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Abstract: To investigate the combustion characteristics of multiple fire sources in the tunnel caused
by ‘jumping’ discontinuous fire spread, we utilized scaled model experiments, numerical simulation
software, and theoretical research. Our study focused on analyzing the influence of different fire
source powers on the temperature characteristics of double fire sources in the tunnel. We examined
the temperature characteristics, critical wind speed, and change rule under various wind speeds, fire
source spacing, and fire source powers. Additionally, we explored the temperature characteristics,
critical wind speed, and change rule of different fire source powers under varying wind speed
conditions. The mathematical model for roof temperature decay and the temperature decay coeffi-
cients of dual source fires were established through the analysis of scale-down model experiments
and numerical simulations. In comparison to single-source fires, the temperature variations in the
tunnel of dual source fires exhibit a more intricate pattern, with higher average temperature and
temperature peak values. These values are influenced by factors such as fire source spacing and
power. Numerical simulation software was utilized to investigate the impact of fire source spacing
at 10 m, 15 m, and 20 m, as well as the effect of varying fire source power on the temperature
distribution within a tunnel under consistent fire source position and growth coefficient. The study
revealed that, with consistent double fire source position and ventilation conditions in the tunnel, the
upstream fire source exhibited greater power than the downstream fire source, resulting in the lowest
average and peak temperatures in the tunnel. This observation could potentially enhance escape
and rescue operations within the tunnel. Similarly, the lowest average and peak temperatures in the
tunnel were also identified, offering potential benefits for optimizing escape and rescue strategies in
tunnel scenarios.

Keywords: dual fire source; critical wind speed; temperature decay coefficient; fire source spacing;
fire growth coefficient

1. Introductory

Mine fires, as one of the five major mine disasters, have been extensively studied by
scholars worldwide. Approximately 60% of mine fires are exogenous fires, commonly
caused by factors such as tape fires resulting from prolonged friction between the tape
and bottom rollers or the burning of accumulated coal layers. Following a tape fire, the
confined space within the tunnel causes a rapid rise in temperature. The wind flow within
the tunnel can cause the flame to deflect at an angle [1,2]. The heat radiation from the
deflected flame front onto the tape below it may result in ‘jumping’ non-continuous fire
spread, leading to the formation of two or even more fire sources [3,4]. This can result in a
chain of accidents. Compared to a single fire source, the temperature change and smoke
spread of a double fire source are more complex. As a result, the emergency response plan
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for a double fire source will differ from that of a single fire source. Therefore, it is crucial to
investigate the combustion characteristics of double ignition sources in tunnels, analyze the
disaster mechanisms involved, and develop appropriate fire rescue and evacuation plans
for underground scenarios.

