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Abstract: To reveal the influence of vent parameters on the dynamic mechanism of an external
explosion induced by a vented premixed methane—air explosion, the evolution process of an outdoor
flow field under different vent opening pressures (p,), opening times (t,), and scaled vent size
(K, = A,/V?/3) is studied by methods of computational fluid dynamics. With an increase in K,
the shape of the unburned gas cloud and vented flame gradually changes from a jet shape to a
depression toward the vent. The outdoor peak specific turbulent kinetic energy increases by 36.5
and 4 times with an increase in p, and t,, respectively. At t, = 0.1 s, the peak specific turbulent
kinetic energy reaches 1411 m?/s? and the turbulence range reaches 3 times the length of the room.
With an increase in p,, t,, and K,, the occurrence time interval of the external explosion exhibits
a decreasing trend. The external explosion is located at a distance of less than 1.4 times the length
of the room. At K, = 0.05, the external explosion occurs at the furthest location.
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INTRODUCTION

Explosion venting is an effective method for con-
trolling the hazard of a gas explosion occurring in a
confined space [1]. As the high-pressure unburned gas
and combustion products are promptly released to the
outdoors during explosion venting, the indoor explosion
peak overpressure rapidly decreases, allowing the dam-
age to equipment and the building due to the explosion
overpressure to be limited [2]. However, if a vented ex-
plosion occurs in a confined space, a large amount of a
combustible gas and a high-speed flame are discharged
through the vent at the instant of its opening, causing
complex changes in the outdoor flow field. Under cer-
tain special conditions, the vented flame can ignite the
outdoor flammable gas cloud, and an external explosion
can occur, potentially inducing a serious secondary dis-
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aster and posing a potential threat to the surrounding
environment, equipment, and personnel [3, 4].

The gas explosion mechanism and the hazard effect
of explosion venting have always been the focus of scien-
tists. Moen et al. [5] used a 50-m? circular pipe to study
the effects of the area blocking rate and orifice block-
age on the explosion venting of a methane—air mixture.
Diakow et al. [6] found that relatively small repeated
congestion can significantly increase the explosion over-
pressure in the pipeline. McCann et al. [7] used small-
scale experimental devices with windows on both sides
to conduct gas explosion venting studies. They observed
the dynamic behaviour of earlier vented flame develop-
ment and discovered the trigger mechanism of pressure
oscillations. Subsequently, Cooper et al. [8] conducted
a vented explosion experiment in a cubic vessel with a
side length of 0.91 m and observed a four-peak struc-
ture in the explosion overpressure curve; the conclusion
laid the foundation for research on the explosion vent-
ing overpressure structure formation mechanism. The
peak overpressure caused by external explosions is a
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significant feature of the indoor explosion pressure [9].
Chao et al. [10] and Bauwens et al. [11] proposed a vent-
ing overpressure structure calculation method based on
the principles of previously reported simplified analy-
sis models [12-15]. The peak external explosion over-
pressure has attracted the attention of many scholars.
At present, a large number of scientists have studied
the effects of the ignition position [16], gas concentra-
tion [17], equivalence ratio [18], opening pressure [19],
vent size [20], opening time [21], inertia [22], and ini-
tial turbulence [23] on the characteristics of the exter-
nal explosion overpressure induced by indoor gas explo-
sions. The outdoor flow field is extremely complicated
because of vented explosions [24-27]; as a result, the
process of an external explosion induced by a vented gas
explosion is extremely complicated, involving various
physical processes such as combustion, thermodynam-
ics, and fluid dynamics. The results demonstrated that
a high-speed combustible gas was ejected through the
vent due to an indoor and outdoor pressure difference,
and a combustible gas cloud was formed outdoors [28].
When the vented flame reached the outside, the exter-
nal high-temperature preheated gas cloud was ignited
and severe turbulent combustion occurred, which led to
a sharp increase in the outdoor pressure [29]. Relevant
research has demonstrated that the occurrence of an ex-
ternal explosion requires three conditions [30]: (1) large
amount of the combustible gas; (2) severe turbulence
and vortices; (3) vented flame. These conditions are sig-
nificantly affected by the vent parameters, but only few
studies have been focused on this aspect. Researchers
often concentrate on the external explosion overpres-
sure, without a systematic analysis of the outdoor flow
field and external explosion characteristics under differ-
ent vent conditions. Hence, it is not conducive to pro-
pose the hazard control and mitigation measures from
the perspective of the evolution process of external gas
explosions.

