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ABSTRACT

Gas explosions are a frequent hazard in underground confined spaces in the process of urban devel-
opment. Liquid sedimentary layers, commonly present in these environments, have not been sufficiently
studied in terms of their impact on explosion dynamics. This study aims to investigate how gas-liquid
two-phase environments in confined underground spaces affect the explosion characteristics of natu-
ral gas. To achieve this, experiments are conducted to examine the propagation of natural gas explosions
in water and diesel layers, focusing on the influence of liquid properties and the liquid fullness degree
(Lx) on explosion behavior. The results indicate that the presence of a liquid layer after the initial ignition
stage significantly attenuates both the peak overpressure and the rise speed of pressure, in comparison to
the natural gas conditions. During the subsequent explosive reaction, the evaporation and combustion of
the diesel surface resulted in a distinct double-peak pressure rise profile in the diesel layer, with the
second peak notably exceeding the first peak. Under conditions with a liquid sedimentary layer, the
flame propagation velocities range from 6.53 to 34.1 m/s, while the overpressure peaks vary between
0.157 and 0.255 MPa. The explosion duration in both the water and diesel layer environments is
approximately twice as long as that of the natural gas explosion, although the underlying mechanisms
differ. In the diesel layer, the prolonged explosion time is attributed to the evaporation and combustion
of the diesel, while in the water layer, the flame propagation velocity is significantly reduced. Under the
experimental conditions, the maximum explosion energy reached 7.15 x 108 ], corresponding to a TNT
equivalent of 1.7. The peak overpressure surpassed the threshold for human fatality as defined by
overpressure standards, posing a potential risk of damage to large steel-frame structures. The explosion
shockwave in diesel layer conditions (Lq = 0%, 5%, 7.5%, 12.5%) and water layer (L,y = 12.5%) conditions is
observed to be sufficient to damage earthquake-resistant reinforced concrete. This study investigates the
impact of sediment layer thickness and composition on gas explosions, and evaluates the associated
explosion energy to assess human injuries and structural damage in underground environments. The
findings of this study provide a scientific reference for urban underground safety.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

layer of combustible gases within the underground space (Chen
et al,, 2016; Li et al, 2021; Zhao et al., 2024). Explosions caused

As shown in Fig. 1, during urban development, long-distance oil
and gas pipelines, various municipal networks, and schools, resi-
dential areas, and major transportation routes are intertwined. In
the event of corrosion or construction damage, leaking oil and gas
can directly enter underground spaces, forming a complex envi-
ronment with a lower layer of liquid accumulation and an upper
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by ignition sources are common in such environments, leading to
severe casualties, property damage, and environmental contami-
nation (Lee et al., 2021; Li et al., 2023; Xu et al., 2020; Zhang et al.,
2023). Therefore, studying the impact mechanisms of liquid accu-
mulation on gas explosions is of practical significance for enhancing
urban underground safety.

Currently, both domestic and international scholars have con-
ducted extensive research on gas explosions in confined spaces (He
et al., 2022; Lu et al., 2024; Zhou et al., 2023), focusing on the
properties of gas ignition sources, explosion process dynamics
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Fig. 1. Schematic diagram of the accident.

(Shen et al,, 2022), flame acceleration mechanisms (Xiao et al.,
2010), and the impact of obstacle distribution within the space on
the explosion process (Yang et al., 2024c). Pang et al. (2025) and
Yang et al. (2024a, 2024b) investigated the effect of gas concen-
tration distribution on explosion characteristics, revealing that
variations in gas mixture concentration significantly influence ex-
plosion overpressure and flame velocity. Yu et al. (2024) carried out
an experimental study on methane-air mixtures using a closed pipe
to investigate the effect of methane concentration on explosion
characteristics. Guo et al. (2024) performed premixed gas/air ex-
plosion experiments in parallel narrow channels, analyzing flame
propagation, explosion overpressure, and temperature in confined
spaces. Qi et al. (2024) conducted hydrogen-rich natural gas ex-
plosion experiments in a closed pipeline, analyzed the effect of
hydrogen content on natural gas flame propagation, flame stability
and explosion intensity, and revealed the premixed flame structure
and combustion mechanism of hydrogen-natural gas mixtures.
Additionally, numerous studies have examined gas explosions in
confined spaces under conditions involving liquid phases. Notably,
Zhao et al. (2001) investigated the attenuation of explosive waves
in the presence of water through numerical simulations, analyzing
the effects of liquid media on gas explosion limits, flame propa-
gation, overpressure characteristics, and energy conversion. Feng
et al. (2024) explored the diffusion and mixing characteristics of
kerosene affected by evaporation under shock wave conditions,
focusing on the influence patterns and enhancement mechanisms
of shock waves on kerosene diffusion and mixing capabilities.
Sugiyama et al. (2016) used numerical simulations to model ex-
plosions in water-saturated L-shaped tunnels, investigating the
attenuation effect of internal energy transfer at the water-air
interface on shock waves. Their results demonstrated a significant
reduction in peak overpressure in water-saturated environments.
Nowak et al. (2023) conducted small-scale underwater explosion
experiments in a shallow water tank, obtaining pressure propaga-
tion processes in aqueous media and analyzing the behavior of
shock waves reflected from the tank bottom, surface, and vertical
walls. Wang et al. (2021) investigated the explosion characteristics
of methane under multi-phase conditions, discovering that in a
slender pipe with a volume of 76 L, the flammability limits of the
gas exhibit a volumetric effect, with pure methane's flammability
limit ranging from 9% to 17%. Zhang et al. (2020) performed nu-
merical simulations of methane explosions ignited by electrical
sparks in a pipeline with a water environment, analyzing flame
propagation patterns under both wet and dry conditions. Lv et al.
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(2021) used a custom-designed explosion test pipeline to conduct
comparative experiments under varying water fullness degrees and
methane concentrations, exploring the dual effects of water storage
on methane deflagration pressure suppression and enhancement.
They found that water storage could reduce the methane defla-
gration temperature, prolong the time to reach the deflagration
peak temperature, alter the shape of the methane deflagration
flame front, and reduce the flame propagation velocity.

