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were set to record flame propagation and temperature field evolution. The results
show that the flame undergoes four stages: initial ignition, rapid expansion, full
combustion and decay extinction. Under 80 mm soil cover, the flame exhibits upper-
lower separation, with the lowest peak height (873.9 mm). At 160 mm, the peak flame
height reaches the maximum (1408.1 mm) and occurs earliest. At 200 mm, the
premixing is most sufficient, giving the highest peak temperature (1406.5 °C), but the
peak appears latest and decays most slowly. Soil cover thickness significantly
influences flame morphology, height, temperature and decay characteristics. These
findings provide a theoretical basis for the safety design and risk prevention of
buried liquefied petroleum gas systems.
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1. Introduction

With the accelerated transformation of energy consumption toward cleaner and lower-carbon sources, the
share of natural gas and liquefied hydrocarbon energy products in total consumption has continued to rise, and
both the scale of pipeline construction and the number of storage tanks in operation have expanded rapidly. Against
a backdrop of increasingly dense pipeline networks and storage tank facilities, buried pipelines and soil covered
storage tanks are widely used due to their unique engineering advantages, but they also face common and serious
safety challenges.

Scholars have systematically studied the evolution of the leakage and diffusion of combustible media in soil
covered storage tanks and pipelines through experiments and numerical simulations. Yan et al. [1] conducted
experimental research on buried pipeline leaks under different hydrogen blending ratios, leakage pressures and
leakage directions. The applicability of the gas leakage mass flow model was verified. The effect of blending ratio
and leakage direction on the methane diffusion range was revealed. Furthermore, a quantitative relationship
between leakage concentration and diffusion distance was established. Deborah et al. 2] investigated the critical
conditions governing the formation of pothole and gas diffusion during hydrogen and methane leakage. It was
found that pothole was more likely to form when the leakage pressure was higher and the gas flows upward,
whereas when the pressure was lower or the gas flows downward, the gas primarily diffused through the soil. Zhu
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et al. [3] revealed through experimental studies the positive correlation between the diffusion range and the
proportion of a single component as well as the pipeline pressure, and established a functional relationship between
the leakage concentration and the diffusion distance. Yan et al. [4] conducted experimental research on methane
leakage under different flow rates and leakage directions, revealing an inverse relationship between flow rate and
both the concentration saturation time and steady-state concentration in methane leakage from buried pipelines. It
was identified that concentrations increase most rapidly near the surface, while steady state concentrations were
highest below the pipeline. Latifi et al. [S] conducted experiments to reveal the relationship between soil particle
size, dry bulk density, permeability coefficient and the leakage flow rate through pipeline cracks, and determined
that D50, dry bulk density and permeability coefficient were the most suitable parameters for characterizing the
influence of soil on leakage. Hibi et al. [6] conducted experimental studies on methods for determining gas
diffusion and dispersion parameters in soils with varying permeability, revealing a quadratic relationship between
the dispersion coefficient and the molar fraction of the tracer gas. Zhang et al. [7] used numerical simulations to
investigate the effects of factors such as leak hole diameter, soil type and pipeline pressure on the diffusion
behavior of buried hydrogen leaks. It was found that hydrogen concentration exhibited symmetric distribution over
time, the increase in pipeline pressure caused longitudinal diffusion to gradually become dominant and both the
diffusion rate and range of hydrogen in sandy soil were greater than those in clay. Peng et al. [8] demonstrated that
porosity was a key factor determining the diffusion rate of hydrogen-blended natural gas. It was established that
hydrogen diffused most rapidly in clay and most slowly in loam, and that the time required for diffusion to the surface
was highly sensitive to burial depth. Liu et al. [9] revealed the synergistic mechanisms of leak location, wind speed,
and obstacles on hydrogen diffusion pathways and the distribution of hazardous zones. Yuan et al. [10] identified the
leakage hole diameter as the dominant factor influencing the distance of hydrogen diffusion, as well as the
regulatory effects of wind speed and temporal evolution on diffusion in low-concentration zones. Wagih et al. [11]
revealed the mechanisms governing the effects of hydrogen blending ratios, pipeline pressure, leakage hole size
and soil porosity on diffusion behavior and surface detection time. Wang et al. [12] further established an
exponential relationship between the critical time for methane leakage from buried pipelines and the dispersion
distance, along with a predictive equation.

