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Abstract: Demand for underground railways has rapidly increased due to accelerated urbanisation
and population growth. This has elevated the importance of tunnel designs with adequate fire safety
and protection measures. However, due to intricate modern rail tunnel designs, prescriptive codes
are often difficult to implement and lead to over-conservative design. In this study, the current state of
tunnel fire analysis was reviewed with a focus on Australia. A large-eddy simulation (LES)-based fire
model was applied to investigate the temperature and smoke dispersion from a 2 MW metro tunnel
fire case scenario to the cross-passage. A total of 28 cases with various cross-passage ventilation
settings were examined, including longitudinal tunnel velocity, cross-passage velocity, train location
relative to the cross-passage and fire location. The modelling showed that a 0.84 m/s critical velocity
was sufficient for smoke control in the cross-passage. Furthermore, two empirical methods for
cross-passage critical velocity were performed, which showed utilisation of the Froude number
produced a less conservative critical velocity (0.610 m/s) compared to the dimensionless method
(0.734 m/s). Nevertheless, both numerical and empirical results were significantly lower than the
standard 1.0 m/s minimum flow rate for smoke control (AS1668.1). The results provide preliminary
evidence towards the need for revision of current tunnel fire standards and response protocols.

Keywords: tunnel fire; smoke movement; large eddy simulation; critical velocity; building fire standards

1. Introduction

Fire safety in underground rail tunnels has gained heightened interest in the past few
decades because of catastrophic tunnel fires internationally and an increasing number of
metropolitan rail tunnel projects [1,2]. For example, the Kaprun disaster in Austria (2000)
killed 155 people when most occupants fled upward away from the fire. In Australia,
recent rail tunnel projects include the now operational Sydney Metro Northwest and the
9-kilometre twin rail tunnel Melbourne Metro project, which is expected to be completed in
late 2025. Therefore, the continual optimisation of fire safety strategies and ensuring the
safe evacuation of passengers during an emergency scenario for rail tunnels is paramount.
A primary aspect of passenger evacuation in tunnels is cross-passages connecting twin-bore
tunnels and allowing safe passage from the incident to the non-incident bore during an
emergency. In an underground rail tunnel fire emergency, it is essential that no smoke
enters the cross-passages to ensure the safety of rail tunnel occupants during evacuation [3].
Therefore, understanding how smoke propagates throughout a cross-passage under dif-
ferent scenarios and, subsequently, the minimum velocity in a rail-tunnel cross-passage
prevents smoke ingress (known as the critical velocity for a cross-passage) becomes im-
perative. If the airflow rate through the cross-passage in the direction from non-incident
to incident bore is too low, smoke ingress in the cross-passage and into the non-incident
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bore occurs. Nevertheless, if the incoming ambient air velocity is too high, the ventilation
strategy becomes too conservative, leading to excessive installations of jet fans and greater
axial fan capacity associated with higher financial costs. Therefore, determining the correct
critical velocity is critical for the design of optimal ventilation strategies.

In accordance with AS1668.1 [4], a cross-passage door of 1.0 m/s is required for
tunnel designs. This ensures that no smoke and asphyxiant gases recirculate back to the
cross-passage, which applies to the twin-bore tunnels typically found in Australia. An
additional consideration is the pressure differentials between bores, which will influence
the critical velocity in the cross-passage. As a rule of thumb, the incident bore will have
a lower pressure than the non-incident bore during an emergency. The pressure gradient
between the main tunnel and the cross-passage must not be too high; otherwise, rail
tunnel occupants will be unable to open the cross-passage door. The incident tunnel
pressure subtracted from the non-incident tunnel pressure is positive to prevent smoke
from travelling into the non-incident bore. However, adopting a single critical velocity
criterion for all underground transport designs is excessively conservative. Furthermore,
recent papers have developed revised methods to calculate the minimum velocity across
the cross-passage door to prevent smoke ingress into the cross-passage from the incident
bore [5].

In this article, the current state of tunnel fire analysis is extensively reviewed. The
primary objectives of this work are to (i) gain a deeper understanding of smoke behaviour
in rail tunnel cross-passages under different fire scenarios and (ii) to determine whether
Australia’s current standard (i.e., AS1668.1:2015) pertaining to the minimum flow rate for
smoke control through a cross-passage door during a fire scenario is suitably applied and
whether a revision of AS1668.1 is required. A large-eddy simulation (LES)-based fire field
model will be utilised to model the smoke behaviour in a typical Australian rail tunnel with
a cross-passage. A comprehensive parametric study will be performed on critical factors
influencing the minimum smoke control velocity through the cross-passage. These include
longitudinal tunnel velocity, cross-passage velocity, fire location and train head location
with respect to the cross-passage. Furthermore, the results will be analysed in comparison
to the required critical velocities calculated from well-established empirical methodologies.

2. Current State of Tunnel Fire Smoke Control

When a fire develops and smoke propagates in a tunnel, backlayering occurs when
smoke travels upstream of the fire, as illustrated in Figure 1. In most cases, this will also
be against mechanically driven ventilation (Figure 1b). The length of backlayering (Lb)
depends on the magnitude of the ventilation velocity. Backlayering adversely impacts
the evacuation of occupants upstream of the incident tunnel and fire rescue efforts. Fur-
thermore, project requirements usually state that no backlayering is to occur during a fire
incident. Therefore, a sufficient air flow rate must be provided to prevent backlayering.
This adequate airflow is known as critical velocity (Vc) and is the most well investigated
phenomenon in tunnel fire research [6]. Over the past three decades, extensive small and
large-scale experiments have been conducted to study this phenomenon and establish
mathematical correlations [7,8]. Some of the most well-documented fire tests include the
Memorial tunnel fire tests [9,10], Runehamar tunnel fire tests [11–13], Yuanjiang tunnel
fire tests [14] and the EUREKA programme [15,16]. These fire tests also provided the
foundation for structural fire protection in tunnels and the establishment of fire curves to
standardise fire resistance for tunnel lining [17]. It is another important aspect of tunnel
fire safety that affects human safety as well as the social economic costs associated with
traffic disruption and infrastructure resilience.