Recent studies on gas explosions involving liquid layers have
primarily concentrated on the impact of water layers on explosion
process. However, limited research has been conducted on the ef-
fects of continuous liquid phases such as oil layers, on the propa-
gation characteristics of natural gas explosions. Most studies have
been restricted to water layers, with a lack of research on oil layer
accident scenes, and the mass and heat transfer characteristics
between gas explosions and liquid phases remain unexplored.
Therefore, this study has developed a gas explosion pipeline
experimental system that can accommodate different liquids. Uti-
lizing a range of monitoring techniques including optical, pressure,
and electrical methods, the research varies the volume and type of
liquid to investigate the effects of liquid phase properties and liquid
fullness degree on the flame propagation and pressure character-
istics of natural gas explosions. The findings are expected to provide
a theoretical basis for improving urban underground safety levels.

2. Experimental methodology

A gas explosion pipeline experimental system capable of ac-
commodating liquids is constructed. The main components of the
experimental platform include a pipeline system, a gas supply
system, an ignition system, a multi-channel data acquisition sys-
tem, a synchronized trigger system, and a liquid injection and a
waste liquid collection system. The experiments are conducted in a
metal pipeline with a certain compressive strength, with a length-
to-diameter ratio of 27.5. Sensors are placed at different positions
along the pipeline to measure the relevant optical, electrical, and
pressure data when the explosion propagates to those locations.

The study simulated accident scenes involving the leakage of
natural gas and oil into adjacent confined underground spaces,
such as sewage pipes. The experimental pipeline is 3000 mm in
total length, consisting of three 1000 mm-long segments connected
in series by flange seals. The central segment contains symmetri-
cally arranged observation windows constructed from 20 mm thick
hard quartz glass, each measuring 366 mm by 80 mm, as shown in
Fig. 2. The pipeline has an inner diameter of 109 mm, and an outer
diameter of 133 mm, with a pressure tolerance exceeding 6 MPa to
ensure safety during experiments. One end of the pipeline is con-
nected to the gas supply system and liquid injection system, while
the other end is connected to the ignition system and waste liquid
collection system. The ignition system is an oscillatory electrical
spark discharge apparatus (model KTGD-B) manufactured by
Shaanxi Kehui Thermal Technology Co., Ltd. This device features a
spark needle diameter of 2 mm, a discharge gap of 1 mm, an
ignition duration of 300 ms, a control voltage of 150 V, and an
effective ignition energy of 2 J.

The gas supply system serves three primary functions: evacu-
ating the pipeline, preparing the mixed gas, and removing exhaust
gases. The gas distribution unit is connected to high-pressure
natural gas cylinders, ambient air, a vacuum pump, and fume
hoods. The natural gas is prepared according to the national urban
gas network specifications, with a composition of methane
(93.221%), ethane (4.175%), propane (1.629%), n-butane (0.42%),
isobutane (0.394%), pentane (0.024%), and nitrogen (0.137%).The
circulation system consists of sealed rubber hoses (inner diameter
8 mm) that are connected to both ends of the pipeline, with an
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Fig. 2. Schematic diagram of the experimental system.

explosion-proof circulation fan placed in the middle, which is
designed to accelerate the uniform mixing of multi-component
gases within the pipeline. The multi-channel data acquisition sys-
tem includes a piezoresistive pressure sensor (Baoji Zhixing Sensor
Co., Ltd., model ZXP611, range 0—1 MPa, accuracy 0.25% FS), a high-
precision fire detector (Hamamatsu Photonics, model R2868,
response time 1 pus), and a DHDAS dynamic signal acquisition and
analysis device (Jiangsu Donghua Testing Technology Co., Ltd.,
model DH8301, sampling frequency 1 MHz). The synchronization
control system uses an NH-1315 digital pulse delay blaster
(Chengdu Nanhui Technology Co., Ltd., pulse width time 1-3000
ms) to precisely control the start and stop times of each subsystem.
The installation coordinates of the pressure sensors (P1—P4) and
fire detectors (F1—F8) are listed in Table 1.

