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With the anticipated increase in traffic volume, tunnel construction is trending toward
larger cross-sections and expansion into extreme environmental conditions. This study
employs the Fire Dynamics Simulator (FDS) to investigate the effects of tunnel cross-
sectional size, longitudinal wind speed, ambient temperature, and humidity on smoke
behavior in a twin-fire scenario under the action of a blowing—suction air curtain. The
results indicate that smaller tunnel cross-sections significantly affect ceiling temperature
and smoke layer thickness, while larger cross-sections impact the smoke-control
performance of the air curtain. Longitudinal wind speed strongly influences smoke
propagation; a critical wind speed of 2.5 m/s is identified for suppressing upstream smoke
backflow in this model. However, excessive wind speed can reduce downstream visibility,
which can be compensated by increasing the suction flow rate. Ambient temperature and
humidity also affect smoke diffusion and composition. The findings provide theoretical
guidance for optimizing blowing—suction air curtain parameters and for analyzing complex

tunnel fire scenarios.

1. INTRODUCTION

With the acceleration of urbanization in various countries
and the continuous expansion of public infrastructure, global
tunnel construction is trending toward larger cross-sections
and extending to longer and deeper directions [1]. According
to relevant reports, the total number of highway tunnels in
China is approximately 28,300, with a total length exceeding
31,800 km. The total number of railway tunnels has exceeded
21,000, with a total length exceeding 25,000 km. Tunnels have
become key road carriers to overcome terrain obstacles and
connect different regions [2], while effectively shortening
travel distances, alleviating traffic pressure [3], and avoiding
damage to ecological balance. However, the closed and
narrow structure of tunnels also brings fire safety challenges
[4]. Tunnel fires have developed rapidly and have become one
of the most concerning risks due to their high hazards and
losses [5]. Tunnel fires produce high-temperature and highly
toxic smoke, which is initially constrained by the
accumulation of heat in confined spaces [6], and pose fatal
dangers to personnel evacuation, structural safety, and rescue
operations in a short time [7, 8]. Therefore, how to effectively
prevent and control the hazards of tunnel fire smoke has
become a key issue in the field of tunnel engineering. Tunnel
cross-sectional size, tunnel slope, environmental pressure,
ambient temperature and humidity, and natural longitudinal
wind may affect key parameters such as fire source power,
smoke propagation, ceiling temperature distribution, smoke
layer height, and critical wind speed [9, 10], collectively
influencing the development trend of fire dynamics.
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Therefore, studying the effects of environmental factors on the
smoke control capability of blowing—suction air curtains and
providing theoretical references for tunnel fire safety is of
great significance.

