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A B S T R A C T   

Cross-passage is a commonly encountered structure within metro tunnels, providing a swift route for evacuating 
personnel from the accident tunnel to the safe tunnel opposite. Ventilation in the cross-passage of metro tunnels 
is established through the collaborative operation of ventilation systems on both sides of the tunnel. Concur
rently, smoke movement within the metro tunnel is impacted by factors such as train blockage and the accu
mulation of heat within the train carriages. The former correlations need further refinement to predict the critical 
velocity and driving force required to prevent smoke from spreading into a metro tunnel cross-passage. One- 
dimensional theoretical analysis and full-scale cold smoke experiments were performed to investigate the rela
tionship between the air supply parameters of tunnel fans on both sides and the ventilation velocity in the cross- 
passage. A calculation model of fan type selection in the opposite side safe tunnel for smoke control in the tunnel 
cross-passage is proposed. The influence of train location, fire heat release rate, and main tunnel ventilation 
velocity on critical velocity in the cross-passage was quantified by numerical simulations. The results show that 
the critical velocity in the cross-passage under unobstructed conditions surpasses that under blocked conditions. 
Meanwhile, the critical velocity exhibits relative stability under both unobstructed and blocked conditions. On 
the basis of the dimensionless analysis, a piecewise function was proposed to predict the critical velocity in 
tunnel cross-passage. The outcomes of this study provide valuable guidance for the implementation of fire 
prevention and smoke control measures in tunnels with similar structures.   

1. Introduction 

Tunnel fires can pose a substantial threat to the safety of passengers 
and firefighters. Especially in metro tunnels, the difficulty of evacuating 
during fire incidents is heightened due to the double-long and narrow 
structure (Cong et al., 2020; Zhang et al., 2016). Compared with the 
flames themselves, the existence of toxic gases and smoke particles often 
leads to greater casualties (Lu. et al., 2022; Tang et al., 2013). Especially 
in tunnels with long intervals, evacuation options are confined to tunnel 
exits and cross-passages, consequently amplifying evacuation risks. 
Therefore, ensuring effective prevention of smoke transportation into 
cross-passages is imperative to guarantee a safe evacuation process. 

The critical velocity, which denotes the minimum velocity necessary 
to prevent smoke from flowing backwards, plays a crucial role in 
creating a secure environment for both evacuation and firefighting. This 
aspect has been extensively investigated by many researchers (Li et al., 
2010; Thomas, 1958; Wu and Bakar, 2000). The majority of research on 

the critical velocity of single tunnels focuses on tunnel slope (Gao et al., 
2022; Jiang and Xiao, 2022; Weng et al., 2016) and cross-section (Li and 
Ingason, 2017). For different fire scenarios, some scholars have focused 
on the effect of train blockage on critical velocity (Hu et al., 2020; Su 
et al., 2023; Weng et al., 2015; Zhang et al., 2016; Zhao et al., 2018). In 
recent years, some scholars have been devoted to the study of critical 
velocity in tunnels with bifurcated structures. Huang et al. (2020) 
theoretically analyzed the critical velocity and required driving force in 
a branched tunnel fire. The fire source and bifurcation angle were 
considered, and a predicted critical velocity model was proposed based 
on the theoretical analysis of pressure change. Chen et al., (2023a) 
experimentally researched the influence of longitudinal fire location on 
the critical velocity for a fire scenario in a T-shaped split tunnel with 
longitudinal ventilation in the main tunnel. An empirical correlation of 
the critical velocity was proposed on the basis of the proportionality 
coefficient kl/ke. 

Tunnel cross-passage connects the main tunnel to a safe place, and 
provides a safe route for evacuation and rescue operations. Previous 
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studies have focused on preventing smoke from spreading into a cross- 
passage to provide a safe route for evacuation and rescue operations. 
Li et al. (2013) investigated factors influencing the critical velocity to 
prevent smoke flow in a tunnel cross-passage, considering the fireproof 
door, heat release rate, and ventilation speed. A dimensionless correla
tion was proposed to calculate the critical velocity in the tunnel cross- 
passage based on the dimensional analysis. Chen et al., (2023b) con
ducted a 1/10 model-scaled tunnel with an inclined cross-passage to 
analyze the effect mechanism of the cross-passage slope and deduced the 
dimensionless critical velocity under different cross-passage slopes. For 
the impact of the cross-passage on the smoke spread in the main tunnel. 
Yao et al. (2023) numerically studied the influence of heat release rates, 
fire locations, longitudinal ventilation velocities, and cross-passage in
tervals on the smoke movement and control in longitudinal ventilated 
tunnel fires with cross-passages, and a smoke back-layering length 
prediction model in the main tunnel considering the fire position and 
interval of cross-passages was proposed. 

Metro tunnels are frequently subject to train blockage. Simulta
neously, in the event of a fire, the conformation of trains and tunnels 
creates a double long and narrow space, resulting in the accumulation of 
a substantial volume of smoke and heat within the train carriages. 
Concerning smoke control in the cross-passage of metro tunnels, for 
instance, Liu et al. (2020) experimentally and numerically studied the 
critical velocity in metro connect tunnels, considering the inclination of 
connected tunnels and the incorporation of longitudinal ventilation in a 
main tunnel. A prediction model of the critical velocity for confining 
smoke in metro-connected tunnels was developed. However, the effect 
of train blocking on smoke movement was not considered. Feng et al. 
(2020) analyzed the influence of tunnel shape, fire location, and train 
blocking on critical velocity in the metro tunnel cross-passage. However, 
the combined effects of airflow pressure and velocity from both sides of 
the tunnels on the airflow within the cross-passage have not been taken 
into consideration. Additionally, the critical velocity required within the 
cross-passage during train blockage remains yet to be determined. Li 
et al. (2012) conducted both theoretical and experimental investigations 
to examine the impact of heat release rate (HRR), train obstruction, fire 
source location, ventilation conditions, and the open height below 
blocks on smoke control in cross-passages within a rescue station. The 
findings indicate that the presence of a train causes a decrease in critical 
velocity, and the average critical velocity ratio due to obstruction is 
approximately 0.86. Nevertheless, a critical aspect is the presence of jet 
fans installed in the cross-passage of the ordinary tunnel, contrasting 
with the metro tunnel, where the airflow in the metro tunnel cross- 
passage is obtained based on the joint operation of systems on both 

sides of the tunnel. The cross-passage in metro tunnel inherently lacks 
the capability to actively maintain a constant air velocity. The disparate 
airflow parameters in the two adjacent tunnels result in a pressure dif
ferential along the cross-passage, inducing the inflow of fresh air. 