Wang et al. [13,14] discovered through numerical simulation that risk areas were positively correlated with
the leakage hole size and pipeline pressure. Soil particle size and porosity directly determined the concentration
distribution, and the diffusion range in sandy soil was larger than that in clay soil. Ebrahimi et al. [15] simulated
the leakage and diffusion of natural gas in soil. The results indicated that gas within buried pipelines flows at the
speed of sound near the leakage point, whereas it flowed at subsonic velocity in the soil. Subsequently, a three-
dimensional model was developed to simulate leakage in buried gas pipelines, demonstrating that the three-
dimensional model provides a more accurate representation of leakage than the two-dimensional model of buried
pipelines [16]. Liu et al. [17] developed models for estimating leakage rates and predicting methane concentrations
in buried natural gas pipelines using a combination of experimental and numerical simulation methods. It was also
revealed the nonlinear relationship between leakage rates and pressure, hole size, soil porosity and particle size.

Scholars have also conducted systematic research on the consequences of leakage accidents involving buried
storage tanks and pipelines. Wang et al. [18] revealed the regulatory mechanisms of wind speed in urban
environments on the dispersion range of natural gas pipeline leaks, explosion overpressure, and the distribution of
jet fire radiation through numerical simulations. Zhao et al. [19] developed a model for calculating leakage rates
by analyzing the dynamic leakage process in gas pipelines. It was revealed that factors such as leakage hole
diameter and wind speed influence the maximum diffusion concentration and the area susceptible to poisoning
and explosion. Hu et al. [20] revealed the failure mechanism of leakage caused by stress concentration in ultra-
deep buried gas pipelines under the combined effects of soil corrosion and environmental loads through field
testing and numerical simulation. Zhang et al. [21] demonstrated through simulation that the downwind location
of a tank leakage played a decisive role in determining the severity of the consequences. It was further noted that
pulsating flow can affect the height of the toxic zone and the toxic dose to pedestrians by as much as 30-40%. In
terms of engineering practice and risk analysis, Ikwan et al. [22] combined fault tree analysis, risk matrices and
dynamic modeling to demonstrate that dynamic risk models can quantify the probability of storage tank leaks in
real time and improve decision-making accuracy through multi-factor coupling analysis. Yu et al. [23] revealed
the failure modes with the highest risk of rupture and the lowest risk of design defects in liquefied natural gas
storage tanks by refining the FMEA model. Wu et al. [24] used digital twin modeling and machine learning
methods to demonstrate that the developed model can accurately map the state of liquefied natural gas storage
tanks and effectively predict the evolution of leakage zones. Currently, scholars have conducted extensive research
on leakages from buried pipelines and storage tanks. However, these researches primarily focused on the
dispersion patterns, key influencing factors and risk assessment methods for natural gas, hydrogen and hydrogen-
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blended gas leaks. There has been relatively little research on liquefied petroleum gas. Current research mostly
focused on the overall structure of buried pipelines or storage tanks, with relatively little attention paid to localized
failure modes such as buried leaks. There was a notable lack of systematic research on combustion and explosion
behavior after leakage. Furthermore, soil depth was a key structural parameter for underground leakage, the
mechanism by which it influenced the combustion and explosion behavior of liquefied petroleum gas after leakage
was still unclear. There was also a lack of systematic experimental support for the quantitative relationship between
changes in leakage flow rate and the risk of combustion and explosion.