Many scholars have studied tunnel cross-sectional structure
as a key influencing factor for tunnel fires. Yan et al. [11]
focused on the effects of different tunnel cross-sectional sizes
on flame height and temperature distribution, finding that
tunnel height has little effect on flame behavior and
temperature in the impact zone but has a larger effect on lateral
temperature far from the fire source. Ji et al. [12] and others
used a tunnel model with adjustable width to investigate the
effects of tunnel width on mass loss rate, maximum smoke
temperature, and temperature distribution below the ceiling.
As the tunnel width decreased, the smoke temperature below
the ceiling decayed more slowly in both longitudinal and
lateral directions, while the mass loss rate and maximum
smoke temperature were less affected. Tang et al. [13]
established that by keeping the tunnel cross-sectional area
constant and increasing the aspect ratio, the contact area
between smoke and tunnel walls and surrounding cold air
increases, leading to faster smoke temperature decay. At the
same time, an empirical model was established to predict the
maximum gas temperature rise and its longitudinal
distribution. Liu et al. [14] introduced a sectional coefficient
to describe tunnel cross-sectional geometric characteristics
and used Fire Dynamics Simulator (FDS) to simulate nine
different tunnel cross-sectional shapes to obtain predictive
models for maximum smoke temperature and smoke
temperature distribution. Longitudinal wind, as a major focus
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in tunnel fire ventilation research in recent years, has also been
extensively studied by domestic and international scholars.
Wang et al. [15] set longitudinal wind speeds of 0-2 m/s,
environmental pressures of 50-101 kPa, and fire source
powers of 3 MW and 5 MW, and summarized that longitudinal
wind gradually weakens the wvertical and longitudinal
distribution differences of carbon monoxide and smoke
temperature, enhancing local smoke exhaust performance in
shafts, but increasing wind speed reduces overall shaft smoke
exhaust efficiency. Zhong et al. [16] studied tunnel fires under
the combined effect of longitudinal ventilation and shaft
chimney effect, and found that at higher longitudinal wind
speeds, the driving force for smoke exhaust weakens and is
accompanied by significant boundary layer separation, leading
to a significant decrease in overall smoke exhaust capacity.
Wu et al. [17] simulated the coupling of environmental wind
conditions and shafts, summarizing that the larger the shaft
size and the lower the environmental wind speed, the faster the
temperature decay inside the tunnel, and established a
dimensionless calculation model for the influence of
environmental wind and shaft size. Li et al. [18] conducted
experiments on uphill sloped tunnels under different boundary
conditions, finding that the critical speed is jointly influenced
by heat release rate and tunnel slope, estimating the ventilation
pressure required for the tunnel to reach a critical state, and
formulating effective longitudinal ventilation schemes. Jiao et
al. [19] observed that increasing tunnel slope changes the oil
fuel diffusion pattern, and the unit-area mass burning rate
decreases under low ventilation speed (less than 0.5 m/s) while
remaining basically stable under high ventilation speed,
attributing this phenomenon to changes in flame tilt behavior
under different ventilation conditions. Ma et al. [20] further
studied two typical ignition conditions for multiple fire
sources in tunnels under longitudinal ventilation, and for each
critical ignition state, proposed a formula for predicting
downstream smoke temperature rise. This study helps to
understand the ignition process of multiple fire sources in
tunnels. Scholars have also studied the effects of ambient
temperature and humidity on tunnel construction and
protection. Wang et al. [21] considered high-temperature and
high-humidity environments as critical challenges for tunnel
construction, establishing an experimental platform for
internal tunnel ventilation cooling and dehumidification,
analyzing the evolution of temperature and humidity under
mechanical ventilation, and developing a deep learning model
to predict the evolution of temperature and humidity in tunnel
construction ventilation. Tao et al. [22] established a
numerical heat transfer model for tunnels in cold regions and
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found that mechanical ventilation can effectively reduce the
area with internal tunnel temperatures below 0 °C, and that
setting insulation layers can significantly extend the frost
protection length of surrounding rock. In summary, scholars
have studied the effects of tunnel cross-sectional size,
longitudinal wind, and ambient temperature and humidity on
tunnel fire safety, revealing the influence of environmental
factors on fire source behavior, smoke temperature, and shaft
smoke exhaust efficiency. Currently, there is limited research
on tunnel fire smoke under blowing—suction air curtain
scenarios by adjusting initial environmental parameters, and
the interactions of various environmental factors can be further
studied. Therefore, this study systematically investigates the
effects of longitudinal wind and selected environmental
factors on fire smoke behavior, temperature field changes, and
safety evacuation standards at occupant height, which is an
urgent need to advance existing fire ventilation design theory
and develop precise smoke control by blowing—suction air
curtains. It provides theoretical references to improve the
resilience of tunnel fire safety protection.

2. FDS MODEL ESTABLISHMENT
2.1 Model parameters and operating conditions

In this study, the tunnel model is established using FDS. The
model dimensions and related layout are shown in Figure 1.
Tunnel model parameters are shown in Figure 2: the tunnel
structural dimensions are divided into four types, namely 200
mx10mx5m,200mx11mXx7m,200m %X 12m x 6 m,
and 200 m x 14 m x 8 m. The tunnel walls are made of concrete
with a density of 2280.0 kg/m?, specific heat of 1.04 kJ/(kg-K),
thermal conductivity of 1.8 W/(m-K), and thickness of 0.1 m.
The initial environmental temperature and humidity of the
tunnel fire are set according to different operating conditions,
and the environmental pressure is set to 0.1013 MPa. Both
ends of the tunnel are set as “Open” to represent normal traffic
conditions. The blowing—suction air curtain is set as a
“Supply” curtain at the lower part of the tunnel and an
“Exhaust” curtain at the upper part, with related parameters
shown in the model figure. The twin fire sources are located in
the center section of the tunnel, spaced 4 m apart, with
dimensions of 4 m x 2 m x 1 m. The fuel is heptane with 7
carbon atoms and 16 hydrogen atoms, and the fire source
adopts a transient ultra-fast fire. Measurement points are
evenly arranged in different regions according to the research
content for simulation monitoring.
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Figure 1. Tunnel model
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Figure 2. Cross-sectional dimensions of different tunnels and blowing—suction air curtain diagram
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This study mainly analyzes the temperature distribution,
horizontal smoke propagation, smoke layer height, and key
safety indicators at a personnel characteristic height of 2 m by
changing cross-sectional dimensions, longitudinal wind speed,
initial environmental temperature, and humidity. The blowing

speed is constant at 2 m/s, and the suction speed is constant at
4 m/s, with subsequent adjustments according to simulation
results. All simulation operating conditions are shown in
Tables 1-4.