Fire 2022, 5, 140 3 of 21

Fire 2022, 5, x FOR PEER REVIEW 3 of 22 
 

 

The critical velocity is primarily dependent on the fire size, tunnel dimensions (i.e., 

aspect ratio, cross-sectional area), slope of the tunnel and the Froude number (𝐹𝑟) [18]. 

Furthermore, as can be seen in Figure 1d, there is a certain velocity threshold (i.e., around 

3 m/s) where no increase in ventilation would be required to control the smoke from fires 

with more significant heat release rates (HRR) [19]. Based on experimental data, many 

semi-empirical models have been developed to calculate the critical velocity. These meth-

ods will be further explored in Section 2.2. 

 

Figure 1. Illustration on (a–c) the concept of backlayering of smoke in a longitudinal tunnel and (d) 

critical velocity for different fire sizes. 

Regarding government regulations, Australian Standards allow national uniformity 

when designing and constructing infrastructure. As mentioned previously, AS1668.1:2015 

states that the minimum airflow rate across a doorway leading into a fire-isolated exit 

shaft from a fire-affected compartment is no less than 1.0 m/s. For an underground rail 

tunnel, this means the minimum velocity (also referred to as the critical velocity) to pre-

vent smoke ingress through an open cross-passage from a fire-affected rail tunnel bore is 

1.0 m/s, as illustrated below in Figure 2. This requirement must be met during the most 

demanding scenario, usually in the early stages of a fire. This approach is straightforward 

and requires no calculations or standard fire testing. In contrast, the NFPA standards con-

cerning fire safety for road tunnels, bridges and other limited-access highways (i.e., NFPA 

502 [20]) provide an equation to calculate the required minimum velocity based on the 

tunnel geometry, fire size, Froude number factor and the fire site gas average temperature. 

The NFPA approach offers performance-based specifications, allowing for greater flexi-

bility in fire safety designs. Control of hot smoke by ensuring critical velocity is also im-

plemented in Asia, Africa and the Middle East via NFPA 502. 

European approaches do not rely upon high tunnel air velocities to prevent any up-

stream propagation of a hot smoke layer. It adopts a ‘low velocity’ philosophy to reduce 

smoke propagation rates, the risk of fire spread and to allow tenable self-rescue conditions 

as far as possible, including downwind of the fire [21-23]. For example, the PIARC [21] 

(World Road Association) recommends applying a low velocity in the range of 1.0–1.5 m/s 

upstream of the fire for bi-directional tunnels and tunnels with unidirectional traffic. This 

approach is implemented in several national regulations, such as in Germany ((RABT, 

2016 [24]), Switzerland (ASTRA 13001, 2008 [25]) and Austria (RVS 09.02.31, 2014 [26])). 

These velocities present an acceptable trade-off between backlayering and moderate 

smoke velocities downstream of the fire. Regarding cross-passage ventilation, the RWS 

(Rijkswaterstaat, Netherland Ministry of Infrastructure and Water Management) requires 

the average air velocity through emergency exit doors to be at least 0.75 m/s [27], similar 

to AS1668.1. 

Figure 1. Illustration on (a–c) the concept of backlayering of smoke in a longitudinal tunnel and
(d) critical velocity for different fire sizes.

The critical velocity is primarily dependent on the fire size, tunnel dimensions (i.e.,
aspect ratio, cross-sectional area), slope of the tunnel and the Froude number (Fr) [18].
Furthermore, as can be seen in Figure 1d, there is a certain velocity threshold (i.e., around
3 m/s) where no increase in ventilation would be required to control the smoke from fires
with more significant heat release rates (HRR) [19]. Based on experimental data, many semi-
empirical models have been developed to calculate the critical velocity. These methods will
be further explored in Section 2.2.

Regarding government regulations, Australian Standards allow national uniformity
when designing and constructing infrastructure. As mentioned previously, AS1668.1:2015
states that the minimum airflow rate across a doorway leading into a fire-isolated exit shaft
from a fire-affected compartment is no less than 1.0 m/s. For an underground rail tunnel,
this means the minimum velocity (also referred to as the critical velocity) to prevent smoke
ingress through an open cross-passage from a fire-affected rail tunnel bore is 1.0 m/s, as
illustrated below in Figure 2. This requirement must be met during the most demanding
scenario, usually in the early stages of a fire. This approach is straightforward and requires
no calculations or standard fire testing. In contrast, the NFPA standards concerning fire
safety for road tunnels, bridges and other limited-access highways (i.e., NFPA 502 [20])
provide an equation to calculate the required minimum velocity based on the tunnel
geometry, fire size, Froude number factor and the fire site gas average temperature. The
NFPA approach offers performance-based specifications, allowing for greater flexibility in
fire safety designs. Control of hot smoke by ensuring critical velocity is also implemented
in Asia, Africa and the Middle East via NFPA 502.
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European approaches do not rely upon high tunnel air velocities to prevent any
upstream propagation of a hot smoke layer. It adopts a ‘low velocity’ philosophy to
reduce smoke propagation rates, the risk of fire spread and to allow tenable self-rescue
conditions as far as possible, including downwind of the fire [21–23]. For example, the
PIARC [21] (World Road Association) recommends applying a low velocity in the range of
1.0–1.5 m/s upstream of the fire for bi-directional tunnels and tunnels with unidirectional
traffic. This approach is implemented in several national regulations, such as in Germany
((RABT, 2016 [24]), Switzerland (ASTRA 13001, 2008 [25]) and Austria (RVS 09.02.31,
2014 [26])). These velocities present an acceptable trade-off between backlayering and
moderate smoke velocities downstream of the fire. Regarding cross-passage ventilation,
the RWS (Rijkswaterstaat, Netherland Ministry of Infrastructure and Water Management)
requires the average air velocity through emergency exit doors to be at least 0.75 m/s [27],
similar to AS1668.1.

2.1. Critical Velocity in the Incident Tunnel and Cross-Passage

The past two decades have seen a gradual revision in calculating the critical velocity.
The first and most widely used relationship to determine the critical velocity which prevents
the backlayering of smoke in a tunnel is the non-dimensional Froude number analogy [7].
The critical Froude number Frc relates to the ratio of the fire’s buoyancy forces to the inertial
forces from the applied ventilation airflow, as shown in Equation (1).