Researchers both domestically and internationally have conducted studies on fires
in confined spaces using scaled-down model experiments in conjunction with computer
numerical simulation software. Liu [5] and colleagues investigated the air entrainment
restriction mechanism between fire sources through fire experiments and detailed the out-
comes of air competition between two fire sources. Yu Minggao [6] conducted a numerical
simulation study on the critical wind speed of double fire sources in enclosed spaces. The
research concluded that the critical wind speed of double fire sources is inversely related to
the distance between the sources. Additionally, it was found that the critical wind speed of
double fire sources is higher than that of single fire sources when the total area of the double
fire source is larger. Liu Qiong [7] investigated the double fire source issue in tunnels by
using computer simulation software and previous reduced scale model experiments. The
research focused on the kinetic energy change of smoke microgroups from the upstream
fire source, providing an expression for the critical wind speed of double-fire sources. Cui
Xinyuan [8] studied the double fire source fire through scaled-down model experiments
and FDS numerical simulation software. The research examined the relationship between
fire source surface width and nearby temperature, finding a negative correlation between
the width of the fire source and the temperature nearby. Tsai [9] conducted numerical
simulations to investigate the characteristics of double-fire source fires, determining that
the critical wind speed is influenced by factors such as fire source spacing and location.
Guo Chao [10] conducted full-scale model experiments to analyze the tunnel fire charac-
teristics of double fire sources. By examining parameters such as heat release rate (HRR),
temperature variations, CO concentration changes, and ignition mechanisms of double fire
sources, it was concluded that the downstream temperature decay of twin sources follows
an exponential decay pattern. Xu Haozhen [11] investigated the mass loss flow rate of
dual fire sources during combustion using scaled-down model experiments and numerical
simulation software. The study revealed that the mass loss flow rate of dual fire sources is
comparable to that of a single fire source. Additionally, a negative correlation was observed
between the spacing of fire sources and the mass loss flow rate during the stable phase of
fire combustion. Literature [12-16] and other researchers have developed reduced-scale
models and utilized computer simulation software to investigate the impact of critical
wind speed on a single fire source and the spacing of a double fire source. Their findings
suggest a quadratic decrease in critical wind speed with an increase in fire source spacing,
particularly in cases where the limiting distance is considered. Liu [17] conducted interfer-
ence experiments on two parallel ignition source fire plumes, examining the influencing
factors between the two fire zones. They identified three flame interaction zones and five
interaction states. In a separate study, Haukur Lngason [18] and colleagues investigated
the correlation between various fire conditions and longitudinal ventilation using scaled-
down modeling experiments. They suggested the application of dimensionless correlations
to predict the temperature distribution of the roof downstream of the fire source. Oka
et al. [19] conducted experiments on tunnels to study the effect of fire source location
on critical wind speed. Additionally, scholars [20-24] examined temperature attenuation
for a double fire source, developed a temperature attenuation model, and validated it
using a scaled-down model. Numerous scholars have conducted extensive research on the
combustion mechanism of dual fire sources however, there is a lack of studies focusing on
dual fire sources with varying powers. In comparison to a single fire source, the average
temperature within a tunnel containing dual fire sources is expected to be notably higher,
attributed to the unique characteristics of fire combustion and the specific number and
power of fire sources. Furthermore, the diversity in the location and power of fire sources
plays a significant role in shaping the escape environment for individuals.
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Different firepower scenarios involving dual fire sources can significantly impact the
escape environment for individuals on roadways. Analyzing the parallel combustion
mechanisms of various firepower configurations will enhance our understanding of their
disaster mechanisms. This research will inform the development of emergency escape
plans, providing a theoretical foundation for effectively addressing fires involving multiple
sources in tunnels. Meanwhile, the influence of multi-source fires with different ignition
powers on the temperature distribution of the tunnel was analyzed. By combining previ-
ous research with experiments conducted at a mine in Shanxi, a fire scaling model was
developed. The study utilized Pyrosim numerical simulation software to investigate the
combustion characteristics of double fire sources in tunnels. The research focuses on the
factors and effects of different fire source spacing and different fire source power on the
temperature change of the personnel escape environment under the dual fire source condi-
tion of a parallel combustion mechanism. This study contributes to providing a theoretical
basis for disaster management of double and multiple fire sources in tunnels.

2. Dual-Source Fire Experiment
2.1. Determination of Model Construction Parameters
In order to study the fire characteristics of the dual ignition source, the scaled-down

model of the tunnel was established, and the relevant parameters of the model are shown
in Table 1.

Table 1. Parameters of the lane scaling model.

Model Part Sizes (cm) Material
Bottom and Top 80 x 1000 steel
sidewall 60 x 100 reinforced glass
frame 3.8 x 3.8 Square Steel Pipe
hibachi 20 x 30 x 1.5 aluminum

In the experimental setup, pt-100 thermocouples and gas sensors are positioned.
The gas sensors primarily monitor the concentrations of O, and CO, gases. The first
thermocouple and gas concentration sensor are located 3 m from the top of the tunnel.
Subsequently, additional sensors are placed at 0.5 m intervals towards the end of the tunnel
model. The first ignition source is positioned 4 m from the top of the tunnel, while the
second ignition source is placed 1 m towards the end of the tunnel. This configuration is
illustrated in Figure 1.

Ignition source

o} o} ® 0] [0] (0] o] Q Q Q [0 o]

Thermocouples and Gas Sensors

Data processor

Figure 1. Reduced Scale Model Drawing.

The model is shown in Figure 2.

The material of the ignition source was chosen to be ethanol, with the chemical formula
C,yHgO. Since C;HgO is a common fuel used in pool fire experiments and its combustion
properties are generally more favorable, the results from these experiments are studied and
analyzed with a high degree of objectivity. Therefore, C;HgO has been selected as the fire
fuel for the model. In addition its material properties are shown in Table 2.
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Figure 2. Model drawing of tunnel scaling.

