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ABSTRACT: Gas microleakage, which results in gas diffusion and
accumulation in domestic gas appliances, is the leading cause of
indoor gas explosion accidents. To research the diffusion and
accumulation characteristics of microleakage gas in domestic gas
appliances, this study took an integrated stove as the research
object and analyzed the effects of different leakage rates and
leakage locations on the diffusion and accumulation characteristics
of microleakage liquefied petroleum gas (LPG) in its interior using
the computational fluid dynamics (CFD) numerical simulation
method. The results show that microleakage LPG is characterized
by a downward diffusion flow driven by gravity and the
concentration inside the integrated stove cavity generally increases
with the increase of leakage time; however, the spatial distribution
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Wicro-leakage LPG volume in

piffusion and Accumulation
istics of mi kage LPG

is extremely inhomogeneous. In addition, the volume of the dangerous area rapidly changes with the continuous accumulation of
microleakage LPG, occupying more than 50% of the cavity volume. Microleakage LPG diftusion and accumulation process are highly
similar under different leakage rates; on the contrary, the location of the leakage source is closely related to the diffusion and
accumulation characteristics. The diffusion distribution and accumulation position of microleakage LPG at different leakage
locations present obvious differences. Typically, there is a concentration difference of 0.1—0.2% between the top and the bottom
when the leakage source is located above the gas stove baffle and a concentration difference of 1.0—1.3% between the top and the
bottom when the leakage source is located below the gas stove baffle. In addition, the difference in the leakage location has a
significant impact on the time the concentration of LPG reaches the critical concentration, which indicates that the combustion and
explosion risk of different leakage locations are highly related to the leakage time. The research can provide certain technical support

for microleakage gas explosion accident prevention.

1. INTRODUCTION

An integrated stove is one of the domestic use modular kitchen
gas-burning appliances that integrates multiple functions such as
a range hood, a gas stove, and a disinfection cabinet (or oven,
steam box instead)."” As the people in China are continuously
searching for healthier kitchens and becoming more aware of the
benefits of integrated stoves, the market share of integrated
stoves has grown considerably in recent years (the sales volume
of integrated stoves in China from 2017 to 2021 are shown in
Figure 1).> Moreover, the sales range of integrated stoves is
gradually expanding from the Chinese market to overseas as
well.*

Despite the success in business achieved by integrated stoves,
they also cannot avoid the common problem faced by traditional
domestic gas appliances, namely, the potential risk of causing an
indoor gas explosion.”® Figure 2 shows the ratio of indoor gas
explosions to the number of total gas explosion accidents that
occurred from 2017 to 2021, indicating that indoor gas
explosions (mainly attributed to gas-burning appliances like
integrated stoves) account for more than half of gas explosion
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accidents, which is also the main cause of injuries and deaths.
Numerous accident investigation reports demonstrate that a
major cause of indoor gas explosion accidents is the gas
microleakage caused by the aging or corrosion of gas piping,
which results in gas diffusion and accumulation in domestic gas
appliances.®™

Since the diffusion and accumulation of leakage combustible
gases in confined spaces are the main reason for the accidents of
indoor combustion and explosion, scholars have carried out a lot
of research studies to analyze the diffusion and accumulation
characteristics of leakage combustible gases in confined spaces.
Some scholars used theoretical models to analyze the diffusion
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Figure 1. Sales of integrated stoves in China from 2017 to 2021.
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Figure 2. Proportion of indoor gas explosion accidents to the total gas
explosion accidents (2017—2021).

and accumulation characteristics of leakage gases in confined
spaces, but they did not fully characterize the short-term
variability of concentrations in close proximity to the leakage
source.” "' Whereafter, scholars carried out experiments to
further study the diffusion and accumulation characteristics of
leakage gas in confined spaces. Cai et al.'> conducted relevant
experiments to study the diffusion law after indoor natural gas
leakage and the hazards after an explosion and determined the
distribution law of indoor natural gas volume fraction under
different leakage conditions, as well as the propagation laws of
flames and shock waves in an explosion. Brzezifiska et al.'®
conducted a series of experiments to study the dispersion
distribution of leakage LPG in a confined garage, showing that
under unventilated conditions, leakage LPG can accumulate on
the floor of a confined garage for a prolonged time, creating a
high explosion hazard.

