP/dt)max / MPa-s™! 74.12 60.03 52.88 46.77 0.003
Kg/ MPa:m-s™! 37.03 30.42 27.76 25.14 -
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(dp/dt)may, When the volume ratio is 10.3, the larger the dia-
meter of the pipe is, the lower the drop of the (dp/dt),,. of the
secondary container becomes.

Therefore, reducing the length of the pipes is beneficial to
reduce the strength of explosion, increasing pipe diameter can
effectively reduce explosion pressure and accident losses.
Effective control of the container volume and the length and
diameter of the intermediate pipe have a great guiding effect
on the intrinsic safety design of the equipment container.

ACKNOWLEDGMENTS

The authors are grateful for National Natural Science
Foundation of China under Grant No. 52074159, Key R & D
programs (Social Development) in Jiangsu Province under
Grant No. BE2020710, Key National Natural Science Foundation
of China under Grant No. 51834007, Jiangsu Project Plan for
Outstanding Talents Team in Six Research Fields (TD-XNYQC-
002), Cultivation Program for The Excellent Doctoral Disser-
tation of Nanjing Tech University under Grant No. 2021-05, and
Postgraduate Research & Practice Innovation Program of
Jiangsu Province under Grant No. KYCX21_1199.

Conflict of interest

Zhirong Wang is the Editorial Board members of Journal
Emergency Management Science and Technology. He was
blinded from reviewing or making decisions on the manuscript.
The article was subject to the journal's standard procedures,
with peer-review handled independently of these Editorial
Board members and their research groups.

Dates

Received 28 October 2022; Accepted 22 December 2022;
Published online 30 December 2022

REFERENCES

1. Tang C, Huang Z Jin C, He J, Wang J, et al. 2009. Explosion
characteristics of hydrogen-nitrogen-air mixtures at elevated
pressures and temperatures. International Journal of Hydrogen
Energy 34:554-61

2. Giurcan V, Mitu M, Razus D, Oancea D. 2017. Pressure and
temperature influence on propagation indices of n -butane-air
gaseous mixtures. Process Safety and Environmental Protection
111:94-101

3. Wang Z, Pan M, Jiang J. 2013. Experimental investigation of gas
explosion in single vessel and connected vessels. Journal of Loss
Prevention in the Process Industries 26:1094—-99

4. Maremonti M, Russo G, Salzano E, Tufano V. 1999. Numerical
simulation of gas explosions in linked vessels. Journal of Loss
Prevention in the Process Industries 12:189—94

5. Zhang K, Wang Z, Gong J, Liu M, Dou Z, et al. 2017. Experimental
study of effects of ignition position, initial pressure and pipe
length on H,-air explosion in linked vessels. Journal of Loss
Prevention in the Process Industries 50:295—-300

6. Zhang K, Wang Z, Yan C, Cui Y, Dou Z, et al. 2017. Effect of size on
methane-air mixture explosions and explosion suppression in
spherical vessels connected with pipes. Journal of Loss Prevention
in the Process Industries 49:785—90

Lin et al. Emergency Management Science and Technology 2022, 2:17

Emergency Management
Science and Technology

7. Singh J. 1978. Gas explosions in single and compartmented vessels.
Thesis. Imperial College London (University of London), U.K.

8. Razus D, Oancea D, Chirila F, lonescu N. 2003. Transmission of an
explosion between linked vessels. Fire Safety Journal 38:147—-63

9. Bartknecht W. (Eds.) 1981. Explosions Course Prevention Protection.
Berlin: Springer-Verlag. pp. 251

10. Benedetto D, Salzano A, Russo G. 2005. Predicting pressure piling
by semi-empirical correlations. Fire Safety Journal 40:282—98

11. Benedetto D, Salzano A. 2010. CFD simulation of pressure piling.
Journal of Loss Prevention in the Process Industries 23:498—506

12. Zhang K, Wang Z, Jiang J, Sun W, You M. 2016. Effect of pipe
length on methane explosion in interconnected vessels. Process
Safety Progress 35:241-47

13. Zhen Y, Wang Z, Wang J, Wang C, Cui Y. 2018. Experimental and
numerical study on connecting pipe and vessel size effects on
methane-air explosions in interconnected vessels. Journal of Fire
Sciences 36:164-80

14. Ogungbemide D, Clouthier MP, Cloney C, Zalosh G, Ripley C, et al.
2021. Numerical modelling of the effects of vessel length-to-
diameter ratio (L/D) on pressure piling. Journal of Loss Prevention in
the Process Industries 70:104398

15. Willacy SK, Phylaktou HN, Andrews GE, Mkpadi MC. 2006.
Detonation of hydrogen in a partially filled interconnecting vessels
following an initial period of pressure piling. Combustion Science
and Technology 178:1911-26

16. Roser M, Vogl A, Radandt S, Malalasekera W, Parkin R. 1999.
Investigations of flame front propagation between interconnected
process vessels. Development of a new flame front propagation
time prediction model. Journal of Loss Prevention in the Process
Industries 12:421-36

