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Introduction
As urbanization accelerates, highway tunnels are proliferating across China. Owing to their semi-enclosed geometry, the primary objectives in a tunnel fire are immediate smoke extraction and toxic-gas dilution to rescue trapped occupants. Yet current research struggles to capture long-range smoke spread in full-scale tunnels and often overlooks how the relative position between fans and the fire source affects flow patterns.
Methods
Therefore, this study investigates highway-tunnel fire smoke and occupant evacuation using full-scale experiments, theoretical analysis and FDS simulations.
Results
Under low-intensity fire conditions, the critical longitudinal wind speed ranges between 1 and 3 m/s. Ventilation velocity shows a positive correlation with smoke-layer thickness near the fire source, while back-layering length is negatively correlated with fan speed. Fan location significantly influences temperature, visibility and CO volume fraction. The closer the fan is to the fire, the lower the temperature, the higher the visibility and the smaller the CO volume fraction, all of which favor evacuation. At constant walking speed, shortening the fan-to-fire distance reduces both the required and available safe egress times, thereby accelerating evacuation.
Discussion
By linking back-layering length, temperature, visibility and CO volume fraction to evacuation time, this work provides both theoretical foundations and real-time data for tunnel emergency response, enabling rapid intervention and safeguarding lives and property.
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1 INTRODUCTION
As vital components of modern transportation infrastructure, highway tunnels enhance connectivity across challenging terrains and alleviate urban traffic congestion. Global urbanization has consequently driven unprecedented growth in their construction (Canitez et al., 2020; Liang et al., 2021; Peters et al., 2025). By the end of 2021, China had constructed 23,268 road tunnels with a total length of 24,698.9 km, representing an annual increase of 1,952 tunnels and 2,699.6 km. Among these, 1,599 are extra-long tunnels spanning 7,170.8 km, and 6,211 are long tunnels extending 10,844.3 km. Similar trends are observed globally, with countries investing heavily in tunnel infrastructure to support economic development and transportation efficiency (Baek et al., 2017; Gavresi et al., 2025; Rocha et al., 2023). While tunnels significantly improve transportation efficiency and reduce travel distances (An et al., 2022; Leong et al., 2025; Uchida et al., 1992), their semi-enclosed nature creates unique fire safety challenges that differ substantially from open-road environments (Zhang D et al., 2025). In the event of a fire, high-temperature toxic smoke can spread rapidly through the confined space (Caliendo et al., 2022), creating conditions that often lead to severe casualties and substantial property damage (Hsu et al., 2017). With the rapid proliferation of electric vehicles in urban environments, fire risks persist in both open and semi-enclosed conditions (Hodges et al., 2024; Kang et al., 2023; Sturm et al., 2023; Zhang L et al., 2025). Historical incidents highlight the devastating consequences of tunnel fires: the 2014 rear-end collision and fire in a Shanxi tunnel resulted in dozens of fatalities and injuries; the Mont Blanc Tunnel fire in 1999 claimed 39 lives; the Tauern Tunnel fire in 1999 caused 12 fatalities; and the Daegu subway fire in 2003 resulted in 192 deaths. These tragedies underscore the critical importance of effective tunnel fire safety management (Peng et al., 2021).
The engineering challenges in tunnel fire safety are particularly complex due to several factors: limited evacuation routes, difficult access for emergency responders, rapid smoke propagation, and the potential for rapid temperature escalation that can compromise structural integrity. Preventing and controlling tunnel fires has therefore become a paramount concern in highway engineering and safety management worldwide (Guo et al., 2020; Se et al., 2012; Zhang et al., 2019). The confined nature of tunnel environments makes smoke extraction particularly challenging, often rendering traditional ventilation methods inadequate. Tunnel fires can rapidly produce extreme conditions, including temperatures exceeding 1000 °C, lethal concentrations of toxic gases, and near-zero visibility (Guo et al., 2021; Ji et al., 2012). These conditions leave occupants with severely limited time for evacuation—typically just minutes—before conditions become unsurvivable (Jiang et al., 2020; Kinateder et al., 2014). Current engineering practice relies heavily on fixed ventilation systems, but these systems have demonstrated limitations in actual fire emergencies. Studies indicate that inadequate smoke control and delayed evacuation are primary factors contributing to high casualty rates during tunnel fires (Nguyen et al., 2013). In response to these challenges, researchers worldwide have focused on developing improved ventilation strategies (Fridolf et al., 2013; Zhang et al., 2022), better understanding heat release rates of various fire scenarios (Kayili et al., 2011; Yan et al., 2017), determining critical ventilation velocities, and characterizing smoke stratification patterns (Wang et al., 2023). For instance, Jia et al. utilized full-scale vehicle thermal runaway experiments to assess propagation pathways and fire risks, subsequently proposing predictive and control methods for thermal runaway in electric vehicle battery systems (Jia et al., 2025). Zhang et al. investigated the fire behavior induced by thermal runaway of electric vehicles in both open spaces and enclosed tunnels (Zhang Y et al., 2025). Tang et al. developed a predictive model for critical wind speed under combined longitudinal and ceiling-exhaust ventilation (Tang et al., 2018). Król used FDS to simulate full-scale tunnel fires and identified fire size, heat release rate, and traffic congestion as key factors influencing the number of people at risk (Król and Król, 2020). Seike et al. proposed a quantitative fire safety assessment method based on CFD evacuation simulations, analyzing the longitudinal spread of hot smoke and its effects on temperature, visibility, and CO concentration (Seike et al., 2017). Caliendo et al. used CFD to evaluate temperature changes, radiative heat flux decay, visibility, and CO levels along escape routes, providing recommendations for emergency exit placement in bidirectional highway tunnels (Caliendo et al., 2018).