Table 2. Combustible properties.

Characteristic Parameters
density/(kg/m3) 800
flash point/°C 12
combustion heat/(KJ/kg) 29,710
boiling/°C 784
latent heat of evaporation/(KJ/kg) 845.2

The fire experiments were conducted for a total of 600 s, analyzing the changes in O,
and CO, concentrations to determine the peak time of heat release rate. The materials and
quality of the combustible materials used were consistent, and since the two fire sources
are parallel combustion mechanisms, the changes in the concentration of each gas were

plotted as shown in Figure 3. The y-axis of the graph shows the percentage of gases in the
regional air.
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Figure 3. Plot of CO; and O, concentration.

The figure illustrates that around 40 s, the CO; concentration peaks for the first time
while the O, concentration reaches its lowest point, signaling the fire has entered the stable
combustion stage. This is accompanied by the maximum rate of heat release. The flame
height under standard conditions is determined by observing and measuring the flame
height at 40 s. The calculation of heat release rate is shown in Equation (1).

L = —1.02D + 0.235Q%/° (1)

where L is the flame height, m; D is the equivalent diameter of the fire source, m; Q is the
heat release rate of the fire source, kW. Through the calculation, the equivalent diameter of
the fire source is about 0.17 m. The height of the flame front is approximately 0.44 m. From
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the Equation (1) that can be obtained, the heat release rate of a single fire source is about
10.9 kW. The fire source to reach the peak of the heat release rate of the experimental model
is shown in Figure 4.

Figure 4. Modeled peak rate of heat release from a single fire source.

2.2. Numerical Simulation Experimental Modeling

To ensure the accuracy of the numerical simulation, Pyrosim 2022 was utilized to
create a model of equal scale to the experimental scaled-down model. Table 3 displays the
pertinent parameters of the numerical simulation model.

Table 3. Numerical simulation software boundary conditions.

Boundary Condition Setting Parameters
wall TITLE MATERIAL
bottom and top surfaces STEEL
Fire Source Size 20 cm x 20 cm
Type of reaction C,HqO
Fire source power 10.9 kW

After performing the experiment, the temperature at each of its 40 s detection points
was compared, and its comparison graph is shown in Figure 5.
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Figure 5. Temperature comparison between simulation and experiment at 40 s.
The temperature peaks above the two fire sources at 40 s, with a lower temperature

observed in the middle section between the sources. A comparison between experimental
and numerical simulation temperatures shows a slight discrepancy, attributed to heat
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exchange differences between the experimental model and the numerical simulation. The
experimental model features heat exchange with the environment, while the numerical
simulation assumes adiabatic walls. Despite the lower experimental temperatures, the tem-
perature distribution remains consistent. The maximum error observed is approximately
2.7%, indicating high accuracy in the numerical simulation results.

3. Analysis of Experimental Results
3.1. Research on the Change Rule of Temperature Change of Double Fire Source

When the fire plume impacts the roof, it generates a jet along the roof and simulta-
neously releases high-temperature smoke into the surrounding area. The temperature
distribution of the fire smoke within the tunnel significantly influences the diffusion and
settling of the smoke. Therefore, studying the temperature distribution on the roof is crucial
for understanding the mechanisms of fire catastrophes [25].

At 40 s, the temperature rise change of each measurement point is examined. It is
observed that the temperature decay change of both double fire sources and single fire
sources is essentially the same. Furthermore, all of them closely adhere to the exponential
decay law. The roof temperature decay model is shown in Equation (2) [26].

= exp(—k(x — x9)) 2)

where: 2% is the dimensionless average temperature rise; x — x is the horizontal distance

from the reference point to the fire source, m; k is the straight tunnel attenuation coefficient,
the calculation of which is given in Equation (3) [26].

k= b 3)
cpm

where: « is the combined heat transfer coefficient of the flue gas layer, W/ (m2 -K); m is the
mass flow rate of the fire smoke stream, kg/s; D is the length of the smoke layer in contact
with the wall of the tunnel, m. Due to the fact that in the actual experiments, the smoke
generation rate is low and does not contact the ground, the expression of the heat transfer

coefficient is Equation (4) [26].