Therefore, this study used the computational fluid
dynamics (CFD) technology to establish a physical
model of a large-scale explosion. A vented methane—
air mixture explosion was used as a research object.
The temporal and spatial evolution of the external un-
burned gas cloud, vented flame, and turbulence for dif-
ferent opening pressures, opening times, and scaled vent
sizes was explored, and the distribution differences of
the external explosion overpressure, explosion occur-
rence time, and location were summarised and anal-
ysed. The research results have important theoretical
and practical significance for establishing accurate ex-
ternal explosion overpressure prediction models, scien-
tifically designing explosion pressure relief facilities, and
mitigating the hazardous effects of external explosions.
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1. RESEARCH METHODS

AutoReaGas based on the CFD technology is a
three-dimensional commercial software for computa-
tional fluid analysis, a finite-volume computational code
for fluid dynamics suitable for gas explosion prob-
lems [31]. Its reliability has been verified in the famous
BFETS and MERGE experimental tests, the numeri-
cal simulation and experimental results were in good
agreement, and a large number of scholars have suc-
cessfully used the code [32, 33]. Therefore, the software
was used to research explosions of a premixed gas in
confined spaces in this study.

1.1. Governing Equations

The gas explosion solver in AutoReaGas (Ver-
sion 3.1) uses the finite volume method to solve
the mass, momentum, and energy conservation equa-
tions [34]. The combustion reaction is regarded as a
one-step conversion process from the reactant to the
product. The calculation method for the volumetric
combustion rate R, in the mass conservation equation
was proposed by Salzano et al. [35]:

2
R.=Cyp l'f min{miyel, Moy, Mpr)- (1)

Here C} is a dimensionless constant, which represents
the main adjustable parameter and was set according
to the previous sensitivity analyses, p is the mixture
density, S; is the turbulent combustion speed, I' is the
turbulent diffusion coefficient for mass and/or energy,
Miyel 1 the fuel mass fraction, mo, is the oxygen mass
fraction, and mp, is the mass fraction of combustion
products.

Turbulence is a key factor in the gas explosion
mechanism. The k—e model is used for modelling, which
contains the conservation equation of the turbulent ki-
netic energy k and its dissipation rate ¢ [36]:
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where C; and Cy are constants, and 7;; is the viscous
stress tensor expressed as
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Table 1. Set of constants used in the AutoReaGas code

Constant Value

Combustion speed:

laminar combustion Fs 0.15 [Eq. (6)]

turbulent combustionCy 40 [Eq. (1)]
k— Model:

Cl 0.09

C1 1.44

Ca 1.79

ok 1.0

oe 1.3

Fy 0.5

where 6;; is the Kronecker delta, and p is the turbulent
viscosity.

Bray [37] conducted a correlation analysis on a
large number of experimental data of turbulent flame
propagation and derived the relationship between the
turbulent combustion speed S; and turbulence

St — 1.8U?'412L?'196510'7841/_0'196, (5)

where u; = /(2/3)k is the turbulence intensity, L; =
CY7(k3/%/e) is the turbulence characteristic length
scale, C), is the model constant, S is the laminar com-
bustion speed of the flammable mixture, and v is the
kinematic viscosity of the flammable mixture.

A quasi-laminar modification was used for the ini-
tial laminar combustion speed. The effects of pressure,
temperature, and flame front wrinkling on the laminar
combustion speed are described by a second adjustable
parameter F, which relates S; .g to the flame radius r
and to the theoretical laminar flame speed [31]. In the
current version of the AutoReaGas code, the laminar
combustion speed increases in proportion to the spher-
ical flame radius (r) as

Sl,off = Sl(l + FST), (6)

where S c¢ is the effective laminar combustion speed,
and Fy is the proportionality factor. The set of all con-
stants used in the AutoReaGas code is shown in Table 1.