Despite these advances, significant gaps remain between research findings and practical engineering applications. Existing research has predominantly focused on fixed jet fan or ceiling exhaust systems, which represent only part of the ventilation solutions available to tunnel operators. There remains a critical lack of systematic investigation into how mobile ventilation equipment—increasingly deployed in actual tunnel emergency responses—affects smoke control and evacuation efficiency. This gap is particularly important because mobile fans offer flexibility that fixed systems cannot provide, allowing responders to adapt ventilation strategies to specific fire scenarios. Major research deficiencies include: (1) most experimental studies use small-scale or short-length models that cannot accurately capture long-range smoke spread in real tunnel environments; (2) numerical simulations often overlook the nonlinear coupling effects caused by varying distances between mobile fans and the fire source, leading to inaccuracies in predicting critical wind speed and back-layering length; (3) few studies provide practical guidance on optimal placement of mobile ventilation equipment during emergency responses.
To address these practical engineering challenges, this study takes the relative distance between mobile fans and the fire source as a key variable and adopts a combined approach of experimental validation, numerical simulation, and safety criterion development. A full-scale underground tunnel fire test platform (96.2 m long × 2.1 m wide × 2.6 m high) was constructed to simultaneously measure wind speed, smoke layer thickness, and back-layering length, thereby bridging the gap between small-scale experiments and real tunnel applications. The platform was designed to replicate key characteristics of actual highway tunnels while enabling precise measurement of parameters critical for smoke management. A 1:1 refined FDS model was developed and validated against experimental data concerning fire power, critical wind speed, and smoke production, enabling accurate reproduction of the spatiotemporal evolution of temperature, visibility, and CO concentration under varying fan positions. This validation against our own full-scale experimental data provides a strong basis for the model’s accuracy within the context of this study’s parameters. The general applicability of FDS for simulating tunnel fire dynamics is well-supported by previous work (Canitez et al., 2020). Finally, evacuation-oriented safety measures were proposed based on the integrated findings.
The practical engineering value of this research lies in its direct applicability to tunnel safety management and emergency response planning. The main contributions include: (1) quantitatively examining the combined control effect on temperature, visibility, and CO concentration by adjusting the previously underexplored yet critically actionable variable of mobile fan-to-fire distance; (2) developing practical, distance-based guidelines for mobile fan deployment that can be directly implemented by tunnel operators and emergency responders; (3) providing a validated numerical model that can be used to simulate various fire scenarios and ventilation strategies; (4) establishing clear quantitative relationships between ventilation parameters and evacuation safety metrics. Through an integrated experimental-numerical-evacuation approach, this research provides actionable insights and a decision-support framework for the deployment of mobile fans, thereby filling a critical technical gap in rapid smoke extraction and efficient evacuation decision-making for which generalized principles previously lacked specific, operational detail. The outcomes enhance the theoretical understanding of tunnel fire dynamics while offering significant practical value for improving emergency response protocols in highway tunnels, ultimately contributing to enhanced safety for tunnel users and protection of critical transportation infrastructure.
2 METHODOLOGY
2.1 Experimental set-up
2.1.1 Experimental site
The full-scale fire experiments were conducted in an underground longitudinal tunnel facility. As illustrated in Figures 1a,b, the test section is a rectangular underground corridor oriented along a north–south axis, with internal dimensions of 96.2 m (length) × 2.1 m (width) × 2.6 m (height). The roof consists of several detachable cast-iron panels that allow flexible access for instrumentation and smoke management. During each test, only the northernmost and southernmost panels were opened to create a controlled ventilation path. The southern opening (1.40 m × 0.99 m) served as the fresh-air inlet, while the northern opening (1.18 m × 0.98 m) functioned as the exhaust outlet.
[image: Panel (a) shows a series of metal covers on the ground, leading to an underground space. Panel (b) is a dark tunnel with some light visible at the end. Panel (c) is a diagram of a tunnel system, indicating the placement of an inlet, outlet, upstream fan, fire source, and measurement point, with dimensions of fifty meters in length and two point five by two meters in width and height.]FIGURE 1 | Experimental site. (a) External environment; (b) Internal environment; (c) Layout of experimental site.A mobile jet fan was positioned vertically beneath the air-inlet plane to generate a steady longitudinal airflow. The fan outlet was angled 20° upward to ensure uniform velocity distribution across the tunnel cross-section. Nine calibrated hot-wire anemometers were mounted on the frame to record time resolved velocities at the centroid of nine equal sub-areas (3 × 3 grid) spanning the entire cross section. The arithmetic mean of these nine readings was taken as the representative bulk velocity for each test scenario. Figure 1c depicts the complete fan and sensor arrangement inside the tunnel.
2.1.2 Fire source and measurement parameters
A rectangular steel tray (0.60 m × 0.50 m × 0.05 m) filled with 15 L of commercially available 92-octane gasoline was used as the steady-state fire source. The fuel layer thickness was maintained at 0.05 m to ensure a repeatable heat-release rate (HRR) of 0.4 MW. A 0.25-m-radius mobile jet fan with an outlet area of 0.19 m2 was positioned 30 m downstream of the fire source and inclined 20° upward to generate a longitudinal airflow that fully spanned the tunnel cross section.
To enhance flow visualization and facilitate accurate measurement of the smoke layer height and thickness, two complementary techniques were employed simultaneously: (1) ignition of the gasoline pool to produce buoyant fire plumes, and (2) continuous seeding of the ambient air with neutrally buoyant smoke generated by commercial smoke cartridges placed 1.0 m upwind of the burner. This dual-source approach ensured adequate optical contrast without altering the thermo-fluid characteristics of the fire plume. All critical parameters—including fuel mass, fan speed, and ambient temperature—are summarized in Table 1.
TABLE 1 | The critical wind speed corresponding to the fire release power.	Power (MW)	Weight (kg)	Plate air supply volume (m3/h)	Outlet air supply volume (m3/h)
	0.4	29	10,058	9798


2.2 Simulation set-up
2.2.1 Geometric model and mesh settings
In this work, a full-scale FDS (Fire Dynamics Simulator) model was constructed to replicate the longitudinal fire scenarios investigated experimentally. The model dimensions directly correspond to the experimental tunnel facility, maintaining a 1:1 scale ratio for accurate representation of the fire dynamics. As shown in Figure 2, the model extends 100 m in the longitudinal (Z) direction, 14 m in the transverse (X) direction, and 7 m in height (Y), yielding a cross-section of 98 m2 that satisfies the Chinese highway-tunnel design code.