D+B
oc:hc—l—h,T 4)

where: &1 is the convective heat transfer coefficient in W/(m?-K); h, is the radiative heat
transfer coefficient in W/(m?-K); and B is the length of the cross-section of the flue gas layer
in the part that does not come into contact with the tunnel wall in m. The formula for .
and h, is given in Equation (5) [26].

he =2K'\/u 5
hy = SU(TS + Tsur)(Ts2 + Tsurz) ©)
where: K’ is the empirical relationship constant, taken as 8.7 kCal/ m2°C; u is the horizontal
propagation velocity of the flue gas, m/s. ¢ is the emissivity; ¢ is Boltzmann’s constant,
5.67 x 10711 kW /(m?-K*); T; is the temperature of the smoke stream, K; T, is the temper-
ature of the wall surface and is generally the ambient temperature., K.

Combining the above equations, the total heat transfer coefficient of the smoke flow
from a curved tunnel fire can be obtained; see Equation (6).

D+ B

a=17.4Vu+ h,T (6)
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Bringing Equations (6) and (3) into Equation (2) leads to Equation (7).

(174Vi+h)(D+B)
cppus

k= 1073 7)

As the combustion process becomes more complete, the amount of smoke produced
decreases. This results in a smoke horizontal propagation speed that is comparable to a
secondary source of fire influenced by wind speed. Experimental measurements indicate a
wind speed of approximately 2.3 m/s, leading to an attenuation coefficient of about 0.0049.
Its calculation flowchart is shown in Figure 6.

Determination of flue gas Measurement of flue gas
forward flow rate u temperature Ts
Equation (5) Equation (5)
Get the parameter hc Get the parameter hr
4 y

Measurement of the height of the
flue gas above the ground
Calculation B

Determination of flue gas cross-
section D in Pyrosim

Equation (4)

A 4

Getting the parameter
a

Y
Determination of the flue gas mass

uses Equation (3) to obtain the
attenuation coefficient k

A

Select a reference point, the temperature of the ignition point is
determined, and the temperature of the reference point is calculated
using Equation (2)

Figure 6. Computational flow chart.

In Figure 6, the formulas indicated therein are all numbered as formulas in the text.
By incorporating this value of k into the formula, the temperature change curve can be
obtained, as depicted in Figure 7.

According to the data presented in Figure 4, the fitting ratio between the curve gen-
erated by the formula and the actual values can reach 0.98, indicating a strong level of fit.
This suggests that the attenuation pattern of the dual-source fire downstream of the fire
source is largely in line with that of a single-source fire.
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Figure 7. Experimental temperature drop curves and equation fitting curves.

3.2. Study of the Phenomenon of Dual Source Fires

Through experiments and numerical simulations, it has been observed that the average
temperature in the tunnel is significantly higher during a double fire source incident
compared to a single fire source incident. Additionally, the temperature near the ground
between the double fire sources exhibits a ‘concave’ distribution pattern. The vertical
temperature distribution is illustrated in Figure 8.

[ T
270 245 220 195 170 145 120 95 70 45 20

Figure 8. Vertical temperature cloud.

T The temperature distribution pattern observed in Figure 5 shows that temperatures
are higher near the ground close to the fire source and decrease rapidly after a certain
horizontal distance from the source. The temperature between the two fire sources in
the tunnel is higher, primarily due to the thermal resistance of the fire sources causing a
buildup of high-temperature smoke. This results in a distinct demarcation line between the
upper portion of the high-temperature smoke near the walls and the lower portion where
heat exchange occurs with the environment. The vertical height is lower in this region due
to the heat exchange, creating a clear boundary. Additionally, the air convective effect from
the fire plume on both sides causes the high-temperature smoke to flow towards each other,
leading to noticeable differences in temperature and flame shape. These experimental
findings are illustrated in the changing trend of the flame front, as depicted in Figure 9.

Figure 9. Schematic diagram of flame front tilt.

Due to the unique characteristics of its fire field, a dual source of fire has a greater
potential to generate and accumulate temperature and smoke compared to a single source
of fire. In order to analyze the characteristics of a dual source of fire in a real tunnel,
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this study examines the impact of varying fire spacing and ventilation conditions on fire
behavior. Numerical simulation software is used to model a full-scale tunnel with a dual
source of fire.