The liquid injection system manages the addition of the liquid
medium, whereas the waste liquid collection system handles its
discharge. The liquid injection system is equipped with a fine tube
connected above the midpoint of the pipeline, while the waste
liquid collection system features a collection vessel located below
the end of the pipeline. During the experiment, the required vol-
ume of liquid is calculated based on the designed liquid fullness
degree for each working condition and is injected into the pipeline
via the fine tube. Waste liquid generated during the experiment is
collected and processed by laboratory waste management
personnel to prevent environmental pollution.

Table 1
Sensor installation position coordinates.

The liquid fullness degree (Ly), defined as the ratio of liquid
volume to pipeline volume, is denoted as Lq for diesel and L., for
water, as illustrated in Fig. 3. In this study, Ly was precisely
controlled by calculating the required liquid volume based on the
pipe's dimensions. A calibrated syringe was employed to ensure
accurate injection and minimize measurement errors.

Vp:loxTCXTZ (1)

Vi =y x a><r2—r><(r—h)xsina] (2)
_VX

fovfp (3)

where Vy represents the liquid volume in cm?, V) represents the
pipeline volume in cm?, and [y is the length of the experimental
pipeline, 3000 mm.

This paper investigates the explosion characteristics of natural
gas in different liquid deposit layers. The natural gas condition is
defined as the scene where the experimental pipeline contains only
a natural gas-air mixture with an equivalence ratio of 1.0 and Ly is
0%. The other 10 scenes involve injecting two types of liquid
component (water L,y and diesel Lq) at five different liquid fullness
degree (5%—15%) into the pipeline along with the combustible gas,

Sensors Coordinates, mm Detectors Coordinates, mm Detectors Coordinates, mm
P1 500 F1 500 F5 1834

P2 1167 F2 833.5 F6 2167.5

P3 1834 F3 1167 F7 2501

P4 2501 F4 1500.5 F8 2834.5
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Fig. 3. Schematic diagram of liquid fullness degree.

in accordance with Dalton's law of partial pressures. The experi-
mental conditions are detailed in Table 2. To ensure the validity and
repeatability of the results, each experimental condition was
repeated three times, and the average value is used for analysis. All
instruments were calibrated, and environmental factors such as
temperature and pressure were controlled to minimize their
impact. Additionally, potential operational errors were minimized
to ensure data consistency and accuracy.

3. Results and discussion

3.1. The effect of different liquid environments on the propagation
pattern of natural gas explosions

3.1.1. Natural gas explosion propagation mechanisms in a natural
gas environment

In the natural gas explosion experiment, the typical monitoring
curves from four pressure sensors uniformly distributed along the
pipeline are shown in Fig. 4. The overpressure curves at all four
points exhibit similar trends and peak values, reflecting the uni-
formity of pressure changes along the pipeline. This consistency
can be attributed to the slow progression of the natural gas-air
mixture explosion under weak ignition conditions, which results
in a relatively slow flame propagation velocity. The gas expansion
and pressurization caused by heat conduction at the flame front
generate compression waves propagating in both forward and
backward directions. The propagation velocity of these compres-
sion waves is equal to the local sound velocity, which is significantly
higher than the flame propagation velocity. Therefore, the overall
pressure within the pipeline remains relatively uniform at any
given time. A typical pressure wave curve exhibits a double-peak
characteristic, with two distinct rising segments in the rate of
pressure rise curve. The reason for this phenomenon is that after
the natural gas-air mixture is ignited, the forward-propagating
compression wave causes the combustion products to move for-
ward, compressing the unburnt gas downstream. The flame's initial
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Fig. 4. Typical gas explosion overpressure wave curve characteristics.

forward-propagating heat release generates the first overpressure
peak. Simultaneously, a significant amount of unreacted gas accu-
mulates at the pipeline's end, where it oscillates with the reflected
pressure wave. This unburned gas eventually undergoes complete
combustion, leading to a pressure sub-peak and the formation of a
second overpressure peak.