As CFD technology has become much more mature in recent
years, its advantages, such as it is suitable for research studies
with complex physical models (for example, gas leakage and
diffusion in small spaces with many obstacles) and can easily
control the effect of each individual variable on the results, have
left a deep impression on scholars. This makes the CFD
technology very popular in current research, and several studies
have been conducted using CFD to model gas leakage and
diffusion in confined spaces.'*™"® Guo'” used CFD software to
study the gas diffusion phenomenon after indoor gas leakage
under different influencing factors and analyzed in detail the
diffusion process of gas in various cases, the change in the
volume of the combustible area, and the consequences of
combustion and explosion. Zhang et al.”’ investigated the
changes in gas concentration following continuous diffusion of
indoor gas leakage during different seasons by CFD software,

obtained the distribution regularity of indoor gas when it
reached a steady state, and examined the influence of weather
and ventilation conditions on gas distribution. Wang”'
conducted an in-depth study and comparison of CFD diffusion
models after kitchen leakage, simulated the diffusion state after
indoor gas leakage using the modified model, and determined
the concentration field distribution law in the indoor diffusion
process at different times and pressure conditions after gas
leakage. Li et al.”> used CFD turbulence modeling with the
correction of buoyancy effects, obtaining the diffusion character-
istics of different positions after indoor gas leakage under the
influence of wind speed and the component transport model.
The results showed that different hazardous areas were formed
after the gas leaked out and diffused at different locations.
Tulach et al”> used CFD models to investigate the way
(velocities and directions) of distribution of natural gas leaking
out of predefined leakage to the confined space, and the areas
were defined where local hazardous concentrations were
formed. The results improved the understanding of the
spreading and distribution of a mixture of gaseous fuels in
confined spaces.

Although many studies have been conducted on gas leakage
and dispersion laws in confined spaces, the size of numerical
models built is usually on the scale of a room or even bigger
(ranges from several ten cubic meters to one hundred cubic
meters) and the gas leakage is also set to quite high rates (ranges
from several hundred liters per hour to several thousand liters
per hour) so that typical results can be achieved. In stark
contrast, corresponding studies on the diffusion and accumu-
lation characteristics of microleakage gas in really small confined
spaces like an integrated stove are seriously lacking. The
combustion and explosion risk analysis of microleakage gas in
confined spaces is also inadequate.

In this article, through the disassembling and measuring of an
integrated stove, the effects of different leakage rates and
locations on the diffusion and accumulation characteristics of
microleakage LPG in an integrated stove were investigated using
CFD simulations, and the diffusion and accumulation character-
istics of microleakage LPG over time were revealed. The result of
the research can provide some references for the study of
microleakage gas in domestic gas appliances and the prevention
of combustion and explosion accidents in integrated stoves.

2. CFD NUMERICAL SIMULATIONS

2.1. CFD Modeling. 2.1.1. Governing Equations. CFD is a
discipline consisting of fluid mechanics, mathematics, and
computer science, which is based on fluid mechanics and
numerical computational methods,”**” starting from the basic
conservation equations (mass, momentum, energy conservation
equations, etc.) and performing numerical calculations under
the constraints of certain initial and boundary conditions to
achieve the simulation of the specified flow field.***” The
governing equations involved in the simulation of gas leakage
from the integrated stove are as follows:

(1) The continuity equation (mass conservation):

3] d
@ + _(/m]‘) =0
ot dxj (1)

where p is the gas density, x is the coordinate, u is the
velocity vector, and ¢ is the time.
(2) The Navier—Stokes equation:
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Figure 3. Numerical model and meshing for the study. (a) Numerical model for CFD simulations of microleakage LPG in the integrated stove. (b) The
realistic locations and situations of the leakage sources in the model. (c) The meshing of the CFD model (the photographs were taken by the author,
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where p is the turbulent available pressure, 4 is the laminar

viscosity coeflicient, y, is the turbulent viscosity
coefficient, which is given as pCﬂkZ/ ¢, k is the turbulent
kinetic energy, € is the turbulent dissipation rate, and C, is
0.009.

(3) The component mass conservation equation:

a(pc,)

o + div(puc,) = div(D, grad(pc,)) + S,

(©)
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where p is the volume concentration of fraction s, pc, is the

mass concentration of the component, D; is the diffusion
coeflicient of the component, and S, is the mass of the
component produced by the chemical reaction per unit
volume in time within the system, i.e., productivity.

