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Abstract

Critical ventilation velocity is crucial for smoke control in tunnel fires, yet its behavior in tunnels with
unconventional cross-sections remains inadequately quantified. This study numerically investigates
the critical velocity in a full-scale, 1000-m-long semi-circular tunnel using Fire Dynamics Simulator
(FDS). A systematic parametric analysis was conducted to evaluate the effects of fire heat release rate
(HRR, 4-10 MW), cross-sectional geometry (semi-circular vs. three arched sections of equal area), and
longitudinal slope (-1% to +2%). The critical velocity was determined using a successive
approximation method, validated against multi-criteria safety thresholds including smoke back-
layering length, upstream temperature, and visibility height. Results demonstrate that HRR is the
dominant factor, with critical velocity increasing from 2.2 to 2.7 m/s. More importantly, cross-
sectional shape exhibits a significant, non-monotonic influence; the streamlined semi-circular arch
requires a lower critical velocity (2.2 m/s) compared to arched sections (2.4-2.6 m/s) of the same area,
attributed to reduced flow resistance and a more coherent ceiling jet. Within the studied range, the
effect of slope is minor compared to HRR and geometry, showing only a slight decrease in critical
velocity for uphill gradients. These findings provide quantitative insights into optimizing ventilation
design for semi-circular tunnels, highlighting that an aerodynamically favorable shape can reduce
the required longitudinal airflow, thus balancing safety and energy efficiency.

Keywords: tunnel fire; critical wind speed; cross-sectional shape; fire source power; longitudinal
slope

1. Introduction

Tunnel fires, as catastrophic events within enclosed underground transportation infrastructures,
pose severe threats to structural integrity, operational safety, and human life. The confined geometry
of tunnels leads to rapid heat accumulation, extreme temperatures capable of causing structural
spalling or even collapse [1,2] and the swift spread of high-temperature, toxic smoke [3,4], which
critically hinders safe evacuation by degrading visibility and air quality. High-profile fire incidents
in tunnels worldwide have underscored these risks, driving continuous advancements in fire safety
standards and engineering design codes. Consequently, a profound understanding of fire dynamics,
particularly the mechanisms governing smoke control, is paramount for ensuring tunnel resilience
and public safety.
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Longitudinal ventilation, utilizing a critical wind speed to prevent upstream smoke backflow, is
a fundamental smoke management strategy. Research on critical wind speed has evolved over
decades, establishing its core dependence on fire source heat release rate (HRR) and tunnel geometry
[5,6]. Subsequent studies have refined this understanding by incorporating factors such as tunnel
aspect ratio [7], height-to-width ratio [8], and slope. Concurrently, extensive numerical and
experimental investigations have detailed smoke spread characteristics under various conditions,
including the influence of mechanical ventilation [9,10], vehicle blockages [11], fire source movement
[12], and tunnel curvature [13]. These works collectively affirm the reliability of tools like Fire
Dynamics Simulator (FDS) for simulating tunnel fire environments [14,15].

Despite significant progress, notable research gaps persist. Existing studies often rely on
reduced-scale experiments or idealized numerical models. There is a pronounced scarcity of full-scale
investigations that systematically examine the coupled effects of variable tunnel cross-sectional
geometry (a key design parameter) and varying fire source power on critical wind speed. This
coupling is crucial for modern tunnel designs featuring non-rectangular cross-sections, such as semi-
circular arches, where heat and smoke interaction with the curved boundary may significantly alter
flow dynamics and critical wind speed requirements. Furthermore, the interaction between
longitudinal ventilation and the tunnel’s longitudinal slope in such geometries remains inadequately
quantified.

To address these gaps, this study employs a full-scale modeling approach centered on a semi-
circular tunnel arch. The primary objectives are: (1) to investigate the variation patterns of critical
wind speed under different fire source HRRs; (2) to analyze the influence of the semi-circular cross-
sectional geometry on smoke layer stability and critical wind speed; and (3) to evaluate the impact of
tunnel slope on the required ventilation control velocity. The findings aim to provide a theoretical
foundation and practical data for the optimized design of ventilation and smoke control systems in
semi-circular tunnels.

