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Abstract

This study involved a series of numerical simulations to examine smoke movement
and temperature profiles, with variations in heat release rate and smoke exhaust
velocity. A considerable disparity in smoke migration behavior is evident when the
mechanical smoke exhaust methods of the ceiling opening shaft and the lateral
opening shaft are compared. The asymmetric distribution of the flow field in the
lateral opening mechanical smoke exhaust mode was identified and elucidated. A
quantitative analysis and numerical observation were conducted to examine the
longitudinal attenuation of smoke temperature upstream and the smoke back-layering
length in a tunnel with a lateral opening shaft. Consequently, two empirical models
were developed to forecast the longitudinal temperature decay and the smoke
back-layering length, respectively. This work serves as a significant reference for the
design of ventilation and smoke extraction systems in mountain tunnels featuring
lateral open shafts.

Keywords: Mechanical smoke exhaust; Lateral opening shaft; Smoke movement;
Smoke back-layering length; Temperature profile

1. Introduction

In recent years, a large amount of underground space has been used in the fields of
coal mine industrial production, transportation and commerce. As a special
underground space, tunnel has brought great convenience to human production and
life. Nevertheless, previous reports have documented the frequent occurrence of fire

incidents in tunnels over the past few decades (Beard, 2009; Ingason H, 2015; Ren et
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al., 2019; Zhu et al., 2022b). The safety of personnel and fire rescue is considered to
be a significant hazard due to the large quantity of high-temperature, toxic, and
harmful gases that are produced during tunnel fires. Occasionally, the design and
construction of inclined shafts are challenging due to the constraints of existing
structures or geological conditions. For instance, the general Mine tunnel,
Maluanshan road tunnel, and (Li et al., 2025a; Li et al., 2021b; Li et al., 2022) Qinling
extra-long road tunnel (Wang et al., 2021) is a viable option for the design of a cross
passage that connects the shaft and the primary tunnel in this scenario. Consequently,
it is imperative to examine the behavior of smoke movement in a tunnel with a lateral
open shaft.

In the past decade, there has been a significant amount of research conducted on the
temperature profile and the smoke back-layering decay, which are critical parameters
that reflect the behavior of smoke movement and are used to assess the fire hazard.
The longitudinal temperature distribution and maximal excess temperature were
thoroughly investigated in relation to the temperature profile beneath the ceiling. A
traditional tunnel's maximal excess temperature was investigated through theoretical
analysis and experiments. As a result, Kurioka (Kurioka et al., 2003) and Li (L1 et al.,
2011) developed the classical models for predicting the maximal excess temperature.
The smoke spread process continuously entrains the surrounding air and encounters
the surrounding wall, resulting in heat loss. Consequently, it is the reduction of the
temperature distribution. In accordance with prior studies (Gong et al., 2016; Hu et al.,

2004; Ji et al., 2012), the exponential function is an effective representation of
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longitudinal temperature decay. The back-layering is typically restricted to a specific
distance where the smoke front reaches a halt when the buoyancy-driven plume
extends along the ceiling and interacts with the longitudinal wind. At the same time,
the smoke strata accumulated beneath the ceiling. A criterion for evaluating the
halting countercurrent of smoke is that the dynamic pressure generated by the
longitudinal wind is equivalent to the static pressure of the smoke layer (Chow et al.,
2015; Hu et al., 2008). Another model was obtained by Li et al.(Li et al., 2010) by
performing dimensional analysis.

The smoke movement behavior during the activation of the shaft centralized smoke
exhaust system is subtly distinct from that of conventional single-tube tunnel fires. Hu
et al. (Hu et al., 2014) proposed an induced longitudinal velocity to quantify the
impact of the shaft-centralized smoke exhaust on the smoke movement. The modified
correlations were obtained by investigating the temperature distribution and
smoke-layering length (Chen et al., 2013; Chen et al., 2015), where the fire source is
situated immediately beneath the shaft. Additionally, Tang et al. conducted
experimental and theoretical investigations of the maximum excess temperature (Tang
et al., 2017b), longitudinal temperature decay (Tang et al., 2018a), and air entrainment
(Tang et al., 2018b), where the fire source is located on the upstream side of the shaft.
Wang et al. (Wang et al., 2018) postulated a predicted correlation of smoke
back-layering length in the case of a fire source situated on the downstream side of
the shaft. Wan et al. (Wan et al.,, 2019) conducted a numerical simulation to

investigate the smoke back-layering length in the context of the coupling effect of
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tunnel slope and natural smoke emission in the shaft. The concept of tunnel inlet wind
speed was introduced to quantify the impact of the shaft and slope on smoke
back-layering length.