In the natural gas explosion experiment, a typical monitoring
curves from eight sensitive fire detectors, uniformly distributed
along the pipeline, are presented in Fig. 5. The flame take-off time
of the response curve indicates the moment when the flame rea-
ches the monitoring point, while the relative light intensity reflects
the strength of the flame. It is evident that within the 0—1500 mm
length range, the flame duration gradually decreases while the
flame intensity increases. This suggests that the explosive reaction
zone (ERZ) at the flame front narrows progressively, leading to a
more concentrated energy release and an intensified flame. Beyond
a distance of 1500 mm, the flame duration increases due to the
oscillatory behavior of reflected pressure waves. In the
1500—3000 mm range, the flame front alternates between
stretching and compressing, prolonging the explosion response
time in this region.

Furthermore, by connecting the flame take-off times of each
monitoring point, the propagation trajectory and velocity of the
flame front can be determined, with specific values and patterns
analyzed in subsequent sections. Analysis of the pressure waveform
and flame intensity curves reveals that the pressure wave consists
of rising and falling segments, with the effective explosive response
sustained only between 0.09 and 0.63 s, encompassing the entire

Table 2

Experimental conditions.
No. Liquid components Liquid fullness degree Ly, % Scene
1 - Natural gas
2 Water 5.0 Natural gas-water layer
3 Water 7.5 Natural gas-water layer
4 Water 10.0 Natural gas-water layer
5 Water 12.5 Natural gas-water layer
6 Water 15.0 Natural gas-water layer
7 Diesel 5.0 Natural gas-diesel layer
8 Diesel 7.5 Natural gas-diesel layer
9 Diesel 10.0 Natural gas-diesel layer
10 Diesel 12.5 Natural gas-diesel layer
11 Diesel 15.0 Natural gas-diesel layer
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Fig. 5. Typical explosion flame propagation and reaction zone characteristics.

rising segment and part of the falling segment. Previous studies
have generally regarded the peak of the pressure wave as indicative
of the end of the explosive reaction, followed by a heat dissipation
pressure relief phase. However, this study demonstrates that to-
wards the end of the explosive reaction, the heat release rate is
lower than the heat dissipation rate of the pipeline, resulting in a
macroscopic pressure decrease while the explosive reaction has not
yet completely ceased.

3.1.2. Natural gas explosion propagation mechanisms in a diesel
layer environment

The pressure propagation characteristic curves from the natural
gas-diesel layer explosion experiment are presented in Fig. 6. The
pressure curves at the monitoring points indicate that the explo-
sion overpressure curve, following the injection of diesel into the
lower section of the pipeline, exhibits a bimodal characteristic
analogous to that observed in natural gas explosion experiments.
However, in contrast to the natural gas experiments, the peak
overpressure in this set of experiments is significantly lower.
Additionally, the second peak in the rate of pressure rise curve is
significantly higher than the first peak. This phenomenon is
attributed to the presence of diesel, which impedes both the for-
ward propagation of the flame and the transmission of pressure
waves during the initial ignition stage phase. Subsequently, the
heat released by the propagating flame ignites the surface of the
diesel layer, and the combustion of the diesel releases additional
thermal energy. This energy promotes the oscillation of the pres-
sure waves and sustains the reaction, resulting in a significant in-
crease in the rate of pressure rise.

The flame propagation curves from the natural gas-diesel layer
explosion experiments are shown in Fig. 7. Within the 0—1834 mm
range, the flame duration decreases progressively while its in-
creases. Beyond the 1834 mm, due to the oscillatory behavior of the
reflected pressure waves, the flame duration increases. In the
1834—-3000 mm range, the flame front alternates between

0.3 1 F3

mPaf

2 4 F1

¢ Eo

0.1 4 :-;

N5 : ; : : F gl

g . apP3fy

0.2 1 r1
= r 0 ©
. | F-1 o
g ot r2 S
2 o3 ! . . . 3 =
0.3 4 F S
Qo oP2| 2
g oz } o te B

> | E -1

o 0.1 F 2

F-3

F3

F2

1

o

E -1

F -2

WM“""’W~—»«»«,_A Attt -

0-« T T T T 3

0 1 2 3 4 5

Times, s

Fig. 6. Characteristics of gas explosion overpressure wave curve in diesel layer
environment.

stretching and compressing, prolonging the explosive reaction in
this region. With the addition of diesel, the space available for gas in
the pipeline narrows, reducing the time required for the fireball to
diffuse, which results in an earlier flame arrival time. The explosive
reaction is sustained within the 0.047—1.13 s time range, repre-
senting a 100.56% increase in the explosion duration. This is
because the combustion of diesel releases more energy, extending
the flame's duration.