Frc =
∆ρgH
ρVc2 (1)

where ρ is the density, g is the gravity and H is the height of tunnel cross-section. Using
this idealised relationship, the proposed critical velocity Vc is shown in Equation (2).

Vc = k

(
g

.
QcH

ρcpTf A

) 1
3

(2)

Tf =

.
Qc

ρcp AVc
+ To (3)

where
.

Qc is the convective heat release rate, cp is the specific heat of air, A is the tunnel
cross-sectional area, Tf is the average smoke temperature around the fire and To is the
ambient temperature. In the original work by Thomas [7], the formula was validated on fire
testing in a horizontal, 30 × 30 cm cross-sectional scaled wind tunnel, and it was concluded
that the critical Froude number Frc is 1. However, it is important to note that Frc = 1
cannot be applied universally because (i) it is biased towards the experimental conditions
which were conducted at a significantly reduced scale, (ii) the relationship assumes the
smoke to be fully mixed instantaneously, which will not occur for a wide tunnel but still
may be applicable for the small cross-sectional area of rail tunnels and (iii) it does not
account for the effect of tunnel geometry or tunnel aspect ratio on the critical velocity [28].
The Memorial Tunnel Fire Test [10] showed that the critical velocity predictions were
underpredicted by 5–15% when the heat release rate was 50–100 MW.

Moving away from using Frc = 1, Kennedy [29] proposed a revision of the critical
velocity formula shown in Equation (4). Kennedy conservatively chose the critical Froude
number to be 4.5 based on Lee et al.’s [28] small-scale duct experiments, which showed the
number to range between 4.5 and 6.7.

Vc =

(
g

.
QcH

ρcpTf AFrc

) 1
3

(4)
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The Kennedy [29] equation is known to underpredict critical velocity for low heat
release rates (<15 MW) and is conservative for fires with high HRRs (100 MW and higher).
Since its inception two decades ago, the 4.5 value as the critical Froude number remains
the most widely used in tunnel fire engineering. Nevertheless, its adequacy is open to
discussion and further research. Firstly, the 4.5 value derived from only one data set from
Lee et al. [28] is questionable [30] and is not supported by the original work. Later works
by Li et al. [8] have suggested that Frc is not constant and depends on the heat release rate
and tunnel aspect ratio. The assumption of a constant Frc = 4.5 is only accurate for tunnels
with an aspect ratio close to 1 (i.e., W/H = 1) and is not recommended for wider tunnels
(i.e., W/H = 2).

Although the revised critical velocity equation (Equation (4)) can determine the min-
imum velocity for smoke control in the tunnel, it does not apply to cross-passages. It is
unclear what heat release rate should be applied for the cross-passage because the fire oc-
curs in the tunnel. Subsequently, an iterative-based method was developed by Tarada [31]
to determine the cross-passage critical velocity, which considers an enthalpy balance for
a control volume at the intersection between the tunnel and cross-passage, as shown in
Equation (5). ( .

mcpT
)

t +
( .
mcpT

)
d +

.
Qc =

( .
mcpTf

)
t

(5)

In Equation (5)
.

m is the mass flow rate, and the subscripts t and d denote the incident
tunnel and cross-passage, respectively. Subsequently, the critical Froude number (which is
set at a constant value of 4.5) at the cross-passage door can be written as:

Frc =
gHd

(
ρ− ρ f

)
ρVd

2 = 4.5 (6)

Computational fluid dynamics (CFD) simulations have shown that the formula values
underestimate the cross-passage velocities [31]. Langner et al. [32] also performed various
CFD simulations on a cross-passage tunnel fire scenario and found that a 2.0 m/s velocity
was needed to prevent smoke propagation in the cross-passage for a 28 MW fire. The
drawback of Tarada’s approach is its iterative nature, and a direct analytical solution to
cross-passage critical velocity is often preferred.

Later, an analytical solution to calculate the critical velocity in a cross-passage (Vcc)
was developed by Tarada [33]. The mass flow rate terms in Equation (5) were replaced
with the product of density, area and velocity. Equation (6) was then substituted into
the expanded equation to form a cubic equation. The combined equations shown in
Equations (7) and (8) were then solved by taking the discriminant as less than zero. The
revised method was compared against Tarada’s previous iterative method to show that
both approaches give the same solution to three decimal places.

Vcc = Ŝ + T̂ − a
3

(7)

where

Ŝ =
(

R̂ +
√

Q̂3 + R̂2
)1/3

T̂ =
(

R̂ +
√

Q̂3 + R̂2
)1/3

R̂ = −27c−2a3

54
Q̂ = − a2

9

a =
.

Qc+ρAtVtcpT
ρcp AtT , c = − gHd

.
Qc

Frcρcp AdT

(8)

Further to Tarada’s method, Li et al. [34] also considered the enthalpy equation using
the same control volume as Tarada. Substituting the enthalpy equation in addition to the
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ideal gas law and continuity equation, Li, Lei and Ingason [34] developed an equation to
calculate minimum velocity for smoke control in a cross-passage shown in Equation (9).
In this approach, the hot gas temperature Tf is calculated per Equation (10). If the Froude
number for smoke control in a cross-passage is known, calculating the critical velocity in a
cross-passage can be done quickly. However, no experimental data is available to confirm
the critical Froude number.

Vd =
gHd

.
Qc

ρacpTf AdFrcVc2 −
At

Ad
Vt (9)

Tf =

.
Qc

ρacp(Vt At + Vc Ad)
+ T0 (10)

In summary, all the above-mentioned methods assumed the critical Froude number
to be 4.5 or used a prescribed critical Froude number. The validity of using the single
value is questionable, given that it was derived from one data point and only applies to
a rectangular tunnel with an aspect ratio of 1 [28]. The critical Froude number models
assume that the critical velocity increases as the tunnel height increases and decreases with
increasing tunnel width for a given heat release rate. Other critical velocity models have
moved away from the critical Froude number and are considered dimensionless equations.