Therefore, this work investigates the combustion and explosion behavior of liquefied petroleum gas leakage
by varying the soil depth, revealing the influence of soil depth on the propagation of explosion flames and the
evolution of flame temperature fields. The research findings can provide theoretical foundations and technical
support for the safe design, risk management, and emergency response of buried liquefied petroleum gas systems.

2. Experimental Setup

The experimental procedure utilized an underground gas leakage and explosion test system. The system
comprises a square vessel, a gas distribution system, an ignition system, a synchronization control system and a data
acquisition system, the experimental setup is shown in Figure 1. The size of the square vessel is 540 mm x 380 mm
and is filled with soil. To minimize the influence of soil properties on the experimental results, soil samples were
taken from the tank farm area and used in the experiments, thereby ensuring consistent soil conditions. The large
impurities in the soil sample were sieved out using a sieve, and the sample was then spread evenly above the
leakage port. The soil selected for the experiment was sandy soil, with an initial moisture content of 6.5%, a
porosity of 0.310 and a density of 2.40 g/cm?®. During the experiment, the soil cover thicknesses were set at 80 mm,
120 mm, 160 mm and 200 mm. The leakage port is a circular opening with a diameter of 10 mm; it is located at
the center of the bottom of the vessel and is flush with the inner surface of the vessel. The flow rate of liquefied
petroleum gas was precisely controlled using a mass flow meter. In the experiments, the flow rate was set to 30 L/min.
The ignition of the leakage gas was achieved using a high-precision automatic ignition controller; the ignition
electrode was positioned at the center of the soil surface, and the ignition energy was 2 J. Gas supply was cut off
30 s after the leak began and ignition was initiated simultaneously; the ignition duration was 100 ms, which
remained consistent throughout all experiments. The high speed camera is used to capture the propagation patterns
of the explosion flame, with a frame rate of 50 Hz. The high speed infrared thermal camera is used to record the
evolution of the explosion flame temperature field, with a frame rate of 100 Hz. During data acquisition, the
emissivity was set to 0.7. To extract flame morphological parameters, the video from the high-speed camera is
exported frame by frame as color images, then converted to grayscale images, and finally subjected to binarization.
By comparing the original image with the binary image, the threshold is selected such that the white regions most
closely match the actual flame contours. To ensure the reproducibility of the experiment and the accuracy of the
results, each set of experiments was repeated three times. It was found through comparison that maximum errors
of the maximum flame height and the maximum flame temperature were 4.8% and 6.2%.
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Figure 1. Schematic diagram of the experimental apparatus.
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3. Results and Discussion
3.1. Flame Propagation Patterns

Figure 2 shows the propagation and evolution of a flame resulting from a liquefied petroleum gas leak and
explosion under conditions of 80 mm soil cover. It can be observed that the flame undergoes four stages from
ignition to extinction: the initial ignition stage, the rapid expansion stage, the full combustion stage, and the decay
and extinction stage. At 60 ms after ignition, the flame height was only 39.4 mm; the flame was confined to the
vicinity of the ignition source, appearing as an isolated small flame cluster with an irregular pattern. At 160 ms,
the flame height reached 97.5 mm, and the flame spread rapidly in all directions, forming a flat structure [25]. At
240 ms, the flame reached a height of 217.5 mm, taking on a flat, mushroom-like shape with its base completely
covering the soil layer. At 320 ms, the flame height increased to 354.4 mm; the center of the flame bulged outward,
and the flame began to shift from spreading laterally to rising vertically. The flame height increased further to
487.5 mm at 400 ms, with a distinct bulge appearing at the top of the flame and a broad base at the bottom. The
flame reached its maximum height of 873.8 mm at 740 ms, forming a columnar structure with irregular branching
at the top, exhibiting the characteristics of fully developed turbulent combustion. The flame height dropped slightly
to 845.6 mm at 780 ms, but the flame fractured into upper and lower segments, with the originally continuous
columnar flame splitting into two separate fire clusters. The propagation of flames was influenced by buoyancy,
resulting in flame pulsations and vortices [26—28]. Meanwhile, differences in density and velocity between the
flame and the surrounding air caused instability in the flame flow. Opposing vortices were formed at the inner and
outer of the flame due to the effects of shear-layer perturbation and gravity [29]. The stretch and compression on
the flame surface by the inner and outer vortices lead to radial pulsation. The 80 mm soil cover exerted minimal
resistance to gas flow; in the early stage of leakage, gas rapidly seeped out, creating a high-concentration supply.
After the peak, the supply rate dropped sharply. The bottom flame weakened due to fuel depletion, while the upper
flame continued to rise under buoyancy. In the middle of the flame column, the flame neck contracted and ruptured
due to Rayleigh-Taylor instability and the interpenetration of fluid regions with different densities [30]. After the
rupture, the upper part of the flame detached from the fuel source and quickly extinguished, while the bottom part
continued to burn due to residual gas. Compared to soil cover depths of 120 mm, 160 mm, and 200 mm, the 80 mm
depth had the minimum peak height and the fastest decay rate, and was the only condition in which the flame
broke up at both the top and bottom [31].