Nevertheless, it is important to note that the majority of the aforementioned studies
concentrated on the impact of the longitudinal ventilation system and ceiling smoke
extraction system on smoke movement. The primary focus of these investigations was
a road tunnel. In an effort to enhance the quality of intercity transportation, expansive
mountain tunnels have been constructed in recent years. The asymmetry of smoke
flow behavior in the tunnel is frequently the result of the vertical shaft being laterally
connected to the main tunnel through the channel (Li et al., 2025a; Li et al., 2021b; Li
et al., 2022; Wang et al., 2021; Zhang, 2025). Additionally, despite the fact that the
investigation of smoke plug-holing behavior (Zhu et al., 2022a) and carbon dioxide
concentration distribution (Xu et al., 2018) was conducted in a tunnel with a lateral
smoke exhaust port, there are still some knowledge gaps regarding the distribution of
temperature and the spread of smoke in a tunnel with a lateral open shaft. Given this,
a series of numerical simulations was performed to examine the impact of the
mechanical exhaust velocity of the lateral opening shaft on the maximal excess
temperature, longitudinal temperature distribution, and smoke back-layering length.
The smoke countercurrent length change law, in order to offer data support and
guidance for the prevention and control of fires in tunnels. The following are the
contributions of this work: 1) demonstrating the distinction in smoke movement

behavior between mechanical smoke exhaust in a lateral open shaft and concentrated
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smoke exhaust in the ceiling. 2) Developing the model to forecast the longitudinal
temperature decay and smoke back-layering length under the lateral open shaft smoke
exhaust.

2. Numerical Modeling

To investigate the impact of the mechanical smoke exhaust system on the
characteristics of fire smoke propagation in a tunnel featuring a lateral opening shaft,
a series of numerical simulations was performed using the fire dynamics simulation
software (FDS) developed by the National Institute of Standards and Technology
(NIST) (Kawabata N, 2003). FDS demonstrates commendable application reliability
in smoke and heat transmission during tunnel fires, as evidenced by the comparison of
FDS numerical simulations with experimental data (Guo et al., 2021a, b; Wang et al.,
2016; Yao et al., 2021).

The model was created based on a survey of a tunnel in Shenzhen. It was meant to
show how smoke flows in a tunnel with a lateral open shaft when there is mechanical
exhaust. The computational model created in this work consists of three main parts:
the main tunnel, the transverse channel, and the side opening shaft, as shown in Fig.
I(a). The main tunnel is 165 m long (L), 12 m wide (W), and 6.6 m high (H). The
transverse channel, which was 12 m (L) x 7.5 m (W) x 4.2 m (H), was 71.25 m from
the left port of the tunnel. The terminus of the transverse channel has a square
cross-section shaft that is 56.25 m? in area and 42 m high. The fire source was 20 m
away from the canal that went across. Five Heat Release Rates (HRR) were selected

to simulate fire scenarios for different vehicle categories: 3 MW, 5 MW, 10 MW, 15
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MW, and 20 MW. The temperature and pressure of the air were set at 20 °C and 1.013
kPa, respectively.