2.1.2. Numerical Modeling and Meshing. By disassembling
and measuring the integrated stove, its internal structure, as well
as the dimension parameters, is obtained, and with some certain
simplifications for the internal flow channel space, a numerical
model for the simulation of microleakage gas in the integrated
stove is developed (as shown in Figure 3a). The internal space
within the integrated stove can be generally separated into two
cavities by the gas stove baffle, and the two cavities are not
completely isolated from each other but connected through
holes in the baffle to create an overall gas flow space. Usually, the
lower cavity is equipped with a steamer, an oven, and a range
hood, while the upper cavity is equipped with a gas stove and has
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ACS Omega 2023, 8, 1271-1281


https://pubs.acs.org/doi/10.1021/acsomega.2c06715?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06715?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06715?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06715?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06715?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Basic Physical Parameters of the Three Gases

gaseous density

kinematic viscosity

gas type (kg/m®) molecular weight (m?/s)

LPG 2.35 44.13—57.99 (56.08) 3.56 X 1076
propane 1.83 44.10 4.54x 1076
butane 248 58.12 3.07 x 1076

thermal conductivity diffusion coefficient explosion limit

(W/(m:K)) (em?/s) (%)
0.0174 0.121 1.5-9.5
0.0183 0.114 2.1-9.5
0.0163 0.103 1.9-8.5

two outlets (the actual burners of the gas stove) connected to
the atmosphere.

To study the diffusion and accumulation characteristics of
microleakage LPG, two sources of leakage are placed in the
cavity of the integrated stove (named gas-inlet 1 and gas-inlet 2).
Of which, leakage source 1 (gas-inlet 1) is placed at the threaded
joint of the gas piping below the gas stove baffle in the lower
cavity, and leakage source 2 (gas-inlet 2) is placed at the joint of
the ejector above the gas stove baffle in the upper cavity (as
shown in Figure 3b). The abovementioned locations serve as the
joints of the gas piping, where existing rubber sealing rings may
leak after long-term use due to aging; therefore, these locations
are at high risk of leakage.zx’29 Moreover, in China, some illegal
LPG stations would adulterate dimethyl ether into LPG for
profiteering, which is corrosive to rubber sealing materials and
accelerates the aging of rubber sealing rings, thus finally
aggravating the hidden danger of gas leakage.’*™* In addition,
the placement of the leakage sources below and above the baffle
of the gas stove also facilitates the study of the effect of the
location of the leakage source on the diffusion and accumulation
of microleakage LPG.

During the simulation process, it is important to verify that the
divided mesh is independent of the mesh size to remove the
impact of the mesh size on the simulation results.”® After
adjusting the mesh size in several simulation tests, the best
quality mesh was obtained for this simulation using a tetrahedral
grid. Using a grid cell size of 1.98 mm, local encryption was
performed at the source of leakage with high turbulence. The
maximum skewness value is 0.79864, the average value is
0.23063, and the number of grid cells is 388643. The mesh
division results are shown in Figure 3c.

2.2. Boundary Conditions and Solution. ANSYS Fluent
software was used to perform CFD simulations in this study. The
simulations were conducted using Fluent’s pressure solver and
the k-epsilon gas flow model. Xing et al.”* demonstrated that the
standard k-epsilon model performed better in simulations of
heavy gas diffusion, and the simulation results were validated by
experimental results. The diffusion process of the gas was
modeled by Fluent’s species transport model.”® Due to the lack
of LPG-related parameters in the Fluent gas database, and the
fact that LPG consists primarily of propane and butane gas as its
main components, Liang et al.’® used a mixture of 47% propane
and 53% butane instead of LPG. We compared the physical
characteristics (gaseous density, molecular weight, and
explosion limit) and transport properties (kinematic viscosity,
thermal conductivity, and diffusion coefficient) of both gases
and LPG (as shown in Table 1), and it should be noted that the
light hydrocarbon components of LPG improve its diffusion
coeflicient. To easily analyze the diffusion process of micro-
leakage LPG, finally, butane gas, which is closest to LPG in
physical characteristics and transport properties, was chosen as
the leakage source gas in the simulation.