60 ms 160 ms 240 ms

320 ms 400 ms 740 ms

prap N

780 ms 1360 ms 1520 ms

Figure 2. Flame patterns during combustion and explosion with the 80 mm soil cover.
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Figure 3 shows the propagation process of a flame resulting from a liquefied petroleum gas leak and explosion
under conditions of 120 mm soil cover. At 80 ms after ignition, the flame height was 11.3 mm. The flame height
reached 78.8 mm at 160 ms, and the flame began to spread outward. At 240 ms, the flame height reached 245.6 mm,
and the flame flattened out and covered the soil layer. The flame height increased to 273.8 mm at 320 ms, the
flame bulged in the middle and began to propagate vertically. At 600 ms, the flame height rapidly increased to
1046.3 mm, and the flame formed a distinct columnar structure with branching at the top. The flame height reached
a maximum of 1059.4 mm at 740 ms; the columnar structure was even more pronounced than at 800 ms, and the
branching at the top and the serrated edges were more evident. The flame height decreased to 905.6 mm at 820 ms;
the flame began to diminish, but the columnar structure still persisted. The flame height further decreased to 408.7 mm
at 1520 ms, and the flame gradually became thinner. The flame height decreased to 395.6 mm at 1680 ms, a
reduction of 62.7% compared to the maximum flame height. The flame height decreased by 663.8 mm from 740 ms
to 1680 ms, while the 80 mm soil cover decreased by 730.0 mm from 740 ms to 1520 ms. Under the 120 mm soil
cover, the gas release rate remained relatively stable before and after the peak, with no abrupt drop-off, allowing
the flame column to remain continuous for a longer period [32]. Furthermore, under the 120 mm conditions, no
vertical fragmentation of the flame occurred; the flame column remained continuous throughout the decay stage
and only gradually fragmented after 1700 ms. The flame gradually extinguished in the later stage; it became
unstable due to buoyancy, which led to the phenomenon of flame cracking.

240 ms

—ohi.

320 ms 600 ms

1520 ms 1680 ms

Figure 3. Flame patterns during combustion and explosion with the 120 mm soil cover.