Table 1. Tunnel operating conditions with different cross-sectional dimensions

No. Cross-sectional Size Longitudinal Wind Speed Ambient Temperature Ambient Humidity

1 10mx5m

2 I1mx7m o o

3 12mx6m 0 m/s 20 °C 40%

4 14 mx8m

Table 2. Tunnel operating conditions with different longitudinal wind speeds

No. Cross-sectional Size Longitudinal Wind Speed Ambient Temperature Ambient Humidity

5 0 m/s

6 1 m/s

7 1.5 m/s

8 10mx5m 2 m/s 20 °C 40%

9 2.2 m/s

10 2.5m/s

11 3 m/s

Table 3. Tunnel operating conditions with different ambient temperatures

No. Cross-sectional Size Longitudinal Wind Speed Ambient Temperature Ambient Humidity
12 0°C

13 10 °C

14 10mx5m 0 m/s 20 °C 40%

15 30°C

16 40 °C

Table 4. Tunnel operating conditions with different ambient humidity

No. Cross-sectional Size Longitudinal Wind Speed Ambient Temperature Ambient Humidity
17 20%

18 40%

19 10mx5m 0 m/s 20 °C 60%

20 80%

21 95%

2.2 Grid size rationality verification

The grid size in FDS simulation determines the accuracy of
the simulation results; therefore, it is necessary to verify the
grid rationality and select an appropriate grid size for
simulation tests. Referring to the independent grid test results
of McGrattan et al. [23], the ratio range between the fire
characteristic diameter D*and the grid size 8, should be 4-16
for accurate calculation of the fluid viscous stress model. The
relevant calculation formula for the fire characteristic diameter
D*is shown in Eq. (1):

o \"
D= <_1> 1)
prc,Tg /2

where, Q— fire power (kW); p— ambient density (kg/m?);
¢, — specific heat at constant pressure (kJ/(kg'K)); g —
gravitational acceleration (m/s?).

In this study, four different grid sizes of 0.167 m, 0.2 m,
0.333 m, and 0.5 m are selected for rationality verification.
Taking a twin fire source of 10 MW as an example, the ceiling
temperature above the twin fire source center is monitored

under different grid sizes. The temperature variation over time
is shown in Figure 3.
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Figure 3. Steady-state combustion temperature variation at
the ceiling center for different grid sizes under twin fire
sources



The smaller the grid size, the smaller the fluctuation range
and the more accurate the calculation. However, too small a
grid size demands higher computer performance and longer
computation time. Therefore, considering these factors, a grid
size of 0.333 m is adopted for this simulation, and the
simulation time is 360 s.

3. SIMULATION DATA PROCESSING AND RESULT
ANALYSIS

3.1 Influence of different cross-sectional sizes on
longitudinal ceiling temperature distribution and smoke
propagation

From Figure 4, it can be observed that the smaller the tunnel
cross-sectional size, the higher the maximum ceiling
temperature and the longitudinal smoke temperature. This
fully indicates that tunnel cross-sectional size can significantly
affect the longitudinal distribution of smoke and the impact on
the ceiling structure. For the smallest cross-section of 10 m x
5 m, the temperature peak directly above the twin fire sources
is 782 °C, which is approximately 448 °C higher than the
largest cross-section of 14 m % 8§ m. Due to the tunnel being a
confined space, the high-temperature smoke generated by the
fire is restricted in a smaller space, forming local vortices and
accumulating near the tunnel ceiling to create a thicker and
hotter high-temperature smoke layer. In addition, the
entrainment effect of hot smoke is weakened in the upward
process due to the limited space, which may lead to higher
flame and smoke temperatures. The nearby sidewalls and
ceiling also generate radiative heat feedback, further
increasing the ceiling temperature. The smoke volume
generated by the same fire power is roughly the same. In large
cross-section tunnels, the flow cross-sectional area of the
smoke layer is larger, the longitudinal smoke velocity is lower,
and the smoke has more time to exchange heat with the
surrounding air. As the distance increases, the temperature
difference between the ceiling and the smoke causes the
longitudinal smoke temperature to decrease rapidly, forming a
relatively stable decay pattern.
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Figure 4. Longitudinal ceiling temperature distribution for
different cross-sectional sizes