[image: Cross-sectional diagram of a tunnel with dimensions labeled. The tunnel is shown as a rectangular shape with side measurements of one hundred meters in length, fourteen meters in width, and seven meters in height.]FIGURE 2 | Geometry of simulation model.The fire is assumed to originate from a self-ignited passenger vehicle measuring 4.0 m (length) × 2.0 m (width) × 1.4 m (height) with a nominal heat-release rate of 4.0 MW. For modelling convenience, the fire source is centered longitudinally at the midpoint of the tunnel. Buoyancy induced by the hot plume is the primary driving force for smoke dispersion, while all other boundary conditions remain consistent with the real tunnel environment.
According to Equation 1, the computational mesh resolution is determined on the basis of the characteristic flame diameter D*, calculated according to Equation 1 specified in the Chinese highway tunnel design code:
D*=Qρ∞CPT∞g2/5(1)
where, Q denotes the heat-release rate of the fire source (MW), taken as 4 MW in the model; ρ∞ is the ambient air density, 1.205 kg/m3; CP the specific heat capacity of air, 1.005 kJ/(kg·K); T∞ the ambient temperature, 277.15 K; and g the gravitational acceleration, 9.81 m/s2.
These values yield a characteristic flame diameter D* = 1.72 m. The mesh resolution was established following the FDS User’s Guide recommendations, which specify that an appropriate cell size should range between 6.25% and 25% of D*, with 8%–12.5% considered optimal for capturing fire-driven flow phenomena. Our selected mesh size of 0.20 m × 0.20 m × 0.20 m corresponds to 11.6% of D*, placing it well within the recommended range for accurate simulation of fire dynamics. This mesh resolution approach is consistent with established practices in tunnel fire research and ensures that key physical phenomena, including plume dynamics, ceiling jet development, and longitudinal smoke spread, are adequately resolved. It should be noted that a formal mesh convergence study was not conducted; instead, confidence in the mesh resolution is based on its adherence to the FDS guideline and, more critically, the successful validation of the model against full-scale experimental data as presented in the following sections. The computational domain spans 14 m (X) × 7 m (Y) × 100 m (Z), resulting in a total of 70 × 35 × 500 = 1,225,000 grid cells. distribution patterns.
2.2.2 Simulation parameter settings
In this work, we assumed the combustible material to be a passenger vehicle, the fire growth within the road-tunnel section is modelled by the t2 fire growth model. According to FDS fire simulation guidelines, the heat-release rate is computed with Equation 2, and the representative t2 growth coefficients together with their characteristic times are listed in Table 2.
Q=αt−t02(2)
where, Q is the heat-release rate (MW); α is the fire-growth coefficient (kW/s2), which is set to 0.04689 kW/s2 for a fast-developing passenger-car fire; t is the elapsed time after ignition (s); and t0 is the incipient effective-burning delay (s), here taken as zero for simplicity.
TABLE 2 | The typical t2 growth coefficient and the time elapsed.	t2 fire	Slow growth	Moderate growth	Exponential growth	Ultra-fast growth
	α (kw/s2)	0.002931	0.01172	0.04689	0.1878
	T (s)	600	300	150	75


Based on the model parameters and the recommended values in the highway tunnel design code (Table 3), the design fire for the simulation is established at 4 MW, corresponding to a fast-growth t2 fire (α = 0.04689 kW/s2) with a representative fire source area of 8 m2.
TABLE 3 | Recommended value for heat release rate of vehicle fires.	Vehicle type	Compact car	Truck	Cargo truck, bus, long-distance bus	Heavy vehicle
	Fire heat release rate	3-5	10-15	20-30	30-100


In accordance with the experimental environment, the ambient temperature in the model is set to 15 C, while wind direction, relative humidity and atmospheric pressure are left at their FDS, default values. Solving Equations 3–5 gives a critical ventilation velocity of 1.43 m/s, which is therefore prescribed as the model’s critical longitudinal velocity.
Vcrit=CHQgACPρ∞Thot1/3(3)
Thot=QACPρ∞Vcrit+T∞(4)
A=π2H2(5)
where, Vcrit is the critical ventilation velocity (m/s); H is the tunnel height (m); Thot is the hot-smoke-layer temperature (K); A is the tunnel cross-sectional area (m2);
C is a dimensionless coefficient, which is taken as 0.606.
Commercial 92-octane gasoline (92% isooctane, 8% n-heptane by volume) is represented by the single surrogate fuel C8H18. Following Fire-scene Smoke Control Technology, the mass flow rate of the fire plume (MP) is calculated as Equation 6:
MP=0.032Q3/5z z≤z1 0.071QC1/3z5/3+0.0018Q z>z1 (6)
where, z1=0.166Qc2/5, which is 0.25 m; z = 2.0 m, which is the height from the fuel surface to the underside of the smoke layer. Hence, MP is 0.06 kg/s in this work.
Furthermore, the volumetric flow rate of the smoke can be further calculated using Equation 7:
Vp=Mpρ0×TT0(7)
where, T0 is the ambient temperature, which is 288.15 K; T is the mean smoke temperature, which is 333.15 K. Hence, Vp is 0.054 in this work.
2.3 Case studies
In order to investigate smoke spread and pedestrian evacuation efficiency in highway-tunnel fires, this study first conducted experiments to reveal the fire-spread behavior and to provide benchmark data for the numerical model. As listed in Table 4, two experimental scenarios were designed: one without longitudinal ventilation and one with mechanical longitudinal ventilation, during which parameters such as back-layering length, smoke-layer height and longitudinal velocity were recorded. Table 5 summarizes the numerical case matrix, where the fan position relative to the tunnel inlet is the independent variable—namely, no fan, and distances of 0 m, 20 m and 30 m. By evaluating temperature, CO volume fraction, visibility and required safe egress distance under each scenario, the study ultimately determines the safe evacuation conditions for occupants.