Figure 4 shows the propagation process of a flame resulting from a liquefied petroleum gas leak and explosion
under conditions of 160 mm soil cover. At 60 ms after ignition, the flame height reached 97.5 mm, which was
higher than the values recorded at the same time for soil cover of 80 mm and 120 mm. Although a greater soil
cover depth delayed the arrival of liquid petroleum gas at the surface, the gas remained in the soil pores for a
longer period, allowing for more thorough premixing with air. As a result, the seeping flammable mixture exhibited
greater uniformity and reactivity [33]. The flame height reached 243.8 mm, 262.5 mm, 658.1 mm, and 860.6 mm
at 220 ms, 260 ms, 460 ms and 500 ms, respectively, and reached the maximum of 1408.1 mm at 700 ms. The
flame formed a pronounced columnar structure with distinct branching at the top, exhibiting the characteristics of
fully developed turbulent combustion. The maximum flame height was 1408.4 mm when the soil cover was 160 mm
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thick, but it occurred earlier, at 700 ms. Meanwhile, due to the relatively steady release rate, the flame did not
break up during the decay process. The flame height decreased to 491.2 mm and 258.8 mm at 1540 ms and 1900 ms
respectively, representing reductions of 65.1% and 81.6% compared with the maximum flame height. Compared
with the 120 mm soil cover, the peak height of 160 mm was approximately 348.8 mm higher.

220 ms

i;&
460 ms 500 ms

1540 ms 1900 ms

—

Figure 4. Flame patterns during combustion and explosion with the 160 mm soil cover.

Figure 5 shows the propagation process of a flame resulting from a liquefied petroleum gas leak and explosion
under conditions of 200 mm soil cover. At 80 ms after ignition, the flame height was 116.3 mm, with an initially
relatively high height. This indicated that under 200 mm of soil cover, the degree of premixing of the gas within
the soil had reached an optimum, and the permeating combustible mixture possessed the highest reactivity. The
flame height reached 275.6 mm, 367.5 mm, 740.6 mm, and 898.1 mm at 160 ms, 220 ms, 400 ms and 560 ms,
respectively, and reached the maximum of 1398.8 mm at 840 ms [34]. Soil was a complex porous medium, and
the structure of the porous medium became increasingly complex as the soil cover thickness increased. With the
soil cover thickness increased to 160 mm and 200 mm, there was little difference in the maximum flame height.
The soil cover thickness increased the degree of gas premixing, but it also increased the resistance to gas diffusion.
Increasing the soil cover thickness had a significant effect on the duration of the flame, but had little effect on the
maximum flame height to a certain extent. The flame heights decreased to 1230.0 mm, 763.1 mm and 240.1 mm
at 940 ms, 1620 ms and 2220 ms respectively. When the soil cover was 200 mm, the peak height occurred later,
at 840 ms. The thicker soil cover resulted in a significant increase in pressure at the leak point and greater soil
resistance, meaning it took longer for the gas to seep out in significant quantities. Meanwhile, the rate of decline
after the peak was the slowest of the four groups; the flame height decreased by 1158.8 mm from 840 ms to 2220 ms,
whereas it decreased by 1149.5 mm from 700 ms to 1900 ms when the soil cover was 160 mm. This gradual decay
was due to the low but steady gas release rate under the thick soil cover, which allowed the flame to maintain a
high combustion intensity even after reaching its peak.
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Figure 5. Flame patterns during combustion and explosion with the 200 mm soil cover.