2. Methodology

2.1. Numerical Simulation Platform and Fundamental Theory

This study employs PyroSim 2024, a graphical user interface for the Fire Dynamics Simulator, to
conduct computational fluid dynamics simulations of tunnel fire scenarios. FDS is an open-source
CFD code developed by the National Institute of Standards and Technology, specifically designed
for modeling fire-driven fluid flow and heat transfer [16,17]. It solves a form of the Navier-Stokes
equations appropriate for low-speed, thermally-driven flow, making it widely adopted in fire safety
engineering and tunnel ventilation studies [17,18].

The core solver in FDS version 6.7 (the engine behind PyroSim 2024) utilizes a Large Eddy
Simulation (LES) approach for turbulence modeling. In LES, large-scale eddies are resolved directly
by the computational grid, while the effects of sub-grid scale motions are modeled, typically using a
Smagorinsky closure model. Combustion is modeled using a mixture fraction-based approach, and
radiative heat transfer is calculated using a finite volume method for the radiative transport equation
(RTE). These modeling choices are considered suitable for simulating buoyancy-dominated smoke
movement in tunnel fires [2,17].

To focus on the fundamental interactions between fire plume, ventilation, and tunnel geometry,
the following assumptions were applied:

(1) The ventilation flow is treated as an incompressible ideal gas, valid for low Mach number
flows characteristic of tunnel ventilation velocities.

(2) The fluid is a continuous medium.

(3) The tunnel walls are assumed to be inert and rigid, with material properties defined as
concrete.
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2.2. Physical Model and Geometry

A full-scale model of a semi-circular arch tunnel was constructed. The tunnel has a total length
(L) of 1000 m. The cross-section is defined by a semi-circle with a radius (R) of 5 m, resulting in a
maximum height (H) of 5 m and a width (W) of 10 m (the diameter of the semi-circle). The
longitudinal direction is aligned with the x-axis. A schematic of the tunnel geometry is presented in
Figure 1.

Figure 1. Semicircular highway tunnel model diagram.

2.3. Boundary Conditions, Fire Source, and Material Properties

Both ends of the tunnel were set as open boundaries to the ambient atmosphere, simulating a
naturally ventilated scenario prior to the activation of mechanical systems. The ambient temperature
and pressure were set to 20 °C and 101.325 kPa, respectively. To simulate longitudinal ventilation, a
constant velocity inlet boundary condition was prescribed at the upstream portal, while the
downstream portal remained as an open pressure outlet. The ventilation velocity was systematically
varied across simulation cases to determine the critical value.

The fire source was modeled as a rectangular burner with dimensionsof4m X 1.8m X 1.6 m,
representing a burning passenger vehicle. It was positioned at the longitudinal midpoint of the tunnel
and centered laterally. A constant Heat Release Rate Per Unit Area was specified to achieve a
prescribed total fire power. Based on common vehicle fire classifications in guidelines such as China’s
“Design Specifications for Road Tunnels” (DG-TJ08-2033-2008), the primary fire scenario was set to
a total HRR of 4 MW. The corresponding HRRPUA was calculated as approximately 155 kW/m?,
considering the exposed surface area of the burner.

Carbon monoxide (CO) was selected as a tracer species to visualize and quantify smoke
movement, as its concentration is a key parameter for assessing tenability and ventilation
effectiveness [19]. A constant yield of 0.2 kg of CO per kg of fuel was specified. All tunnel surfaces
were assigned the properties of concrete, using the built-in material library definition in PyroSim
which includes typical density, thermal conductivity, and specific heat capacity values [20,21].

2.4. Computational Grid and Independence Verification

The computational domain was discretized using a structured, rectilinear grid. A uniform grid
cell size of 0.5 m was initially applied in all three directions, resulting in a total of approximately
400,000 cells.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.0774.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 May 2026 d0i:10.20944/preprints202605.0774.v1

4 of 16

A grid sensitivity analysis was performed to ensure that key results were independent of spatial
resolution. Two additional grids were tested for a representative 4 MW fire case: a coarse grid with a
cell size of 0.8 m (~98,000 cells) and a fine grid with a cell size of 0.33 m (~1.1 million cells). The
primary metrics for comparison were the longitudinal temperature decay profile along the tunnel
ceiling and the calculated critical wind speed. The results from the 0.5 m and 0.33 m grids showed
differences of less than 5% in ceiling temperature and less than 3% in the predicted critical velocity,
whereas the 0.8 m grid showed deviations exceeding 10%. Therefore, the 0.5 m grid was deemed to
offer an optimal balance between computational accuracy and cost for this study.