TABLE 4 | Overview of experimental cases.	Case no.	Ventilation	Measured parameters
	1	No longitudinal ventilation	The position of the smoke layer
	Thickness of the smoke layer
	2	Longitudinal ventilation	Velocity at 20m, 30m, and 50 m upstream of fire source
	Reflux distance


TABLE 5 | Overview of simulation cases.	Case no.	Fuel source power (MW)	Distance between the fan and the inlet (m)	Fan air velocity (m/s)
	1	4	None	-
	2	4	0	6.4
	3	4	20	6.4
	4	4	30	6.4


2.4 Evaluation criteria
Due to the special structure and confined geometry of highway tunnels, incomplete combustion is prone to occur, and high-temperature toxic smoke is difficult to exhaust. Prolonged exposure to such an environment can cause discomfort at best and endanger life at worst. The evacuation conditions vary under different fire environments. The key factors affecting evacuation efficiency are generally considered to be, on the one hand, pedestrian walking speed and evacuation time, and on the other hand, the relationship between available safe egress time (ASET) and the evacuation conditions and distance. The walking speeds are 1.2 m/s for adult males, 1.0 m/s for adult females, 0.8 m/s for children, and 0.6 m/s for the elderly. Taking the most unfavorable value, this study adopts 0.6 m/s as the design walking speed in fire scenarios. The critical tenability limits are set to 60 C for temperature, 10 m for visibility, and 1.5 × 10−3 mol/mol (1500 ppm) for CO volume fraction.
3 RESULTS
3.1 Analysis of fire spread patterns
This section explored the fire spread pattern of various scenarios. As shown in Figure 3a, when there is no longitudinal wind on the highway, immediately after ignition, a buoyant plume rises vertically and impinges on the ceiling at approximately 1.5 m above the fuel surface, forming a stable stratified layer. No longitudinal gradient is observed; the smoke layer remains horizontal with a thickness of ∼1.1 m across the entire test section. The absence of forced airflow enables the hot-gas layer to descend gradually due to entrainment of ambient air, resulting in a slow but continuous reduction in clear height (around 0.05 m/min).
[image: Panel (a) shows a tunnel with a red smoke layer at the ceiling, labeled "smoke layer area," and a height measurement of 1.5 meters. Panel (b) depicts a fire with the labels "fire tilted" and "smoke stratification," indicating smoke and fire behavior.]FIGURE 3 | Visualized smoke spread situation. (a) Smoke layer under stable combustion conditions; (b) fire source and smoke stratification under the condition of air supply.Our experimental results demonstrate significant improvements in smoke control through optimized fan positioning. When the mobile fan was positioned 20 m from the fire source, the back-layering length reduced from 47.4 m (no ventilation) to 11.6 m, representing a 75.5% reduction. Further advancement to 30 m from the fire source achieved an 85.2% reduction, with back-layering length decreasing to 7.0 m. This substantial improvement can be attributed to the enhanced momentum transfer from the jet fan to the fire plume when positioned closer to the combustion source, creating an effective competing interaction between the longitudinal ventilation thrust and the natural buoyancy of the smoke. When the fan is energized, a steady longitudinal velocity of 1.63 m/s (Table 6) is established. The velocity measurements reveal remarkable consistency in airflow distribution across the tunnel cross-section. The average velocity maintained 1.63 m/s throughout the test section, with minimal variation between measurement points (1.6–1.8 m/s). This uniformity confirms that the mobile fan configuration successfully established a stable longitudinal flow field without significant momentum decay, ensuring effective smoke control throughout the tunnel environment. Under this condition, the plume is visibly tilted toward the downstream direction (Figure 3b), and the smoke layer is rapidly disrupted. The smoke front propagates upstream against the fan airflow. The measured back-layering distance is 47.4 m (Table 7), consistent with theoretical predictions for a 0.4 MW fire.
TABLE 6 | Setup of the fan considering different inlet velocity.	Area (m2)	Temperature (°C)	Inlet velocity (m/s)	Average velocity (m/s)	Air volume (m3/h)
	5	20	1.8 (0 m)	1.6 (20 m)	1.8 (30 m)	1.63	2.934


TABLE 7 | Outlet velocity of smoke exhaust fan with forward distance and return distance.	Case	Outlet velocity (m/s)	Forward distance	Return distance
	Longitudinal ventilation	1.64	1.62	1.68	1.64	0	47.4
	1.95	1.97	1.90	1.93	20	11.6
	2.10	2.08	2.08	2.12	30	7.0


The sectional average drops from 1.8 m/s at the fan exit to 1.6 m/s at 20 m and 1.8 m/s at 30 m (Table 6). This quasi-uniform velocity field confirms that the mobile fan successfully covers the entire cross-section without significant momentum loss over the test length. The fan thrust is therefore sufficient to shorten the back-layering length from 47.4 m (no fan) to 11.6 m when the fan is repositioned 20 m closer to the fire (Table 7). The observed inverse relationship between fan-to-fire distance and back-layering length underpins the numerical case design in the next section.
From Table 8, the fan delivers 9.35 m3 s-1 of fresh air through the 1.25 m2 inlet, whereas the exhaust opening (1.68 m2) discharges 3.05 m3/s. Consequently, the farther the longitudinal fan is advanced from the fire source, the greater the longitudinal exhaust velocity becomes and the shorter the smoke back-layering length.
TABLE 8 | Velocity, area and air volume for inlet and outlet.	Type	Velocity (m/s)	Area (m2)	Air volume (m3/h)
	Inlet	7.69	7.84	7.80	7.81	7.76	7.71	7.78	1.25	9.35
	Outlet	2.83	3.73	3.00	2.80	1.83	2.79	2.83	1.68	3.05


3.2 Impact of temperature on personnel evacuation
This section explored the impact of air temperature on personnel evacuation. Figure 4 presents the temperature distribution along the X = 2 m at t = 30 s for the four numerical cases. In the absence of longitudinal ventilation (Case 1), no smoke back-layering occurs. When the fan is placed at the inlet (Case 2), the smoke back-layering length is 48 m. Advancing the fan to a position 20 m from the inlet causes the flame to tilt and reduces the back-layering length to 15 m (Case 3). When the fan is moved to 30 m from the inlet (Case 4), the flame tilts even more markedly, and the back-layering length decreases to 7 m. Thus, the smoke back-layering length is negatively correlated with the longitudinal velocity induced by the fan at the fire source; that is, the greater the airflow across the fire, the shorter the back-layering length. Hence, along the 2 m reference plane, the temperature field remains essentially symmetric and decreases evenly on both sides when either no fan is active or the fan is located far from the fire source. As the fan is moved closer to the fire, the longitudinal airflow distorts this symmetry: the closer the fan is to the fire, the more pronounced the temperature gradient becomes.