The purpose of fireproof doors in the cross-passage is to prevent the 
spread of smoke from the accident tunnel to the opposite safe tunnel. 
However, the fireproof doors in the cross-passage between the two 
tracks of the subway are subjected to prolonged reciprocating forces 
from the piston-driven air pressure generated by passing trains. This has 
led to instances of damage and detachment, posing a threat to the safety 
of train operations. At the same time, it is essential to initiate the lon
gitudinal ventilation system within the accident tunnel during a fire 
incident. This action induces a specific pressure differential between the 
two side tunnels, facilitating the inflow of fresh air into the cross-passage 
and acting as a preventive measure to impede the dissemination of 
smoke towards the opposite safety tunnel. Hence, it is imperative to 
deliberate on strategies for harnessing the inflow of fresh air into the 
cross-passage to prevent the dispersion of smoke towards the opposite 
tunnel, as an alternative to the installation of fireproof doors. This 
approach aims to address the operational safety risks associated with the 
presence of fire doors. 

This study aimed to analyze the relationship between the ventilation 
parameters of tunnel fans on both sides and the ventilation velocity in 
the cross-passage. Simultaneously, the effects of train location, fire heat 
release rate, and longitudinal ventilation velocity on the critical velocity 
in the metro tunnel cross-passage are quantified to provide theoretical 
guidance for cancelling fireproof doors in cross-passage in the future. 
The research outcome can provide technical guidance on the ventilation 
design and evacuation process during an emergency train fire in a metro 
tunnel. 

2. Theoretical model 

In fact, there is no active ventilation system within the metro tunnel 
cross-passage, and the ventilation velocity within the cross-passage is 
intricately linked to the pressure differential between the two side 
tunnels. In the event of a metro tunnel fire, the opposite side safe tunnel 
will similarly employ ventilation systems to generate an appropriate 
positive pressure at the cross-passage. Fig. 1 illustrates a schematic di
agram depicting the air supply system in both the accident tunnel and 
the safe tunnel on the opposite side. In order to establish the relationship 
between the supply parameters of the tunnel fans on both sides and the 
ventilation velocity within the cross-passage, the tunnel was divided 
into two segments for analysis, namely, from portal A and C to exit B, 

Nomenclature 

Q Heat release rate (kW) 
Q* Dimensionless heat release rate 
cp Thermal heat capacity of air (J/(kg⋅K)) 
ΔPfire Pressure loss induced by the fire (Pa) 
ΔPλ Pressure loss due to tunnel and train wall friction (Pa) 
ΔPζ Pressure loss due to local flow resistance (Pa) 
Vc Critical velocity in the main tunnel (m/s) 
ζfire Coefficient of pressure loss caused by the fire plume 

blockage and air viscosity 
qs Volume of wind and smoke mixed together in the main 

tunnel (m3/s) 
X Fire location 
Vt Main tunnel ventilation velocity (m/s) 
qcc Wind volume of the tunnel cross-passage (m3/s) 
qout Total volume downstream of the left tunnel (m3/s) 
Across Cross-sectional area of the cross-passage (m2) 

Dt Hydraulic diameter of the tunnel (m) 
Dc Hydraulic diameter of the cross-passage (m) 
T0 Ambient temperature (K) 
Vs Longitudinal velocity of smoke (m/s) 
Vcc Critical velocity in the tunnel cross-passage (m/s) 
At Cross-sectional area of the main tunnel (m2) 

Greek letters 
ρ∞ Ambient density (kg/m3) 
λ Wall friction coefficient 
ζ Local resistance coefficient 

Superscript and subscript 
* Dimensionless expression 
cross Cross-passage 
in Portal 
out Exit 
t Tunnel  

Z. Su et al.                                                                                                                                                                                                                                       



Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 147 (2024) 105734

3

and from portal D to portal C. 

2.1. Driving force required at portal C for a train stopped in front of the 
cross-passage 

Compared with the single tunnel, there are two critical velocities for 
metro train stopped in the tunnel with cross-passage. The first is that the 
smoke would not spread upwards in the mainline tunnel under enough 
forced critical velocity. Secondly, the smoke would not spread into the 
cross-passage after shunting. The tunnel portal, exit and cross-passage 
portal are indicated by the symbols A, B, and C in Fig. 2. The sche
matic diagram illustrating smoke movement for train stopped in front of 
the cross-passage under critical velocity conditions is presented in Fig. 2 
(a). The total pressure loss ΔP within the metro tunnel with cross- 
passage during a fire under forced ventilation can be described by Eq. 
(1): 

ΔP = ΔPfire +ΔPλ +ΔPζ (1)  

where ΔPfire is the pressure loss induced by the fire in Pa, ΔPλ is the 
pressure loss due to tunnel and train wall friction in Pa, ΔPζ is the 

pressure loss due to local flow resistance in Pa. 
(1) Pressure losses induced by the fire source 
In this study, the emergency evacuation doors and side doors are 

configured to be in the open position, indicating the emergency evacu
ation scenario when the metro comes to a stop within the tunnel. 
Therefore, during the longitudinal ventilation flow through the metro 
carriages, it can be approximately assumed that the velocity remains 
consistent across the entire tunnel cross-section. The pressure loss 
induced by the fire source is composed of two parts which are thermal 
resistance and airflow local resistance. Ignore the thickness of the train 
carriage, the pressure loss induced by the fire source in the metro car
riage can be estimated according to the following equation (Du et al., 
2018): 

ΔPfire =
1
2

Q̇Vc

cpAtT∞
+

1
2
ζfire ρ∞V2

c (2)  

where At is the cross-sectional area of the main tunnel, ζfire is the coef
ficient of pressure loss caused by the fire plume blockage and air vis
cosity, Vc is the critical velocity in the main tunnel. Previous study has 
shown that local pressure loss accounts for up to 4 % of ventilation 

Fig. 1. Schematic diagram depicting the air supply system in both side tunnels.  

Fig. 2. Schematic diagram of smoke movement under the critical velocity condition: (a) The train stopped in front of the cross-passage, (b) The train stopped near the 
cross-passage. 