2.5. Simulation Scenarios and Data Acquisition

The core objective was to investigate the critical wind speed (V;), defined as the minimum
longitudinal ventilation velocity required to prevent the upstream back-layering of smoke. A series
of simulations were conducted by systematically varying two key parameters: (1) the fire source HRR
(4 MW, 6 MW, 8 MW, 10 MW), and (2) the longitudinal tunnel slope (-1%, 0%, +1%, +2%). For each
scenario, the longitudinal ventilation velocity at the upstream inlet was incrementally adjusted in
successive simulations until the condition of no sustained smoke backflow beyond 20 m upstream of
the fire source was achieved. This velocity was recorded as V, for that scenario.

Data were extracted from the simulations at key locations. Thermocouple trees were virtually
placed at intervals of 50 m along the tunnel centerline to record gas temperature versus height. Video
smoke detection and slice files were used to visualize smoke layer height and CO concentration fields.

3. Analysis and Results

3.1. Study on Characteristics of Tunnel Fires

The smoke flow and temperature distribution within the tunnel were fundamentally governed
by the interaction between the fire plume and the longitudinal ventilation. In the absence of
mechanical ventilation, smoke spread symmetrically upstream and downstream from the fire source,
forming a stratified layer. The introduction of longitudinal ventilation created an asymmetric flow
field, directing the smoke plume downstream. The critical ventilation velocity (V) was identified as
the minimum longitudinal wind speed required to completely suppress the upstream smoke back-
layering, establishing a unidirectional smoke flow towards the downstream exit.

3.1.1. Study on Characteristics of Fires in Tunnels Without Longitudinal Ventilation

Under natural ventilation (zero longitudinal velocity), the fire plume and resulting smoke layer
evolved through distinct phases. The temporal development of the smoke layer is shown in Figure 2.
Initially, a vertical plume formed above the 4 MW fire source. Driven by buoyancy, the smoke
impinged on the tunnel ceiling and subsequently spread radially, leading to symmetric bidirectional
propagation along the tunnel length. By 300 seconds, a stable, stratified smoke layer filled the tunnel
cross-section.

50s
100s
200s

300s
-150  -100 -50 0 50 100 150m

Figure 2. Longitudinal smoke spread diagram in tunnels with zero longitudinal wind speed.
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The corresponding evolution of the longitudinal ceiling temperature distribution is presented in
Figure 3. At 50 seconds, the temperature profile exhibited a sharp, single peak directly above the fire.
As the ceiling jet developed and the layer stabilized, the temperature distribution broadened and
flattened, with the peak temperature decreasing due to enhanced heat transfer to the tunnel walls
and ambient air entrainment. A quasi-steady temperature field was established between 200 and 300
seconds.

20 30 40 50 60 70 80 90 100 110 120°C
| W - .

50s

100s

200s

300s
-150 -100 -50 0 50 100 150 m

Figure 3. Longitudinal temperature distribution diagram in tunnels with zero longitudinal wind speed.

3.1.2. Study on Characteristics of Fires in Tunnels with Different Longitudinal Ventilation

The introduction of longitudinal ventilation fundamentally altered the fire-driven flow. With a
sub-critical velocity of 1.5 m/s, the smoke spread became highly asymmetric. As shown in Figure 4,
smoke was primarily transported downstream, though a limited upstream back-layering of
approximately 50 m persisted. When the longitudinal velocity was incrementally increased, this back-
layering length decreased. It measured 5 m at 2.1 m/s and was completely suppressed at 2.2 m/s,
which was thereby identified as the critical velocity V. for the 4 MW fire in the baseline semi-circular
tunnel.

1.5m/s

2.1m/s

2.2m/s
-150 -100 -50 0 50 100 150 m

Figure 4. Longitudinal smoke spread diagram in tunnels under different longitudinal wind speeds.