Fig. 1 (b) and (c) illustrate the configuration of measurement points within the model,
encompassing the primary tunnel, the lateral smoke extraction channel, and the shaft.
The thermocouple spacing in the primary tunnel at the fire source and shaft opening
was established at 1 meter, while the distal spacings were set at 2 m and 2.5 m,
respectively. The distance between the measurement stations in the transverse channel

was 2 m. Eighteen measuring locations were established in the shaft at intervals of 2.1

m.
Fife saiiice vertical shaft
. 51.25m 20m
165m |
(a) Tunnel model stereogram
2.50m 2m Im 7.5m 2m tunnel ceiling

Y A BN
6.6m LW thermocouple

' L751.25m =—20m— tunnel floor —/

. Shaft connection
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(b) Tunnel model front view
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Fig. 1 Schematic diagram of the tunnel model
The reliability of the simulation outcome is contingent upon the selection of the
appropriate grid size. The grid size d, is associated with the characteristic diameter of
the fire source, according to the FDS user’s manual (Kawabata N, 2003). A suggestion
of grid size range is 16/D" to4/D", as shown in Eq.(1). The characteristic

diameter D" of the fire source can be expressed as Eq.(2).

16 4
D’ D

D= @
e

Where Qis the total heat release rate, p,is air density, c,is the specific heat

: (1

capacity, T isthe ambient air temperature, g is the gravity acceleration.

Grid independence analysis is an essential method for determining the appropriate
grid size. Using a heat release rate of 20 MW as a reference, the equivalent diameter
of the fire source is 3.09, as indicated by Egs. (1) and (2). In order to evaluate the
temperature distribution beneath the ceiling, four grid dimensions were selected to
evaluate the grid's rationality. The temperature beneath the ceiling experiences a

substantial decrease as the grid decreases, as illustrated in Figure 2. The temperature
8



146 beneath the ceiling remains essentially unchanged as the grid decreases from 0.25 m

147 0 0.2 m. Nevertheless, the simulation calculations will be burdened by a smaller grid
148 size. As a result, it is advisable to establish a grid size of 0.25 m in such situation.
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150 Fig.2 The temperature distribution below the ceiling under different grid settings (Q =
151 20 MW)
152 3 Results and Discussion
153 3.1 Effect of Mechanical smoke exhaust of side opening shaft on smoke
154 temperature profile characteristics
155 To facilitate comparison, identical geometric characteristics of the shaft were chosen
156 ¢ replicate the fire scenario under the centralized smoke exhaust within the shatft.
157 Fig.3 illustrates the comparative impact of lateral opening shafts and ceiling opening
158 ghafts on the parameters of smoke circulation. When the shaft opening is vertically
159 aligned with the tunnel ceiling, the smoke trajectory exhibits axisymmetric behavior
160 along the tunnel centerline, as evidenced by the temperature profile, smoke movement,
161

and smoke velocity direction depicted in Fig. 3(a). However, when the vertical shaft is
9
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linked to the main tunnel via a transverse channel, the behavior of smoke transport
differs significantly from that observed with ceiling smoke extraction. An asymmetric
temperature profile within the main tunnel is illustrated in Fig. 3 (b). The temperature
gradient near the shaft side is significantly greater than that away from it, due to the
considerably higher turbulent kinetic energy in proximity to the shaft. The
phenomenon of boundary layer separation occurs when the downstream smoke enters
the horizontal channel. As illustrated in Fig. 3 (bs), the smoke within the transverse
channel shifts towards the right side. In this scenario, smoke gathers on the right side
of the horizontal channel (Fig. 3 (b)), leading to a comparatively elevated
temperature on that side (Fig. 3 (bi)). Furthermore, for a specified heat release rate
and mechanical smoke exhaust velocity, the expense of mechanical smoke exhaust in
a side opening shaft may exceed that of centralized smoke exhaust in the shaft ceiling
regarding smoke management. In tunnels, the mechanical smoke exhaust system must
surmount increased resistance caused by horizontal passages. Consequently, there is
an increased temperature and smoke back-layering length for a mountain tunnel with

a lateral open shaft.
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Fig.3 Comparison of the effect of lateral opening shaft and ceiling opening shaft on
smoke movement characteristics, (a) temperature profile, (b) top view of smoke
movement, (c) smoke movement velocity direction, subscript 1 represents the ceiling
centralized smoke exhaust, and subscript 2 denotes the lateral opening shaft
centralized smoke exhaust.

