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Abstract: The emergence of inclined tunnels under natural ventilation has brought many new fire
safety issues. The smoke movement in the tunnel is affected by the chimney effect induced by the
shaft and the downstream tunnel. The characteristics of temperature distribution in inclined tunnels
are different from horizontal tunnels, which is worthy of further study. A series of conditions were
carried out in an inclined model tunnel with a single shaft to investigate the temperature distribution
characteristics. In this study, the longitudinal air inlet velocity is used to replace the longitudinal
ventilation wind velocity. Results showed that the variation of fire source location Lf,, shaft height Ls,
and the tunnel slope ϕ have obvious effect on the air inlet velocity. Based on the previous theories
and the non-dimension analysis, the formulas of the dimensionless longitudinal inlet air velocity and
the distribution of the maximum smoke temperature under the ceiling are proposed, which show
good consistency with the simulation results. The reduced-scale experiments were conducted to
validate the results of numerical simulation. The error range between the theoretical results and the
simulation results is less than 20%.

Keywords: tunnel fire; single shaft; natural ventilation; longitudinal inlet air velocity; temperature
distribution

1. Introduction

Fire is one of the most serious disasters that endanger the safety of people and property
in tunnels [1,2]. Damages of tunnel fire accidents have attracted wide attention [3–5]. Toxic
smoke in the long and narrow space spreads apace, which makes the evacuation and the
fire rescue operation difficult [6,7]. Therefore, it is necessary to exhaust the hot smoke
from tunnel quickly and efficiently. In the past several years, natural ventilation with
vertical shafts had been applied to urban road tunnels due to the merits of high economic
efficiency [1]. Many scholars have studied the feasibility and effectiveness of shafts when it
comes to fire. The geometric structure of the shaft has significant influence on the smoke
exhaust effect, shaft height, cross-sectional area and group arrangement will affect the
airflow in the tunnel [8–10]. The plug-holing phenomena caused by the increase of shaft
height was observed [11,12]. Zhao et al. developed a theoretical model for predicting the
critical shaft height, it is found that with increasing shaft length, the critical shaft height
decreases first and then remains stable until it finally decreases to zero [13]. Yu and Zhong
found the shaft height can affect the induced air flow velocity, and the fire mass loss rate
increased with the induced air flow velocity [14]. Natural ventilation is often used in the
inclined tunnels too. When the fire accident occurred, stack effect, buoyancy, thermal
expansion, natural wind will drive the smoke movement [15]. Ji et al. focused on the
effect of slope on the temperature field, and proposed an empirical equation to predict the
upstream ceiling gas temperature in tunnels with different slopes first [16]. Zhang et al.
using FDS to study tilted tunnel fire with slope of 0–8%, the maximum temperature and
smoke back-layering length were studied, a model for the maximum temperature rise was
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proposed, the smoke temperature decayed by exponential functions on the two sides of
the fire [17]. Wang et al. found the similar exponential decay pattern, and the buoyancy
induced airflow velocity at the entrance increases with tunnel slope [18].

For the inclined tunnel with single shaft, the smoke flow is influenced by the chimney
effects result from shaft and slope respectively, the path of smoke spread is more complex.
Previous studies only consider the fire source in one side of the shaft, and did not concern
the effect of shaft height on smoke spread [19]. When the relative position of fire source and
shaft changed, the chimney effect arise from the vertical shaft and downstream of tunnel
may have synergistic or antagonistic relationship. Hence, further study of the flow field
and temperature distribution in inclined tunnel with single shaft under natural ventilation
is necessary.

In this study, numerical simulations using FLUENT were used to research the effects
of the tunnel structure and the fire source location on the characteristics of air motion
and the temperature distribution in the inclined tunnel. The longitudinal inlet air velocity
and maximum gas temperature beneath ceiling are theoretically analyzed. The theoretical
model is validated with simulation result.