Z. Su et al.                                                                                                                                                                                                                                       



Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 147 (2024) 105734

4

resistance (Yao et al., 2022). Therefore, the Eq. (2) can be simplified as 
follows: 

ΔPfire =
1
2

Q̇Vc

cpAtT∞
(3) 

(2) Pressure losses induced by the tunnel and train wall friction 
The pressure losses caused by wall friction can be divided into two 

parts: the pressure loss caused by the tunnel wall friction (La + Lb + Lc +

Ld) and the pressure losses caused by the joint action of the tunnel and 
train wall friction (Lt1 + Lt2). Assuming that the flow velocity on the 
cross-section is uniformly distributed. The mass continuity equation is 
expressed as follows: 

ms +mcc = mout (4)  

where ms is the mass flow rate of wind and smoke mixed together in the 
main tunnel, mcc is the mass flow rate of the tunnel cross-passage, and 
mout is the total mass flow rate downstream of the left tunnel. Subse
quently, based on the principle of conservation of mass, the total ve
locity downstream of the left tunnel can be derived as: 

ρsVsAt + ρ∞VccAcross = ρoutVoutAt (5)  

Vout =
ρs

ρout
Vs +

ρ∞

ρout

Across

At
Vcc (6)  

where Across is the cross-sectional area of the cross-passage, Vcc is the 
critical velocity in the tunnel cross-passage, Vs is the longitudinal ve
locity of smoke, ρs is the density of smoke. Subsequently, the pressure 
losses induced by the tunnel and train wall friction can be estimated by 
the following (Du et al., 2018). 

The pressure losses induced by the tunnel and train wall friction from 
entrance A to exit B is expressed as: 

ΔPλ = λ
1
2

La

Dt
ρ∞V2

c +λtrain
1
2

Lt1

Dt
ρ∞V2

c +λtrain
1
2

Lt2

Dt
ρsV

2
s +λ

1
2

Lb

Dt
ρsV

2
s +λ

1
2

Lc

Dt
ρsV

2
out

(7a) 

The pressure losses induced by the tunnel wall friction from entrance 
C to exit B is expressed as: 

ΔPλ = λ
1
2

Ld

Dc
ρ∞V2

cc + λ
1
2

Lc

Dt
ρsV

2
out (7b)  

where λ is the friction coefficient of the tunnel, λtrain is the friction co
efficient under the combined influence of the tunnel and the train, Dt is 
the hydraulic diameter of the tunnel, Dc is the hydraulic diameter of the 
cross-passage. 

Due to thermal expansion, the acceleration of longitudinal flow oc
curs after the airflow passes through the fire zone. Assuming that the 
flow is inviscid, the pressure losses due to thermal expansion ΔPt can be 
represented by the following equation based on the momentum con
servation equation. 

ΔPt =
1
2
ρsV

2
s −

1
2
ρ∞V2

c (8) 

The mass flow rate generated by combustion is significantly lower 
than the upstream mass flow rate of air (Yao et al., 2022). Assuming a 
constant mass flow rate in the tunnel, Eq. (9) is derived from the mass 
conservation equation. At the same time, combined with the ideal gas 
law and conservation equation, the longitudinal velocity of smoke can 
be expressed as Eq. (10). Assuming that the hypothesis of gas constant Rs 
and R∞ are the same. Therefore, Eq. (10) can be transferred into Eq. (11) 

(Du et al., 2018). 

ρsVs = ρ∞Vc (9)  

Vs =
ρ∞Vc

ρs
=

RsTs

R∞T∞
Vc =

Rs

(

T∞ + Q̇
Cpρ∞VcAt

)

R∞T∞
Vc (10)  

Vs = Vc +
Q̇

Cpρ∞AtT∞
(11) 

Substituting Eqs. (9), (11) into Eq. (7), the pressure losses induced by 
the tunnel and train wall friction can be obtained. 

The pressure losses induced by the tunnel and train wall friction from 
entrance A to exit B is expressed as: 

ΔPλ = λ
1
2
(La + Lb)

Dt
ρ∞V2

c + λtrain
1
2
(Lt1 + Lt2)

Dt
ρ∞V2

c + λtrain
1
2

Lt2

Dt
ρ∞

Q̇Vc

Cpρ∞AtT∞

+λ
1
2

Lb

Dt
ρ∞

Q̇Vc

Cpρ∞AtT∞
+ λ

1
2

Lc

Dt

ρ∞Vc

Vc +
Q̇

Cpρ∞AtT∞

V2
out

(12a) 

The pressure losses induced by the tunnel wall friction from entrance 
C to exit B is expressed as: 

ΔPλ = λ
1
2

Ld

Dc
ρ∞V2

cc + λ
1
2

Lc

Dt

ρ∞Vc

Vc +
Q̇

Cpρ∞At T∞

V2
out (12b) 

(3) Pressure losses induced by the local flow resistance 
The pressure losses induced by the local flow resistance in current 

scenario includes the resistance at tunnel portal, combining point, train 
portal, train exit, cross-passage portal and tunnel exit. 

The pressure losses induced by the local flow resistance in the metro 
tunnel from entrance A to exit B is expressed as: 

ΔPζ = ζin− A
ρ∞

2
V2

c + ζin− train
ρ∞

2
V2

c + ζout− train
ρs

2
V2

s + ζA− B
ρs

2
V2

s + ζout− B
ρs

2
V2

out

(13a) 

The pressure losses induced by the local flow resistance in the metro 
tunnel from entrance C to exit B is expressed as: 

ΔPζ = ζin− C
ρ∞

2
V2

cc + ζC− B
ρ∞

2
V2

cc + ζout− B
ρs

2
V2

out (13b)  

where ζin-A and ζin-C are the local resistance coefficient of the tunnel and 
cross-passage portal, which are 0.5. ζout-B is the local resistance coeffi
cient of the tunnel exit, which is 1.0. ζin-train and ζout-train are the local 
resistance coefficient of the train front and train rear, which are needed 
to be determined in the following. ζA-B and ζC-B are the local resistance 
coefficient of combining flow from tunnel A to tunnel B and cross- 
passage C and tunnel B. The local resistance coefficient caused by 
airflow combination are related to the cross-sectional areas and the 
radio of the flow rate, which can be calculated by following equations 
(Hager, 2010). 

ζA− B = qδ(2 − qδ) (14a)  

ζC− B = q2
δ

((
At

Across

)2

− 2

)

+ 4qδ − 1 (14b)  

where qδ = (AcrossVcc)/[At(Vcc + Vs)] is the flow rate radio between 
cross-passage qcross and main tunnel qt, Across is the cross-sectional area 
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of the cross-passage. Substituting Eqs. (9), (11) and (14) into Eq. (13), 
the pressure losses induced by the local flow resistance can be obtained. 