1.2. Numerical Models

The AutoReaGas code uses the finite volume
method to solve the Navier—Stokes and Euler partial
differential equations, and the computational domain is
subdivided into a finite number of rectangular control
bodies AV. The scalar function ¢(z,y, 2,t) is defined
at the centre of these rectangular control bodies. To en-
sure coupling between the velocity and pressure fields,

the fluid velocity is defined at the centre of the con-
trol volume interface; thus, each momentum conserva-
tion equation must be solved in a control volume grid
staggered relative to the position of the scalar control
volume system.

The AutoReaGas code ensures a gradual transition
from the “central” scheme of the diffuse dominant flow
to the upwind scheme of the convective dominant flow.
The SIMPLE method [34] extended for a compressible
flow was used in computations. This method introduces
a new variable (pressure correction), which makes the
necessary corrections to the velocity components, pres-
sure, and density to ensure that the mass conservation
constraint is obeyed at a new time level. The pres-
sure and density are corrected as necessary to obey the
conservation of mass at a new level of time to achieve
convergence.

In the current version, the first-order upwind time
integration scheme and adaptive time step are used to
solve for time, and stability of the solving algorithm is
achieved by controlling the maximum time step and en-
suring the Courant—Friedrichs-Lewy stability criterion

At wAx , (7)
¢+ v
where At is the maximum allowable time increment,
w is the time step safety factor equal to 1.0, Az is the
minimum spatial cell size, ¢ is the sound velocity in the
cell grid, and v, is the velocity vector.

1.3. Verification of Grid Independence

The numerical software was used an 8-node struc-
ture grid to discretise the space, while using the sub-grid
technology to describe the effect of small-scale entities
on the flow field [32]. A 6 x 3 x 2.5 m room with no ob-
stacles was selected to investigate the effect of the grid
size on the accuracy when capturing the explosion flow
field. A 0.5 x 0.5 m vent was set in one of the smaller
walls of the room.

The room was filled with a static premixed
methane—air gas at a volume concentration of 10%, and
the ignition source was located at the geometric cen-
tre of the rear wall. Two cubic grids 0.1 x 0.1 x 0.1 m
(M1) and 0.05 x 0.05 x 0.05 m (M2) were used to mesh
physical models, and the peak overpressures of the two
examples were compared and analysed. Table 2 lists the
peak overpressures for the two grid sizes. It was con-
cluded that the relative discrepancy in the peak over-
pressure was less than 3%, indicating that the grid size
had a minor effect in this work, and both grids were
suitable for this study [21]. Therefore, to save time and
improve the calculation efficiency, the M1 grid was used
to perform the numerical calculations in the following
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Table 2. Comparison of peak overpressures

Distance to the back wall, m

380001* (M1)

0.5 32.83
2.5 31.64
5.5 30.06
11.5 52.94
19.5 20.09

*Total number of nodes in the grid.

Pe,max, kPa Discrepancy, %
936411* (M2) absolute relative

32.86 0.03 0.09

31.70 0.06 0.19

30.11 0.05 0.17

54.08 1.14 2.15

19.66 0.43 2.14

Table 3. Parameters used in the numerical model for validation

Parameter

Laminar flame acceleration coefficient

Dimensionless constant
Initial ambient pressure
Initial ambient temperature

Turbulent kinetic energy

Turbulent kinetic energy dissipation rate

Turbulent kinetic energy conve

Turbulence intensity

studies. To increase the accuracy of computations, the
adaptive grid technology was used in some regions of
the computational domain for automatic tuning of the
grids.

1.4. Experimental Validation
of the Numerical Model

To verify the applicability of the selected numerical
model to this study, the results of the numerical simula-
tion and large-scale methane—air explosion experiment
of Tomlin et al. [27] were compared. The same parame-
ters and conditions were used in this model verification
as in the experiment, in which the methane volume con-
centration was 9.5%. The venting surface completely
ruptured immediately after reaching its opening pres-
sure. The outside air was static. All parameters used
in the numerical model for validation are presented in
Table 3. The experimental and computed overpressure
curves are compared in Fig. 1.

The trend of the numerical and experimental over-
pressure curves was approximately the same, and the
maximum relative discrepancy of the peak overpressure
was 5.8% (see Fig. 1b). The peak p,. related to the
acoustics of the explosion chamber was not observed
in the numerical results; this is because the numerical

Value
0.15
40
1.01325 - 10° Pa
300 K

11075 m?/s?