The distribution of smoke temperature fields within the tunnel near the cross passage
and the shaft is illustrated in Fig. 4, which is characterized by varying heat release
rates and mechanical smoke exhaust velocities. In general, the size of the
high-temperature region increases as the heat discharge rate increases. The wind
speed increases, and the elevated temperature area decreases. It is also evident that the
high-temperature region in the transverse channel is consistently biased toward one
side, while the opposite side is the low-temperature region. In this scenario, it is
possible to infer that a boundary layer separation phenomenon (Fan et al., 2013; Guo

et al., 2021a; Ji, 2012; Jiang et al., 2020) transpires. The smoke is isolated from the
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sidewall within the cross passage, which is referred to as the boundary layer
separation. This separation results in the horizontal inertial force of the smoke
surpassing the stack effect. Furthermore, the high temperature region is concentrated
on the left side of the transverse channel when the combustion intensity is low and the
mechanical smoke exhaust velocity is high (e.g., Fig. 4 (b) and (c)). The transverse
channel receives an increased volume of air from the tunnel on the right side of the
shaft as a result of the substantial accumulation of smoke in the tunnel on the left side
of the shaft. Conversely, the high temperature region is concentrated on the right side
of the transverse channel when the combustion intensity is high and the mechanical
smoke exhaust velocity is low. The smoke movement behavior will be influenced by
the aforementioned two competitive impacts. This could lead to a variation in the
nature of the smoke temperature degradation. The quantified temperature decay

behavior will be investigated later.
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Fig.4 Smoke temperature field distribution with different mechanical smoke exhaust
velocities and heat release rates.

3.2 Effect of the mechanical smoke exhaust of side opening shaft on the smoke
temperature distribution

The smoke temperature distribution along the tunnel ceiling is depicted in Fig. 5
under varying mechanical smoke exhaust velocities and heat release rates. It is
evident that the temperature beneath the ceiling rises in tandem with the rate of heat
release. The reason for this is that the combustion intensity increases as the heat
release rate increases (Alpert, 1975; Karlsson and Quintiere, 1999; Li et al., 2025b).

The temperature beneath the ceiling experiences a substantial decrease as the

13



216 mechanical smoke exhaust velocity increases. Additionally, the smoke migration

217 (gistance decreases as the mechanical smoke exhaust velocity increases. This suggests
218 that the longitudinal smoke temperature degradation rate will fluctuate in accordance
219 with the mechanical smoke exhaust velocity. Therefore, it is imperative to clarify the
220 impact of mechanical exhaust velocity and heat release rate on the behavior of smoke
221 temperature attenuation prior to the development of the longitudinal smoke
222 temperature attenuation prediction model. Subsequently, this information will be
223 examined.
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Fig.5 Longitudinal temperature distribution along the tunnel ceiling
225  As discussed above, longitudinal smoke temperature distribution is associated with

226  the heat release rate and the mechanical smoke exhaust velocity. Thus, it can be



227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

expressed as follows:

AT, = £(0.F;) ©)
Where AT is the longitudinal smoke temperature excess.
As we are all aware, the longitudinal smoke temperature in tunnel fires is a function
of the longitudinal distance in an exponential fashion (Hu et al., 2004; Ji et al., 2012;
Lietal., 2021a; Li et al., 2024; Luan et al., 2021; Peng et al., 2020; Tang et al., 2017a).
Nevertheless, the effect of mechanical smoke exhaust in a lateral open shaft on the
longitudinal smoke temperature under varying vehicle fire scales needs to be
discussed and analyzed. Additionally, there is a paucity of quantitative
characterization regarding the impact of mechanical smoke exhaust on the attenuation
rate. This will be one of the objectives of the subsequent activity. The behavior of
longitudinal smoke temperature decay is presumed to be as illustrated in Eq. (4).

AT
ATX =Ae™" + Yo (4)

max

Where A4,tand y,are the decay coefficients, which are associated with the heat
release rate and the mechanical smoke exhaust velocity.