3.2. Flame Temperature Distribution

Figure 6 shows the evolution of the flame temperature field during a liquefied petroleum gas leak and
explosion under conditions of 80 mm of soil cover. At 60 ms after ignition, the maximum temperature was 863.6 °C.
At 120 ms, the flame spread outward, the heat release rate increased, and the maximum temperature increased to
895.4 °C. The flame had developed into a flat mushroom shape by 220 ms, completely covering the soil layer;
internal turbulent mixing intensified, and the maximum temperature further increased to 1021.9 °C. The
temperature reached a maximum of 1284.0 °C at 360 ms. The flame began to shift from spreading laterally to
rising vertically. Liquefied petroleum gas was released in large quantities from the soil, and fresh air was drawn
in simultaneously from the sides and bottom of the flame, creating an optimal mixture of fuel and air [35].
Meanwhile, the turbulence within the flame was moderate, ensuring a steady supply of fuel while preventing heat
loss caused by excessive entrainment. At 420 ms, the flame began to stretch upward; as the concentration
decreased, convective and radiative heat loss increased due to the increasing flame surface, causing the maximum
temperature decrease to 1197.0 °C. The maximum temperature decreased to 927.5 °C at 800 ms, and the flame
took on a slender shape. At 860 ms, the discontinuity in the supply of liquefied petroleum gas under conditions of
a thin soil cover caused the flame to fracture into upper and lower segments, and the maximum temperature
decreased to 892.3 °C. This was because the 80 mm soil provided very little resistance to gas flow; gas rapidly
seeped out during the initial stages of a leak, creating a high-concentration supply, but the supply rate decreased
sharply once the peak was reached. The lower part of the flame weakened due to a decrease in concentration, while
the upper part continued to propagate upward under the influence of buoyancy, causing the middle part of the
flame column to constrict and fracture due to Rayleigh-Taylor instability. The upper portion of the flame
extinguished rapidly after the rupture due to a lack of fuel, while the lower portion continued to combust at a low
temperature, sustained by residual gas. The maximum flame temperature then gradually decreased, reaching 848.5 °C
and 649.0 °C at 1320 ms and 1500 ms, respectively, representing decreases of 34.0% and 49.5% from the peak
flame temperature.
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Figure 6. Flame temperature distribution under the 80 mm soil cover.

Figure 7 shows the evolution of the flame temperature field during a liquefied petroleum gas leak and
explosion under conditions of 120 mm of soil cover. The maximum flame temperatures were 878.3 °C, 963.2 °C,
and 1155.0 °C at 80 ms, 120 ms, and 280 ms, respectively. The highest flame temperature reached a maximum of
1306.5 °C at 400 ms. As with the 80 mm soil cover, the peak flame temperature occurred at the transition point
from lateral spread to vertical rise, but the maximum temperature was approximately 22.5 °C higher than that
observed with the 80 mm soil cover. This was because the gas took longer to pass through the soil, allowing it to
accumulate more evenly in the soil pores, which resulted in a higher heat release rate. The flame height increased
rapidly at 660 ms, but the temperature decreased to 1286.3 °C. This indicated that even if the flame was rapidly
elongated, the gas supply remained steady and continued to provide the flame with sufficient fuel. At 880 ms, the
maximum flame temperature decreased to 1030.5 °C. Compared to the same time at 80 mm, the temperature at
120 mm was approximately 103.0 °C higher, indicating that the gas supply under the intermediate soil cover was
able to maintain a high combustion efficiency even after the flame had elongated. The maximum flame temperature
decreased to 993.8 °C, 961.2 °C, and 770.4 °C at 1080 ms, 1420 ms, and 1700 ms, respectively. When the soil
cover was 120 mm, the temperature decline rate after the maximum temperature occurred was significantly slower than
when the soil cover was 80 mm. The maximum flame temperature decreased by 276.0 °C from 400 ms to 660 ms,
whereas it decreased by 357.0 °C during the same period when the soil cover was 80 mm [36]. When the soil cover
was 120 mm, the gas release rate remained relatively stable before and after the peak, resulting in a relatively
gradual heat release rate [37].

Figure 8 shows the evolution of the flame temperature field during a liquefied petroleum gas leak and
explosion under conditions of 160 mm of soil cover. The maximum flame temperatures were 886.4 °C, 1083.9 °C,
and 1197.1 °C at 60 ms, 140 ms, and 300 ms, respectively. At 460 ms, the maximum temperature reached its peak
of 1336.5 °C. Unlike the 80 mm and 120 mm soil cover thicknesses, the maximum flame temperature for the 160
mm soil cover occurred later, at 460 ms. Furthermore, the maximum flame temperature was higher than the soil
cover of 80 mm and 120 mm. This was because the increased of the soil cover significantly increased the resistance
to the liquefied petroleum gas passing through the soil, thereby delaying the moment when the liquefied petroleum
gas seeped out in large quantities and formed an optimal mixture, and also increasing the heat release rate [38,39].
The maximum flame temperatures were 1293.9 °C, 1112.4 °C, 1040.1 °C, and 1054.9 °C at 540 ms, 730 ms, 960 ms,
and 1600 ms, respectively. The maximum flame temperature rose slightly at 1600 ms, possibly due to the
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secondary combustion of unburned gas following flame fragmentation; however, the overall decay trend remained
unchanged. At 1980 ms, the maximum flame temperature decreased to 684.4 °C.