1-10°°

rsion factor 1

2.58 - 1073

simulation usually assumes the wall of the chamber as
a rigid wall and, thus, cannot predict the structural re-
sponse of the explosion chamber, which hinders the in-
teraction between the acoustic vibration and structural
response [26]. The coupling effect makes it impossible
to observe the peak p,., and this study mainly deals
with the external explosion flow field; hence, this pres-
sure peak is not considered.

It should be noted that the explosion overpressure
was mainly studied, and thus this study did not further
verify the mixture fraction and turbulence. However,
the overpressure, mixture fraction, and turbulence are
correlated in the governing equations, which have been
widely approved [20].

2. RESEARCH PLANS

Based on the general characteristics of the gas ex-
plosion hazard in an ordinary room, a cuboid physi-
cal model with a size of 6 x 3 x 2.5 m (length X
width x height) was used. The four walls of the room,
as well as the roof and floor, were adiabatic smooth
rigid surfaces. A square vent was arranged in one of the
smaller walls and was able to completely break immedi-
ately after reaching the set opening pressure or opening
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Fig. 1. Experimental (1) and numerical (2) overpres-
sure curves for different vent sizes.

time. According to the relevant literature [29], a vol-
ume concentration of 10% was considered to be the best
concentration for a methane explosion. Thus, a static
methane—air premixed mixture with a volume concen-
tration of 10% was used in this study. Backwall ignition
usually leads to a strong external explosion. Therefore,
a spherical point ignition source with a radius of 0.015 m
was set at the geometric centre of the back wall of the
room at a distance of 0.1 m from the back wall. The
influence of the ignition source on the explosion flow
field was not considered. There were no obstacles in
the room. To accurately capture the effect of the ex-
ternal explosion on the indoor overpressure, the calcu-
lation domain was extended to 5.5 times the length of
the room in the direction of the vent, so that it had a
size of 39 x 3 x 2.5 m, and the extended calculation do-
main was set as the free outflow boundary. The outside
air was in a static state, and the initial ambient pres-
sure and temperature in the calculation domain were
set to 1.01325-102? kPa and 300 K, respectively. All

Fig. 2. Sketch of the room and arrangement of mea-
suring points: (1) back wall; (2) ignition; (3) adia-
batic solid wall; (4) vent; the gauges are numbered
from 1 to 41.

parameters in the model were set by default, as listed
in Table 3. All the measuring points were located on
the central axis of the room, with measuring point 1 lo-
cated at 0.5 m from the back wall and measuring points
7 and 8 arranged at 0.1 m on both sides of the vent; the
other measuring points were arranged at equal intervals
of 1 m. A sketch of the room and arrangement of the
measuring points are shown in Fig. 2.

In this study, the effects of the vent opening pres-
sure (p,), opening time (t,), and scaled vent size
(K, = A,/V?/3, where A, [m?] is the vent area, and
V [m?] is the volume of the explosion chamber) on the
mechanism of the external explosion induced by an in-
door methane explosion were investigated. The vent
opening pressures in this study were 20, 30, 40, and
50 kPa as the static opening pressure of civil build-
ing window glass is approximately 7-60 kPa. The vent
opening times in this study were 0, 0.02, 0.06, and 0.1 s.
Based on the range of the scaled vent size used in the
related literature [20], a scaled vent size of 0.05-0.18
was used in this work.

3. RESULTS AND DISCUSSION

3.1. Effect of the Vent
Parameters on the Outdoor Flow Field

3.1.1. Distribution of the Characteristics of the

Unburned Gas Cloud. Figure 3 shows a nephogram of
the mass concentration distributions of the unburned
gas when external explosions occur under different vent
parameters. Based on jet theory [33], the process of
methane being discharged to the outdoors through the
vent can usually be regarded as a variable density jet
in an infinite static environment. It can be seen from
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Fig. 3. Mass fraction of the unburned gas cloud for different vent parameters: (a) opening pressure
(tv = 0 and K, = 0.08); (b) opening time (p, = 30 kPa and K, = 0.08); (c) scaled vent size (p, =
30 kPa and t, = 0); (1) vent; (2) radial width; (3) axial length; (4) jet shape; (5) folds; (6) sag.