2. Theoretical Analysis
2.1. Dimensionless Longitudinal Inlet Air Velocity

A burning fire source creates a pressure difference between tunnel and environment,
affecting the gas temperature distribution in the tunnel. In the inclined tunnel, the longitu-
dinal inlet air flow is affected by the buoyancy variation due to difference in height and gas
temperature.

For the inclined tunnels without shafts, Merci conducted a quantitative analysis on
the inlet air velocity Vin at tunnel entrance under natural ventilation, and proposed the
relevant empirical formula [20]:

Vin = 22L−0.25 ϕ0.36ε−0.11
.

Qc
0.33[1 − exp(−0.5H)] (1)

where L is the tunnel length, ϕ is the tangent of tunnel slope, ε is the roughness,
.

Qc is the
convective part of the fire heat release rate, H is the hydraulic diameter.

Wan et al. developed a dimensionless formula of inlet air velocity at the entrance of
the inclined tunnel with single shaft under natural ventilation [19]:

V∗ =
.

Q
∗0.42Lf

∗−0.57
(

0.84 + 14.53ϕ2.41
)

(2)

where V∗ = Vin/H,
.

Q
∗
=

.
Q/cpT0H5/2g1/2ρ0, Lf

∗ = Lf/H, V∗-dimensionless inlet air

velocity,
.

Q
∗
-dimensionless heat release rate, Lf

∗ is the dimensionless fire source location,
.

Q
is the heat release rate, cp is the thermal capacity of air, T0 is the ambient temperature, g is
the gravitational acceleration, ρ0 is the ambient density, Lf is the distance from fire source
center to tunnel entrance.

The inlet air velocity of inclined tunnel is mainly related to the fire load, the fire source
location, and the inclined angle [19,21]. Additionally, the chimney effect induced by the
shaft is also very important. Analyzing the process of air entering the tunnel, the parameter
relation in the inclined tunnel with single shaft can be expressed as:

f (Vin,
.

Q, ρ0, cp, T0, g, H, ϕ, Ls, Lf) = 0 (3)

Taking H, ρ0, g, T0 as the basic parameters, the dimensionless analysis is as follows:

Vin√
Hg

= f

( .
Q

H7/2g3/2ρ0
,

Lf
H

,
Ls

H
, ϕ,

cpT0

Hg

)
= f

( .
Q

cpTH5/2g1/2ρ0
,

Lf
H

,
Ls

H
, ϕ

)
(4)
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V∗ = f
( .

Q
∗
, Lf

∗, Ls
∗, ϕ
)

(5)

where Ls
∗ = Ls/H, Ls is the shaft height, Ls

∗ is the dimensionless shaft height.

2.2. Distribution of the Maximum Smoke Temperature under the Ceiling

Kurioka et al. established a model for the maximum excess temperature of smoke
layer beneath the tunnel ceiling [22]:

∆Tmax

T0
= γ

( .
Q

∗2/3

Fr1/3

)a

,


.

Q
∗2/3

/Fr1/3 < 1.35, γ = 1.77, a = 1.2
.

Q
∗2/3

/Fr1/3 ≥ 1.35, γ = 2.54, a = 0
(6)

However, it is found that the measured maximum temperature beneath the tunnel
ceiling is generally lower than the prediction result of Equation (6) [23].

Li et al. proposed a formula for ∆Tmax under longitudinal ventilation [24]:

∆Tmax =

 11.04σ
.

Q
2/3

Hd
5/3 , V∗∗ ≤ 0.19

1.876σg1/3

(ρ0cpT0)
1/3

.
Q

Vtr1/3 Hd
5/3 , V∗∗ > 0.19

(7)

where V∗∗ = Vt
w∗ , w∗ =

( .
Qcg

rρ0cpT0

)1/3
,

.
Qc = 0.7

.
Q, σ is the correction coefficient, V∗∗ is the

dimensionless ventilation velocity, r is the radius of the fire source, w∗ is the characteristic
plume velocity, Vt is the longitudinal ventilation velocity, Hd is the height from the fire
surface to the tunnel ceiling.