17. Chen A. 1999. Experimental studies on the problems of flowing
combustible gas explosion in pipeline. Journal of Explosion Shock
Wave 19:347-52

18. You M, Jiang J, Yu Y, Wang Z. 2012. Experimental study on
premixed flammable gas explosion venting in linked vessels under
the same effictive vent area. Explosion and Shock Waves
32(2):221-24

19. Holbrow P, Andrews S, Lunn GA. 1996. Dust explosions in
interconnected vented vessels. Journal of Loss Prevention in the
Process Industries 9:91-103

20. Jiang B, Tang M, Shi S. 2017. Multiparameter acceleration
characteristics of premixed methane/air explosion in a semi-
confined pipe. Journal of Loss Prevention in the Process Industries
49:139-44

21. Baklanov AM, Valiulin SV, Dubtsov SN, Zamashchikov VV, Klishin VI,
et al. 2015. Nanoaerosol fraction of man-made coal dust and its
effect on the explosion hazard of dust-methane-air mixtures.
Journal of Doklady Physical Chemistry 461:57—60

22. Jiang B, Lin B, Zhu C, Liu Q. 2013. Premixed methane-air
deflagrations in a completely adiabatic pipe and the effect of the
condition of the pipe wall. Journal of Loss Prevention in the Process
Industries 26:782—91

23. Zhu C, Lin B, Jiang B, Liu Q. 2013. Numerical simulation of blast
wave oscillation effects on a premixed methane/air explosion in
closed-end ducts. Journal of Loss Prevention in the Process Industries
26:851-61

Copyright: © 2022 by the author(s). Published by
BY Maximum Academic Press on behalf of Nanjing
Tech University. This article is an open access article distributed

under Creative Commons Attribution License (CC BY 4.0), visit
https://creativecommons.org/licenses/by/4.0/.