The leakage rates of LPG used in simulations were
determined based on the related regulations of GB 17905—
2008 (Safety management regulation of gas-burning appliances
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for domestic use),”’ which states that “under 4.2 kPa air
pressure, the leakage amount should be less than 0.07 L/h”.
Thus, four simulation scenarios were set up (four scenarios with
microleakage gas rates set at 1, 2, 5, and 10 times the standard
leakage rate of 0.07 L/h, as shown in Table 2) to analyze the

Table 2. Gas Leakage Scenario Setup in CFD Simulations

simulation locations of ~ leakage rates  corresponding mass flow
scenarios leakage (L/h) rates (kg/s)

1 leakage 0.07 4.822 x 1078

2 source 1 0.14 9.644 X 107

3 0.35 2411 x 1077

4 0.70 4.822 % 1077

s leakage 0.07 4.822 x 1078

6 source 2 0.14 9.644 X 107

7 0.35 2411 X 1077

8 0.70 4.822 x 1077

characteristics of gas diffusion and accumulation within the
integrated stove at different leakage intensities. Moreover, due to
the limitation of the software setup, the microleakage gas rates
were substituted into the simulation as mass flow rates. For each
scenario, leakage was simulated continuously at 300 K for 150
min.

3. RESULT ANALYSES

3.1. Diffusion and Accumulation Characteristics of
Microleakage LPG over Time. 3.1.1. Diffusion Flow
Characteristics of Microleakage LPG. We chose scenarios 1
(corresponding to leakage from leakage source 1) and S
(corresponding to leakage from leakage source 2) as typical
scenarios to analyze the diffusion characteristics of microleakage
LPG in the integrated stove. To show the migration character-
istics of microleakage LPG more intuitively, referring to the
explosion limit concentration of LPG (1.5-9.5%) and the
density of butane gas (2.48 kg/m*), a mass fraction of 2.84% was
derived from the corresponding volume fraction of the lower
explosive limit of 1.5%. Considering a certain affluence
coefficient, the isosurface of the gas mass fraction = 3% (blue
part of the figure) was selected as the characteristic parameter
(critical concentration condition with the risk of ignition and
explosion) for analyzing the diffusion flow characteristics of
microleakage LPG under the influence of gravity and at a leakage
rate of 0.07 L/h.

Figure 4 shows the diffusion flow characteristics of LPG under
simulated scenario 1 conditions. According to the results, the
initial momentum in the microleakage process was insufficient
after the LPG leaked from leaka&e source 1, so it was affected by
the molecular thermal motion™ to diffuse from the leakage
source to the interior of the cavity. Because LPG has a density
1.686 times higher than air, it slowly sank along the wall driven
by gravity in the diffusion process. As the leakage time and the
amount of leakage LPG increased, the LPG still sank along the
wall, but its flow range continued to increase and the rate of
sinking accelerated. About 80 min after the leakage, the flow

https://doi.org/10.1021/acsomega.2c06715
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Figure 4. Isosurface distribution at different moments after LPG leakage (simulation scenario 1, in the blue part of the graph, gas mass fraction = 3%).

boundary of the leakage LPG reached the junction with the
integrated stove cavity bottom, and by blocking the wall, the
diffusion direction changed, gradually downward diftused to the
cavity bottom, and rapidly accumulated there within minutes;
approximately 85 min after the leakage, a large amount of LPG
accumulated at the cavity bottom, and the diffused LPG
exhibited accumulation characteristics in the cavity bottom.

On analyzing the diffusion flow characteristics of LPG, it was
also found that after 80 min of leakage and diffusion, the mass
fraction of the isosurface was rapidly changed within several
minutes. According to Figure 6a, the volume of C,H,, with a
mass fraction above 3% increased from 8.16 X 107* to 1.05 X
107" m? after 90 min of leakage, which occupied about 50% of
the whole cavity volume. This phenomenon can be interpreted
as that with the continuous leaking of LPG, the leakage gas
diffused to various parts of the cavity (although the mass fraction
in most areas was less than 3%), and after 80 min of leakage/
diffusion, the mass fraction of LPG contained in the bottom
region of the cavity was actually close to 3% in many locations
(as shown in Figure 6), resulting in the accumulation area where
the LPG mass fraction exceeding 3% expanded rapidly within a
short period.