Hu et al. proposed the longitudinal decay formula of the smoke temperature under
the ceiling along the tunnel [23,25]:

∆Tx = ∆Trefe−K(x−x0) (8)

where K = αD
cpm , α = hc + hr

D+B
D , ∆Tx is the temperature rise of smoke at x from fire source,

∆Tref is the temperature rise of smoke at reference point, K is the longitudinal attenuation
coefficient, x is the distance from the reference point, x0 is the location of the reference point.

It should be noted that the values of reference points can change in different fire
scenarios. It is generally considered that the area after the density jump location is a
one-dimensional flow region, and the density jump location can be calculated by the
following formula:

lx

h
= 0.6

(
lb
h

)−1/3
+

lb
h

(9)

Delichatsios proposed that ceiling-jet can be segmented into three regions (axisymmet-
ric radial ceiling-jet region, one-dimensional shooting flow region, and one-dimensional
tranquil flow region) [26]. When Lf changes, the shaft can be located in any region. Based
on this model, Oka et al. proposed the ceiling jet prediction formula [27]:

hT

h
=

 0.08417
(

x
h − lb

h

)
+ 0.1523

(
lb
h

)−1/3
, x

h ≤ 2.045

0.2483
(

lb
h

)−1/3
, x

h > 2.045
(10)

where hT is the ceiling-jet thickness, h is the tunnel height, lb is the half width of the tunnel.
In the three regions, the thickness of the smoke layer in the one-dimensional area can

be assumed as the initial thickness of the ceiling-jet due to the lower air entrainment [10].
When Lf ≤ 330, Cong et al. proposed that when the distance between the fire source

and the shaft is greater than 0.564 m, the reference point can be located at any position
between the density jump point and the shaft. In this study, the density jump location
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is 7.5 m [10]. According to the simulation results, when Lf > 330, the maximum smoke
temperature rise beneath the tunnel ceiling is around 10 m away from the fire source.
Therefore, the position of 10 m away from the fire source is selected as the reference
position, and the maximum smoke temperature under the tunnel ceiling is assumed to be
the reference temperature rise.

Peng proposed a calculation formula for the longitudinal distribution of smoke tem-
perature along the inclined tunnel [28]:

Tx = T0 −
mg sin θ

αD
+

(
Tref − T0 +

mg sin θ

αD

)
exp

(
− αD

mcp
(x − x0)

)
(11)

where D = B + 2ht or D = 2Rarcos R−ht
R , Tx is the temperature of smoke at x from fire

source, Tref is the temperature rise of smoke at reference point, R is the radius of the tunnel
section, ht is the thickness of smoke layer.

Equation (11) can be written as:

∆Tx = ∆Trefe−K(x−x0) − φ(1 − e−K(x−x0)) (12)

where φ = mg sin θ
αD .

It shows that the gas temperature beneath the tunnel ceiling decreases faster along the
inclined tunnel than along the horizontal tunnel. When the tunnel tilts, fresh air enters into
the lower entrance of the tunnel, the hot smoke is discharged rapidly from the higher exit
due to the chimney effect. The buoyancy-induced airflow velocity increases with the slope,
and the vigorous flow entraining the ambient air from tunnel entrance to the downstream
smoke layer through the interface [29]. And because the longitudinal velocity is larger, the
heat transfer coefficient between the tunnel boundary and the smoke is probably larger.
This not merely shortens the heating time of gas in the tunnel, but also reduces the smoke
temperature by mixing. Which explains why the ceiling temperature rise along the tunnel
declines obviously.

Li et al. proposed a prediction formula of the mass flow rate of inclined plumes under
longitudinal ventilation [30]:

.
m =

{
0.3735

.
Qc

1/3Hd
5/3V∗∗ , V∗∗ > 0.19

0.071
.

Qc
1/3Hd

5/3 ,V∗∗ ≤ 0.19
(13)

By substituting Equations (9)–(13) into Equation (8), the prediction formula for the
distribution of maximum smoke temperature beneath ceiling along the inclined tunnel
with single shaft under natural ventilation can be expressed as:

∆Tqx =


(

g
ρ0cpT0

) 1
3
(

2.17
.