4. Numerical Simulation and Analysis of Double-Source Fire in Full-Size Tunnel
4.1. Establishment of Full-Size Tunnel Model

During a visit to a mining enterprise in Shanxi Province, a scaled-down model of a
tunnel section measuring 4 m x 3 m was established. The model was created based on the
principles of power similarity and motion similarity in hydrodynamics, ensuring that it
was isometrically scaled with the actual mode. The scaling relationship can be described
by Equation (8):

=1 ®
p
where A is the scaling relationship between the scaled model and the full-size model, !
is the feature length, m. m is the scaled model corner scale, and p is the full-size model
corner scale.

A scaled model with a geometrically similar scale relationship of about 7.2 is utilized
for fire experiments. A tunnel model measuring 300 m in length, 4 m in width, and 3 m in
height was created using Pyrosim. A smoke exhaust tunnel measuring 4 m in width and
3 m in height was established at 250 m along the tunnel. An ignition source was placed at
110 m from the air inlet of the tunnel, with a surface area of 1 m?. The upwind fire source
served as the reference source. Another ignition source was placed at a distance ‘D’ from
the first source. Temperature sensors were strategically placed at the top of the tunnel
and at a height of 1.6 m to monitor various fire characteristics during fire incidents. These
sensors were spaced 5 m apart, with the first sensor positioned at the center of the reference
fire source. Additionally, six sensors of the same type were placed on the upwind side at
the same vertical height, followed by 19 sensors downstream of the fire and 26 sensors at
the same vertical height. Refer to Figure 10 for the lane model diagram.

Figure 10. Horizontal section of the tunnel.

4.2. Mesh Irrelevance Test

It has been shown that the simulation accuracy of Pyrosim is higher when the mesh
size is 1/16 to 1/4 times the diameter of the surface of the fire source. Its calculation,

Equation (9) [27], is:
c (. Q¢
b= (POCPTO\/‘O_’) ©

where D* is the characteristic diameter of the fire source, m; py is the ambient air density,
taking the value of 1.293 kg/m?; ¢, is the specific heat capacity of air, taking the value of
1.005 K]/ (kg-K); Ty is the temperature, taking the value of 293 K.

The sparsity of the grid not only significantly affects the accuracy of the simulation but
also influences the computational runtime. The Pyrosim manual suggests that the value
of D*/x should be maintained between 4 and 16 to achieve higher calculation accuracy.
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According to the Formula (9), D* is calculated to be 2.627 m, indicating that a grid size
between 0.16 m and 0.65 m yields optimal accuracy. To verify this, grid sizes of 0.1 m,
0.25 m, 0.35 m, and 0.5 m were tested under windless conditions, with a fire source
spacing of 15 m, focusing on the midpoint temperature of the double fire source to assess
grid independence.

As illustrated in Figure 11, when the grid sizes are set to 0.1 m, 0.25 m, and 0.35 m,
the results demonstrate a high degree of fit. Considering the computational time, a grid
size of 0.1 m x 0.1 m was selected for areas near the fire source, while a grid size of
0.25 m x 0.25 m was chosen for the other tunnel areas. In total, four mesh regions were
established, encompassing 1,984,256 mesh. Additionally, the parallel computing mode of
Pyrosim is employed, significantly reducing the overall computation time.

200
& 150
)
£
&
£ 100 -
F.
50 -
0 1 1 " 1 " 1 " 1 " 1 " 1
0 10 20 30 40 50 60
Time/s

Figure 11. Mesh independence test.

4.3. Fire Source and Other Boundary Conditions

To better understand real fire combustion scenarios, the 2 fire model was chosen, with
its single source combustion model represented by Q for fire heat release rate in kW/m?, a
for fire growth factor, and t for the time taken for the fire to reach its peak heat release rate
in seconds. The study focuses on the parallel combustion mechanism of two fire sources
to analyze the impact of varying heat release rates on fire temperature and smoke spread
patterns. The fire growth factor is determined as a = 0.02314 kW / s2, with a simulation time
of 800 s. Other measuring devices are shown in Table 4.

Table 4. Device measurement settings.

Measured Physical Quantity Measurement Settings
Temperature thermocouple
oxygen concentration Gas-phase Device (Species: Oxygen)
Carbon dioxide concentration Gas-phase Device (Species: Carbon Dioxide)
air velocity Gas-phase Device (Velocity)
heat release rate Heat Release Rate Device
ventilation resistance Gas-phase Device(pressure)
Flue gas height Layer zoning Device

4.4. Determination of Critical Wind Speed for Twin Source Fires

The critical wind speed problem for the nine conditions and the single fire source was

initially determined by simulating the nine conditions. Its simulation flowchart is shown
in Figure 12.
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Figure 12. Pyrosim simulation flowchart.