Figure S shows the diffusion flow characteristics of LPG under
simulated scenario S conditions. According to the results, the
LPG leaked from leakage source 2 downward diffused driven by
gravity during the diffusion process. When the LPG sank to the
baffle, it began to flow around the location below the projection
of the leakage point, resulting in an inverted funnel-shaped flow
pattern. With increasing leakage time and leakage amount, the
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flow range of gas continued to increase until it encountered the
boundary following the occurrence of the state of motion. After
120 min, the flow boundary of the leakage LPG reached the
junction between the upper and lower cavities of the integrated
stove; then, a portion of the LPG sank and flowed through the
holes in the gas stove baffle toward the lower cavity of the
integrated stove, where the steamer, oven, and range hood were
installed, while the remainder of the LPG that was not
obstructed in the direction of movement continued to flow in
a disc shape in all directions. Approximately 136 min after
leakage, the sinking leakage LPG reached the integrated stove
cavity bottom and gradually accumulated there. The diffused
LPG exhibited accumulation characteristics in the cavity bottom
and on the gas stove baffle, which was different from the
accumulation pattern of scenario 1 conditions. According to
Figure 6b, the volume of C,H,, with a mass fraction above 3%
increased from 2.73 X 1073 to 6.21 X 1072 m? after 140 min of
leakage, which occupied about 30% of the whole cavity volume.
Then, 150 min after leakage, the volume increased to 1.37 X
107" m?, which occupied about 65% of the whole cavity volume.

3.1.2. Spatial Distribution Characteristics of Microleakage
LPG. To more detailedly analyze the spatial distribution
characteristics of the microleakage LPG over leakage time, the
distribution characteristics of LPG inside the integrated stove
after scenario 1 leakage (as shown in Figures 7 and 9a) and the
distribution characteristics of LPG inside the integrated stove
after scenario S leakage (as shown in Figures 8 and 9b) were
taken as examples. The analysis result indicated that regardless
of leakage source location, as the LPG has the characteristics of
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Figure 6. C,H,, volume in different concentration gradients: (a) scenario 1 and (b) scenario S.

high density and small diffusion coefficient, the concentration of
LPG inside the integrated stove cavity generally increased with
increased leakage time; however, the spatial distribution was
extremely inhomogeneous.

In general, the leaked LPG from leakage source 1 mainly
accumulated in the bottom region of the integrated stove cavity,
whereas the leaked LPG from leakage source 2 not only
accumulated in the cavity bottom but also accumulated in large
quantities on the gas stove baffle, as indicated in Section 3.1.1.
On the same longitudinal section, the concentration generally
decreases with increasing height (except for the baffle).
Typically, the concentration of LPG at the bottom of scenario
1 is approximately 1.0—1.3% higher than that at the top, and that
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at the bottom of scenario S is approximately 0.1—0.2% higher
than that at the top; on the same cross section, the closer the
location to the leakage source, the higher the concentration of
accumulated LPG.

3.2. Effect of the Leakage Rate on the Diffusion
Characteristics of LPG. To monitor the concentration
variation of LPG upper at different leakage moments,
monitoring points were established at the four points where
the upper and lower cavity walls intersect with the longitudinal
section of the leakage source based on the different locations of
leakage (as shown in Figure 10), which could better reflect the
diffusion and accumulation characteristics of microleakage gas,
and the flow variation characteristics under the condition that
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Figure 7. Distribution characteristics of LPG after different leakage times (scenario 1).
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the diffusion process was obstructed, so that the diffusion and
accumulation characteristics of microleakage LPG in the upper
and lower cavities under different leakage sources conditions
were able to be studied.

To analyze the relationship between the diffusion character-
istics of microleakage LPG in the integrated stove and the gas

leakage rate, the C,H,, mass fraction curve charts (as shown in
Figure 11) were extracted from Figure 10 at monitoring points 1
and 2 of leakage source 1 and at monitoring points 2 and 3 of
leakage source 2 at the end of simulations under simulation
scenarios 1 to 8. The results show that the concentration of
C,H,, increased faster closer to the leakage source under the
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Figure 10. Layout drawing showing the LPG concentration monitoring
points.

same diffusion characteristics as at the initial stage of leakage,
and at the same monitoring point, the trend of C,Hj,
concentration changed faster as the leakage rate increased, but
as the leakage continued, this trend of change slowed down, and
the simulation gradually tended to the steady state. As a result,
the concentration of LPG at each point was similar under
different leakage rates of the same leakage source. A general
observation is that the concentration curves of each monitoring
point in different scenarios exhibit similar patterns and that the
leakage rate at the initial stage of leakage influences the diffusion
concentration of microleakage LPG in the integrated stove. LPG
concentration increases as the leakage rate increases, and as it
gets closer to the leakage source, it increases further.
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Figure 12. Relationship between the mass fraction of C,H,, and leakage time under different leak locations: (a) scenario 1 and (b) scenario S.