Page110f11


https://doi.org/10.1016/j.ijhydene.2008.10.028
https://doi.org/10.1016/j.ijhydene.2008.10.028
https://doi.org/10.1016/j.psep.2017.06.020
https://doi.org/10.1016/j.jlp.2013.04.007
https://doi.org/10.1016/j.jlp.2013.04.007
https://doi.org/10.1016/S0950-4230(98)00061-8
https://doi.org/10.1016/S0950-4230(98)00061-8
https://doi.org/10.1016/j.jlp.2017.09.014
https://doi.org/10.1016/j.jlp.2017.09.014
https://doi.org/10.1016/j.jlp.2017.02.013
https://doi.org/10.1016/j.jlp.2017.02.013
https://doi.org/10.1016/S0379-7112(02)00053-X
https://doi.org/10.1016/j.firesaf.2005.01.003
https://doi.org/10.1016/j.jlp.2010.03.003
https://doi.org/10.1002/prs.11819
https://doi.org/10.1002/prs.11819
https://doi.org/10.1177/0734904118760165
https://doi.org/10.1177/0734904118760165
https://doi.org/10.1016/j.jlp.2021.104398
https://doi.org/10.1016/j.jlp.2021.104398
https://doi.org/10.1080/00102200600790904
https://doi.org/10.1080/00102200600790904
https://doi.org/10.1016/S0950-4230(99)00013-3
https://doi.org/10.1016/S0950-4230(99)00013-3
https://doi.org/10.1016/0950-4230(95)00055-0
https://doi.org/10.1016/0950-4230(95)00055-0
https://doi.org/10.1016/j.jlp.2017.06.012
https://doi.org/10.1134/S0012501615030033
https://doi.org/10.1016/j.jlp.2013.02.004
https://doi.org/10.1016/j.jlp.2013.02.004
https://doi.org/10.1016/j.jlp.2013.02.013
https://creativecommons.org/licenses/by/4.0/.
https://doi.org/10.1016/j.ijhydene.2008.10.028
https://doi.org/10.1016/j.ijhydene.2008.10.028
https://doi.org/10.1016/j.psep.2017.06.020
https://doi.org/10.1016/j.jlp.2013.04.007
https://doi.org/10.1016/j.jlp.2013.04.007
https://doi.org/10.1016/S0950-4230(98)00061-8
https://doi.org/10.1016/S0950-4230(98)00061-8
https://doi.org/10.1016/j.jlp.2017.09.014
https://doi.org/10.1016/j.jlp.2017.09.014
https://doi.org/10.1016/j.jlp.2017.02.013
https://doi.org/10.1016/j.jlp.2017.02.013
https://doi.org/10.1016/S0379-7112(02)00053-X
https://doi.org/10.1016/j.firesaf.2005.01.003
https://doi.org/10.1016/j.jlp.2010.03.003
https://doi.org/10.1002/prs.11819
https://doi.org/10.1002/prs.11819
https://doi.org/10.1177/0734904118760165
https://doi.org/10.1177/0734904118760165
https://doi.org/10.1016/j.jlp.2021.104398
https://doi.org/10.1016/j.jlp.2021.104398
https://doi.org/10.1080/00102200600790904
https://doi.org/10.1080/00102200600790904
https://doi.org/10.1016/S0950-4230(99)00013-3
https://doi.org/10.1016/S0950-4230(99)00013-3
https://doi.org/10.1016/0950-4230(95)00055-0
https://doi.org/10.1016/0950-4230(95)00055-0
https://doi.org/10.1016/j.jlp.2017.06.012
https://doi.org/10.1134/S0012501615030033
https://doi.org/10.1016/j.jlp.2013.02.004
https://doi.org/10.1016/j.jlp.2013.02.004
https://doi.org/10.1016/j.jlp.2013.02.013
https://creativecommons.org/licenses/by/4.0/.
https://doi.org/10.1016/j.ijhydene.2008.10.028
https://doi.org/10.1016/j.ijhydene.2008.10.028
https://doi.org/10.1016/j.psep.2017.06.020
https://doi.org/10.1016/j.jlp.2013.04.007
https://doi.org/10.1016/j.jlp.2013.04.007
https://doi.org/10.1016/S0950-4230(98)00061-8
https://doi.org/10.1016/S0950-4230(98)00061-8
https://doi.org/10.1016/j.jlp.2017.09.014
https://doi.org/10.1016/j.jlp.2017.09.014
https://doi.org/10.1016/j.jlp.2017.02.013
https://doi.org/10.1016/j.jlp.2017.02.013
https://doi.org/10.1016/j.ijhydene.2008.10.028
https://doi.org/10.1016/j.ijhydene.2008.10.028
https://doi.org/10.1016/j.psep.2017.06.020
https://doi.org/10.1016/j.jlp.2013.04.007
https://doi.org/10.1016/j.jlp.2013.04.007
https://doi.org/10.1016/S0950-4230(98)00061-8
https://doi.org/10.1016/S0950-4230(98)00061-8
https://doi.org/10.1016/j.jlp.2017.09.014
https://doi.org/10.1016/j.jlp.2017.09.014
https://doi.org/10.1016/j.jlp.2017.02.013
https://doi.org/10.1016/j.jlp.2017.02.013
https://doi.org/10.1016/S0379-7112(02)00053-X
https://doi.org/10.1016/j.firesaf.2005.01.003
https://doi.org/10.1016/j.jlp.2010.03.003
https://doi.org/10.1002/prs.11819
https://doi.org/10.1002/prs.11819
https://doi.org/10.1177/0734904118760165
https://doi.org/10.1177/0734904118760165
https://doi.org/10.1016/j.jlp.2021.104398
https://doi.org/10.1016/j.jlp.2021.104398
https://doi.org/10.1080/00102200600790904
https://doi.org/10.1080/00102200600790904
https://doi.org/10.1016/S0950-4230(99)00013-3
https://doi.org/10.1016/S0950-4230(99)00013-3
https://doi.org/10.1016/0950-4230(95)00055-0
https://doi.org/10.1016/0950-4230(95)00055-0
https://doi.org/10.1016/j.jlp.2017.06.012
https://doi.org/10.1134/S0012501615030033
https://doi.org/10.1016/j.jlp.2013.02.004
https://doi.org/10.1016/j.jlp.2013.02.004
https://doi.org/10.1016/j.jlp.2013.02.013
https://creativecommons.org/licenses/by/4.0/.
https://doi.org/10.1016/S0379-7112(02)00053-X
https://doi.org/10.1016/j.firesaf.2005.01.003
https://doi.org/10.1016/j.jlp.2010.03.003
https://doi.org/10.1002/prs.11819
https://doi.org/10.1002/prs.11819
https://doi.org/10.1177/0734904118760165
https://doi.org/10.1177/0734904118760165
https://doi.org/10.1016/j.jlp.2021.104398
https://doi.org/10.1016/j.jlp.2021.104398
https://doi.org/10.1080/00102200600790904
https://doi.org/10.1080/00102200600790904
https://doi.org/10.1016/S0950-4230(99)00013-3
https://doi.org/10.1016/S0950-4230(99)00013-3
https://doi.org/10.1016/0950-4230(95)00055-0
https://doi.org/10.1016/0950-4230(95)00055-0
https://doi.org/10.1016/j.jlp.2017.06.012
https://doi.org/10.1134/S0012501615030033
https://doi.org/10.1016/j.jlp.2013.02.004
https://doi.org/10.1016/j.jlp.2013.02.004
https://doi.org/10.1016/j.jlp.2013.02.013
https://creativecommons.org/licenses/by/4.0/.

	INTRODUCTION
	EXPERIMENTAL APPARATUS AND METHODS
	Experimental system
	Experimental conditions and scheme

	RESULTS AND ANALYSIS
	Effect of volume ratio
	Effect of pipe length
	Effect of pipe diameter

	CONCLUSIONS
	REFERENCES