The criterion for determining the critical wind speed for a two-fire source fire was
based on ensuring that the backflow of smoke and temperature did not exceed that of the
upstream fire source. The critical wind speed of a single fire source for this tunnel condition
was calculated using Wu and Bakar’s critical wind speed prediction model. It is modeled
as in Equation (10) [27].

Q
*
Q = ponTog1/2H5/2 (10)

In the formula, Q* for the dimensionless heat release rate; Q for the heat release rate of
the fire source, kW; pg for the air density, kg/ m3; Tj for the ambient temperature of the air,
K; g for the acceleration of gravity, m/s?; H for the hydraulic diameter, m. The expression
of the hydraulic diameter is: H = 4S/P, S for the cross-sectional area of the tunnel, m?2, and
P for the perimeter of the tunnel cross-section, m. The hydraulic diameter of the tunnel
cross-section of the tunnel cross-section of the perimeter of the tunnel cross-section of the
tunnel cross-section, m.

Baker calculates the dimensionless wind speed by taking the heat release rate from the
fire source, and its prediction model for the dimensionless wind speed is Equation (11) [27].

v* = 0.40(0.2)"3Q*1/3(Q* < 0.20) )
v* = 0.40(Q* > 0.20)
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By calculating the dimensionless wind speed, the critical wind speed can be calculated
using the critical wind speed prediction model, which is shown in Equation (12) [28]:

v="0"" (gH)l/2 (12)

where v is the critical wind speed, m/s, which is approximately 1.76 m/s as determined by
an empirical formula.

Taking into account various factors such as section and wall characteristics, a wind
speed of 1.7 m/s is chosen as the central value, with incremental and decremental variations
of 0.1 m/s for ten simulations on either side. Through simulation studies, it was observed
that the critical wind speed for a single fire source is 1.8 m/s. Table 5 presents the critical
wind speeds under different conditions.

Table 5. Critical wind speed for each operating condition.

Serial Number Dls.tance between HRR Critical Wind Speed
Fire Sources D

single origin of fire / 3 MW 1.8m/s
working condition 1 10 m 3 MW +3 MW 2.3m/s
working condition 2 10m 3 MW +4 MW 21m/s
working condition 3 10 m 4 MW +3 MW 21m/s
working condition 4 15m 3 MW +3 MW 22m/s
working condition 5 15m 3 MW +4 MW 20m/s
working condition 6 15m 4 MW +3 MW 2.0m/s
working condition 7 20 m 3 MW +3 MW 19m/s
working condition 8 20 m 3 MW +4 MW 19m/s
working condition 9 20 m 4 MW +3 MW 1.9m/s

The critical wind speed calculated is 1.68 m/s, whereas the critical wind speed in the
simulation is 1.8 m/s. This discrepancy can be attributed to the fact that the prediction
of the critical wind speed does not consider the wall friction of the tunnel, resulting in
a slight deviation between the modeling and simulation outcomes. Some scholars have
investigated the impact of using a large nest model on the critical wind speed in numerical
simulations of turbulence models. They found that the critical wind speed for a double fire
source is slightly higher than that for a single fire source. The primary reason for this is that
dual-source fires exhibit higher thermal resistance compared to single-source fires, which
in turn increases the local ventilation resistance within the fire zone. Consequently, this
necessitates higher critical air velocities. Analysis of nine different conditions revealed a
negative correlation between the critical wind speed for a double fire source and the distance
between the fire sources. Specifically, the greater the distance between the fire sources, the
lower the required critical wind speed. At the same time, when the distance between fire
sources reaches 20 m, its critical wind speed is close to the critical wind speed of a single
fire source. This phenomenon can primarily be attributed to the increased distance between
fire sources, which has weakened the local thermal resistance. Additionally, the heating of
the upstream fire source affects the downwind side, leading to a reduction in fluid density.
As the temperature rises, a certain amount of energy is acquired, resulting in an increased
flow rate downstream of the upstream fire source. Consequently, for fire sources that are
significantly spaced apart, the critical wind speed required for fire propagation will be
lower compared to that of fire sources that are positioned closer together.