From Figure 5, it can be seen that the blowing—suction air
curtain in tunnels with different cross-sectional sizes has
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different smoke control performance. The air curtain with
blowing speed of 2 m/s and suction speed of 4 m/s can
effectively control smoke flow for cross-sectional sizes of 10
m x 5 m and 12 m x 6 m. When the cross-sectional area
increases, some smoke leakage occurs for 11 m x 7 m and 14
m X 8 m. The jet from the blowing port forms an air curtain
wall; its vertical momentum counteracts the horizontal
propagation of smoke, and the vertical suction from the
suction port prevents smoke diffusion. The vertical distance
that the jet needs to cover increases, and by the time it reaches
the upper part of the tunnel and converges with the suction
curtain, its velocity has decayed significantly, failing to form
an effective seal. In large-size tunnels, turbulence caused by
fire is more complex and easily disturbs the relatively fragile
air curtain jet, disrupting its stability and causing gaps in the
flow field. The air curtain itself occupies part of the tunnel
flow area, creating local blockage. In smaller cross-section
tunnels, the blocking effect of the air curtain is significant,
enhancing the pressure difference and flow rate upstream and
downstream, requiring a balance between smoke control and
ventilation resistance. In large cross-section tunnels, the
blocking ratio of the air curtain is relatively small, and the
disturbance to the overall flow field is less, but its momentum
must overcome the larger volume of tunnel main airflow.
From Figure 6, increasing the suction speed of the air curtain
for heights of 7 m and 8 m improves smoke control. Timely
removal of smoke blocked and cooled by the air curtain
prevents accumulation in front of the curtain, maintaining
curtain integrity. This indicates that the blowing—suction air
curtain has an adapted blowing—suction speed parameter as the
minimum standard for smoke control for different cross-
sectional sizes. Tunnels with larger cross-sections require
faster blowing—suction speeds or larger blowing—suction port
sizes, or an additional set of air curtains with smaller
parameters as auxiliary measures.
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Figure 5. Smoke control for different cross-sectional sizes
with suction speed of 4 m/s
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Figure 6. Smoke control for different cross-sectional sizes
with suction speed of 8 m/s

3.2 Influence of different tunnel cross-sectional sizes on
smoke layer height

From Figure 7, it can be seen that the cross-sectional height
difference in the tunnel plays a dominant role, and the smoke
layer distribution is relatively obvious. The higher the size
height, the lower the smoke layer height. However, after
removing the size height difference for relative comparison,



the larger the cross-sectional height, the lower the smoke layer
height. Under the same smoke generation rate, the smaller the
spatial volume, the weaker the dilution capacity. The contact
area between smoke and tunnel walls is large, and friction
resistance is high. This hinders rapid longitudinal transport of
smoke, causing smoke to accumulate more easily near the fire
source area, thereby filling the section faster, showing a faster
local smoke layer height decline. Due to the large cross-
sectional size, the smoke temperature decreases, so the
comparison of smoke layer height after removing height
difference shows that larger cross-sectional size leads to lower
smoke temperature, reduced buoyancy, and inability to
maintain a high position, naturally causing smoke to sink or be
more easily dispersed by airflow. Therefore, the smoke layer
height is lower. Comparing smoke layer heights, tunnels with
smaller cross-sectional sizes pose greater danger to personnel
evacuation safety during fires (Figure 8).
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Figure 7. Smoke layer height for different cross-sectional
sizes
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Figure 8. Comparison of smoke layer height after removing
size height difference