Figs. 3a and 3b that the vent opening pressure and
opening time have similar effects on the distribution
of the characteristics of the outdoor unburned gas
clouds. The external unburned gas cloud generally has
a jet shape, and the gas cloud concentration gradually

decreases radially from the centre line of the vent.
The widths of the radial distributions of the high-
concentration unburned gas clouds (>0.042) were the
same, but, as the opening pressure and opening time
decreased, the axial distribution length of the high-



Effect of Multiple Vent Parameters on an External Explosion 141
Inside @) Outside v
Py = 20 kPa
t=0671s
A X
30 kPa Combustion rate
0.629 s (consumption),
kg/s
40 kPa @ 5.40 -1072
0.595 s 4.80-1072
4.20-1072
3.60-1072
50 kPa 3.00-1072
0.568 s 2.40-107
= 1.80-1072
1.20-1072
6.01-107
6.60 107
A X
Combustion rate
(consumption),
kg/s
5.40-1072
4.80-1072
4.20-1072
3.60-1072
3.00-1072
2.40-1072
1.80-1072
1.20-1072
6.01-107
6.60 107
K, = 0.05
t =0.638s
. - X
0.08 5 Combustion rate
0.629 s - (consumption),
kg/s
0.13 5.40 -10:;
0.626 s 450,10
3.60-10’;
3.00-10"
0.18 2.40-1072
0.617 s 1.80-1072
T T T T T T - T T T T T T ég?}g:i
0 2 4 6 & 10 12 14 16 18 20 22 o s
Fig. 4. Vented flame propagation nephogram for different vent parameters: (a) opening pressure (t, = 0 and
K, = 0.08); (b) opening time (p, = 30 kPa and K, = 0.08); (c) scaled vent size (p, = 30 kPa and ¢, = 0).
concentration unburned gas cloud gradually increased. scaled vent size K,. At K, = 0.05, the shape of the
Simultaneously, it can be seen from Fig. 3c that the unburned gas cloud was a wrinkle-free jet, and the
radial distribution width of the high-concentration gas edges were more regular. When methane is injected
cloud increased and the axial distribution length first into a static ambient medium, there appear discontinu-

increased and then decreased with an increase in the ities. These discontinuities usually lose their stability



142

after they are subjected to the action of disturbances
and generate a vortex, which entrains the ambient air
into the jet, simultaneously moving and deforming the
latter. The influence of the vortex is gradually extended
to the indoor and outdoor sides, forming a mixed layer
of free turbulence. At K, > 0.13, the velocity of the
escaping hot gas is lower than that at K, = 0.05;
therefore, the mixture is less turbulent, leading to
gradual reduction of the axial distribution length of
the unburned gas cloud. With an increase in K, the
radial distribution width of the high-concentration gas
significantly increases, and the shape of the vented
gas cloud wrinkles and deforms; this is because the
indoor and outdoor pressure difference decreases with
an increase in the scaled vent size at the moment the
vent ruptures, and the spreading speed of the vented
unburned gas cloud also decreases. Then, the cloud
edge becomes more sensitive to friction and to the
fact that outdoor air prevents the cloud motion. As a
result, the cloud gradually loses its stability. During
unburned gas cloud expansion in static outdoor air,
there appears a shear layer, leading to the Helmholtz
instability.

3.1.2. Characteristicsof Vented Flame Propagation.
Figure 4 shows the vented flame development for
external explosions that occur at different vent char-
acteristic parameters. A comparison between Figs. 3
and 4 shows that the shape of the vented flame is
consistent with the distribution characteristics of the
unburned gas cloud. At K, < 0.08, the observed
jet flame should be formed by continuous burning
of the discharged high-concentration unburned gas
mixture. As the vent opening pressure and opening
time increase, the flame propagation distance and
burning velocity of the external gas gradually decrease.
As the scaled vent size increases, the flame propagation
distance also gradually decreases, but, because of the
lumped high-concentration unburned gas cloud, the
burning velocity of the external gas gradually increases
(>0.036 kg/s). In addition, the flame propagation
speed mainly consists of the gas burning velocity and
gas flow diffusion speed, with a higher outflow velocity
of the vented gas leading to a greater flame propagation
speed. Thus, as the opening pressure and opening time
increase and the scaled vent size decreases, the flame
propagation speed near the vent increases from 73.5
to 120.5 m/s, from 87.9 to 130.3 m/s, and from 72.6
to 95 m/s, i.e., the maximum rate of change reaches
64, 48, and 24%. It can be seen that the vent opening
pressure and opening time have the most significant
effects on the vented flame propagation speed; its
maximum value can reach more than 100 m/s, which
may cause a severe external explosion hazard effect.
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3.1.3. Turbulence Intensityof the Outdoor Flow Field.