The temperature distribution under longitudinal ventilation correlated with the smoke flow.
Figure 5 presents the longitudinal ceiling temperature profiles for different wind speeds. At Ve=1.5
m/s, a localized high-temperature zone corresponding to the 50 m back-layering was observed
upstream of the fire. At the near-critical velocity of 2.1 m/s, this upstream high-temperature region
was significantly reduced, with only a 5 m smoke back-layering exhibiting slightly elevated
temperatures. Downstream of the fire, elevated temperatures were concentrated within a 100 m zone,
with peak values remaining below 60 °C. As the wind speed approached and reached the critical
value (2.2 m/s), the upstream high-temperature zone disappeared, and the downstream high-
temperature region contracted, confirming complete suppression of smoke backflow.
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Figure 5. Longitudinal temperature distribution diagram in tunnels under different longitudinal wind speeds.

The critical velocity (V), defined as the minimum longitudinal wind speed that prevents
upstream smoke back-layering, served as the key performance metric for the subsequent parametric

analysis. The transition from a back-layering to a non-back-layering state is illustrated in Figure 6 for
the 4 MW baseline case.

Figure 6. Non-critical and critical wind speed diagram.

3.2. Influence of Fire Source Power

The critical wind speed and associated temperature fields were determined for fire source
powers (Q) of 4, 6, 8, and 10 MW in the baseline semi-circular tunnel.

A clear positive correlation was observed between Q and V. As Q increased from 4 MW to 10
MW, V; increased from 2.2 m/s to 2.7 m/s. The corresponding smoke spread patterns at these critical
conditions are shown in Figure 7. At each respective V., upstream smoke backflow was eliminated,
and smoke was entirely transported downstream. The increase in fire power also significantly
affected the temperature field.

1.5m/s 2.2nv/s
2.1m/s 2.3m/s
2.2m/s 2.4m/s
-150 100 50 0 50 100 150 m -150 “100 30 0 50 100 M0 m
(a) (b)
2.3m/s 2.6m/s
2.4m/s 2.7m/s
2.5m/s 2.8m/s
150 100 -50 0 30 100 150 m 150 300 50 0 =0 100 150 m
(c) (d)

Figure 7. Longitudinal smoke spread diagram in tunnels at different fire source powers: (a) 4 MW, (b) 6 MW, (c)
8 MW, (d) 10 MW.

Figure 8 shows that the maximum ceiling temperature increased from approximately 80 °C at 4
MW to 115 °C at 10 MW. Furthermore, the longitudinal extent of the high-temperature zone (T >
60 °C) expanded downstream with increasing Q. At the critical velocity for each power level, this
high-temperature region was confined downstream of the fire source.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. Longitudinal temperature distribution diagram in tunnels at different fire source powers: (a) 4 MW, (b)
6 MW, (c) 8 MW, (d) 10 MW.

Observation of Figure 9 reveals that as the heat source power increases from 4 MW to 10 MW,
the peak flue gas temperature gradually rises, the range of counterflow diffusion expands, and the
visible height for personnel evacuation continuously decreases. Under 4 MW operating conditions,
when the wind speed is 2.1 m/s, although the upstream temperature does not exceed 60 °C, the
visibility height for personnel far exceeds 2 m, indicating excessive ventilation and energy waste.
However, when the wind speed reaches 2.2 m/s, all indicators meet safety requirements while
avoiding unnecessary energy consumption, thereby establishing the critical wind speed. As the
power of the fire source increases, the buoyancy of the smoke increases, and the critical wind speed
required to maintain the stability of the smoke layer rises. Once the critical wind speed is reached,
the high-temperature smoke can be stably contained downstream of the fire source.
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Figure 9. Back-layering smoke flow discrimination chart at different fire source powers: (a) 4 MW, (b) 6 MW, (c)
8 MW, (d) 10 MW.