Oka and Atkinson [19] conducted scaled experimental fire testing using propane gas
burners as the fuel source in a horizontal horseshoe-shaped tunnel. Based on the results, a
dimensionless piecewise function was developed to determine the critical velocity as shown
in Equation (11). The dimensionless critical velocity V∗c and heat release rate Q∗ are shown
in Equations (12) and (13), respectively. These equations show that the critical velocity
decreases with increasing tunnel heights for small fires and increases with increasing tunnel
heights for larger fires, as indicated by the piecewise function. The critical velocity is
independent of the tunnel width.

V∗c =

{
0.7

.
Q
∗ 1

3
.

Q
∗
≤ 0.124

0.35
.

Q
∗
> 0.124

(11)

V∗c =
VC√
gH

(12)

.
Q
∗
=

.
Q

ρacpTog1/2H5/2 (13)

Li et al. [8] developed a tunnel critical velocity model (shown in Equation (14)) after
performing theoretical tests and two experimental fire tunnel tests with aspect ratios of 1
and 1.15. The other dimensionless values are calculated the same as Equations (12) and (13)
specified by Oka and Atkinson [19].

V∗c =

{
0.81Q∗

1
3

.
Q
∗
≤ 0.2

0.43
.

Q
∗
> 0.2

(14)

The model coefficients in Equation (14) are noticeably higher than the methods de-
veloped by Oka and Atkinson (Equation (11)) because the experimental tests had a water
spray device above the fire source. The spray devices were implemented to cool down
the tunnel walls, but this also led to significant heat losses through the walls and reduced
convective heat of the smoke flow. Li’s equations [8] were later revised after performing
fire tunnel tests and CFD full-scale simulations, which showed the tunnel width affected
the critical velocity for fires with a heat release rate of less than 20 MW but not for fires
greater than 20 MW [35]. This critical velocity model was adopted in NFPA 502 [20] and is
shown in Equations (15)–(17).
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In Equations (15)–(17), u is the horizontal gas velocity, W is the width of the tunnel, ϕ is
the tunnel aspect ratio and Lb is the backlayering length, where Lb = 0 (i.e., no backlayering
smoke) defines the critical velocity. Despite the well-established research on critical velocity
in accident tunnels, few studies have focused on controlling smoke flow into tunnel cross-
passage. Li, Lei and Ingason [34] developed an equation for cross-passage critical velocity
by applying the same dimensionless methodology. From a parametric study considering
the factors influencing the critical velocity in a cross-passage, a dimensionless equation was
proposed and shown in Equations (18) and (19).

.
Q
∗
=

Q
ρaCpT0g1/2H5/2

t

V∗t =
Vt√
gHt

H∗d =
Hd
Ht

(18)

V∗cc = 1.65H∗d
( .

Q
∗)1/3

exp(−V∗t ) (19)

The model was based on a 1:20 model-scale tunnel with cross-passage experiments
with propane as the fuel source. Additionally, various cross-passage fire-proof door shapes
were considered to analyse their geometrical impact on the cross-passage critical velocity.
The experimental analysis showed the Froude number ranged between 5 and 10 for 84% of
values and 10–17 for 16% of values [34], suggesting the Froude number is not suitable for
determining the cross-passage critical velocity. It was noted that a higher cross-passage
critical velocity was required for the fire source upstream of the cross-passage compared
to outside the cross-passage. Moreover, the cross-passage critical velocity increases as the
cross-passage door height and heat release rate increase but decreases with increasing
longitudinal velocity, as shown in Figure 3.

Contrary to the revised methodology for critical velocity, the cross-passage door width
seems to have a negligible effect on the minimum velocity for smoke control in the cross-
passage. Overall, the study provided important relationships between the cross-passage
critical velocity, heat release rate, cross-passage door height and longitudinal tunnel velocity
and laid a foundation for further study.

2.2. Computational Fluid Dynamics in Tunnel Fire Modelling

The application of computational fluid dynamics (CFD) modelling on building fire
safety has become increasingly popular due to the rapid advancement of numerical
methodologies and computational power [36–40]. In particular, the Fire Dynamics Sim-
ulator (FDS) is a widely used and well-established method to analyse compartment fire
dynamics [41–45]. There are many successful FDS studies conducted on rail tunnels [46–52].
More specifically on cross-passages, Hou et al. [53] performed various FDS simulations
considering different train locations upstream, in the middle of and downstream of the in-
cident tunnel cross-passage door with a fire located 2 m upstream of the cross-passage. The
train location in a tunnel is important when considering smoke control in a cross-passage. It
was found that with a train crossing a cross-passage, the velocity of the cross door increases
gradually and decreases when the middle of the train is at the cross-passage door.
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More recently, Feng et al. [54] performed full-scale cold smoke test experimentation in
a subway tunnel, using FDS modelling and theoretical analysis based on Li’s critical Froude
model [34], Equation (9), to investigate smoke control in cross-passages. Each experimental
test was repeated three times to increase reliability, and the train head was positioned in
three locations with respect to the cross-passage: 100 m upstream (Case 1), 50 m upstream
(Case 2) and 60 m downstream (Case 3). The fire was positioned between 5 and 11 m
upstream from the cross-passage. A comparison between the theoretical calculations and
full-scale modelling showed no agreement between the values, solidifying the idea that
the Froude number is not suitable for critical velocity calculations. Additionally, it shows
the train head location upstream of the fires and blocking the cross-passage (Case 3) as
the most demanding scenario, with 2.58 m/s required to prevent smoke ingress into the
cross-passage. However, FDS simulations showed only a maximum of 1.5 m/s being
required for a 0.5 m/s tunnel velocity, suggesting the full-scale experimentation was too
conservative. Similar to Hou, Li and Zhang [53], train location variations showed that
decreasing the distance between the train head and cross-passage leads to increased critical
velocity through the cross-passage.