In spite of the fact that the initial leakage rate has a limited
impact on the distribution of LPG inside the integrated stove,
the larger the leakage rate corresponding to the leakage from
different sources, the faster the leakage LPG accumulates in its
accumulation area and the shorter the time for the critical
concentration to be reached. However, during the continuous
leakage, LPG continually dilutes with the surrounding air as it
diffuses downward and eventually reaches a steady state as a
result of diffusion and leakage, reaching relative equilibrium.***’
During the leakage process, LPG with different leakage rates
diffuses and accumulates in the integrated stove with the same
diffusion characteristics, although the faster leakage rate can
accelerate the time to reach the relative equilibrium state, but
ultimately, the distribution characteristics of leakage LPG in the
integrated stove are consistent. In the simulation scenarios set
up in this study, when the leakage rate is 0.7 L/h, the
concentration of LPG reaches the relative equilibrium earlier
compared to 0.07 L/h. However, regardless of whether the LPG
leakage rate is 0.07 L/h or 0.70 L/h, the diffusion and
accumulation characteristics of microleakage gas are independ-
ent of the leakage rate.

3.3. Influence of Leakage Source Location on LPG
Accumulation. According to the conclusions of Section 3.2,
monitoring points 1, 2, 3, and 4 at leakage source 1 and leakage
source 2 in Figure 10 were selected for plotting the C,H,, mass
fraction curve with time at the end of the simulation in scenarios
1 and S (as shown in Figure 12). The analysis reveals that the
diffusion and accumulation characteristics of LPG inside the
integrated stove are closely related to the location of the leakage
source (although they are not related to the leakage rate). For
leakage source 1, the LPG concentration obtained inside the
integrated stove was always higher than that of leakage source 2
under the same simulation setting, which means that the LPG
concentration at the same location point 2 was always higher for
leakage source 1 than that for leakage source 2. This
phenomenon can be explained as follows: since leakage source
2 is located close to the top opening, some of the leakage LPG
can easily escape from the top opening of the integrated stove
cavity; moreover, there is a gas stove baffle between leakage
source 2 and the lower cavity of the integrated stove, which also
has a blocking effect on the downward diffusion of LPG. In
contrast, since leakage source 1 is located below the gas stove
baffle in the lower cavity, the leakage LPG can diffuse downward
without blockage from the baffle. Additionally, leakage source 1
is far away from the top opening of the integrated stove cavity,
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which largely weakens the leakage effect of LPG and increases
the concentration of LPG inside the integrated stove cavity. As a
result, compared to the situation when the leakage source is
located above the gas stove baffle, when the leakage source is
located below the gas stove bafile, the concentration of LPG
accumulated in the integrated stove increases faster, which
means that it can reach the critical concentration of explosion
earlier. From the simulation, it takes approximately 4500 s for
leakage source 1 to reach the critical concentration of explosion
in the cavity bottom but takes approximately 7200 s for leakage
source 2 to reach the same critical concentration of explosion on
the gas stove baffle.

Moreover, according to the comparison of the LPG
concentration at each monitoring point, it was found that
under scenario 1, the concentration at monitoring points 1 and 2
in the lower cavity reached critical explosion concentration
relatively sooner, whereas the concentration at monitoring
points 3 and 4 in the upper cavity never reached the critical
explosion concentration as the leakage continued; under
scenario 2, the concentration at the four monitoring points
reached critical explosion concentration one after another as the
leakage continued. By combining the microleakage LPG
diffusion and accumulation characteristics described in Section
3.1, it can be concluded that if there exists a microleakage source
in the lower cavity, the cavity bottom becomes the potential site
for ignition and explosion, while if there exists a microleakage
source in the upper cavity, then the entire cavity becomes the site
for ignition and explosion.

4. DISCUSSION

Through the comprehensive study on the influence of various
factors on the diffusion and accumulation characteristics of
microleakage LPG in the integrated stove, the result indicates
that although the different leakage rates can affect the
concentration of LPG in the integrated stove, the diffusion
and accumulation process of LPG under various leakage rates
are highly similar, which means that the faster leakage rate can
only accelerate the time to reach the critical concentration of
explosion but can hardly change the LPG distribution
characteristics in the integrated stove. In contrast, the location
of the leakage source is closely related to the diffusion and
accumulation characteristics of the microleakage LPG; when the
leakage source is located below the gas stove baffle in the lower
cavity, the leakage LPG mainly diffuses and accumulates in the
cavity bottom, making the bottom of the cavity a potential site
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for combustion and explosion, and when the leakage source is
located above the gas stove baffle in the upper cavity, the leakage
LPG not only accumulates in the cavity bottom but also
accumulates on the gas stove baffle, making the entire cavity a
potential site for combustion and explosion. Additionally, when
the leakage occurs in the lower cavity of the integrated stove, the
concentration of LPG accumulated in the stove can reach the
critical concentration of explosion faster than the leakage
occurring in the upper cavity.