3.3. Influence of Cross-Section Shape

Different tunnel cross-sectional shapes affect the resistance to airflow, thereby influencing the
critical wind speed [22]. To isolate the effect of geometry, four tunnel cross-sections with an equal
cross-sectional area of approximately 40 m*> were compared under a fixed 4 MW fire. The geometries
comprised three arched tunnels with varying crown heights (2 m, 3 m, 4 m) and a semi-circular tunnel
with a 5 m crown height, as illustrated in Figure 10.

h=2m
N
w=Sim w=2.9m
L=6.5m L=8m
(a) (b)
h=5m
w=2m
L=8m [=10m

(c) (d)

Figure 10. Schematic diagrams of four tunnel cross-sections: (a) an arched tunnel with a height of 2 meters, (b)

an arched tunnel with a height of 3 meters, (c) an arched tunnel with a height of 4 meters, (d) a semi-circular
tunnel with a crown height of 5 meters.
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The measured critical velocities (V) for these four shapes were 2.4 m/s, 2.6 m/s, 2.6 m/s, and 2.2
m/s, respectively. The semi-circular section (5 m height) required the lowest V. The smoke spread
patterns at these critical conditions are presented in Figure 11, showing unidirectional downstream
smoke flow in all cases. The corresponding longitudinal temperature distributions (Figure 12)
indicate that the maximum ceiling temperature was highest in the semi-circular tunnel, while the
arched tunnel with the lowest height (2 m) exhibited the most attenuated downstream temperature

profile.
23m/s 2.4m/s
2.4m/s 2.5m/s
2.5m/'s ' | 2.6m/s
150 100 50 0 50 100 150 m 150 100 50 [) 50 100 150 m
(a) (b)
24m/s 1.5m/s
2.5m/s 2.1m/s
2.6m/'s 22m/s
-150 -100 -50 0 50 100 150 m -150 -100 -50 0 50 100 150 m
(c) (d)

Figure 11. Longitudinal smoke spread diagram in tunnels with different cross-sections: (a) an arched tunnel with
a height of 2 meters, (b) an arched tunnel with a height of 3 meters, (c) an arched tunnel with a height of 4 meters,

(d) a semi-circular tunnel with a crown height of 5 meters.

7 125 18 235 29 345 40 455 565 6062°C 85 145 205 265 325 385 445 505 56560 68.5°C
2.4m/s
| 2.5m/s
- 2.6m/s
-150 100 0 0 50 100 150 m -150 -100 -50 0 50 100 150 m
(a) (b)
15 215 28 345 41 475 54 60 67 735 80C
| T 1 |
. i 2.4m/s 1.5m/s
; . 2.5m's 2 1mls
L 2.6m/ -
" o - — 2.6m/s 22m/s
150 100 -50 0 50 100 150 m =
150 m
(c) (d)

Figure 12. Longitudinal temperature distribution diagram in tunnels with different cross-sections: (a) an arched
tunnel with a height of 2 meters, (b) an arched tunnel with a height of 3 meters, (c) an arched tunnel with a

height of 4 meters, (d) a semi-circular tunnel with a crown height of 5 meters.

The corresponding longitudinal temperature distributions under critical ventilation conditions
are shown in Figure 12. The semi-circular tunnel (5 m height) exhibited the highest maximum ceiling
temperature, approximately 80 °C. In contrast, the arched tunnel with the lowest crown height (2 m)
showed the most rapid longitudinal temperature decay downstream of the fire, resulting in the
lowest average temperature within 150 m downstream. For all four cross-sectional shapes,
temperatures upstream of the fire source remained near ambient levels when ventilated at their
respective critical velocities.
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Figure 13 presents that the tunnel arch height has a non-monotonic effect on the critical wind
speed. As the arch height increases from 2 m to 5 m, the critical wind speed first rises and then falls.
Under conditions where the arch height is 2 m, when the wind speed is below 2.4 m/s, smoke
settlement upstream of the fire source is significant; when the wind speed reaches 2.4 m/s, smoke
backflow is effectively suppressed, meeting safety requirements. Overall, the buoyancy effect of
smoke is stronger in tunnels with medium arch heights (3-4 m), requiring higher wind speeds to
control backflow; where as in 5-meter-high semi-circular tunnels, due to their geometric symmetry,
smoke diffusion at the top is more uniform, and the critical wind speed drops to 2.2 m/s, thereby
lowering the critical wind speed required to maintain personnel safety.
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Figure 13. Back-layering smoke flow discrimination chart with different cross-sections: (a) an arched tunnel with
a height of 2 meters, (b) an arched tunnel with a height of 3 meters, (c) an arched tunnel with a height of 4 meters,

(d) a semi-circular tunnel with a crown height of 5 meters.