The pressure losses induced by the local flow resistance in the metro 
tunnel from entrance A to exit B is expressed as:  

The pressure losses induced by the local flow resistance in the metro 
tunnel from entrance C to exit B is expressed as: 

ΔPζ = ζin− C
ρ∞

2
V2

cc +

(

q2
δ

((
At

Across

)2

− 2

)

+ 4qδ

− 1

)
ρ∞

2
V2

cc + ζout− B
ρ∞Vc

2

(

Vc +
Q̇

Cpρ∞AtT∞

)V2
out (15b) 

Substituting Eq. (3), (12) and (15) into Eq. (1), the simplified model 
of the driving force for fire in a metro tunnel with cross-passage during a 
fire under forced ventilation can be described as follows: 

The pressure losses in the metro tunnel from entrance A to exit B is 
expressed as:  

The pressure losses in the metro tunnel from entrance C to exit B is 
expressed as: 

ΔPC− B = PC − PB

= λ
1
2

Ld

Dc
ρ∞V2

cc + λ
1
2

Lc

Dt

ρ∞Vc

Vc +
Q̇

Cpρ∞AtT∞

V2
out + ζout− B

ρ∞Vc

2

(

Vc +
Q̇

Cpρ∞AtT∞

)V2
out

+ζin− C
ρ∞

2
V2

cc +

(

q2
δ

((
At

Across

)2

− 2

)

+ 4qδ − 1

)
ρ∞

2
V2

cc

(16b) 

Thus, the required driving force at entrance C under critical condi
tions can be expressed as:  

2.2. Driving force required at portal C for a train stopped near the cross- 
passage 

The smoke movement schematic in a metro tunnel cross-passage for 

ΔPζ = (ζin− A + ζin− train + ζout− train + qδ(2 − qδ) )
ρ∞

2
V2

c + (ζout− train + qδ(2 − qδ) )
ρ∞

2
Q̇Vc

Cpρ∞AtT∞

+ζout− B
ρ∞Vc

2

(

Vc +
Q̇

Cpρ∞AtT∞

)V2
out

(15a)   

ΔPA− B = PA − PB

=
1
2

Q̇Vc

cpAtT∞
+ λ

1
2
(La + Lb)

Dt
ρ∞V2

c + λtrain
1
2
(Lt1 + Lt2)

Dt
ρ∞V2

c + λtrain
1
2

Lt2

Dt
ρ∞

Q̇Vc

Cpρ∞AtT∞

+λ
1
2

Lb

Dt
ρ∞

Q̇Vc

Cpρ∞AtT∞
+ λ

1
2

Lc

Dt

ρ∞Vc

Vc +
Q̇

Cpρ∞AtT∞

V2
out + (ζin− A + ζin− train + ζout− train + qδ(2 − qδ) )

ρ∞

2
V2

c

+ζout− B
ρ∞Vc

2

(

Vc +
Q̇

Cpρ∞AtT∞

)V2
out + (ζout− train + qδ(2 − qδ) )

ρ∞

2
Q̇Vc

Cpρ∞AtT∞

(16a)   

PC = PA +

(

ζin− C + q2
δ

((
At

Across

)2

− 2

)

+ 4qδ − 1

)
ρ∞

2
V2

cc + λ
1
2

Ld

Dc
ρ∞V2

cc − λ
1
2

Lb

Dt
ρ∞

Q̇Vc

cpρ∞DtT∞

−
1
2

Q̇Vc

cpAtT∞
− λ

1
2
(La + Lb)

Dt
ρ∞V2

c − λtrain
1
2
(Lt1 + Lt2)

Dt
ρ∞V2

c − λtrain
1
2

Lt2

Dt
ρ∞

Q̇Vc

cpρ∞DtT∞

− [ζin− A + ζin− train + ζout− train + qδ(2 − qδ) ]
ρ∞

2
V2

c − [qδ(2 − qδ) + ζout− train ]
ρ∞

2
Q̇Vc

Cpρ∞DtT∞

(17)   
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the train stopped near the cross-passage is shown in Fig. 2(b). Similarly, 
the total pressure loss ΔP consists of three parts: the fire source resis
tance ΔPfire, the frictional resistance ΔPλ and the local resistance ΔPζ. At 
the same time, the pressure induced by the wall friction and the local 
flow resistance can be expressed as follows. 

The pressure losses induced by the tunnel and train wall friction from 
entrance A to exit B is expressed as:  

The pressure losses induced by the tunnel wall friction from entrance 
C to exit B is expressed as: 

ΔPλ = λ
1
2

Ld

Dc
ρ∞V2

cc + λtrain
1
2

Lt3

Dt
ρsV

2
out + λ

1
2

Lc

Dt
ρsV

2
out (18b) 

The pressure losses induced by the local flow resistance in the metro 

tunnel from entrance A to exit B is expressed as: 

ΔPζ = ζin− A
ρ∞

2
V2

c + ζin− train
ρ∞

2
V2

c + ζA− B
ρs

2
V2

s + ζout− train
ρs

2
V2

out + + ζout− B
ρs

2
V2

out

(19a) 

The pressure losses induced by the local flow resistance in the metro 
tunnel from entrance C to exit B is expressed as: 

ΔPζ = ζin− C
ρ∞

2
V2

cc + ζC− B
ρ∞

2
V2

cc + ζout− train
ρs

2
V2

out + ζout− B
ρs

2
V2

out (19b) 

Substituting Eq. (9), (18), (19), (14), (11) and (3) into Eq. (1), the 
simplified model of the required driving force at entrance C for the train 
stopped near the cross-passage during a fire under forced ventilation can 
be described as follows: 

ΔPλ = λ
1
2

La

Dt
ρ∞V2

t + λtrain
1
2

Lt1

Dt
ρ∞V2

c + λtrain
1
2

Lt2

Dt
ρsV

2
s + λtrain

1
2

Lt3

Dt
ρsV

2
out + λ

1
2

Lc

Dt
ρsV

2
out (18a)   

PC = PA +

(

ζin− C + q2
δ

((
At

Across

)2

− 2

)

+ 4qδ − 1

)
ρ∞

2
V2

cc + λ
1
2

Ld

Dc
ρ∞V2

cc −
1
2

Q̇Vc

cpAtT∞

− λ
1
2

La

Dt
ρ∞V2

c − λtrain
1
2
(Lt1 + Lt2)

Dt
ρ∞V2

c − λtrain
1
2

Lt2

Dt
ρ∞

Q̇Vc

Cpρ∞DtT∞

− [ζin− A + ζin− train + qδ(2 − qδ) ]
ρ∞

2
V2

c − qδ(2 − qδ)
ρ∞

2
Q̇Vc

Cpρ∞DtT∞

(20)   

Fig. 3. Schematic diagram of cold smoke experiment: (a) cold smoke, (b) measuring in tunnel, (c) measuring in cross-passage.  
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2.3. Type selection of the fan at portal D 

In the context of the segment from portal D to portal C, as depicted in 
Fig. 1, The pressure at cross-section C within the secure tunnel on the 
opposing side can be expressed as: 

PC = PD − λ
1
2

Ld

Dt
ρ∞V2

d (21) 

Substituting Eq. (21) into Eq. (17) and (20), the expression of the 
driving force and ventilation velocity necessary for thermal smoke 
prevention in the opposite side safe tunnel can be deduced as follows:  

The required driving force to prevent the smoke backflow in the 
cross-passage is very important parameter for the metro tunnel design 

and fan selection. Therefore, Eq. (22) is employed to establish the 
relationship between the driving force required in the both side tunnels 
and the ventilation velocity within the cross-passage. In Eq. (22), PA, Vc, 
PD, and Vd represent the supply air parameters of the ventilation fans in 
the both side tunnels. Some parameters, namely, λ, λtrain, ζin-train, ζout-train 
and Vcc, remain unknown. The explicit determination of these parame
ters will be clarified in the subsequent sections. 