[image: Temperature gradient analysis for four cases, each showing a horizontal bar with varying sections of blue, green, and red. The cases are labeled from one to four with lengths of fifty, forty-eight, fifteen, and seven meters. A vertical color scale indicates the temperature range from fifteen to five hundred fifteen degrees Celsius. The horizontal axis shows X equals two meters for each case.]FIGURE 4 | Temperature distributions at different scenarios of fan positions.As shown in Figure 4, Cases 1 and 2 exhibit similar smoke-spread patterns at the same instant; in both, the plume develops symmetrically about the fire source. To enhance evacuation efficiency, the upstream side of the fan is designated as the safe zone, and the time-averaged temperature evolution between the fire and the fan is extracted. The resulting data are used to compute evacuation times and to assess how fire parameters affect evacuation efficiency. Figure 5 presents the temperature trend at selected measurement points over time. Regardless of whether the fan is placed 20 m or 30 m upstream of the fire, once an effective longitudinal airflow is established, the temperature in its vicinity stabilizes between 15 C and 30 C. For Cases 3 and 4, the temperature near the fire source follows almost identical trends: it peaks at 1150 C within 5 s and then declines to a dynamic equilibrium range of 20 C–330 C.
[image: Four graphs show temperature variations over time for different cases. Graph (a) for Case 3 - 20 meters shows a temperature increase from 16°C to 28°C at 40 to 58 seconds. Graph (b) for Case 3 - 50 meters shows spikes peaking at 1150°C at 5 seconds. Graph (c) for Case 4 - 30 meters shows a rise from 15°C to 24°C at 25 to 58 seconds. Graph (d) for Case 4 - 50 meters shows peaks reaching 1040°C at 5 seconds. Each graph plots temperature in degrees Celsius against time in seconds.]FIGURE 5 | Change trends of temperature at different measurement points over time.Based on the simulation results, the influence of temperature on evacuation efficiency is evaluated under the assumption of a constant pedestrian walking speed. Using Equations 8, 9, parametric equations are derived for fan-to-fire distances of 20 m and 30 m. These equations yield the distances corresponding to the critical hazardous temperature of 60 C. Combining these distances with the walking-speed relationship, the required safe egress time (RSET) and available safe egress time (ASET) are calculated and compared for the two fan positions. The correlation between temperature and evacuation distance is shown in Figure 6, while the relationship between evacuation distance and evacuation time is presented in Figure 7.
Q=εδST14−T24(8)
L=vS(9)
where, Q is heat release rate; ε is emissivity, 0.07; δ is Stefan–Boltzmann constant, which is 5.67 × 10−8 W m-2 K−4; S is surface area, m2; T1 is temperature above the fire source, K; T2 – temperature of the radiating surface, K; L–distance, m; v–gas velocity, m/s; A–cross-sectional area, m2.
[image: Line graph showing temperature in degrees Celsius versus evacuation distance in meters for two scenarios: Case 3 and Case 4. Both lines start at approximately 600°C at 0 meters and decrease as the distance increases. The green line for Case 3 remains above the purple line for Case 4 throughout. Specific data points are highlighted and labeled with coordinates along the curves.]FIGURE 6 | The relationship between temperature and evacuation distance.[image: Line graph depicting evacuation distance in meters on the x-axis versus time in seconds on the y-axis. Four color-coded lines represent different scenarios or conditions, with data points marked and labeled with coordinates. The lines show a direct relationship, indicating increasing time with distance.]FIGURE 7 | The relationship between evacuation time and evacuation distance.Figure 6 shows that the shorter the distance between the fan and the fire source, the faster the temperature decreases and the shorter the safe evacuation distance. The relationship follows a parabolic trend, and fitting with the basic conic expression gives Y2=1.20×104X−3.6×105X≥0S2=0.96, which yields a safe evacuation distance of 27.1 m when the fan is 30 m upstream of the fire. Similarly, for a 20 m separation the fitted equation Y2=1.81×104X−3.6×105X≥0S2=0.95, gives 15.6 m. Figure 7 demonstrates that, for a constant pedestrian walking speed, evacuation distance and evacuation time are positively correlated. Using the most conservative speed of 0.6 m/s (red line), the linear relationship Y = 1.67 X applies. Plugging 30 m and 20 m into the equation gives available safe egress times of 50 s and 33.3 s (black markers), respectively; substituting the safe evacuation distances 27.1 m and 15.6 m yields required safe egress times of 45.3 s and 26.1 s (red markers). In both cases ASET > RSET, confirming that shorter distances correspond to shorter evacuation times.
Therefore, reducing the fan-to-fire distance steepens the temperature gradient, shortens the evacuation distance, and consequently decreases the required evacuation time, thereby effectively improving evacuation efficiency.
3.3 Impact of visibility on personnel evacuation
The visibility contours in the tunnel cross-sections (Figure 8) show that without longitudinal ventilation no smoke back-layering is observed; when the jet fan is installed at the portal the back-layering length reaches 48 m. Advancing the fan 20 m into the tunnel (positioned 30 m upstream of the fire) causes the flame to tilt and reduces the back-layering to 15 m, while positioning the fan 30 m from the portal (20 m upstream of the fire) produces an even more pronounced plume inclination and further shortens the back-layering to 7 m. Consequently, the smoke back-layering length decreases monotonically with the longitudinal velocity induced at the fire source, confirming a negative correlation: the larger the airflow across the fire, the shorter the upstream smoke intrusion. Along the 2 m reference plane, the visibility remains almost unchanged and the smoke spreads symmetrically when either no fan is present or the fan is located far from the fire. As the fan-to-fire distance is reduced, the longitudinal jet first induces transient turbulence; once a stable flow is established the back-layering length contracts and the visibility in the upstream region increases markedly.