3.3 Influence of different longitudinal wind speeds on
smoke backflow length

From Figure 9, it can be observed that increasing
longitudinal wind speed can reduce smoke backflow length,
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hindering the horizontal spread of smoke upstream, and
providing a longer safe space for personnel evacuation. When
the wind speed is 0 m/s, smoke generated by the fire source
spreads toward the upstream exit without the control of the
blowing—suction air curtain. When the wind speed increases to
1.5 m/s, the longitudinal wind kinetic energy is significantly
enhanced, beginning to suppress the smoke thermal buoyancy,
and the backflow length decreases sharply. Natural wind speed
may stabilize between 1.0-2.5 m/s. At this stage, natural wind
is the dominant wind speed, and smoke control in tunnel fires
may be most unfavorable, with a longer backflow length,
posing a high threat to the upstream. It is necessary to start jet
fans to increase wind speed to suppress backflow. When the
wind speed reaches 2.5 m/s, smoke above the twin fire sources
no longer spreads upstream, and the longitudinal wind reaches
the critical wind speed. When the longitudinal wind speed
continues to increase, smoke backflow may completely
disappear, converting to fully downstream diffusion.
Longitudinal wind speed of 2.5 m/s synergistically enhances
the effect of the blowing—suction air curtain. The momentum
of longitudinal wind and the air curtain couples to form
stronger blocking and entrainment effects, achieving the
optimal coupling state. Subsequently, increasing the suction
speed to 10—-12 m/s allows the blowing—suction air curtain to
effectively control smoke generated both upstream and
downstream, mainly analyzing key indicators such as visibility
at downstream personnel characteristic height to test the
coupling effect of longitudinal wind and the air curtain.

Wind speed 0 m/s

[

Wind seed 1 m/s

l

Wind speed 1.5 m/s
——————

Wind speed 2 m/s

Wind speed 2.2 m/s
O T
Wind speed 2.5 m/s
b e i A
Wind speed 3 m/s

Figure 9. Backflow length under different longitudinal wind
speeds

3.4 Influence of different longitudinal wind speeds on
ceiling temperature distribution and downstream non-
protected personnel visibility

From Figure 10, it can be seen that the coupling of different
longitudinal wind speeds and the blowing—suction air curtain
has a significant effect on reducing ceiling temperature. When
there is no longitudinal wind, the ceiling temperature above
the twin fire sources reaches 759 °C, the highest temperature
in the condition, with slow temperature decay. When
longitudinal wind speed is 1-3 m/s, as the wind speed
increases, the ceiling smoke temperature decreases sharply.
With increasing longitudinal wind speed, the high-temperature
smoke generated by the fire source is blown downstream,
reducing the residence time of smoke above the twin fire
sources. Therefore, the ceiling near the fire source is no longer
continuously heated, and the ceiling temperature significantly
decreases. Under larger natural or mechanical ventilation
speeds, the turbulence intensity of smoke flow increases,



enhancing the mixing and heat exchange between smoke and
nearby cold air, and convective heat transfer with tunnel walls
increases. Longitudinal wind tilts the flame toward the right-
side fire source, causing the temperature on the right side to be
higher than on the left side. When the wind speed reaches 3
m/s, the longitudinal ceiling temperature distribution in the
downstream section is about 135 °C, which has little effect on
the tunnel top structure. Under coupling, the high-temperature
area not only has a lower peak but also a lower average
longitudinal temperature, and the smoke layer temperature is
more uniform, enabling more efficient ventilation and smoke
exhaust during twin fire source fires.
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Figure 10. Ceiling temperature changes under different
longitudinal wind speeds
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Figure 11. Visibility changes under different longitudinal
wind speeds

From the data shown in Figure 11, the visibility of personnel
on the left side is very high, while the visibility of personnel
on the right side is lower. With the effect of longitudinal wind,
visibility on both sides gradually increases. Without
longitudinal wind, the left-side visibility is high because the
tunnel model is short, and smoke is discharged from the exit
without timely settling. In an actual long tunnel, smoke would
spread to the lower part of the tunnel, affecting personnel
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visibility. The right side is controlled and discharged by the
blowing—suction air curtain, not affecting visibility. Visibility
is one of the key indicators to measure the effectiveness of
smoke control by the air curtain. This figure provides a
simulation basis for determining optimal longitudinal wind
speed and air curtain parameters. From the figure, when the
wind speed is above 1.5 m/s, upstream visibility above the fire
source is about 30 m, indicating low smoke spread upstream.
The higher the longitudinal wind speed, the stronger the
turbulence formed by the coupling of the air curtain and wind,
drawing more fresh air into the smoke layer, significantly
diluting smoke particle concentration and improving visibility.
When visibility is below 10 m, changes in longitudinal wind
mainly affect downstream personnel visibility. The
longitudinal wind carries upstream smoke downstream,
restricting smoke in the downstream tunnel section. At this
time, the blowing—suction air curtain cannot discharge smoke
in time, reducing downstream personnel visibility. Although
increasing wind speed can effectively improve visibility, the
maximum wind speed of 3 m/s still does not fully achieve 10
m. This coupling ensures safety for upstream personnel
evacuation but does not increase the safe distance for
downstream personnel evacuation. By increasing the suction
speed to 12 m/s, the control and discharge of twin fire source
smoke by the blowing—suction air curtain are strengthened,
providing a downstream evacuation area with visibility greater
than 10 m.