It is important to note that this study does not account for conditions 
where the fire source is located downstream of the tunnel cross-passage. 
Under critical conditions, as long as the combined airflow in the tunnel 
cross-passage and the main tunnel exceeds the critical velocity, the 
smoke will not propagate upstream. 

3. Full-scale cold smoke experiment 

Full-scale combustion tests incur significant expenses and are con
strained by the operational timetable of the subway system. Moreover, 

Fig. 4. Schematic diagram of fan layout.  
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the cross - passage

(22)   

Table 1 
Summary of experimental cases.  

No. Fire location X(m) Fan status Number of fans 

1 120 A: Supply, B: Exhaust, D: Off A: 4, B: 4, D: 0 
2 120 A: Supply, B: Exhaust, D: Supply A: 3, B: 4, D: 1 
3 120 A: Supply, B: Exhaust, D: Supply A: 2, B: 4, D: 2 
4 120 A: Exhaust, B: Supply, D: Off A: 4, B: 4, D: 0 
5 120 A: Exhaust, B: Supply, D: Supply A: 4, B: 3, D: 1 
6 120 A: Exhaust, B: Supply, D: Supply A: 4, B: 2, D: 2 
7 0 A: Exhaust, B: Supply, D: Off A: 4, B: 4, D: 0 
8 0 A: Exhaust, B: Supply, D: Supply A: 4, B: 3, D: 1 
9 0 A: Exhaust, B: Supply, D: Supply A: 4, B: 2, D: 2  Fig. 5. Schematic of the FDS model.  
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replicating and repeating such experiments present inherent difficulties. 
In place of this, cold smoke experiments were conducted to study smoke 
dynamics. As a result, full-scale cold smoke verification experiments 
were carried out in the metro tunnel in Zhengzhou, as depicted in Fig. 3. 
The dimensions of the tunnel correspond to those of the numerical 
simulation model. Within the tunnel, a setup of 10 VCF fans allows for 
adjusting the direction of air supply. Each fan is designed with an air 
volume of 60 m3/s and the ability to generate a total pressure of 1000 
Pa. To illustrate the arrangement of fans the cross-section layout of the 
ventilation system is presented in Fig. 4. To ensure precise measurement 
results, a total of 30 measuring points were strategically placed within 
the tunnel section, with an additional 15 measuring points distributed in 
the cross-passage section. The ventilation velocity was measured using a 
hot-wire anemometer with an accuracy of 0.01 m/s. The experimental 
cases are summarized in Table 1. The comparative results between full- 
scale cold smoke experimental data and theoretical analysis will be 
presented in Section 5.1. 

4. Numerical simulation 

The current study utilized Fire Dynamics Simulator (FDS 6.7.6), a 
widely employed tool in the field of fire safety. Numerous works have 
demonstrated its effectiveness in validating metro tunnel fire scenarios 
(Cong et al., 2022; Ren et al., 2021). 

4.1. FDS model 

The FDS physical model was established following the actual di
mensions of the local metro in Zhengzhou, China. The metro tunnel 
consists of a main tunnel, an underground train consisting of 6 com
partments and a cross-passage is displayed in Fig. 5. The dimension of 
the full-size main tunnel is 270 m (length) × 4.8 m (width) × 5.2 m 
(height), based on the aspect ratio of real tunnels. Each train carriage 
dimension is 20 m (length) × 2.8 m (width) × 3.8 m (height), and the 
blocking rate is 0.43. The carriage clear height is 2.2 m, which is from 1 
m to 3.2 m above the tunnel ground. Four side doors in each carriage 
with the same size of 1.5 m (width) × 2.0 m (height) are evenly 
distributed every 4.5 m along the sidewall. At the same time, two 
emergency evacuation doors located at the end of the train are set to 
open, with the same size of 1.2 m (width) × 2.5 m (height). The cross- 
passage dimension is 6.8 m (length) × 3.0 m (width) × 3.0 m 
(height), located on the side door opening side 100 m away from the 
downstream exit. A cuboid fire source is specified as “BURNER” with the 
dimensions of 2 m (length) × 1.8 m (width) × 0.2 m (height). The 

Fig. 6. Schematic of measurement points arrangement.  

Table 2 
Summary of numerical simulation conditions.  

Test 
no. 

HRR Q 
(MW) 

Fire location X (m) Main tunnel ventilation velocity Vt 

(m/s) 

1 ~ 7 0 100 3.6, 3.8, 4.0, 4.2, 4.4, 4.6, 4.8 
8 ~ 

127 
5,4,3,2 0, 20, 40, 60, 80, 

100 
3.6, 3.8, 4.0, 4.2, 4.4  

Fig. 7. Vertical temperature distribution beneath the tunnel ceiling under 
different mesh size under Q = 5 MW. 

Fig. 8. The comparison of the train ceiling temperature distribution between 
simulation and experiments. 
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thickness of the tunnel and train carriage are set to 0.3 m and 0.1 m 
respectively. The materials of tunnel surfaces are specified as concrete, 
with conductivity, specific heat, and density being 1.80 W/ (m⋅k), 1.04 
KJ/(kg⋅k), 2280 kg/m3, respectively. The materials of the train carriage 
surfaces are specified as steel, and the corresponding parameters are 
45.8 W/(m⋅k), 0.46 KJ/(kg⋅k), 7850 kg/m3. The tunnel portal and cross- 
passage portal are set as “SUPPLY” to accomplish uniform air supply 
velocity for the cross section. The tunnel exit is set as “OPEN”. 