The simulation revealed that when the power of two fire sources in a tunnel is equal,
the fire characteristics align closely with scaled model experiments. The horizontal tem-
perature distribution in the tunnel resembles a ‘concave’ shape after the fire under these
conditions. However, the influence of wind speed on the two fire sources differs, with
the upstream source being more affected. This results in a lower peak temperature for
the upstream source compared to the downstream source, due to the thermal resistance
effect cutting the wind speed impact on the downstream fire source. The thermal resistance
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effect of the upstream fire source mitigates the wind speed influence on the downstream
fire source temperature, leading to a lower temperature peak for the upstream source. The
temperature rise between the two fire sources is primarily driven by the fire plumes of both
sources. As high-temperature smoke accumulates between the two sources, the thermal
resistance effect of both sources limits smoke propagation, creating an anti-buoyancy wall
jet. The vertical temperature rise between the two fire sources relies on convective heat
transfer, while the high-temperature smoke on the roof of the sources exchanges heat with
the surroundings, causing the middle region’s temperature to rise from top to bottom.
The vertical temperature gradient in this middle area becomes more pronounced as the
temperature decreases from top to bottom.

Simulation experiments were conducted under four identical dual-fire source condi-
tions 1, 4, and 7, where wind velocity surpassed the critical threshold. The study focused
on analyzing temperature field variations at a vertical height of 1.6 m, corresponding to the
characteristic height of the human eye. The findings are illustrated in Figures 13-15.
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Figure 13. The temperature of the tunnel varies at different wind speeds in working condition 1.

The analysis of Figures 13-15 indicates that all three scenarios follow the same tem-
perature decay pattern, with temperature decreasing as wind speed increases. However,
when considering fires at different distances from each other but with the same heat release
rate and wind speed, it is observed that greater spacing between fires leads to higher
average temperatures along the tunnel due to the temperature differences between the fires.
Specifically, temperatures between closely spaced fires are significantly higher than those
downstream, with temperatures evening out at points after the downstream fire source.
Regardless of wind speed, the temperature distribution between the fire sources maintains
a ‘concave’ shape, with the lowest temperature occurring at the midpoint between the
two fires.

The influence of wind speed on the maximum temperature within the tunnel is more
pronounced, particularly regarding the upstream fire source in comparison to the down-
stream fire source. This phenomenon can be attributed to the fact that as wind speed
increases, the thermal resistance effect of the upstream fire source on the wind flow dimin-
ishes, while the cooling effect of the wind flow on the downstream fire source intensifies.
At a wind speed of 3.5 m/s, the temperatures above both sources are nearly identical,
indicating a negative correlation between the maximum temperature and wind speed.
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Figure 14. The temperature of the tunnel varies at different wind speeds in working condition 4.
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Figure 15. The temperature of the tunnel varies at different wind speeds in working condition 7.

4.5. Fire Characterization of Different Ignition Powers

By simulating equal fire growth factors under different fire powers in a two-ignition
fire, a developmental relationship between the two ignition sources was observed. Specif-
ically, when one ignition source develops rapidly, it suppresses the development of the

other ignition source. This relationship is illustrated in the temperature cloud shown in
Figure 16.

L . .
220 200 180 160 140 120 100 80 40 20

Figure 16. Temperature cloud of working condition 1 (top) and working condition 2 (bottom).

Under critical wind speed conditions, the power of the upstream fire source remains
constant while the downstream fire source has a power of 4 MW, resulting in a more intense
flame compared to the 3 MW source. However, the combustion of the upstream fire source
is relatively suppressed, leading to a noticeable decrease in temperature and flame height.
This phenomenon occurs due to the rapid influx of fresh air towards the downstream fire
source, causing a reduction in oxygen available for the upstream source. As a result, the
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combustion of the upstream source is hindered, leading to a decrease in flame height and a
change in temperature. This relationship is illustrated in Figure 17.
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Figure 17. Temperature variation of working conditions 1, 2, and 3.

As illustrated in Figure 18, working condition 3 exhibits the lowest average temper-
ature. However, the temperature above its upstream fire source is the highest due to
the relatively high heat release rate. Despite having the same power as the downstream
fire source in working condition 1, the downstream fire source in working condition 3
is inhibited by the upstream fire source, resulting in a significantly lower temperature

compared to working condition 1. The temperature difference between the two cases is
approximately 70 °C.
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Figure 18. Schematic diagram of temperatures for conditions 4, 5, and 6.