Based on the literature review, considerable research has been done to develop a
robust understanding of critical velocity in a tunnel. However, to date, fewer studies
have been performed to develop an appropriate ventilation response for smoke control
in underground tunnel cross-passages. CFD simulations are necessary to observe smoke
behaviour in cross-passages under various fire scenarios. Nonetheless, from the literature
review, most of these numerical works did not consider how the interaction between the
applied longitudinal tunnel and cross-passage velocities impacts smoke behaviour. A
comparison of the current cross-passage critical velocity theoretical calculation methods is
necessary to see if these methods are conservative or not. The numerical study in the next
sections aims to provide a preliminary foundation for determining the most demanding
emergency scenario for underground rail tunnel cross-passage smoke control and consider
whether AS 1668.1 is a suitable standard to be applied in underground rail tunnels.

3. Computational Methods

In this study, the Fire Dynamics Simulator (FDS) version 6.7.5 was applied to model
the tunnel fire cases. It is a Large Eddy Simulation (LES) fire code for low-speed flows, with
an emphasis on smoke and heat transport from fires [55]. In this model, the flow dynamics
and property transports are governed by the governing equations based on CFD theories in
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the form of transport equations. Time advancement is handled by an explicit second-order
predictor–corrector scheme with a variable time step based on a Courant–Friedrichs–Lewy
(CFL) constraint of one.

3.1. Governing Equations

In FDS, the Favre-filtered transport equations for mass, momentum and energy of the
fluid motion are resolved by the following equations:

∂ρ

∂t
+∇(ρ u) = 0 (20)

∂

∂t
(ρu)ρ +∇ · ( ρuu) = ∇ · τ + ρg (21)

∂

∂t
(ρhs)ρ +∇ · ( ρhsu) =

D
−
p

Dt
+

.
q′′comb −∇∆

.
q′′ (22)

where hs is the enthalpy,
−
p is the pressure, τ is the stress tensor,

.
q′′comb is the heat release

rate per unit volume from a chemical reaction and
.
q′′ is sum of conductive, diffusive and

radiative heat fluxes given by:

.
q′′ = −k∇T −∑

α

hs,αρDα∇Zα +
.

qrad
′′ (23)

where k is the thermal conductivity and Dα is the diffusivity of species α and
.

qrad
′′ is the

radiation heat transfer.

3.2. Subgrid-Scale Turbulence Model

The Smagorinsky model [56] was adopted with a wall-damping function which con-
sidered the decay of Reynolds stresses approaching near a wall. The model assumes that
the subgrid scale (SGS) eddy viscosity can be described in terms of the filter width and a
velocity scale expressed as a product of the filter width and the average strain rate of the
resolved flow.

µT = ρ(Cs∆)2|S| ; |S| =
(

2SijSij −
2
3
(∇∆u) 2

)1/3
(24)

where Cs is the Smagorinsky constant prescribed as 0.2 [57], ∆ is the filtered width and
Sij are the Reynolds stresses. In the simulation, both the turbulent Schmidt and Prandtl
numbers are set to 0.5.

3.3. Combustion Model

FDS implements a simple chemistry combustion model, which assumes that the
fuel burns instantaneously when mixed with the oxidizer. Accordingly, the combustion
chemical source term, which appears in the energy equation, is calculated based on the
eddy dissipation concept for non-premixed flames [58].

.
q′′comb = −∑

α

.
m′′′α ∆h f ,α (25)

where
.

m′′′α and ∆h f ,α are the mass flux per unit volume and heat of formation for species α,
respectively. In this study, a single step reaction for propane (C3H6) was adopted with a
soot yield of 0.01 (defined as the mass of soot produced per mass of fuel), as specified in
the SFPE Handbook [59].

3.4. Radiation Model

In tunnel fire studies, radiation heat transfer is essential as the hot gas and smoke
layers can act as a radiative transfer medium, carrying heat within the enclosure. In this
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model, the radiation transport equation (RTE) for a non-scattering grey gas is resolved via a
finite volume method (FVM). The narrow-band model Rad-cal [60] is applied to determine
the mean absorption coefficient based on species composition and temperature.

3.5. Model Validation for Tunnel Fire Cases

An FDS validation was performed based on the tunnel fire experiments conducted
by Hu et al. [61], which resemble the actual rail tunnel geometry considered in this study.
The experiments were conducted on an 88 m long, 8 m high and 2.7 m wide underground
tunnel with a single 1 MW pool fire on one end. A series of thermocouples were used to
measure the smoke temperature distribution along the length of the channel ceiling. A heat
release rate curve matching the experimental data was imported into the FDS model, and
temperature devices along the channel ceiling were compared against experimental data.
Additionally, a mesh sensitivity study was performed on three mesh systems to determine
the most appropriate mesh size for this large-scale fire simulation. The validation and mesh
sensitivity results are presented in Figure 4. A good agreement between the experiment and
simulation was noted and is shown below in Figure 5b. Figure 5a shows a comparison of
the three mesh sizes comparing the ceiling temperature. These consist of a coarse mesh of
0.25 m × 0.25 m × 0.25 m, medium mesh size of 0.15 m × 0.15 m × 0.15 m and a finer mesh
of 0.05 m × 0.05 m × 0.05 m. The results suggest that the fine mesh was the most optimal
in terms of convergence and overall accuracy compared to experimental data. The 0.05 m
element size corresponds to a characteristic length ratio (D*/dx) of 19 [62]. Therefore, the
fine mesh system was utilised for all the case studies in this numerical assessment.
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4. Model Configuration

The following section details the geometries of the rail tunnel, cross-passage and train.
The aforementioned were all modelled in SolidWorks before being imported into FDS.