The subway train may stop in interval tunnel due to power system of 
the train failures after the accident (Cong et al., 2022). This study fo
cuses on luggage-induced fire scenarios within train carriages. Since the 
2012 release of “Fire Protection Requirements for Urban Rail Transit 
Vehicles-China (CJ/T 416-2012)”, there’s a growing trend in using fire- 
resistant materials in metro carriages. Experimental findings suggest 
that, in controlled fire situations within metro carriages, an HRR of 5 
MW can be considered a critical point. For scenarios involving uncon
trolled combustion throughout the entire carriage, a maximum HRR of 
11 MW is recommended (Shi et al., 2020). Assuming fire containment 
within the carriage, this study considers a maximum HRR of 5 MW for 
luggage-induced carriage fires. Four fire sizes (2 MW, 3 MW, 4 MW, 5 
MW) are selected to represent the unfavorable scenarios (Su et al., 
2023). The fire source position (X) is the distance of fire and supply air 
flow portal of the cross-passage, six different fire positions (0 m, 20 
m,40 m, 60 m, 80 m, 100 m) are considered in this study, and the po
sition of fire source changes with the movement of train position. Fig. 6 
shows the scheme of measurement points arrangement in the FDS 
model. Four pressure monitoring cross-sections are used to monitor the 
portal total pressure (MA, MC), pressure losses induced by the tunnel and 
train wall friction (Mt2 ~ Mt3) and pressure losses induced by the train 
local resistance (Mt1 ~ Mt2, Mt3 ~ Mt4) respectively. Among them, nine 
pressure measurement points are evenly placed on each cross-section to 

obtain the average pressure of the cross-section. The distances between 
the monitoring section (Mt1~t4) and the train boundary are all 0.1 m. 20 
thermocouples are placed 0.1 m beneath the tunnel ceiling along the 
cross-passage to ensure that smoke will not overflow into the cross- 
passage. At the same time, 60 thermocouples are placed 0.1 m 
beneath the tunnel ceiling with the interval of 2 m and 60 thermocou
ples are placed 0.1 m beneath the train ceiling with the interval of 2 m to 
ensure that smoke will not diffuse upstream. The total information of 
specific tests was summarized in Table 2. For the effect of train blockage 
and main tunnel ventilation velocity on the energy loss coefficient, 
seven main tunnel ventilation velocities are considered from test 1 to 7 
under non-fire condition. At the same time, the cross-passage ventilation 
velocities in these conditions are set to 0 m/s. Test 8 to 127 presents a 
series of conditions to obtain the critical cross-passage ventilation ve
locity with different fire location, heat release rate and main tunnel 
ventilation velocity. It is worth noting that in this study the variation of 
the longitudinal ventilation velocity in main tunnel is under the critical 
condition (Su et al., 2023). In the scenario of a fire occurring in the 
middle of the carriage, the minimum critical ventilation velocity for a 
fire with a heat release rate of 5 MW was determined to be 3.6 m/s for 
the main tunnel. The ambient temperature is 20 ◦C and the environ
mental pressure is 101 kPa. The simulation time is set to be 700 s to 
ensure that the smoke movement is in a steady spread state. 

4.2. Grid system 

Grid size plays a vital role in numerical simulations as it directly 
affects the accuracy of calculations. The characteristic fire diameter is a 
pivotal parameter for identifying the optimal grid size. The character
istic fire diameter to the grid size, denoted as D*/δx, is a significant 
criterion for evaluating mesh resolution, where δx is the grid size. 
Mcgrattan et al. (2017) proposed that the appropriate range for the 
value of D*/δx is between 4 and 16, which can be expressed as: 

D* =

(
Q

ρaCPTαg1/2

)2/5

(23) 

Considering the heat release rate values in this work, it is suggested 
that the grid sizes ranged from 0.125 m ~ 0.20 m to enhance the 
applicability of the grid size. Therefore, the mesh size 5 m from the fire 
center in both direction is set to be 0.125 m. At the same time, except for 
the fire center, the mesh size setting range is 0.15 m to 0.20 m in other 
places. In this study, mesh size sensitivity analysis of the FDS prediction 
have also conducted. Four grid systems have been considered, with the 
number of mesh increases from 1,578,000 to 3,598,000. Fig. 7 shows a 
typical comparison of four grid systems for the vertical temperature 
distribution under natural ventilation when the HRR is 5 MW. 60 tem
perature measurement points in the area 60 m downstream of the fire 
source were compared. It was shown that there is no significant differ
ence of vertical temperature distribution between two mesh systems (δ 
= 0.16 m and δ = 0.15 m). Considering saving resources, the mesh size in 
other places is set to be 0.16 m with the number of mesh. 

4.3. Model validation 

To validate the efficacy of the FDS model, a comparison was con
ducted between the simulation data and the experimental results (Peng 
et al., 2020). The train fire experiments occurred within a 1:5 reduced- 
scale train model measuring 4.0 m in length, 0.55 m in width, and 0.42 
m in height. The numerical model employed a grid size of δ = 0.16 m in 
other places, resulting in a total of 2,935,000 grid elements. Fig. 8 
illustrated the comparison of experimental and numerical results on the 
dimensionless longitudinal train ceiling temperature distribution. It was 
observed that the numerical simulation aligned with the temperature 
distribution observed in the experiments, although there was some 
discrepancy, with a maximum deviation of 37 ◦C, falling within a margin 

Fig. 9. Pressure parameter slice nephograms with different longitudinal 
ventilation velocities. 

Table 3 
The refined analytical treatment of pressure loss in each region.  

Energy loss 
coefficient 

Measuring 
section 

Fitting formulas 

λ MA ~ Mt1 PMA − PMt1 = λ
1
2

LMt − Mt1

Dt
ρ∞V2

t 

ζin-train Mt1 ~ Mt2 PMt1 − PMt2 = ζin− train
ρ∞
2

V2
t 

λtrain Mt2 ~ Mt3 PMt2 − PMt3 = λtrain
1
2

LMt2 − Mt3

Dt
ρ∞V2

t 

ζout-train Mt3 ~ Mt4 PMt3 − PMt4 = ζout - train
ρ∞
2

V2
t +

λ
1
2

LMt3 − Mt4

Dt
ρ∞V2

t   
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of error of 10 %. This was because, with the emergency evacuation doors 
open, the smoke accumulation in the carriage was reduced. However, 
this aspect was not considered during the experiments. Overall, the 
ceiling temperature in simulations followed an exponential decay 
pattern as it diffused, closely mirroring the experimental findings. 
Therefore, the model used in this study was deemed feasible. 