As a measure of the turbulence intensity of the outdoor
flow field, the specific turbulent kinetic energy can be
used to characterise the turbulence degree of the flow
field to some extent. Figure 5 shows the distributions
of the peak specific turbulent kinetic energy in the
axial direction of the centre line of the vent (z axis)
for external explosions that occur at different vent
parameters. As the range of the methane jet increases,
more entrained air gains momentum and flows forward
with the jet, while the momentum of the methane jet
and its speed decrease. The entrainment of air by
the jet leads to continuous expansion of the jet cross
section, while the flow velocity continues to decrease,
thereby reducing turbulence. It can be seen from Fig.
5 that all the external peak specific turbulent kinetic
energy values in the axial direction first increase and
then decrease. Meanwhile, the outdoor turbulence
intensity significantly increases with the vented gas
velocity, which is influenced by the opening pressure,
opening time, and scaled vent size. Therefore, with an
increase in the opening pressure and opening time, the
maximum peak specific turbulent kinetic energy of the
outdoor flow field increases from 28 to 1050 m?/s* and
from 279 to 1411 m?/s?, respectively, i.e., by 36.5 and
4 times. This means that the outdoor turbulence in-
tensity is significantly affected by the vent parameters,
and a larger turbulence intensity will make the outdoor
explosion flow field more complicated.

Based on the turbulence theory for external gas
flows, the flow state can usually be considered as tur-
bulent if the Reynolds number (Re) is greater than
500-103. At Re = 500- 103, the turbulence intensity I
calculated by the formula

I=0.16Re /8 (10)

is equal to 3.1%.

In the present study, the maximum velocity of the
outdoor gas flow was greater than 30 m/s. The critical
turbulent kinetic energy k determined by the formula

k=3/2(UI)?, (11)

should be 1.3 m?/s?. Therefore, the turbulent area
range is defined as k > 1.3 m?/s?. As shown in Figs. 5a
and 5c, as p, increases from 20 to 50 kPa and K, de-
creases from 0.18 to 0.05, the turbulence area ranges
increase from 5 to 17 m and from 8 to 16 m, respec-
tively, and the maximum increase rates are all greater
than 100%. However, the maximum increase rate of
the turbulence area range (32.9%) is relatively low, as
shown in Fig. 5b. Thus, the vent opening time seems
to have a smaller effect on the turbulence area range.
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3.2. Effect of the Vent Parameters
on the External Explosion
3.2.1. External Explosion Overpressure. The occur-

rence and intensity of an external explosion depend
on matching and coupling of multiple factors. For
example, the jet flame used for ignition should have
sufficient turbulence intensity and vented propagation
speed; the external unburned cloud should also have
a suitable flow field structure. The above-mentioned
factors are affected by many constraints, such as the
opening pressure and scaled vent size, resulting in sig-
nificant changes in the external explosion overpressure.
The peak explosion overpressure is plotted against the
distance for different vent parameters in Fig. 6. It
can be seen that, because of the strong gas explosions
outdoors, the outdoor peak overpressures p. are higher
than those of the indoor environment. Figure 6a shows
that the maximum outdoor peak overpressure increases
with the opening pressure from 42.89 to 73.75 kPa.
Meanwhile, Fig. 6b shows that the maximum outdoor
peak overpressure first increases and then decreases
with an increase in the opening time. The peak
overpressure reaches a maximum (p. = 74.39 kPa)
when the opening time is 0.06 s and then begins to
decrease as the opening time continues to increase.
The indoor gas burning time increases because of the
increase in the opening time, which consumes a large
amount of the combustible gas. Thus, the amount
of the unburned gas discharged outdoors decreases.
Finally, the concentration of the outdoor unburned
gas cloud decreases, and the distribution length of the
high-concentration unburned gas cloud decreases in the
axial direction (see Fig. 3b). As K, increases from 0.05
to 0.18, the maximum external peak overpressure first
increases and then decreases (Fig. 6¢). At K, = 0.08,
the external explosion peak overpressure reaches its
maximum: p, = 63.92 kPa). However, at K, > 0.08,
it can be seen from a comparison between Figs. 4c and
5c¢ that the vented flame propagation speed decreases
and the outdoor flow field turbulence weakens, causing
the external explosion overpressure to decrease rapidly.
3.2.2. Time Interval of External Explosion Occurrence.
In Fig. 7, the curves for the time interval between the
instant when the vent opens and the external explosion
occurs are plotted against different vent parameters.
It is seen that the occurrence time At of the external
explosion gradually decreases with an increase in the
opening pressure, opening time, and scaled vent size.
The decrease in time interval (At = 0.02 s) is the
smallest one with an increase in K,, and its maximum
relative reduction rate is only 8%. However, the de-
crease in the time interval is greater than 0.07 s as the
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Fig. 6. Peak overpressure versus the distance for dif-
ferent vent parameters: opening pressure (a), open-
ing time (b), and scaled vent size (c).
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Fig. 7. Time interval of external explosion occur-
rence for different vent parameters.