3.5 Influence of different environmental temperatures on
smoke layer height during steady-state combustion

Figure 12 shows the actual smoke layer height in the tunnel
after reaching steady-state combustion, extracted from 315—
360 s, simulated using FDS with initial tunnel environmental
temperature set to 0 °C, 10 °C, 20 °C, 30 °C, and 40 °C.
Simulation results indicate that smoke layer height shows a
positive correlation with environmental temperature. Under
0 °C and 10 °C conditions, the smoke layer height is relatively
low, with a thicker smoke layer, while at 30 °C and 40 °C, the
steady-state smoke layer height is relatively high, and the
smoke layer thickness is thinner. The core driving force for
smoke layer formation originates from buoyancy effects
caused by the density difference between the fire plume and
surrounding air due to temperature differences. According to
the ideal gas equation of state, environmental air density is
inversely proportional to environmental temperature. When
the twin fire source power is constant, the average temperature
of the plume and the smoke density can be approximated as
constant.  Therefore, with increasing environmental
temperature, the environmental air density decreases, reducing
the density difference between smoke and surrounding air.
This means the initial buoyancy flux is weakened. Reduced
buoyancy slows the plume rise velocity, and the entrainment
rate is positively proportional to the plume rise velocity. In a
high-temperature environment, the amount of cold air
entrained into the plume and subsequently becoming part of
the smoke layer decreases, leading to a reduction in total
smoke volume flow. Under the same ceiling jet spreading and
settling effect, at higher environmental temperatures, the
strong buoyancy drives smoke to rise rapidly and cling to the
ceiling, forming a stable thin smoke layer. Conversely, in a
low-temperature environment, strong buoyancy drives
vigorous entrainment, generating a large amount of low-
temperature diluted smoke, which sinks and accumulates,



forming a thicker smoke layer.
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Figure 12. Smoke layer height under different environmental
temperatures from 315-360 s

3.6 Influence of different environmental temperatures and
humidities on vertical temperature
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Figure 13. Vertical temperature under different
environmental humidities
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Figure 14. Vertical temperature under different
environmental temperatures

According to Figures 13 and 14, the vertical temperature
distribution in the tunnel forms a typical thermal stratification
structure. All curves show similar increasing trends. At ceiling
height (4.9m), under 0 °C condition, the smoke layer
temperature is approximately 202 °C, while under 40 °C
condition, it rises to approximately 253 °C. Data indicate that
the vertical temperature difference is approximately equal to
the initial environmental temperature difference. The
environmental temperature increase not only shifts the
baseline but also increases the absolute temperature rise of the
smoke layer. At personnel height near the tunnel floor (<2 m),
under low-temperature condition (0 °C), the low-temperature
environment near 0 °C can still be maintained, while under
high-temperature condition (40 °C), the temperature at this
vertical height reaches approximately 60 °C. During fires in
winter or cold environments, a cold air layer exists at the floor
for evacuation, whereas in summer or hot environments, fire
rapidly heats the entire tunnel space to dangerous temperatures
from the initial high temperature. Comparing different
environmental temperatures and humidities, it is found that
environmental humidity has a minor effect on vertical smoke
temperature, with low humidity slightly reducing smoke
temperature. In contrast, environmental temperature mainly
affects the overall smoke temperature according to the initial
temperature difference. These two boundary conditions affect
the vertical temperature distribution of smoke in two forms.

3.7 Influence of different environmental temperatures on
transverse temperature
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Figure 15. Transverse temperature under different
environmental temperatures

From Figure 15, as the initial environmental temperature
increases from 0 °C to 40 °C, the entire transverse temperature
distribution curve shifts upward along the vertical coordinate.
The ceiling temperature under 40 °C condition is
approximately 60—70 °C higher than that under 0 °C, and this
increase is significantly greater than the environmental
temperature  difference. Under lower environmental
temperatures, high-temperature zones are concentrated near
the fire source axis and at the tunnel transverse ends. Under
higher environmental temperatures, the peak temperature
region significantly widens, and the top of the curve becomes
flatter, indicating that high-temperature smoke diffuses more
uniformly under the ceiling. During the transverse spread of



ceiling jets, heat is continuously lost through convective heat
transfer with the ceiling walls and radiative and convective
heat transfer with the underlying cold air layer. The heat
transfer rate strongly depends on the temperature difference.
At high environmental temperatures, buoyancy weakens, and
secondary flows and turbulence pulsation driven by buoyancy
are suppressed, while mechanical diffusion relatively
increases. This causes heat diffusion in the transverse direction
to rely more on gentle shear layer mixing rather than strong
buoyancy-driven entrainment, forming a more uniform
transverse temperature field.