In this experiment, it is observed that the flame in the pipe
continued to oscillate after its initial passage through the obser-
vation window. The oscillating flame appeared as a bright golden
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color, stronger than the initial red flame that first passed through
the observation window. The explosion sound is sharp and crisp.
This phenomenon occurred because the flame propagation
increased the pressure and temperature inside the pipeline,
igniting the liquid surface and releasing a large amount of heat
energy.

3.1.3. Natural gas explosion propagation mechanisms in aquifer
environments

In the natural gas-water layer explosion experiments, the
overpressure peak values are significantly reduced, and no distinct
peaks are observed in the rate of pressure rise curve, as shown in
Fig. 8. This is because the water layer absorbs heat, affecting the
flame propagation process. Additionally, the water impedes the
oscillation of the pressure waves, resulting in a generally flatter rate
of pressure rise curve.

The typical monitoring curves from eight sensitive fire de-
tectors, uniformly distributed along the pipeline in the natural gas-
water layer explosion experiment, are presented in Fig. 9. The flame
take-off time in the natural gas-water layer explosion experiment
occurs earlier, and the explosive reaction is sustained within the
range of 0.058—1.193 s, increasing the effective explosion duration
by 110.19%. In this experiment, a faint, nearly transparent flame is
observed slowly passing the observation window, and the phe-
nomenon is extremely weak, accompanied by a subdued explosion
sound.

It can be seen from the comparison of the pressure characteristic
diagrams of the experimental results of the two sedimentary layers,
both the water and diesel layers contribute to a reduction in the
peak overpressure, though through different mechanisms. The
water layer absorbs heat, dampening the pressure wave and
reducing its intensity, while the diesel layer, through slower
evaporation and combustion, releases energy more gradually,
leading to a similar damping effect on the pressure wave. Thus, both
layers play a role in lowering the peak overpressure.

In this experiment, the overall trend in flame brightness is
observed to follow the order: natural gas-diesel layer > natural
gas > natural gas-water layer. During the natural gas explosion
experiment, as the explosion progressed, the time intervals be-
tween the flame's arrival at successive monitoring points increased,
and the flame propagation velocity gradually decreased as it
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approached the end of the pipeline. After diesel was injected, the
flame propagation velocity near the end of the pipeline increased.
This occurred because the flame ignited the diesel during propa-
gation, and the energy released from diesel combustion accelerated
the flame's spread in the later sections of the pipeline. However, in
the water-injected scene, the time intervals between flame arrivals
at the monitoring points near the end of the pipeline became even
larger, and the flame propagation velocity decreased more signifi-
cantly compared to the natural gas explosion. This is due to water's
higher specific heat capacity and surface tension (as shown in
Table 3), which allow it to absorb heat from the flame and impede
its spread. In both the water- and diesel-injected scenes, the ex-
plosion duration is significantly extended. This study attributes the
prolonged duration in the water layer scene to the reduced flame
propagation velocity toward the end of the pipeline, while in the
diesel layer scene, the extended duration is attributed to the
additional fuel provided by the diesel. Although the outcomes are
similar, the underlying mechanisms differ.

3.2. Influence of liquid fullness degree on the propagation law of
natural gas explosion

3.2.1. Mechanisms of diesel layer fullness degree on natural gas
explosions

The comparison of explosion overpressure curves under
different Ly conditions in the natural gas-diesel layer explosion
experiments is shown in Fig. 10. From this data, the peak

Table 3
Specific heat capacity and surface tension of water/diesel at standard conditions.

Liquid Specific heat capacity, J/kg-°C Surface tension, mN/m
Water 4180 72.099
Diesel 2100 26.800
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Fig. 11. Peak overpressure and maximum rate of pressure rise curves for explosions at
different diesel fullness degree (Lg).

overpressure Ppax and the maximum rate of pressure rise [dP/
dt]max can be extracted, as illustrated in Fig. 11. It can be observed
that as Lg increases, Pmax and [dP/dt]max initially decrease, then
increase, and subsequently decrease again. Furthermore, the Pyax
and [dP/dt]max values in the diesel layer environment are lower
than the peak overpressure of 0.3 MPa and the maximum rate of
pressure rise of 5.3 MPa/s observed in the natural gas explosion
experiment. This indicates that the liquid in the pipeline attenuates
the oscillations of pressure waves. In the diesel environment, Ppax
reaches a maximum value of approximately 0.255 MPa at a fullness
degree of 5%, while [dP/dt]max peaks at around 4.25 MPa/s at a
fullness degree of 12.5%. Notably, Py« decreases by 23.5% when the
fullness degree increases from 5% to 10%, then increases by 19%
when it rises from 10% to 12.5%, and finally decreases by 21% when
the fullness degree increases from 12.5% to 15%.