4.1. Rail Tunnel and Cross-Passage Geometry

The geometry is based on an actual Australian rail tunnel design and is set at a 0%
gradient. The geometry of the rail tunnel is as follows and is shown in Figure 5. The tunnel
is 5.6 m high and round-shaped, with an effective diameter of 6.2 m. It is 1.2 m wide and
consists of walkways of 1.743 m vertical height that are 1.8 m away from the centre. The
trackway for the train is elevated at 0.2 m high. This adds up to a total of 36.34 m2 of
tunnel-free area (i.e., not included in the cross-sectional area of the train). A 200 m length
of the tunnel was modelled, which exceeds ten hydraulic diameters to ensure flow is not
turbulent and a sufficient number of train carriages can be included in the computational
domain. The geometry of the cross-passage is shown in Figure 6b, where the effective
diameter is 3.95 m with a height of 3 m and 14.35 m2 of free area. In the computational
domain, the passage is 10 m long with two open cross-passage doors measuring 1.2 m
wide, 2.6 m high and 0.2 m thick. The cross-passage doors are set at 1.3 m from the closest
tunnel side and are located 100 m along the tunnel (halfway).
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Each train carriage measures 22 m long, with a 0.4 m connection on either end. The
exceptions are the first and last carriages, with only one connection on the side of the
adjacent carriage, as shown in Figure 6. The carriage measures 4 m high and 3 m wide,
with sloped sides at the top. The side and front views of the train can be seen in Figure 6a,b,
respectively. The train carriages outside the computational domain (i.e., 200 m tunnel
length) were not considered as it is unlikely that additional carriages will impact the final
results. In this study, two train locations (i.e., upstream and downstream of the rail tunnel)
were considered, as indicated in Figure 6c. For convenience, the fire located directly outside
the cross-passage is denoted as T0m and B0m for top and undercarriage, respectively, and
similarly, T20m and B20m for the fire located 20 m upstream of the cross-passage.
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4.2. Fire Location and Parameters

Fires external to the train carriage have been considered because they are more likely
to disable a train in the tunnel compared to an in-carriage fire in its early stages because
stopped train emergency scenarios are more applicable to this study. The external fires can
be attributed to equipment failures occurring underneath the carriage (e.g., brake failure) or
on the roof (e.g., condenser failure) and have a heat release rate of much smaller magnitude
compared to an internal carriage fire (1–2 MW versus 15 MW) because mainly metal
components are burning compared to internal furnishings. A polyurethane fuel will be
used to model the emergency scenarios with the following properties: (i) heat of combustion
of 17.2 MJ/kg; (ii) soot yield of 0.15 g/g and (iii) carbon monoxide yield of 0.03 g/g. These
properties were based on the polyurethane combustion properties tabulated in the SPFE
Handbook of Fire Protection Engineering [62]. Consequently, a 2 MW polyurethane fire
measuring 1.6 m × 2.5 m (4 m2) with a heat release rate (HRR) profile prescribed according
to Figure 8a was modelled at the top and bottom of the first train carriage as shown in
Figure 7. The bottom and top fire locations are meant to reflect areas prone to failure, the
top correlating to condensers and the bottom reflecting mechanical failure.
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4.3. Boundary Conditions

If no velocity is applied at either of the three boundaries (inlet, outlet and cross-
passage), an open boundary condition has been applied. Inlet velocities of 1.7 m/s were
considered for both the main tunnel and the cross-passage. The 1.7 m/s corresponds to an
annular velocity of 2.5 m/s (over the train) which is the determined critical velocity. In this
case, smoke will be blown over the train with the applied longitudinal velocity, which is
the most onerous scenario (compared to smoke being blown away from the train). This
scenario may occur when another train is upstream of the incident train, so smoke must
be blown in the other direction to leave the non-incident train unaffected. The velocity
inlets act as the ventilation system response, and in practice, the ventilation system cannot
instantly meet the expected airflow. Therefore, a 120 s t2 ramp-up time has been applied
as a typical response time. The total simulation time is 400 s, with the initial tunnel and
ambient temperatures prescribed as 30 ◦C. The ambient pressure is set to be 101.325 kPa.

In summary, a total of 28 different simulation cases were conducted, and the detailed
velocity and fire/train location settings are summarised in Table 1.

Table 1. Summary of the fire locations, train heat locations, longitudinal tunnel and cross-passage
(XP) velocities of all case studies.

Fire Location Wrt
Train Carriage

Train Head Location
Wrt XP [m]

Longitudinal Tunnel
Velocity [m/s]

XP Velocity
[m/s]

Bottom, Top 0, 20 0, 1.7 0, 0.2, 0.25, 0.3, 0.5
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4.4. Determining the Cross-Passage Critical Velocity Based on Empirical Calculations

The cross-passage critical velocity requirements were calculated using the empirical
formulations described by Li et al. [34] and Tarada [33]. Input parameters are based on
the simulated model geometry, and the fire size is assumed to be 80% convective in the
calculations. It is important to note that Tarada’s method utilises the Froude number, which
has been found to be unsuitable for critical velocity calculations based on experimental
testing. Consequently, Li’s calculation method performs well on two fronts: (i) being a more
conservative option ensures the ventilation response to emergency scenarios is sufficient
and (ii) the absence of the Froude number.

A comparison of the two different methods is shown in Figure 8. From Figure 8a, Li’s
cross-passage critical velocity is consistently more conservative than Tarada’s analytical
method across different fire sizes and tunnel velocity. A horizontal line was added to the
figure to indicate the AS1668.1 requirement of 1 m/s. It can be observed that most of the
data points with a tunnel velocity above 2.5 m/s (i.e., the required minimum velocity for
the tunnel) are lower than the AS1668.1 requirement. The cross-passage critical velocity
starts to increase above 1 m/s for fires larger than 6 MW. Focusing on the 2 MW fire scenario
specified in the simulation cases, the Li method results in a cross-passage critical velocity of
0.734 m/s compared to 0.610 m/s from Tarada (20.3% difference). Note that both methods
are substantially below the AS1668.1 standard of 1 m/s. Based on the calculations, a 1 m/s
cross-passage critical velocity would require the tunnel velocity to be reduced from 2.5 m/s
to 0.72 m/s and 0.217 m/s based on the Li and Tarada methods, respectively.
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5. Results

This section presents a holistic summary of the simulation results from all the case
studies while highlighting areas for improvement and the implications of the results.
Table 2 collates all the cases and summarises the average temperature, u-velocity across
the cross-passage doors and whether smoke enters the cross-passage. Overall, the cases
reach a steady state at approximately 300 s, and the presented results are time-averaged
from 350–400 s. The simulation ID abbreviates the modelled scenario and can be separated
by the underscores into four terms. The first term denotes the fire location with respect
to the first carriage. The second term describes the train head’s location upstream of the
cross-passage. The third and fourth terms describe the longitudinal tunnel velocity and
cross-passage velocity applied at their respective boundaries. For u-velocities, the positive
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direction points towards the outlet boundary of the cross-passage (i.e., negative velocity
denotes velocity moving into the longitudinal tunnel). It is important to note that the
cross-passage boundary velocities translate to averaged doorway u-velocities ranging from
0.56 m/s to 1.41 m/s, which appropriately covers both values above and below the 1 m/s
specified in AS1668.1.