opening pressure and opening time increase, and the
maximum relative reduction rates are 34.9 and 28.5%,
respectively. This demonstrates that the scaled vent
size has a relatively small impact on the time interval
of external explosion occurrence. Figures 4a, 4b, and 7
show that a greater vented flame propagation speed
leads to a shorter corresponding time interval of exter-
nal explosion occurrence. Therefore, this time interval
is directly related to the vented flame propagation
speed for different vent parameters. The mechanism
accelerating the outdoor vented flame propagation is
mainly realised by the turbulence in the unburned gas
cloud at the front of the flame [35]. Thus, the outdoor
flow field turbulence also produces an indirect effect on
the explosion time interval. Simultaneously, the lowest
vented flame propagation speed (vy = 72.6 m/s) is
reached at K, = 0.18 (see Fig. 4c), but the time interval
of explosion occurrence decreases, as shown in Fig. 7.
This may be related to the fact that the distribution
length of the outdoor high-concentration unburned
gas cloud in Fig. 3c is closer to the vent in the axial
direction. Thus, the influence of the characteristics of
the outdoor unburned gas cloud on the time interval of
external explosion occurrence cannot be ignored.

3.2.3. Location of External Explosion Occurrence. The
peak combustion rate is plotted in Fig. 8 against the
distance for different vent parameters. The location
where the maximum peak combustion rate occurs is
considered to be the location where the external ex-
plosion occurs [21]. It can be seen from Figs. 8a and
8b that, if the opening pressure is lower or the opening
time is shorter, the external explosion occurs farther
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Fig. 8. Peak combustion rate versus the distance
for different vent parameters: opening pressure (a),
opening time (b), and scaled vent size (c): the insets
show the parameters near the vent.

from the vent, reaching a distance of 13.5 m. However,
as the vent opening pressure or opening time continues
to increase, the vented flame propagation speed near
the vent also continuously increases and the distribution
length of the high-concentration unburned gas cloud is
also closer to the vent in the axial direction at the in-
stant when the outdoor gas cloud is ignited. Thus, the
location of the external explosion is closer to the vent,
as shown in Figs. 3a and 3b. Figure 8c shows that the
external explosion occurs closer to the vent as K, in-
creases, and the farthest location of the external explo-
sion (14.5 m) is reached at K, = 0.05. This is related to
the distribution of the unburned gas cloud outside the
vent, as shown in Fig. 3c. Therefore, the distributions of
the high-concentration unburned gas cloud parameters
exert a significant effect on the location of external ex-
plosion occurrence. If the high-concentration unburned
gas cloud is located closer to the vent, the external ex-
plosion should also occur closer to the vent.

3.3. Correlation between the External Explosion
Overpressure and Qutdoor Flow Field

As the most intuitive disaster parameter in the
study of external explosions, the overpressure has been
widely studied by scholars [26]. Figure 9 shows the
correlation between the external explosion overpressure
(pe) and flow field parameters, such as the distribution
range of the unburned gas cloud (d), flame propagation
speed (vy), and turbulent kinetic energy of the flow field
(k) for different vent parameters.