Based on the above analyses, the risk of ignition and explosion
caused by microleakage LPG from an integrated stove can be
analyzed. Due to the fact that two main ignition sources were
identified when disassembling the integrated stove, namely, the
naked fire generated by the gas stove burner and the sparks
(may) generated by the electrical appliances in the lower cavity,
then according to the diffusion and accumulation characteristics
of microleakage LPG, it can be inferred that if the leakage occurs
in the lower cavity, the leaked LPG would accumulate in the
cavity bottom and easily be ignited by sparks generated by the
electrical appliances in the lower cavity to explode; however, if
the leakage occurs in the upper cavity, then in addition to the
ignition and explosion of the accumulated LPG at the bottom of
the cavity, the accumulated LPG on the gas stove baffle will be
ignited by a naked fire to explode as well (an explosion is more
likely to occur when a naked fire is present).

Combined with the time required to reach the critical
concentration of explosion at different leakage locations, it can
be further concluded that for short-time leakage, if the leakage
source is located in the lower cavity below the gas stove baffle, it
may have a higher risk of combustion and explosion. For a
sustained leakage over a certain period, the combustion and
explosion risk will be much greater if the leakage source is
located in the upper cavity above the gas stove baffle.

5. CONCLUSIONS

In this study, the diffusion and accumulation characteristics of
microleakage LPG in an integrated stove were comprehensively
analyzed, the differences of diffusion and accumulation
characteristics at different leakage rates were compared, and
the influence of leakage source location on diffusion and
accumulation characteristics was also discussed. The conclu-
sions of the research are as follows:

(1) Diffusion flow characteristics of microleakage LPG
indicate that LPG will downward diffuse driven by gravity
during the diffusion process. When the leakage source is
located below the gas stove baffle, the diffused LPG
exhibits accumulation characteristics in the cavity bottom,
and the concentration of LPG at the bottom is
approximately 1.0—1.3% higher than that at the top;
when the leakage source is located above the gas stove
baflle, the diffused LPG exhibits accumulation character-
istics in the cavity bottom and on the gas stove baffle, and
the concentration of LPG at the bottom is usually about
0.1-0.2% higher than that at the top. Because the
accumulated LPG cannot escape from the confined space,
so regardless of where the leakage source is located, the
volume of the dangerous area rapidly changes with the
continuous accumulation of LPG in the cavity, which
occupies above 50% of the cavity volume.

(2) Spatial distribution characteristics of microleakage LPG
indicate that LPG concentration distribution is extremely
inhomogeneous. On the same longitudinal section, the

concentration generally decreases with increasing height
(except for the baffle); on the same cross section, the
closer the location to the leakage source, the higher the
concentration of accumulated LPG.

(3) The diffusion and accumulation characteristics of micro-
leakage LPG at different leakage rates indicate that the
diffusion and accumulation process of LPG under various
leakage rates are highly similar, and the different leakage
rates can only affect the concentration of LPG in the
integrated stove, which means that the faster leakage rate
can only accelerate the time to reach the critical
concentration of explosion.

(4) The location of the leakage source is closely related to the
diffusion and accumulation characteristics of the micro-
leakage LPG. When the leakage source is located below
the gas stove bafile, the time required for the
concentration of LPG to accumulate in the integrated
stove and reach the critical concentration of explosion is
2/3 of the time required when the leakage source is
located above the gas stove baffle.

Based on the diffusion and accumulation characteristics
of microleakage, when the leakage source is located below
the gas stove baffle in the lower cavity, the bottom of the
cavity is at explosion risk, and when the leakage source is
located above the gas stove baffle in the upper cavity, the
entire cavity is at explosion risk.

(5) According to the explosion risk analysis of microleakage
LPG in the integrated stove, the relation between the
explosion risk of different leakage source locations in the
integrated stove and leakage time is obtained, which can
be used to prevent combustion and explosion accidents in
domestic gas appliances like integrated stoves.
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