5. Results and discussion 

5.1. Energy loss coefficient 

Fig. 9 shows the pressure fields at steady period of airflow movement 
without fire, in which the image is a horizontal cross-sectional image at 
a height of 2.5 m. Therein, metro train divides main tunnel into up
stream region, metro region and downstream region. In order to better 
show the results, the downstream length in Fig. 9 only shows the pres
sure distribution within 25 m. Attributed to train blockage, the longi
tudinal airflow is blocked at the front of the train, which causes to a 

pressure drops sharply in this region. In metro region, the airflow in the 
train carriage and tunnel is complicated induced by the coupling effect 
of side doors. In general, the pressure gradually decreases along the 
train, but the resistance along the train is not significant compared with 
the tunnel. Moreover, it is obvious to see that a negative pressure zone is 
formed at the rear of the train induced by train blockage, downstream 
negative pressure length is related to longitudinal ventilation velocity 
but remains relatively stable. As the longitudinal velocity increases from 
3.6 m/s to 4.8 m/s, it can be observed that the length of the negative 
pressure zone measures approximately 20 m. These phenomena prob
ably indicate that the measurement of local resistance of airflow exiting 
the train is restricted by the negative pressure zone. As a result, to ensure 
a uniform pressure distribution across the section, the measurement of 
local resistance of airflow exiting the train involved shifting Mt4 back
ward by 25 m. 

The relationship between pressure loss and longitudinal velocity 
exhibits a quadratic function correlation. The precise fitting formulas 
governing the pressure loss in each distinct region have been 

Fig. 10. The variation of pressure loss with longitudinal ventilation velocity: (a) MA ~ Mt1, (b) Mt1 ~ Mt2, (c) Mt2 ~ Mt3, (d) Mt3 ~ Mt4.  
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meticulously elucidated in Table 3, exemplifying the refined analytical 
treatment employed in this study. Fig. 10 unveils the fitting outcomes of 
pressure loss varying with longitudinal ventilation velocities for each 
region, exhibiting an exceptional degree of conformity with their 
respective formulas, all surpassing 0.98. The obtained results stand as 
follows: λ = 0.019, ζin-train = 0.82, λtrain = 0.023 and ζout-train = 0.12. It is 
worth noting that, the local resistance coefficient of the train front is 
much larger than that of the rear with a difference of 0.7. This segment 
of resistance assumes paramount significance in the meticulous evalu
ation of overall resistance loss. Furthermore, the results derived from 
numerical simulations reveal a remarkable resistance coefficient of λ =
0.019 along the tunnel. Notably, this finding closely aligns with the 
guidelines for tunnel design of 0.02, further solidifying the credibility 
and feasibility of the employed numerical simulation methodology 
(Transport, 2014; Yan et al., 2020). 

Therefore, the reliability of Eq. (22) can be verified through full-scale 
cold smoke experiment, building upon the existing parameters. It is 
worth noting that, it is not feasible to control the total pressure and flow 
rate of the fan due to constraints in experimental conditions. Hence, the 
feasibility of Eq. (22) is verified by measuring the velocity in the cross- 
passage under the given experimental conditions. At the same time, it is 
not necessary to consider the resistance loss caused by thermal expan
sion in the cold smoke experiment. Substituting PA, PD, VC, VD, λ, λtrain, 
ζin-train and ζout-train into Eq. (22), the velocity in the cross-passage Vcc 
can be calculated. The velocities in cross-passage obtained from Eq. (22) 
have been contrasted with experimental results, as shown in Fig. 11. The 
small variance between the predicted velocities and the actual experi
mental results is evident. This signifies the viability of the method, 
which relies on tunnel pressure balance for analyzing critical ventilation 
within the cross-passage. 

5.2. Critical velocity and required driving force in the cross-passage 

The critical velocity in the cross-passage (Vcc) can be ascertained 
through dimensionless analysis, subsequently enabling the acquisition 
of the corresponding critical supply parameters via the application of Eq. 
(22). The critical velocity in the cross-passage (Vcc) is affected by the 
heat release rate (Q), train length (Ltrain), longitudinal ventilation ve
locity (Vt), fire location (X), hydraulic diameter of the tunnel (Dt), hy
draulic diameter of the cross-passage (Dcross), air density (ρ∞), ambient 
temperature (T∞), thermal capacity of air (cp), and gravitational accel
eration (g). The elucidation of the critical velocity function for smoke 

Fig. 11. Comparison of velocity in the cross-passage between predictions and 
experimental results. 

Fig. 12. Effect of various factors on critical velocity in the cross-passage: (a) 
Effect of Q* on Vcc* at a fire source location of 60 m, (b) Effect of Vt* on Vcc* at a 
fire source location of 60 m, (c) Effect of X* on Vcc* at a heat release rate of 
5 MW. 
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control in a tunnel cross-passage is presented as follows: 

f
(
Vcc,Dt,Q,Vt,Dcross, Ltrain, cp, ρ∞,T∞, g,X

)
= 0 (24) 

According to Ji et al. (2012), the variables devoid of interdependence 
constitute the independent variables under investigation. Thus, Eq. (24) 
can be reconfigured in the subsequent manner: 

f

(
V2

cc

gDcross
,

Q
ρ∞cpT∞g1/2D5/2

t
,

V2
t

gDt
,

X
Ltrain

)

= 0 (25) 

Hence, Eq. (25) can be reformulated into a more comprehensive 
expression: 

V*
cc = f (Q*

t ,V
*
t ,X*) (26) 

where V*
cc = Vcc/

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
gDcross

√
is dimensionless critical ventilation veloc

ity in the cross-passage, V*
t = Vt/

̅̅̅̅̅̅̅̅
gDt

√
is the dimensionless longitudinal 

ventilation velocity in the tunnel, X* = X/Ltrain is the dimensionless fire 
location. Fig. 12(a) depicts the influence of heat release rate on the 
critical velocity in a tunnel cross-passage. The results were derived 
through numerical simulations involving the fire located 60 m away 

from the cross-passage, encompassing tunnel ventilation velocities 
ranging from 3.6 m/s to 4.4 m/s. Evidently, the critical velocity in a 
tunnel cross-passage escalates proportionally with the heat release rate, 
exhibiting a variation governed by a dimensionless heat release rate 
exponent following a power law of 1/3. Fig. 12(b) illustrates the impact 
of tunnel ventilation velocity on critical velocity in the cross-passage. 
Notably, critical velocity exhibits an inverse relationship with tunnel 
ventilation velocity. Additionally, the experimental data appears to 
align well with a natural exponential function of tunnel ventilation ve
locity. It is worth noting that the congruence of their association reso
nates of the associations depicted in Fig. 12(a) and Fig. 12(b) aligns 
exceptionally well with prior scholarly discoveries (Li et al., 2013). 
Fig. 12(c) shows the effect of the fire source location on critical velocity 
in the tunnel cross-passage. It is imperative to underscore that the fire 
source location varies in accordance with the train position. Evidently, 
the data illustrates that the critical velocity in the cross-passage under 
unobstructed conditions surpasses that of the blocking scenario. The 
rationale behind this lies in the train obstruction, which augments the 
flow velocity in the vicinity. This, in turn, induces a reduction in pres
sure, resulting in a decrease in the inertial force that the cross-passage 
must furnish. At the same time, it was found that the position of the 
fire source exhibited limited influence on the critical velocity in the 
cross-passage under these two conditions. Hence, the influence of the 
fire source location on the critical velocity in the cross-passage can be 
respectively disregarded in both scenarios. 