Table 2. Summary of the smoke movement in cross-passages (XP) for different longitudinal tunnel
and cross-passage velocities. Cases with cross-passage smoke are highlighted in orange, and the
cases with no smoke are highlighted in green.

Case Simulation ID Avg. XP Temperature [◦C] Avg. XP
U-Velocity [m/s] Smoke in XP

1 B0m_0ms_0ms 44.93 −0.12 Yes
2 B0m_0ms_0.5ms 34.47 −1.41 No
3 B0m_1.7ms_0ms 30.01 2.61 No
4 B0m_1.7ms_0.5ms 30.00 −1.41 No
5 T0m_0ms_0ms 35.96 0.10 No
6 T0m_0ms_0.5ms 30.71 −1.40 No
7 T0m_1.7ms_0ms 30.18 2.46 No
8 T0m_1.7ms_0.5ms 30.05 −1.41 No

9 B20m_0ms_0ms 40.26 −0.17 Yes
10 B20m_0ms_0.5ms 32.59 −1.40 No
11 B20m_1.7ms_0ms 88.19 1.42 Yes
12 B20m_1.7ms_0.5ms 30.58 −1.40 No
13 T20m_0ms_0ms 33.61 −0.08 Yes
14 T20m_0ms_0.5ms 30.92 −1.41 No
15 T20m_1.7ms_0ms 36.16 1.38 Yes
16 T20m_1.7ms_0.5ms 30.02 −1.41 No

17 B0m_0ms_0.2ms 42.72 −0.56 Yes
18 B0m_0ms_0.25ms 41.31 −0.70 Yes
19 B0m_0ms_0.3ms 41.48 −0.85 Yes
20 B0m_1.7ms_0.2ms 30.00 −0.56 No
21 B0m_1.7ms_0.25ms 30.00 −0.71 No
22 B0m_1.7ms_0.3ms 30.00 −0.84 No

23 B20m_0ms_0.2m 37.70 −0.57 Yes
24 B20m_0_ms_0.25m 36.49 −0.70 Yes
25 B20m_0ms_0.3m 35.52 −0.84 No
26 B20m_1.7ms_0.2m 47.39 −0.57 Yes
27 B20m_1.7ms_0.25m 45.50 −0.71 Yes
28 B20m_1.7ms_0.3m 36.30 −0.84 No

Overall, the cases where the train head was 20 m upstream of the cross-passage were
noticeably more onerous than when the train head was at the cross-passage. The average
temperatures at the cross-passage door are higher, and more velocity is required for smoke
control. However, this trend is reversed for cases with a 1.7 m/s tunnel velocity. Because
of the main tunnel velocity, all the smoke is forced to flow downstream towards the cross-
passage, thus causing a higher critical velocity to be required for smoke control compared
to the B0m fire.

Furthermore, undercarriage fires were shown to be more onerous compared to top
carriage fires. For undercarriage fires, the smoke rises from the bottom due to buoyancy and
leads to a lower smoke layer height, while the smoke tends to remain at the tunnel crown
for top carriage fires. The lower smoke layer also leads to higher ceiling temperatures for
undercarriage fires. Figure 9 illustrates a comparison between top and undercarriage fires
for two scenarios with (i) no ventilation (B0m_0ms_0ms) and (ii) 0.5 m/s cross-passage
velocity (B0m_0ms_0.5ms).
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5.1. Smoke Distribution at the Cross-Passage

To further investigate the effects of fire location, tunnel and cross-passage velocities on
the smoke movement, the 3D visualisation of the smoke distribution at the cross-passage
main tunnel intersection for all the undercarriage fire cases is illustrated in Figure 10.
The contours were extracted after 400 s of simulation time. For cases without ventilation
in both longitudinal and cross-passage (i.e., Figure 10b,d), the smoke has significantly
travelled along the cross-passage hallway, where the smoke layer has occupied the entire
tunnel domain. As mentioned previously, there is a contrasting effect between the main
tunnel critical velocity and fire/train location. When the fire/train is aligned with the
cross-passage (Figure 11a), the cross-passage velocity was not necessary as the smoke was
all driven downstream. Compared to the results in Figure 10c, where the train/fire is
located 20 m upstream of the cross-passage, the main tunnel velocity has aggravated the
smoke flow into the cross-passage until a 0.3 m/s cross-passage velocity is applied. On the
other hand, if there is no tunnel velocity, the cross-passage velocity requirement is reduced
for the B20m cases (0.3 m/s) compared to B0m (0.5 m/s) as the smoke layer velocities are
reduced as the distance between the fire and the cross-passage door increases.

In summary, the results showed that with a 0.5 m/s cross-passage velocity, the smoke
movement was restrained before travelling through the first cross-passage door regardless
of the variety in train location and main tunnel velocity. It also showed that a 0.3 m/s
cross-passage velocity is sufficient to prevent smoke at the first cross-passage door in most
scenarios, except if there is no tunnel velocity and the fire is directly located at the cross-
passage. If the smoke control criteria are focused on the second cross-passage door, only
0.2 m/s is required under all scenarios. Referring back to the results in Table 2, 0.5 m/s,
0.3 m/s and 0.2 m/s cross-passage velocities would correspond to an actual doorway
velocity of approximately 1.41 m/s, 0.84 m/s and 0.57 m/s, respectively.
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5.2. Temperature and Velocity Profile at the Cross-Passage Door

In cross-passage ventilation and smoke control studies, most works only focus on
the critical velocity required to prevent smoke movement, and the fluid dynamics at the
cross-passage doorway are rarely considered. For an enclosure fire scenario, the neutral
plane is the surface where inflow and outflow are separated at the doorway. Because of the
significant difference in thermal and toxicity concentration between inflow and outflow, the
height of the neutral plane is one of the most crucial parameters for fire safety design and
firefighting strategies [63,64]. Figure 11 shows the temperature and velocity profile along
the height of the cross-passage doorway. The results are time-averaged from 350–400 s,
and the cases with the same fire location (i.e., B0m and B20m) are plotted together where
the solid line presents scenarios with no tunnel velocity and the broken line with markers
presents the scenarios with a tunnel velocity of 1.7 m/s.