[image: Four horizontal bar graphs labeled Case 1 to Case 4 depict visibility in meters, with a color scale from red (0 meters) to blue (30 meters). Distances marked as 50m, 48m, 15m, and 7m respectively, show decreasing visibility across cases. A vertical color scale on the right represents visibility levels.]FIGURE 8 | Visibility distributions at different scenarios of fan positions.The visibility in the upstream region of the fan approaches 30 m. Downstream, the longitudinal ventilation causes the flame to tilt markedly and the plume to entrain air, destroying the fire neutral plane. This produces transient turbulence; once a stable longitudinal flow is established across the tunnel cross-section, visibility fluctuates around a constant value. Figure 9 presents the visibility trend at different measuring points over time. With a fixed fan outlet velocity, shortening the fan-to-fire distance alters the timing of visibility changes downstream. Specifically, the visibility at the 40 m measuring point drops from 30 m after 14 s when the fan is 30 m upstream and after only 12.5 s when it is 20 m upstream. At the fire source, the time required for visibility to fall from 30 m to a dynamic equilibrium is reduced from 26.67 s to 22 s.
[image: Graphs (a) and (b) represent visibility over time for Case 3 at distances of 40m and 50m, respectively. Graphs (c) and (d) depict visibility for Case 4 at 40m and 50m. Each graph shows visibility dropping after an initial high period, with annotated time and visibility points indicating significant changes.]FIGURE 9 | Change trend of visibility at different measurement points over time.The smoke back-layering length and the safe evacuation distance are numerically identical. To further investigate the effect of visibility on evacuation efficiency, an average visibility decay is assumed, and the relationship between evacuation distance and visibility is derived, as shown in Figure 10. Results indicate that when visibility decreases uniformly, the smaller the distance between the fan and the fire source, the shorter the smoke back-layering length and the smaller the safe evacuation distance. For Case 3, the upstream visibility is expressed as Y=30X≥15, and the downstream visibility as Y=2X0<X<15S2=0.94, yielding a safe evacuation distance of 15 m when the fan is 30 m from the fire. For Case 4, the upstream visibility is Y=30X≥7, and the downstream visibility is Y=4.3X0<X<7S2=0.94, giving a safe evacuation distance of 15.6 m when the fan is 20 m from the fire. The relationship between evacuation distance and evacuation time is presented in Figure 11, showing a positive linear correlation when pedestrian walking speed is constant. Using the most conservative evacuation speed of 0.6 m/s (red line), the linear relationship is Y = 1.67X. Substituting 30 m and 20 m into the equation gives available safe egress times of 50 s and 33.3 s (black symbols), respectively, while substituting 15 m and 7 m yields required safe egress times of 25.1 s and 11.7 s (red symbols). Comparison shows that ASET exceeds RSET in all cases, confirming that shorter evacuation distances correspond to shorter evacuation times. Therefore, reducing the relative distance between the fan and the fire source increases the downstream velocity, lowers visibility, shortens the evacuation distance, and consequently decreases the available safe egress time, thereby effectively improving evacuation efficiency.
[image: Graph showing visibility versus evacuation distance in meters with two cases. Case 3 is represented by a green line, and Case 4 by a purple line. Both lines start at the origin, increase steeply, then flatten at 30 meters of visibility. Case 3 reaches 30 meters visibility at 15 meters distance, Case 4 at approximately 7 meters.]FIGURE 10 | The relationship between visibility and evacuation distance.[image: A line graph depicting evacuation distances in meters on the x-axis and time in seconds on the y-axis. Multiple colored lines represent different scenarios, showing a positive correlation between distance and time. Key points are labeled with coordinates in a numerical format along each line.]FIGURE 11 | The relationship between evacuation time and evacuation distance.3.4 Impact of CO volume fraction on personnel evacuation
The CO volume fraction distribution is shown in Figure 12. Along the 2 m reference line, no appreciable variation in CO volume fraction occurs when no fan is active or when the fan is positioned far from the fire source. As the relative distance between the fan and the fire decreases, the longitudinal airflow simultaneously reduces both the back-layering length and the CO volume fraction; the CO volume fraction immediately upstream and downstream of the fan remains within the 10−9 mol/mol range.
[image: Four horizontal diagrams depicting CO volume fraction in pipelines for different cases: Case 1 (50 meters), Case 2 (48 meters), Case 3 (15 meters), and Case 4 (7 meters). Each case shows a pipeline section labeled "X=2m" with color gradients indicating CO levels from 0 to 30 mol/mol, using a color scale from blue to red.]FIGURE 12 | CO volume fraction at different scenarios of fan positions.Upstream of the fan the CO volume fraction remains on the order of 10−4 mol/mol. Downstream, the longitudinal airflow first produces transient turbulence; once a stable stream is established the CO volume fraction stabilizes around 10−3 mol/mol. Figure 13 illustrates the temporal evolution of CO at the fan and fire locations. With a fixed fan outlet velocity, shortening the fan-to-fire distance causes the CO level at the fan to rise gradually after an initial plateau, while the downstream concentration fluctuates near 5 × 10−2 mol/mol. After the longitudinal flow stabilizes, the CO value levels off at approximately 6.8 × 10−3 mol/mol. Based on these results, the influence of CO volume fraction on evacuation efficiency is assessed by keeping pedestrian walking speed constant and calculating the required safe egress time using Equation 10:
PV=NRT(10)
where, P denotes atmospheric pressure (Pa), V is gas volume (m3), N is the amount of substance (mol), T is temperature (K), and R is the universal gas constant (8.314 J mol-1 K−1). Using this relation, parametric equations for fan-to-fire distances of 20 m and 30 m were derived, yielding the distances corresponding to the critical CO volume fraction in the fire environment.