The comparison of flame front propagation velocities (Sq) in the
natural gas-diesel layer explosion experiments along the pipeline is
shown in Fig. 12. The flame propagation velocity curves exhibit a
double-peak pattern under these conditions, which can be divided
into four distinct regions. The first region, the acceleration zone (I),
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Fig. 12. Flame propagation velocity (Sq) for explosions at different diesel fullness de-
gree (Lq).

corresponds to the ignition of the natural gas-air mixture, where
heat release accelerates the flame and drives the forward-
propagating pressure wave. The velocity of this wave approaches
the local sound speed (approximately 340 m/s), significantly
exceeding the flame velocity at this stage (less than 50 m/s). As a
result, the pressure wave reflects off the closed section at the tail,
while the flame front continues to propagate, leading to the
deceleration zone (II). In this zone, the flame decelerates, and the
pressure wave propagates in reverse until it reflects off the ignition
surface, eventually catching up with and stretching the flame front,
creating a secondary acceleration zone (III). Subsequently, the
pressure wave gradually attenuates, but its compressive effect in-
creases the pressure and concentration of unburned gas ahead of
the flame front, causing the flame velocity (Sq) to decrease until it
reaches the end of the pipeline. As the liquid fullness degree (Lq)
increased from 5% to 10%, the peak flame propagation velocity (Sq,
max) increased from 18.17 m/s to 34.1 m/s. However, when Lq4 further
increased to 15%, Sa, max decreased to 12.94 m/s, with the final flame
propagation velocity under these conditions reaching 12.94 m/s.
Under the current experimental conditions, the peak flame prop-
agation velocity varies with different diesel deposition layer con-
ditions, reaching a maximum of 34.1 m/s at L4 = 10% and a
minimum of 11.24 m/s at Lq = 12.5%.

3.2.2. Mechanisms of water layer fullness degree on natural gas
explosions

In the natural gas-water layer explosion experiments, a com-
parison of the explosion overpressure (Pn.x) curves for different Ly
values is shown in Fig. 13. The peak overpressure and the maximum
rate of pressure rise ([dP/dt]max) extracted from these curves are
compared in Fig. 14. Both Ppax and [dP/dt]max in the natural gas-
water layer experiments are lower than in the natural gas experi-
ment. Ppax reaches a maximum of approximately 0.238 MPa at a
12.5% liquid fullness degree. Across different liquid fullness de-
grees, [dP/dt]max remains close to 2.1 MPa/s. Increasing the fullness
from 5% to 10% results in a 21.9% decrease in Ppax. From 10% to
12.5%, Pmax increases by 51.6%, and from 12.5% to 15%, it decreases
by 29.8%.

The comparison of the flame front propagation velocity (Sy)
during natural gas-water layer explosion experiments along the
pipeline is presented in Fig. 15. The velocity curve demonstrates a
bimodal pattern. Additionally, the presence of water in the lower
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Fig. 13. Explosive pressure characteristic curves for different water layer fullness de-
gree (Ly).

section of the pipeline impedes flame propagation, leading to a
reduced flame velocity in the acceleration zone I compared to the
natural gas-only experiments. In secondary acceleration zone III,
the flame velocity gradually increases. Subsequently, the pressure
wave attenuates, but its compression effect increases both pressure
and the concentration of unburned gas at the flame front. The flame
velocity (Sw) then decreases as it propagates toward the end of the
pipeline. Notably, as the water layer fullness (L,y) increases from 5%
to 10%, the maximum flame velocity (Sw, max) decreases from 13.42
to 12.73 m/s. The addition of the water layer significantly reduces
the flame velocity relative to the natural gas explosion
experiments.

As shown in Fig. 15, the experimental error in this group is larger
compared to other liquid layer experiments. This variability is likely
due to experimental factors, particularly residual water vapor from
previous explosions, which increased humidity and potentially
slowed flame propagation. Despite extending the time interval
between experiments to facilitate the evaporation of moisture, the
residual water vapor may still have contributed to fluctuations in
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Fig. 14. Peak overpressure and maximum rate of pressure rise curves for explosions
with different layer fullness degree (Lyy).
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the results. While the increased error introduces some volatility,
the overall trend (i.e., the slowing effect of the water layer on the
flame propagation velocity) remains evident.

As Ly increases from 5% to 15%, the peak overpressure change
curves for the natural gas-diesel layer and natural gas-water layer
environments exhibit a similar trend. Specifically, when Ly in-
creases from 0% to 10%, the explosive reaction is primarily inhibited
by the liquid environment, leading to a gradual reduction in peak
overpressure. When Ly reaches 12.5%, the liquid environment re-
stricts the reaction space within the pipeline. Consequently, the
length-to-diameter ratio of the pipeline increases from 27.5 to 34.8,
resulting in greater inhibition of flame propagation velocity and
pressure wave transfer. This enhances the intensity of the explosive
reaction, causing an increase in both peak pressure and velocity
peaks. However, as Ly reaches 15%, the overall gas volume in the
pipeline decreases while the liquid surface area increases, leading
to an intensified inhibitory effect and a subsequent decrease in both
peak pressure and flame propagation velocity peak.