As shown in Fig. 9a, the external explosion over-
pressure, vented flame propagation speed, and turbu-
lence intensity of the flow field all increase with an in-
crease in the vent opening pressure, while the distri-
bution range of the unburned gas cloud gradually de-
creases. From Fig. 9b, for the vent opening time ¢, <
0.06 s, even though the distribution range of the high-
concentration unburned gas cloud is large (d > 6.3 m),
the flame propagation speed and turbulence intensity of
the flow field are relatively small (vf < 93.9 m/s and k <
452 m? /s?), and the overpressure rise caused by the ex-
ternal explosion is still relatively small (p. < 64.5 kPa).
Thus, the external explosion overpressure has a strong
positive correlation with the flame propagation speed
and flow field turbulence and a negative correlation with
the axial distribution range of the unburned gas cloud.
However, the opposite correlation is found at ¢, > 0.06 s.
As the vent opening time increases, a large amount of
the gas burns indoors, which reduces the concentration
of the unburned gas cloud outdoors, and the outdoor
axial distribution of this cloud is shifted toward the
vent. Even if the flame propagation speed and flow field
turbulence increase, the external explosion overpressure
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Fig. 9. Correlation between the external explosion over-
pressure and flow field parameters with variation of the
opening pressure (a), opening time (b), and scaled vent
size (c).

does not become greater. Meanwhile, Fig. 9c shows that
the external explosion overpressure appears to have a
strong positive correlation with the distribution range
of the unburned gas cloud for different scaled vent sizes
because they both maintain the trend of first increas-
ing and then decreasing. At K, > 0.08, it is found that
there is a positive correlation between the external ex-
plosion overpressure and the distribution range of the
unburned gas cloud, flame propagation speed, and flow
field turbulence.

Pang et al.

CONCLUSIONS

In this study, a CFD numerical method was used to
explore the outdoor flow field characteristics and exter-
nal explosion distribution laws induced by indoor pre-
mixed methane-air explosions with different vent pa-
rameters. The main conclusions are formulated as fol-
lows.

(1) For a gas explosion in an industrial plant with
an explosion-venting surface, the front shape of the out-
door unburned gas cloud and explosion flame change
from a jet to a depression in the direction of the vent as
the scaled vent size K, increases from 0.05 to 0.18. The
concave shape and axial distribution distance are ob-
viously shortened. The outdoor peak turbulent kinetic
energy changes significantly with the vent parameters,
up to 1411 m?/s%. As the opening pressure p, increases
from 20 to 50 kPa, the axial distance of the outdoor
turbulent range reaches 17 m, with an increase of more
than two times, which greatly increases the external gas
combustion rate and explosion intensity.

(2) For special vent parameters, the external explo-
sion peak overpressure exceeds the indoor overpressure
by a factor of more than two. The time interval of ex-
ternal explosion occurrence is significantly shortened as
the opening pressure and opening time increase, and the
maximum change variation can reach more than 27%;
however, the scaled vent size K, has a minor effect on
it. The location of external explosion occurrence is dis-
tributed within an area that is approximately 1.4 times
the length of the room. At K, = 0.05, the location of ex-
ternal explosion occurrence can reach 14.5 m, indicating
that the gas vented explosion process in a larger-scale
confined space may produce a wider range of external
explosion locations, which will lead to a wider range of
vented explosion disaster effects. This should arouse the
attention of scholars.

(3) The external explosion overpressure is affected
by the external gas cloud distribution, flame jet speed,
and outdoor turbulence. At different opening pressures
and an opening time of less than 0.06 s, the external
explosion overpressure is only positively correlated with
the flame propagation speed and outdoor flow field tur-
bulence. As the opening time increases, the external
explosion overpressure gradually presents a strong pos-
itive correlation with the distribution range of the un-
burned gas cloud. If the opening time is long, the indoor
explosion consumes a large amount of the combustible
gas, and the amount of outdoor substances that can
participate in the explosion reaction decreases, which
ultimately leads to a decrease in the external explosion
overpressure. For different scaled vent sizes, the exter-
nal explosion overpressure always exhibits a strong cor-
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relation with the range distribution of the unburned gas
cloud. Understanding the present research results will
help in developing prevention and control measures to
fundamentally reduce the external explosion overpres-
sure and reduce explosion disasters to a certain extent.
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