For the other two types of conditions, a consistent regularity is maintained, and the
temperature schematics for conditions 4, 5, 6, 7, 8, and 9 are shown in Figures 18 and 19.

Comparison of the three working conditions reveals that the upstream fire source
power is larger when the average temperature and temperature peak in the starting tunnel
are lower. On the other hand, the downstream fire source power is larger when the average
temperature and temperature peak are higher. Therefore, in cases of dual fire sources,
it is crucial to focus on treating the fire source on the downwind side. When the wind
speed is greater than the critical wind speed, the fire source upstream is less affected by
the escape environment. Conversely, the fire source power on the downwind side has a

more significant impact on the escape route. It is essential to optimize firefighting strategies
based on this pattern.
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Figure 19. Schematic diagram of working conditions 7, 8, and 9 temperatures.

5. Conclusions

(1) The temperature of the dual-ignition source fire resulting from the ‘jumping’
discontinuous fire spread on the tunnel exceeds that of a single-ignition source fire. We
conducted a scaled-down model experiment of the dual-ignition source fire, along with a
numerical simulation of the same model. Our analysis determined that the experimental
model took approximately 40 s to reach the maximum rate of heat release from the ignition
source, with a power output of 10.9 kW. Additionally, the numerical simulation and the
scaled-down model were validated, demonstrating a maximum error in results of no more
than 2.7%. This validation confirms the high accuracy of the numerical simulation in
representing the dual fire source scenario within the tunnel.

(2) The study investigated the temperature decay law of the roof temperature in rela-
tion to the distance from the double fire source. It was observed that the roof temperature
decay law closely resembled that of a single fire source, exhibiting exponential decay. The
decay coefficient was calculated to be 0.0049 using the temperature decay formula, with a
high fitting degree of 0.98 between the formula and actual values.

(3) Numerical simulation software was utilized to simulate nine distinct working
conditions at the same location, each with varying fire source power. The study revealed
a competitive relationship between the two fire sources, indicating that an increase in
power of one fire source leads to the inhibition of combustion in the other. Additionally,
an analysis of temperature distribution revealed that when the power of the upstream fire
source increases, the downstream fire source is inhibited to a greater extent. This leads to
the lowest average temperature within the tunnel, with the temperature peak also being
the lowest.

(4) An emergency rescue program can be developed based on the fire characteristics
of dual ignition sources. Downstream ignition sources have the most significant impact
on the escape environment on the downwind side of the tunnel. Therefore, water spray
should be directed towards the middle of the bottom rollers of the tape, the tail, and other
flammable points near the tail of the tunnel to suppress the downstream ignition sources
and create favorable conditions for the evacuation of personnel.
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Nomenclature

physical quantity ~marginal notes

ATy Relative ambient temperature rise of high-temperature smoke at distance x from the fire source, °C
AT, Ambient temperature rise at fire source location, °C
k Temperature decay coefficient
X Reference position from the source of the fire, m
X0 fire source distance, m
o Combined heat transfer coefficient of the flue gas layer, W/ (m2-K)
D the length of the smoke layer in contact with the wall of the tunnel, m
Cp constant-pressure specific heat, KJ/(kg-K)
m the mass flow rate of the fire smoke stream, kg/s
he the convective heat transfer coefficient, W/ (m?2-K)
hy the radiative heat transfer coefficient in W/ (m?-K)
B the length of the cross-section of the flue gas layer in the part that does not come into contact with
the tunnel wall, m.
u the horizontal propagation velocity of the flue gas, m/s.
K’ the empirical relationship constant, kCal/ m2°C
€ the emissivity
o Boltzmann’s constant
Ts the temperature of the smoke stream, K
Tsur the temperature of the wall surface, Kc
S Cross-sectional area of the flue gas layer, m?
I Ambient air density, kg/m?
Q* the dimensionless heat release rate
Q the heat release rate of the fire source, kW, °C
00 the air density, kg/m3
To the ambient temperature of the air, K
g the acceleration of gravity, m/s?;
H the hydraulic diameter, m
v* Dimensionless wind speed
v critical wind speed
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