In Fig. 16, the flame propagation velocity and flame images are
compared for a change in Ly from 0% to 15%. In the initial stage,
where L,y increases from 0% to 10%, the flame propagation velocity
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Fig. 16. Peak velocity of explosion flame propagation in different liquid environments.
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Fig. 17. Flame behavior under varying liquid deposition conditions.

(Sw) under water layer conditions decreases to 6.53 m/s, which is
only 33.23% of the maximum velocity (Smax) of 19.65 m/s observed
in the natural gas condition. As Ly, increases to 12.5%, S,y rises to
13.75 my/s, though it remains below the maximum natural gas
condition. In contrast, the flame propagation velocity (Sq) in the
diesel layer shows a trend of first increasing and then decreasing
with increasing Lq. Specifically, as Lq increases from 0% to 10%, the
maximum flame propagation velocity in the diesel layer rises by
approximately 73.5%, reaching 34.1 m/s. However, from Lg = 10%—
15%, this maximum velocity decreases by 63.1%, resulting in com-
parable values for the diesel and water layers at their respective
maximum velocities (Smax)-

As shown in Fig. 17, the flame front of a natural gas-air mixture
with an equivalence ratio of 1.0 is blue-violet (temperature higher
than 1500 °C), followed by a bright orange-red area (temperature
around 1000—1200 °C), indicating that the explosive reaction ex-
tends beyond the flame front, with reactive gases in the product
area continuing to participate in combustion. In the natural gas-
diesel layer condition, the flame front is orange-red (temperature
around 1000—1200 °C), followed by a bright white-gold oscillation
in the flame (temperature around 1300—1400 °C), suggesting that
the combustion of the diesel fuel enhances flame propagation. In
contrast, under natural gas-water layer conditions, only a trans-
parent flame sweeps through the product area, with the remaining

P - 0.342)(1 ~1.494 x 10—3) —3.74935 x 10~

4(
(P— 0.253)(1 ~1.051 x 10—3) = 3.74935 x 104(
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reactive mixture in the product area, indicating that the presence of
water impedes the explosive reaction.

3.3. Explosive shock risk evaluation

3.3.1. Calculation of explosion energy

Using the prediction model (Wang et al., 2021) for blast wave
energy (Ex) in gas pipeline explosions, the blast wave energy of
different liquid fullness degrees in water (E,y) and diesel (E4) layer
environments was calculated and converted to TNT equivalent
values, as shown in Table 4. Under the experimental conditions, the
maximum E is 6.32 x 108 ], equivalent to 1.50 tons of TNT, while
the maximum Egq is 7.15 x 10°J, equivalent to 1.70 tons of TNT. These
values are comparable to the damage caused by a 120 mm tank
shell.

Ex—=1.3x105—-1.3x105e013R ¢ (—7.3 %10646.4x 106e0»17")E
0
2
+ [—4.2 x10°+42.5x 105e0-37R] x (£>
Py
(4)

where R is the distance from the ignition source, m; j‘,—f is the dif-

ferential pressure ratio.

The TNT equivalent of the blast wave energy is calculated by
comparing the measured explosion energy with the energy
released by a known mass of TNT. The formula used is: TNT
equivalent (kg) = (Explosion energy/Energy of 1 kg TNT), where
explosion energy is measured in joules, and the energy of 1 kg TNT
is approximately 4.184 x 10° J.

3.3.2. Determination of damage to underground space from blast
impacts

Based on the explosive overpressure injury criterion in Table 5,
the degree of damage caused by the explosion shock wave in each
accident scene is assessed, as illustrated in Fig. 18. The results
indicate that all experimental conditions of the explosion shock can
cause damage to shockproof reinforced concrete. Notably, the peak
overpressure in the diesel layer at Ly = 0%, 5%, 7.5%, and 12.5%, as
well as in the water layer at Ly, = 12.5%, is sufficient to destroy
large-scale steel frame structures. The degree of explosive impact
damage generally follows the trend: natural gas > natural gas-
diesel layer > natural gas-water layer.