80 ms 120 ms

400 ms 660 ms

H 4

1080 ms 1420 ms 1700 ms

= )
400 °C 900 °C 1400 °C

Figure 7. Flame temperature distribution under the 120 mm soil cover.
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460 ms 540 ms 730 ms
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Figure 8. Flame temperature distribution under the 160 mm soil cover.
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Figure 9 shows the evolution of the flame temperature field during liquefied petroleum gas leak and explosion
under condition of 200 mm of soil cover. At 60 ms after ignition, the maximum flame temperature was 908.6 °C,
which was higher than that observed for other soil cover. This indicated that under a 200 mm soil cover, the degree
of premixing of the liquefied petroleum gas in the soil was optimal, and the permeating mixture exhibited the
highest reactivity. Maximum flame temperature reached maximum value of 1406.5 °C at 400 ms, this occurred 60 ms
earlier than the soil cover was 160 mm. When the soil cover was 200 mm, the maximum flame temperature was
122.5 °C, 100.0 °C, and 70.0 °C higher than when the soil cover were 80 mm, 160 mm, and 200 mm, respectively.
This was because the gas had the longest propagation path and the most thorough premixing time when the soil
cover was 200 mm, resulting in optimal uniformity and concentration of the combustible mixture [40]. In addition,
a greater thickness of soil cover resulted in a significant increase of pressure on the leak point, causing the gas to
leak at a faster rate. The maximum flame temperatures decreased to 1388.86 °C, 1245.6 °C, 1198.2 °C, 1099.4 °C,
and 659.7 °C at 600 ms, 890 ms, 1100 ms, 1520 ms, and 2170 ms, representing decreases of 1.3%, 11.4%, 14.8%,
21.8% and 53.1% compared to the peak flame temperature.

60 ms 180 ms 300 ms

-

420 ms 600 ms

2w

1100 ms 1520 ms 2170 ms

400 °C 900 °C 1400 °C

Figure 9. Flame temperature distribution under the 200 mm soil cover.

4. Conclusions

This study experimentally investigated the propagation patterns of combustion and explosion flames and the
evolution of temperature fields following underground liquefied petroleum gas leaks by varying the thickness of
the soil cover (80 mm, 120 mm, 160 mm, and 200 mm). The main conclusions are as follows:

(1) Regardless of the thickness of the soil cover, flames always go through an initial ignition stage, a rapid
expansion stage, a full combustion stage, and a decay and extinction stage. When the soil cover was 80 mm,
aneck-down fracture occurred in the middle of the flame column due to Rayleigh-Taylor instability, resulting
in the separation of the upper and lower sections. When the soil cover was 120 mm or thicker, the gas release
rate remained relatively stable, and the flame column remained continuous without any interruptions. With
the soil cover increased from 80 mm to 160 mm, the maximum flame height gradually increased. However,
the maximum flame height at a soil cover of 200 mm was only marginally different from 160 mm.

(2) With the increase in the soil cover depth, the maximum flame temperature gradually increased. The maximum
flame temperature increased from 1284.0 °C to 1406.5 °C with the soil cover depth increasing from 80 mm
to 200 mm. Through comparative analysis of the late-stage flame temperature decay process, it can be
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observed that as the soil cover depth increased, the temperature decay gradually slowed down and the
combustion duration became longer.
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