3.8 Influence of different environmental humidities on co
concentration at personnel characteristic height in non-
protected zones

Figure 16 shows the CO concentration distribution at 2 m
height in the fire source section from 90—110 m under different
initial environmental humidities. In all conditions, the lower
the environmental humidity, the higher the overall CO
concentration level and peak value. Initial environmental
humidity is a key chemical boundary condition affecting CO
concentration distribution in tunnel fires. In low-humidity
environments, the water vapor content in the air is low,
resulting in a dry atmosphere, which significantly reduces the
generation of OH radicals in the high-temperature fire zone.
This prevents CO from being oxidized into CO: in time,
causing it to accumulate in the smoke. In tropical, subtropical
coastal tunnels or underwater tunnels, the environment may
exceed 90 % relative humidity. In high-humidity tunnel fire
environments, the fundamental reason for increased CO
concentration is that excess water vapor acts as a strong heat
sink and diluent, significantly reducing flame temperature and
deteriorating local oxygen concentration, pushing the
combustion state toward a low-temperature, oxygen-deficient
incomplete combustion region, thereby producing a large
amount of CO. Except for the CO concentration at the twin fire
source location, the overall CO concentration level remains
below 50 x 10°¢ ppm.
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Figure 16. CO concentration under different environmental
humidities
4. CONCLUSIONS

In response to the comprehensive development of modern
tunnels, this study established a model and conducted scenario
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tests using the fire dynamics simulation software FDS. The
study analyzed the influence of different tunnel cross-sectional
sizes, longitudinal wind speeds, and environmental
temperature and humidity on fire smoke characteristics under
the scenario of a twin-fire source with a blow-suction air
curtain. The main conclusions are as follows:

(1) Among the four tunnel cross-sectional size conditions,
smaller cross-sectional sizes intensify the fire smoke effects:
higher ceiling temperatures, thicker smoke layers, and faster
downward accumulation, posing greater threats to personnel
evacuation safety and tunnel structural safety. Furthermore,
tunnel cross-sectional size affects the smoke control
effectiveness of the blow-suction air curtain. When the cross-
sectional width > 7 m, the suction air curtain velocity needs to
be increased from 4 m/s to 8 m/s to enhance smoke blocking
and removal.

(2) From the study of different longitudinal wind speed
conditions, a longitudinal wind speed of 2.5 m/s on the left side
reaches the critical wind speed for effectively suppressing
smoke upstream in this tunnel model. The greater the
longitudinal wind speed, the smaller the longitudinal ceiling
temperature distribution of the twin fire sources. When
longitudinal wind speed exceeds 1.5m/s, smoke leakage
occurs on the right-side blow-suction air curtain, reducing
visibility at 2 m height in the downstream non-protected zone
to less than 10 m. By increasing the suction velocity to 12 m/s,
the spread of smoke to the downstream protected zone can be
effectively controlled.

(3) Environmental temperature and humidity, as the initial
boundary conditions of this simulation, were found to
significantly affect smoke behavior. Environmental
temperature mainly alters the thermal buoyancy effect of
smoke; higher temperatures result in higher smoke layers,
while lower temperatures produce thicker smoke layers. The
vertical and transverse temperature distributions under
different environmental temperatures are mainly determined
by the initial temperature difference, with summer or hot
regions having a greater impact on smoke temperature.
Environmental humidity influences CO generation through
chemical reactions in fire smoke; excessive humidity cools the
flame and promotes incomplete combustion, increasing the
risk of smoke toxicity.

Based on this simulation, further research will use
orthogonal analysis to comprehensively study the coupling
effects of environmental factors on fire smoke characteristics
and fire source behavior. Comparative studies will determine
the optimal blow-suction air curtain parameters for smoke
blocking and removal, followed by in-depth study of multi-fire
source scenarios.
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