Fig.6 shows the dimensionless longitudinal temperature distribution upstream with
different working conditions. It can be seen that the dimensionless longitudinal
temperature shows a small change under different heat release rates. Thus, the effect
of heat release rate on the longitudinal temperature decay can be ignored under
mechanical smoke exhaust of the side opening shaft. This situation indicates that the
temperature attenuation behavior of longitudinal smoke is mainly dominated by the

exhaust wind speed when the mechanical smoke exhaust velocity is low. In this study,
15



247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

the mechanical smoke exhaust velocity range is from 3 m/s to 5 m/s. According to
fluid mechanics, the longitudinal wind speed along the shaft direction will be formed
in the tunnel on both sides of the shaft when the shaft mechanical ventilation system
is opened. A proportional relationship between the longitudinal wind speed and the
mechanical smoke exhaust velocity, i.e., V.SV, S , was proposed previously (Han
et al., 2022; Hu et al., 2014), which was also verified by Zhang et al. (Zhang, 2025)
using experimental methods. This indicates that the induced longitudinal velocity
inside the tunnel is less than 1.19 m/s in this work.

The dimensionless mechanical exhaust velocity was implemented to quantify the
longitudinal smoke temperature decay behavior. The decay coefficient is illustrated in
Fig. 7 as a function of the dimensionless mechanical exhaust velocity. It is evident
that the dimensionless mechanical exhaust velocity is linearly related to all of the
attenuation coefficients. The dimensionless mechanical exhaust velocity is positively
correlated with the coefficients 4 and ¢, whereas the coefficient )y is negatively
correlated with the same. According to the gradient of coefficient with the
dimensionless mechanical exhaust velocity, the order of importance affecting the
longitudinal smoke temperature attenuation coefficient is as follows: ¢#> 4> y,. The
correlation of the decay coefficients can be expressed as follows:
¥, =0.647V. +0.504 with the best fitting of 0.98 (R?), 4 =-0.325V, +0.25 with the
best fitting of 0.97 (R?), and #=13.811V, +3.601 with the best fitting of 0.99 (R?).
Consequently, the empirical model of longitudinal smoke temperature distribution

along the tunnel ceiling can be obtained, which can be written as follows:

16
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Fig.6 Dimensionless longitudinal temperature with different smoke exhaust velocities
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Fig.7 The fitting coefficients versus the dimensionless mechanical smoke exhaust
velocity

3.3 Smoke back-layering length

The length of smoke back-layering is a crucial component in the disaster avoidance
design of tunnel engineering. The instantaneous image of the fire plume inside the
tunnel under mechanical smoke exhaust is plotted in Fig.8. It can be seen that more
and more smoke accumulates under the ceiling, with the increase of heat release rate.
In this situation, the thickness of the smoke layer increases, and the distance the
smoke spreads is farther. The smoke on the downstream side of the fire source is
regulated at a specific distance, from the point above the fire source to the smoke
front, by the mechanical smoke exhaust. Fig.9 illustrates the length of smoke
back-layering under various situations. The smoke back-layering length is markedly
diminished as mechanical velocity increases. As the wind speed of the mechanical

smoke exhaust in the shaft increases, the dynamic pressure generated in the tunnel
18



286 rises, resulting in more resistance to the countercurrent smoke. According to prior

287 findings, an increase in the longitudinal wind speed of the tunnel correlates with a
288 reduction in the velocity of the smoke front, which also elucidates the diminished
289 length of the smoke countercurrent. Moreover, as the heat release rate escalates, the
290 length of the smoke back-layering exhibits a notable upward tendency. The
291 buoyancy-driven ceiling jet subsequently disperses radially; thus, the thermal
292 buoyancy effect intensifies with an increase in the heat release rate. A quantitative
293 investigation of the smoke back-layering length will be performed below.
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295 Fig.8 Instantaneous image of fire plume inside the tunnel under mechanical smoke
296

exhaust
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Fig.9 Smoke back-layering length with different conditions
Li et al. (Li et al.,, 2010) provided a model to estimate the duration of smoke

back-layering, derived from a series of experiments conducted in a single-tube tunnel

and dimensional analysis.

. [18.51n(0.810" /1)
L= , 5)
18.5In(0.43/V")

Tang et al.(Tang et al., 2016) examined the smoke back-layering length influenced by
the combined effects of longitudinal wind and focused smoke exhaust from the ceiling.