3.4. Influence of Gradient

The Highway Tunnel Design Specifications in China (JTG D70-2004) stipulate that the
longitudinal gradient of highway tunnels should not exceed 3%. This is because harmful substance
discharge rates increase rapidly when the gradient surpasses 2%. Therefore, this study designs a
tunnel model with a gradient variation range of -1% to +2% to investigate changes in critical wind
speed.

The measured critical velocities for slopes of -1%, 0%, +1%, and +2% were 2.15 m/s, 2.15 m/s, 2.10
m/s, and 2.10 m/s, respectively, as summarized in Figure 14. A modest decreasing trend in V; was
observed when transitioning from level or negative slopes to positive (uphill) gradients.
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Figure 14. Longitudinal smoke spread diagram in tunnels at different grades: (a) slope of -1%, (b) slope of 0%,
(c) slope of +1%, (d) slope of +2%.

The variation in slope had a limited effect on the critical velocity, with V. decreasing slightly
from 2.15 m/s to 2.10 m/s as the slope increased from -1% to +2%. The temperature distributions under
these critical ventilation conditions are shown in Figure 15. The maximum ceiling temperature
remained around 80 °C across all slopes. Upstream of the fire source, temperatures were consistently
at ambient levels. Within 100 m downstream, temperatures ranged between 60 °C and 80 °C,
decreasing to below 60 °C beyond this distance.
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Figure 15. Longitudinal temperature distribution diagram in tunnels at different grades: (a) slope of -1%, (b)
slope of 0%, (c) slope of +1%, (d) slope of +2%.

Figure 16 illustrates that the tunnel gradient has a slight effect on the critical wind speed. Under
a 2% gradient, when the wind speed is 2.05 m/s, the smoke layer upstream of the fire source becomes
unstable, and the smoke tends to flow backward; when the wind speed increases to 2.10 m/s, the
reverse flow of smoke is effectively controlled, the curve becomes stable and regular, and all
indicators meet safety standards. As the gradient increases from -1% and 0% to 1% and 2%, the stack
effect gradually intensifies, enhancing the natural suppression of flue gas backflow, and the critical
wind speed decreases slightly from 2.15 m/s to 2.10 m/s.
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Figure 16. Back-layering smoke flow discrimination chart at different grades: (a) slope of -1%, (b) slope of 0%,
(c) slope of +1%, (d) slope of +2%.

3.5. Sensitivity Analysis

A sensitivity analysis was conducted to compare the relative influence of fire source power,

cross-sectional shape, and longitudinal slope on the absolute variation of critical wind speed. The

results are summarized in Table 1.

Table 1. Sensitivity analysis table of critical wind speed of tunnel fire to absolute change of key parameters.

Fire source Cross-sectional Gradient Critical wind Absolute variation of
power shape speed single factor
4 MW 2.2 m/s
6 MW 5m 0% 2.4 m/s 0.5m/s
8 MW 2.6 m/s
10 MW 2.7 m/s

2m 2.4 m/s
4 MW 3m 0% 2.6 m/s 0.2 m/s
4 m 2.6 m/s
5m 2.2m/s
-1% 2.15m/s
4 MW 5m 0% 2.15m/s 0.05 m/s
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1% 2.10 m/s
2% 2.10 m/s

The analysis indicates that fire source power has the most significant impact on the critical wind
speed, causing the greatest variation. When the fire source power increases from 4 MW to 10 MW,
the critical wind speed increases by 0.5 m/s. The influence of cross-sectional shape is also significant,
but it does not exhibit a monotonic relationship with the critical wind speed. Under various operating
conditions, the semi-circular geometric configuration yields the lowest critical wind speed value of
2.2 m/s. When considering only the cross-sectional shape factor, the absolute change in critical wind
speed is 0.2 m/s. In contrast, the absolute change in critical wind speed under different tunnel
gradients is only 0.05 m/s, indicating a negligible impact on the critical wind speed.