As expected, the temperature profile (Figure 11a,c) at the ceiling increases with de-
creasing cross-passage velocity as it corresponds to increasing smoke and hot gases entering
the doorway. This is also reflected in the velocity profiles shown in Figure 11b,d, which
show that for cases with sufficient cross-passage velocity, the velocity profiles are negative
(i.e., travelling into the main tunnel), and the shape resembles the ideal profile for turbulent
flow. When the cross-passage velocity decreases to below the threshold, the velocity at the
ceiling shifts from negative to positive values (i.e., travelling into the cross-passage) and
the neutral plane (i.e., the transition point where the velocity is 0) shifts down to lower
door heights. It is interesting to note that reducing the cross-passage velocity did not
cause a significant increase in the magnitude of the inflow velocity across datasets with the
same fire location and tunnel velocity. The outlier case is when there is a combination of
zero cross-passage velocity with 1.7 m/s tunnel velocity, resulting in a significantly larger
positive inflow velocity than all the other cases. This phenomenon is hazardous if the fire is
located upstream of the cross-passage. From Figure 11c, it can be seen that the temperature
profile is significantly higher than all the rest of the cases, with a minimum temperature of
62.9 ◦C and a maximum temperature of 103 ◦C.

6. Discussion

In this numerical study, a total of 28 cases with various cross-passage ventilation
settings were examined, including longitudinal tunnel velocity, cross-passage velocity,
train location relative to the cross-passage and fire location. In summary, all cases where
0.5 m/s was applied at the cross-passage boundary showed no smoke present in the
cross-passage for the duration of the simulation, even for cases with no tunnel velocity.
However, it is important to note that the 0.5 m/s was applied at the connection between
the cross-passage and the non-incident bore, so the velocity through the cross-passage
door will be approximately proportional to the area change between the cross-passage and
the door. This translates to an average velocity of 1.41 m/s across the transition doorway,
which was above the AS1668.1 standard of 1 m/s. However, the above scenario is overly
conservative as the safety standards also assume a critical velocity to be maintained at the
main longitudinal tunnel and a near-zero velocity should always be avoided. Taking this
into consideration, a cross-passage velocity of 0.3 m/s would be sufficient for all scenarios
except when there is no tunnel velocity and the fire is directly located at the cross-passage.
A 0.3 m/s cross-passage velocity translates into an average doorway velocity of 0.84 m/s
and provides a more appropriate estimate for the cross-passage critical velocity.

In comparison to semi-empirical methods, the Li method results in a cross-passage
critical velocity of 0.734 m/s compared to 0.610 m/s from Tarada, which are both lower than
the simulation predictions. Nevertheless, both numerical and empirical results were signifi-
cantly lower than the standard 1.0 m/s minimum flow rate for smoke control (AS1668.1)
and are roughly in line with the RWS standard of 0.75 m/s. Higher requirements will
increase the required ventilation power in tunnels and increase the capital and operational
costs of the infrastructure.
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7. Conclusions

Understanding smoke behaviour in rail tunnel cross-passages is important because it
contributes to developing robust fire life safety and ensuring occupants can safely evacuate.
Additionally, an accurately sized ventilation system can be designed, which can save cost.
In this study, numerical simulations were performed using the Fire Dynamic Simulator
(FDS) to investigate the smoke behaviour in an underground rail tunnel cross-passage
under different applied velocities. A total of 28 cases were modelled, considering varying
train locations, fire locations and combinations of applied and absent longitudinal and
cross-passage velocities. The modelling showed that undercarriage fires were generally
worse than top carriage fires because of buoyancy filling the tunnel and cross-passage
cross-section with smoke. In particular, an undercarriage fire located on the first carriage
20 m upstream of the cross-passage was the most onerous, especially for cases with no cross-
passage velocity. The combination of an upstream fire and tunnel velocity causes substantial
inflow into the cross-passage, resulting in rapid smoke buildup and high temperatures at
the cross-passage (62.9–103 ◦C from floor to ceiling).

The applied 0.3 m/s at the cross-passage boundary with the non-incident tunnel,
corresponding to an average of 0.84 m/s through the first cross-passage door, was sufficient
for smoke control. In comparison, two theoretical calculation methods for cross-passage
door critical velocity were performed and showed that the utilisation of the Froude number
produced a less conservative result (0.610 m/s) than a dimensionless method (0.734 m/s).
Both methods gave values less than the 1.0 m/s standard in AS1668.1 based on the modelled
geometry, which provides evidence for revising the standard for rail tunnels.
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Nomenclature

A Tunnel cross-sectional area (m2)
Cp Specific heat capacity (J/kg K)
D∗ Characteristic length of the fire plume
g Acceleration due to gravity (m2/s)
Frc Critical Froude number
H Height of tunnel cross-section (m)
H Hydraulic diameter (m)
k thermal conductivity
Lb Backlayering length (m)
.

m Mass flow rate (m)
.

Qc Convective heat release rate (kW)
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.
Q Heat release rate
T Temperature
To Ambient temperature (K)
Tf Flame temperature (K)
u Horizontal gas velocity
Vc Critical velocity (m/s)
W Width of tunnel (m)
Greek Symbols
ρ Density (kg/m3)
ρ f Smoke density (kg/m3)
ρo Ambient density (kg/m3)
δx Grid length
Subscripts
a Subscript for ambient
cc Subscript for cross-passage critical
d Subscript for cross-passage
t Subscript for tunnel
AS Australian Standard
CAD Computer-Aided Design
CFD Computational Fluid Dynamics
FDS Fire Dynamics Simulator
NIST National Institute of Standards and Technology
NFPA National Fire Protection Association
wrt with respect to
XP Cross-Passage
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