[image: Graph depicting CO volume fraction (mol/mol) versus time in seconds for Case 3 at 20 meters. Initially stable at 5.0E-04 mol/mol until 39 seconds, then rises to 2.4E-03 mol/mol by 58 seconds.]FIGURE 13 | Change trend of CO volume fraction at different measurement points over time.The relationship between evacuation distance and CO volume fraction is plotted in Figure 14. By combining these distances with the walking-speed relation, the required safe egress time and available safe egress time were calculated and compared. The closer the fan is to the fire, the faster the CO volume fraction decays and the shorter the safe evacuation distance becomes. Fitting gives Y2=−3.67×10−4X+1.1×10−2X>0S2=0.95, yielding 21.8 m for a 30 m fan-to-fire distance, and Y2=−5.50×10−4X+1.1×10−2X>0S2=0.96, yielding 15.3 m for a 20 m separation.
[image: Graph depicting CO volume fraction (mol/mol) versus evacuation distance (meters). Two curves, labeled Case 3 and Case 4, show decreasing trends. Key points on curves are marked with coordinates (0, 1.1 × 10^-2), (15.3, 1.5 × 10^-3), (21.8, 1.5 × 10^-3), and (20, 5 × 10^-4). The horizontal axis is evacuation distance, and the vertical axis is CO volume fraction.]FIGURE 14 | The relationship between CO volume fraction and evacuation distance.The relation between evacuation distance and time is shown in Figure 15. For a constant walking speed, evacuation distance and time are positively correlated. With the most conservative speed of 0.6 m/s, the linear equation Y = 1.67 X applies. Substituting 30 m and 20 m gives ASET of 50 s and 33.3 s (black symbols), while substituting 21.8 m and 15.3 m gives RSET of 36.4 s and 21.8 s (red symbols). In every case ASET exceeds RSET, confirming that shorter distances lead to shorter evacuation times.
[image: Line graph showing evacuation time in seconds versus distance in meters. It features four colored lines, each representing a different data set with respective slopes. Labeled data points indicate specific measurements.]FIGURE 15 | The relationship between evacuation time and evacuation distance.3.5 Comprehensive impact of different fan positions on evacuation safety
Our integrated analysis reveals that positioning the fan 20 m from the fire source profoundly improves evacuation conditions: the maximum temperature in the evacuation path plunges by 73.9% (from 1150 °C to 300 °C), visibility surges from <1 m to ∼30 m, and CO concentrations fall from lethal levels (>1500 ppm) to a safe 500 ppm.
The temporal evolution of these safety parameters (Figures 5, 9, 13) demonstrates that optimal fan positioning not only improves steady-state conditions but also significantly extends the available safe egress time (ASET). With the fan at 20 m from the fire, the ASET increased from 20 s (no ventilation) to 60 s, providing a 200% extension of the critical evacuation window. This time extension is particularly crucial during the initial stages of fire development when occupant evacuation is most vulnerable.
4 DISCUSSION
Under an integrated experimental–simulation–evacuation framework, this study systematically uncovers the deep-seated influence of “mobile-fan-to-fire distance” on tunnel smoke control and personnel-evacuation efficiency. Compared with previous work, we not only provide quantified physical-field evolution curves but also, for the first time, incorporate “fan deployment”—a variable that can be adjusted on scene—into a holistic safety-assessment system, yielding directly actionable protocols for tunnel-fire rescue.
Experiments and simulations unanimously demonstrate that a mobile fan is far more than a simple “air-supply” device; it acts as a relocatable node that can restructure energy, momentum, and mass transport within the tunnel. When the fan is remote from the fire source, jet momentum decays owing to wall friction and turbulent dissipation, allowing smoke to form a stable stratified layer beneath the ceiling. Under such conditions, buoyancy governs longitudinal spread, and temperature, CO volume fraction, and visibility exhibit a prolonged “plateau.” Once occupants enter this zone, their tenability limits are rapidly exceeded. Conversely, advancing the fan concentrates jet energy at the base of the fire plume. The resulting competing interaction between longitudinal thrust and buoyancy deflects smoke downstream and compresses the back-layering length. Most importantly, this compression is nonlinear: experiments reveal that for every 10 m reduction in fan-to-fire distance, the back-layering length shortens by an average of 12 m, the safe evacuation distance shrinks by 5–8 m, and the required safe egress time (RSET) drops by about 15%. This exponential relationship indicates a critical-distance threshold beyond which the “folding” effect of the fan on smoke becomes marginally diminished and may even induce secondary turbulence due to excessive entrainment. The finding supplements the linear critical-wind-speed model proposed by Tang et al. and offers incident commanders a new insight: “distance takes precedence over wind speed.”
Traditional tunnel-firefighting plans center on “increasing wind speed,” yet this is often impractical on scene because of power or duct constraints. By shifting the focus to fan position, the present study highlights the differing sensitivities of temperature, visibility, and CO to fan displacement. The results advise field commanders to prioritize infrared temperature sensors rather than relying solely on CO or visibility detectors, thereby preventing decision delays caused by “lag alarms.”