Drawing from the preceding analysis of the impacts stemming from 
distinct parameters on the critical velocity, it is evident that the 
dimensionless critical velocity exhibits a variation following a power 
law of 1/3 with respect to the dimensionless heat release rate, and 
conforms to an exponential relationship with tunnel ventilation velocity. 
Subsequently, Eq. (26) for both obstructed and unobstructed conditions 
can be reformulated as follows: 

V*
cc = CQ*1/3e− V*

t (27) 

Fig. 13 depicts the outcomes of the critical velocity in the cross- 
passage, considering different fire heat release rates, longitudinal 
ventilation velocities and fire locations. Notably, all simulation data 
demonstrate an alignment with the subsequent equation: 

Fig. 13. Relationship between Vcc* and Q*1/3exp(-Vt*) with various 
fire locations. 

Fig. 14. Comparison between current model (Eq. (28)) and Li’s model.  

Fig. 15. Comparison of theoretical model-predicted values and simula
tion values. 
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V*
cc =

(
0.85Q*1/3e− V*

t ​ Unobstructed condtion (0.50 < X*⩽0.83)
0.54Q*1/3e− V*

t ​ Obstructed conditon (0 < X*⩽0.33)
(28) 

This study compared the critical velocities in the metro tunnel cross- 
passage with prediction models for conventional single tunnels (Li et al., 
2013) and long railway tunnels (Li et al., 2012), as shown in Fig. 14. In 
the context of conventional tunnels, this study shares similarities with 
Li’s research as both investigations encompass factors such as heat 
release rate, fire source location, and longitudinal ventilation velocity 
(Li et al., 2013). These considerations yielded comparable patterns to 
the results of the present study, albeit without addressing the influence 
of train blockage. The outcomes reveal a consistent trend where the 
predictions generated by the current study’s model consistently remain 
lower than those of Li’s model. This discrepancy can be attributed to the 
influence of train blockage. In unobstructed conditions, due to the fact 
that the farthest considered fire source location in this study is only 100 
m away, the airflow does not attain uniformity when passing through 
the cross-passage. This disparity causes the velocity passing through the 
cross-passage to exceed the average velocity, leading to a localized 
reduction in instantaneous pressure and consequently resulting in a 
decrease in the required critical velocity in the cross-passage. 

For long railway tunnels, Li et al. (2012) investigated the critical 
velocity in cross-passages under natural ventilation conditions (Vt = 0 
m/s) in the main tunnel. Considerations encompassed factors such as 
train blockage, fire source location, cross-passage opening height, and 
the combination of multiple cross-passages supplying air. Results indi
cated that the most unfavorable scenario occurred when the fire source 
was positioned directly in front of the cross-passage (X*=0), with an 
opening height of 85 mm. Simultaneously, the critical velocity induced 
by train blockage was 0.86 times smaller compared to the unblocked 
condition. Diverging from Li’s model, the present study focused solely 
on a single cross-passage, with all train doors assumed to be open. This 
choice mitigates the impact on airflow around the train relative to a 
scenario with closed doors. Fig. 14 illustrates that, in Li’s study, the most 
unfavorable scenario closely aligns with our current study’s obstructed 
condition, attributed to the open doors in our model. In contrast to open 
doors, closed doors would elevate wind speeds around the train, 
increasing the pressure difference between the cross-passage and the 
main tunnel and subsequently reducing the critical velocity requirement 
in the connecting passage. 

Under critical conditions, the required driving force for portal C was 
summarized from the outcomes of numerical simulations. At the same 
time, the predictions of the driving force at portal C calculated by Eq. 
(22) are compared with simulation results, as shown in Fig. 15. It can be 
seen the predicted values are in good agreement with simulation results, 
indicating that Eq. (22) can predict the total pressure at portal C induced 
by train fires in metro tunnel with cross-passage for given fire heat 
release rates, longitudinal ventilation velocities, fire locations and crit
ical velocities in the cross-passage within a margined error of 10 %. 

6. Conclusions 

This study explores the feasibility of eliminating fireproof doors in 
future metro tunnels. Theoretical analysis of pressure losses in metro 
tunnel fire is conducted to investigated the critical velocity and the 
required driving force in the tunnel cross-passage. Simultaneously, the 
type selection of fan in the opposite side safe tunnel for preventing the 
diffusion of smoke to the safe tunnel is investigated, with the aim of 
proposing the removal of fireproof doors in cross-passages. The major 
conclusions are as follows:  

1. Theoretical analyzed prove that the local resistance for metro tunnel 
is a significant factor which results in the smoke control law is 
different with single tunnel. The train location effect the frictional 

resistance and local resistance induced by cross-passage. The theo
retical models of the required driving force in the metro tunnel cross- 
passage for different train locations are obtained.  

2. The energy loss coefficients induced by trains are obtained. At the 
same time, full-scale cold smoke experimental work was conducted 
to investigate the effect of fan supply parameters of opposite tunnel 
on the velocity of the cross-passage. Theoretical models provided 
reasonable results for estimating the pressure loss caused by metro 
train. The predictions are in good agreement with the experimental 
data.  

3. The theoretical model on the basis of the dimensionless analysis in 
metro tunnel cross-passage is proposed to predict the critical velocity 
in the cross-passage under the different cases of the train location. 
The required driving force at cross-passage entrance is obtained 
which is closed to the simulated value. 

In summary, the recommendation to eliminate tunnel fireproof doors 
is deemed feasible by optimizing the airflow parameters for fans on both 
sides of the tunnel. This optimization ensures that the cross-passages 
attain the critical velocity conditions necessary for safe ventilation. It 
should be noted that the location of the train fire only considered within 
100 m from the cross-passage. Obvious differences in the motion char
acteristics of thermal smoke become inevitably apparent when the train 
is far from the cross-passage. In these scenarios, the applicability of 
above correlations requires additional validation. Concurrently, it is 
essential to note that the existing model lacks continuity. During the 
transition of the train from a blocked to an unblocked condition, the 
critical ventilation velocity within the cross-passage should demonstrate 
a continuous increment. Future investigations will involve a thorough 
analysis of the influence of additional fire source positions on this 
phenomenon. Furthermore, the current model maintains a fixed scale (e. 
g., with the cross-passage dimensions at 6.8 m × 3.0 m × 3.0 m). Future 
research should also investigate and verify the potential influence of 
cross-passage dimensions. 
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