A modified model was formulated, which can be articulated as follows:

18.51n(0.810° /")

L=
18.51n(0.43/V*) ©

max

5/2
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Where L is the dimensionless smoke back-layering length under the synergistic effect
of ceiling centralized smoke exhaust and longitudinal wind, A is the smoke mass
flow rate exhausted from the shaft, Qis the real dimensionless heat release rate
inside the tunnel, 7"is the coupled dimensionless longitudinal wind speed, & is the
decay coefficient. Nevertheless, when solely the shaft smoke exhaust system is

engaged, Eq. (8) needs to be modified as follows:

. Am/24p,

Vin —\/g_H 9)

Where v, represents the induced dimensionless longitudinal velocity under the lateral
centralized smoke exhaust. As a result, the smoke mass flow rate and the actual heat
release rate were influenced. Moreover, a notable distinction exists between the
concentrated smoke exhaust from the side opening shaft and that from the ceiling
regarding smoke migration behavior, as previously described. Consequently, a diverse
smoke back-layering length requires revision. This study primarily examines
buoyancy-driven plume behavior, in which the flame does not contact the ceiling. A
functional relationship was assumed as L~ = ¢(Q*1/3,v; ) , and the coefficient 4 was
induced to illustrate the effect of smoke exhaust from a side-opening shaft on the
smoke back flow behavior. Subsequently, by inserting Eq. (9) into Eq. (6), the
predictive correlation for smoke back-layering length under mechanical exhaust in a
tunnel with a lateral open shaft is derived, as shown in Eq. (10).

L' =218.5In(0.810™" /v, ) (10)
Where L represents the modified dimensionless smoke back-layering length.

Fig.10 presents the fitting relationship of the dimensionless back-layering length,
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where ln(O.SlQW3 /v, ) is the abscissa and L~ is the ordinate. As we can see that L’
can be well correlated with ln(0.81Q'*”3 /v ) Based on the fitting of the tested result,
the coefficient 1 can be obtained, which is 3.14. This emphasizes the influence of
centralized smoke extraction from the lateral open shaft on the control of smoke
backflow behavior. Consequently, the revised model of the smoke back-layering

length in a tunnel with the lateral open shaft can be obtained.

9 ) 1 )
O Dimensionless smoke back-layering length
Linear fitting i
314 6k _
L =3.14In(0.81Q""*/v; )+2.053 (R* = 0.9)
3 [ 1 L
0.8 1.2 1.6 2.0
*1/3 %
In (0.810"/v)

Fig.10 The relationship of the dimensionless smoke back-layering length

4. Conclusions

The fire development in a tunnel with a lateral aperture shaft was the subject of a
series of numerical simulations in this work. A comparative analysis was conducted to
determine the impact of the roof opening shaft and lateral opening shaft on smoke
movement behavior. The effect of a mechanical smoke exhaust system with a lateral
opening shaft on the temperature field distribution, longitudinal temperature decay,
and smoke back-layering length was analyzed. The primary conclusions were
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summarized as follows:

(1) The smoke migration behavior in the tunnel is symmetrical along the central axis
of the tunnel under the mechanical smoke exhaust of the ceiling aperture shaft.
Nevertheless, the temperature gradient near the shaft side is substantially higher than
that away from it when the vertical shaft is connected to the main tunnel via a
transverse channel.

(2) The temperature distribution beneath the ceiling diminishes progressively with an
increase in the exhaust velocity of the side opening shaft. The influence of heat
release rate on the decay rate of upstream smoke can be largely disregarded. The
impact of mechanical smoke exhaust velocity on longitudinal temperature decay is
assessed by introducing three decay coefficients, with the order of significance
influencing the longitudinal smoke temperature attenuation coefficient as follows:
t>A4>y,.

(3) The smoke back-layering length decreases as the mechanical exhaust velocity of
the side aperture shaft increases. An induced velocity was implemented to quantify
the impact of lateral mechanical smoke exhaust on smoke movement. Consequently,
empirical correlations were proposed for the smoke back-layering length, which are

suitable for the lateral centralized smoke exhaust mode in a tunnel.
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