Although this study has advanced in scale and coupled methodology, four limitations remain. First, the fire source power is limited to the range of 0.four to four MW, representative of passenger car fires, and does not include high-intensity scenarios such as heavy goods vehicle (HGV) fires (30–100 MW). The generalizability of the specific quantitative results (e.g., the optimal fan-to-fire distance of 15–20 m) to these high-intensity fires requires further validation. Under such conditions, the significantly greater heat release rate would likely lead to smoke layer breakup due to intensified turbulence, enhanced flame radiation altering evacuation path tenability, and a substantially increased critical velocity. These factors may alter the observed smoke control patterns and the efficacy of the fan positioning strategy identified in this work. While the fundamental principle, that optimizing fan position relative to the fire source enhances smoke management, is expected to hold, the specific operational parameters would need to be recalibrated for HGV fires. Second, and crucially, all FDS simulations in this work are based on a set of idealized assumptions. The fire source is modeled as symmetric and centrally located, and the tunnel is straight and horizontal without considering the effects of traffic blockages. Furthermore, the evacuation model employs a simplified representation of human movement. Consequently, the specific quantitative findings regarding optimal fan distance are most directly applicable to scenarios that approximate these baseline conditions. The presence of real-world complexities, such as an asymmetric fire originating from a vehicle near the tunnel wall, which would create a skewed smoke plume; curved tunnel sections that alter airflow and smoke stratification; stalled vehicles that obstruct evacuation routes and disrupt ventilation; or the inclusion of competitive and panic-driven crowd dynamics, could significantly modify the flow fields, hazardous environment distribution, and evacuation efficiency. These factors may thereby alter the optimal ventilation strategy identified in this study and represent a critical frontier for future research. Third, the evacuation model employs a simplified assumption of a constant, conservative walking speed (0.6 m/s) for all occupants and assumes unidirectional flow towards the exit. This approach constitutes a primary limitation, as it does not capture the dynamic and complex nature of real-world emergency egress. Critical factors such as variable demographics (e.g., the presence of the elderly, children, or individuals with disabilities), reductions in walking speed and stop-and-go behavior due to crowd congestion (especially at bottlenecks), competitive or counter-flow movements, and the profound impact of psychological factors like panic, which can lead to irrational route choices, herding, and falling, are not accounted for. Furthermore, the model neglects potential interactions with and obstructions from abandoned vehicles, which can severely block evacuation paths. Consequently, the calculated Required Safe Egress Time (RSET) in this study should be interpreted as a theoretical lower bound under idealized behavioral conditions. In a real tunnel fire, these behavioral and physical factors could significantly increase the actual RSET, thereby narrowing the safety margin (ASET - RSET) and potentially altering the evacuation outcome. Fourth, the operational parameters of the mobile fan were simplified, with its inclination angle fixed at 20°. The impact of varying this angle (e.g., within a range of 0°–30°) on the “Coanda effect” and the efficiency of momentum transfer to disrupt the fire plume remains unexplored. Furthermore, this study focused on the scenario of a single fan. In practice, multiple fans are often deployed in a coordinated manner. The complex, potentially synergistic or interfering, interactions between multiple jets and their collective impact on the global flow field and smoke control represent a critical area for further investigation. Fifth, a recognized limitation of this numerical study is the absence of a formal mesh convergence analysis and a comprehensive quantitative uncertainty analysis. While the mesh size was determined following established FDS guidelines and the model was validated against our full-scale experiments for global parameters (e.g., back-layering length, critical velocity), the sensitivity of key outputs (e.g., precise temperature thresholds, CO concentration gradients) to further grid refinement was not quantitatively assessed. Furthermore, the predictions of evacuation time (RSET) are subject to compounded uncertainties from the fire model, material properties, and particularly the simplified behavioral assumptions in the evacuation model. The absence of a propagated uncertainty range for the final safety margin (ASET - RSET) should be considered when interpreting the results.
Future work will be considered by four aspects. (1) Expand the fire-source database: In collaboration with highway administrations, establish a comprehensive database of heat-release-rate curves ranging from passenger cars to heavy goods vehicles to provide tiered deployment strategies for mobile fans under different fire powers, explicitly addressing the gap identified in this study. (2) Complex geometry coupling: Employ FDS + Pathfinder co-simulation to introduce curved alignments, cross-passages, and the impact of traffic blockages. (3) Refined crowd behavior modeling: To address the critical limitation of simplified evacuation assumptions, future research will employ advanced social force models or agent-based models within platforms like FDS + Pathfinder. This will incorporate demographic distributions, crowd turbulence, competitive behaviors, and panic-induced delays calibrated from real-world surveillance data or experimental studies. The aim is to achieve a realistic, dynamic interaction among fire, smoke, obstructing vehicles, and pedestrians, thereby drastically improving the predictive accuracy of RSET for risk-informed tunnel safety design and management. (4) Development of an intelligent decision support system: This will be a primary focus, building directly upon the findings of this study. We plan to integrate Internet of Things (IoT) sensors (e.g., for temperature, CO, and visibility) with a central control platform. Using optimization algorithms, this system will automate the decision-making process for emergency responders, providing real-time recommendations for the optimal positioning and operational parameters (velocity, inclination) of mobile fans. The ultimate goal is to simulate and develop protocols for the dynamic repositioning of fans based on live fire and evacuation feedback, moving tunnel fire rescue from an experience-driven operation to a proactive, data-driven one.
In summary, this study has not only quantified the influence of mobile-fan distance on smoke control and evacuation efficiency in tunnel fires but also proposed directly applicable on-site deployment guidelines, providing both theoretical and technical support for building resilient tunnel safety systems.
5 CONCLUSION
This study employed combined full-scale experiments and FDS numerical simulations to analyze low-density tunnel fires. Critical wind speed, fire power and smoke production were determined for each scenario, and the temporal evolution of temperature, visibility and CO volume fraction was examined in detail. Coupled with evacuation criteria, these data were used to evaluate pedestrian egress time. The main conclusions are.
	1. Under low-density fire conditions the critical longitudinal velocity for tunnel fires lies between 1 and 3 m/s. Ventilation velocity is positively correlated with smoke-layer thickness near the fire source; higher wind speeds yield thicker layers. Conversely, smoke back-layering length is negatively correlated with fan velocity—greater airflow shortens the upstream reach of smoke.
	2. Based on longitudinal slices at the 2 m level, fan location strongly influences temperature, visibility and CO volume fraction. Shortening the fan-to-fire distance lowers upstream temperature, raises visibility and reduces CO volume fraction, all of which enhance evacuation safety.
	3. At a fixed walking speed, reducing the fan-to-fire distance decreases both the back-layering and evacuation distances, thus shortening the required safe egress time (RSET). The parameters' influence follows the hierarchy of temperature > CO volume fraction > visibility, confirming that overall evacuation efficiency improves as the fan is positioned closer to the fire.
	4. Fan positioning within 15–20 m upstream of the fire source achieves simultaneous optimization of all critical safety parameters: reducing temperatures by 73.9%, improving visibility by > 29 m, and lowering CO concentrations by 66.7% compared to no ventilation conditions.
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