99% lethality threshold)
50% lethality threshold)

(P—0.73) (1 ~0.258 x 10*3) = 3.74935 x 10~4(0% lethality threshold)

Table 4

Blast wave energy hazards.
Ly Ew, x 10%] TNT Eg, x 10%] TNT
0 8.32 1.98 8.31 1.98
0.05 5.04 1.20 715 1.70
0.075 5.01 1.19 5.74 1.37
0.1 401 0.95 4.86 1.16
0.125 6.32 1.50 6.22 1.48
0.15 4.14 0.98 5.81 1.38
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Based on overpressure guidelines for the fatality threshold and
the Bowen overpressure-impulse injury threshold, the degree of
injury caused by the experimental conditions was assessed. The
results show that the peak overpressure in these experiments
exceeded the fatality threshold for personnel. According to the
Bowen Curve, when the diesel layer fullness degree (Lq) is greater
than 5% and for all levels of water layer fullness (L), the shock
effects from natural gas-air combustion result in a lethality rate
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Table 5
Explosive overpressure injury criterion (Wang et al., 2019).

Petroleum Science 22 (2025) 2619—-2629

Overpressure, MPa Degree of building damage

Overpressure, MPa Degree of bodily harm

0.006-0.015 Most of the glass on the pressure surface is broken 0.02—-0.03 Minor damage
0.04—0.05 Large cracks in walls, falling roof tiles 0.03—-0.05 Moderate impairment
0.07-0.1 Brick wall collapses 0.05—-0.1 Serious injury
0.1-0.2 Anti-seismic reinforced concrete damage >0.1 Death or fatal injury
0.2—0.3 Destruction of large steel frame structures
1.0%107 impulse recorded under the experimental conditions is 0.43 MPa-s,
0.30 - 9 E, A Water Prax occurring when the diesel fuel fullness is 15%.
Q- E, Diesel oil Prax
§ =13 Gas Prax ——"
r 8.0x .
4. Conclusions
0.25 §
4
& Destruction of large ] . — This study constructs a liquid-fillable horizontal natural gas
£ o Stool frama/stiuctres B ? ? = explosion pipeline experimental system to investigate the propa-
2 % 2 ° uf gation characteristics of natural gas explosions with liquid fullness
o o5 2 % | sox0 (Lx) ranging from 5% to 15%. The effects of Ly on explosion behavior
] in diesel and water layers are compared, and both blast energy and
Anti-seismic reinforced TNT equivalent are calculated. The main conclusions are as follows.
concrete damage  2.0x108
0.10
(1) The peak explosion overpressure and pressure rise rate are
significantly lower with the liquid layer compared to natural
005 6 G628 6080 G678 G400 DA%  GiEd 0 gas alone. In the diesel environment, Pp,ax is approximately
0.255 MPa at a 5% fullness degree. As the liquid fullness de-
LX

Fig. 18. Determination of damage to underground space structures by peak blast
overpressure.
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Fig.19. Hazardousness of the degree of human injury from the impact of a combustion
explosion.

between 0 % and 50%. However, under conditions where the diesel
layer fullness degree (Lg) is less than or equal to 5%, the shock ef-
fects from the explosion result in a personnel lethality rate between
50% and 99%.

It is illustrated in Fig. 19 that when a liquid deposition layer is
present, both the peak overpressure and lethality decrease slightly.
However, the peak overpressure remains higher than the critical
threshold for fatality, and the lethality remains close to the 50%
threshold. Additionally, due to the prolonged duration of the ex-
plosion, the impulse generated under liquid deposition conditions
is higher than that in gas-only scenes. The maximum overpressure
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gree (Lg) increases, the peak overpressure decreases, and the
pressure rise rate increases. However, the heat absorption of
the water layer dampens pressure wave oscillations, result-
ing in a relatively flat pressure rise curve without a distinct
peak.

(2) The explosion duration time increased by approximately 1x
for both the water and diesel fuel layers. When both water
and diesel fuel layers were present, the explosion duration
was approximately doubled compared to the natural gas-
only condition. The mechanisms differ: the evaporation
combustion of the diesel layer prolongs the explosion dura-
tion, while the water layer reduces the flame propagation
velocity. The maximum and minimum flame propagation
velocities under the liquid deposition layer condition were
34.1 and 6.53 m/s, respectively.

(3) In the water layer, the maximum blast wave energy (Ey) is
6.32 x 10° ] with a TNT equivalent of 1.50. In the diesel layer,
the maximum blast wave energy (Eq) is 715 x 10° ] with a
TNT equivalent of 1.70. The peak overpressure at diesel layer
Lq = 0%, 5%, 7.5 %, 12.5% and water layer L, = 12.5% is suffi-
cient to damage large steel frame structures. The peak
overpressure in all experimental conditions exceeded the
critical value for personnel fatalities. Under natural gas and
diesel layer conditions with Lg < 5%, the fatality rate due to
the impact effect of the natural gas-air combustion explosion
ranged from 50% to 99%.

(4) The impulse from explosions with a liquid deposition layer is
higher than that from natural gas-only experiments due to
the longer explosion duration. Under experimental condi-
tions, the maximum overpressure impulse was 0.43 MPa-s
with a diesel fullness degree of 15%.
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