In summary, the results demonstrate that fire source power had the dominant influence on the
required critical ventilation velocity. The effect of tunnel cross-sectional shape was also significant,
showing a non-monotonic relationship with the key outcome variables. In contrast, the influence of
longitudinal slope on these parameters was comparatively limited.

4. Discussion

The primary finding of this study is the quantified influence and relative importance of three
key factors—fire source power, cross-sectional shape, and longitudinal slope—on the critical
ventilation velocity and temperature field in tunnel fires. The study found that a semi-circular cross-
section alters smoke flow, causing the critical ventilation velocity to deviate from classical models
based on rectangular cross-sections (such as the Kennedy formula). A comparison with current
design codes, such as PIARC and NFPA 502, reveals that existing empirical formulas have limitations
when applied to non-rectangular cross-sections and slopes. Therefore, this study aims to advance
tunnel fire protection design from generic models toward scenario-specific, precise assessments that
balance safety and economic considerations.

Fire source power emerged as the dominant parameter, consistent with its fundamental role in
defining the fire plume’s buoyancy and momentum [23,24]. The non-monotonic influence of cross-
sectional shape can be attributed to altered flow interactions. The smooth, continuous curvature of
the semi-circular roof likely facilitates a more coherent ceiling jet with reduced flow separation and
friction losses [25], allowing the ventilation flow to control the smoke layer more efficiently at a lower
velocity. This finding aligns with observations that geometry affects local airflow structure and
resistance [26], but highlights that a shape minimizing flow disturbance may paradoxically reduce
the critical flow requirement despite potentially higher peak temperatures due to heat accumulation
under the curved ceiling. Regarding slope, the observed minor decrease in V; with increasing uphill
gradient aligns with the established principle that slope assists buoyancy in directing smoke
downstream [27,28]. The limited magnitude of this effect within the studied slope range (+2%) and at
the moderate fire power (4 MW) suggests that for many practical design scenarios, the influence of
slope may be secondary compared to @ and shape, as also noted in some prior studies [29,30].

This study used a steady fire source and simplified boundary conditions to eliminate transient
fire spread and real-world obstacles. Although the parameter ranges are representative, they are not
exhaustive. To address these limitations, future research should examine transient fires, incorporate
more realistic boundary conditions (such as rough walls and the presence of other vehicles or
obstacles), and investigate the combined effects of multiple interacting factors. Furthermore, these
numerical results should be validated against large-scale experimental data to enhance the model’s
predictive reliability in complex real-world scenarios.
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5. Conclusion

This paper presents a numerical study analyzing the combined influence of fire power, cross-
sectional geometry, and slope on the critical ventilation velocity in a full-scale semi-circular tunnel.
The main findings are as follows:

(1) Fire heat release rate has the most significant impact on the critical velocity, showing a strong
positive correlation. An increase from 4 MW to 10 MW resulted in a 22.7% rise in required critical
velocity to fully suppress smoke back-layering.

(2) For a constant cross-sectional area, the critical velocity does not vary linearly with tunnel
height. The semi-circular section exhibited a 15% lower critical velocity compared to a flat-arch tunnel.
This aerodynamic advantage is likely due to its streamlined ceiling contour that fosters a stable ceiling
jet with minimized flow separation, thereby enhancing smoke control efficiency.

(3) Within the typical operational range of longitudinal slopes (=+2%), the gradient has a
comparatively minor and nuanced effect on critical velocity for the tested 4 MW fire. An uphill slope
assists the buoyancy-driven flow, slightly reducing the required velocity, whereas the effect of a
downbhill slope was less pronounced and requires further investigation at higher resolutions or
steeper gradients to decouple it from numerical uncertainties.

(4) The study demonstrates that solely using smoke back-layering length to determine the critical
velocity can lead to an underestimation of energy waste or incomplete safety assurance. Integrating
visibility height and temperature criteria ensures that the determined critical velocity
comprehensively meets personnel evacuation safety requirements.

This research provides a theoretical basis and practical data for the precise and energy-efficient
design of longitudinal ventilation systems in tunnels with semi-circular and other non-rectangular
cross-sections. Future work will focus on transient fire growth models, the effect of vehicle
obstructions, and experimental validation to further generalize these findings.
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