Q
Vinr1/3 Hd

5/3 − 35.14
)

e−K(x−x0), L f < Ld(
g

ρ0cpT0

) 1
3
(

4.08
.

Q
Vkr1/3 Hd

5/3 − 232.9
)

e−K(x−x0), L f > Ld

(14)

where K =
5.355αRarcos R−0.2483h4/3 lb

−1/3

R

cp
.

Qc
1/3 Hd

5/3V∗∗ .

3. Model Setup
3.1. Experimental Model

A 22 m long small-scale model tunnel (1:30) was built in stainless-steel, and the vertical
shaft is set in the middle of the tunnel (shown in Figure 1). In order to reduce the heat loss
from the tunnel wall, asbestos was laid on the outer wall of the tunnel. The heat source is a
ceramic heating core with power of 3 kW.
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study the air flow at the tunnel entrance, ten pitot tubes were arranged in the tunnel and 
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exit of the tunnel on the central axis, 2.5 cm away from the tunnel ceiling, and a velocity 

Figure 1. Schematic of tunnel model.

A total of 110 type K thermocouples were arranged in the model tunnel, 5 cm, 6.5 cm,
13.5 cm beneath the tunnel ceiling respectively with an interval of 50 cm, see Figure 2a.
For every 10 cm increase in shaft height, four measuring points are added in the shaft. To
study the air flow at the tunnel entrance, ten pitot tubes were arranged in the tunnel and
shaft entrance to measure the inlet and outlet air velocity, see in Figure 2b. Two velocity
measuring points of air inlet and exhaust are set in parallel at a place 50 cm away from the
exit of the tunnel on the central axis, 2.5 cm away from the tunnel ceiling, and a velocity
measuring point of air inlet is set at a distance of 6.5 cm from the bottom. Two parallel
exhaust velocity measuring points are set at 2.5 cm away from the shaft outlet, and two
parallel inlet velocity measuring points are set at 7.5 cm away from the shaft outlet.
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Figure 2. Arrangement of measure points.

The experimental results show that only when the slope increases by 2% will the rele-
vant parameters change significantly. In order to analyze the change law of each parameter
with slope more systematically, the tunnel slope needs to be increased continuedly. Accord-
ing to the specifications for design of highway tunnels in China, the slope of road tunnel
should be between 0.3% and 3%, and can be increased to 4% under special circumstances.
At present, the maximum longitudinal slope of road tunnels in China is 5% [31]. Urban
tunnels with larger slopes are rare in daily life, and it is also difficult to build reduced-scale
model with larger slopes. Therefore, numerical simulation is chosen for further study.
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3.2. Numerical Simulation Model

Based on a section of the Mazao Expressway in Yunnan Province, China, an inclined
tunnel with a cross-section diameter of 6 m and 660 m long was established. The height
of the shaft is designed to be 6–12 m, Lf is located in 90–570 m, its position is symmetric
about the shaft. A shaft is located in the center of the tunnel. The tunnel model is shown
in Figure 3. Fluent is one of the most popular software in CFD (computational fluid
dynamics) software package. It is also widely used in tunnel fire and tunnel ventilation
research [32,33]. Based on the consideration of engineering model and calculation process,
the RANS (Reynolds-averaged Navier–Stokes equations) was used in this simulation, and
the RNG k-ε turbulence model was utilized in this research. Detailed parameter settings
are in the preceding paper [34]. A summary of the simulation conditions is listed in Table 1.
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Table 1. Simulation conditions.

Simulation No. Slope
Gradient Shaft Height (m) Fire Source Location (m)

1–9
0.5%

6 90/150/210/270/328.5/390/450/510/570
10–18 9 90/150/210/270/328.5/390/450/510/570
19–27 12 90/150/210/270/328.5/390/450/510/570
28–36

1%
6 90/150/210/270/328.5/390/450/510/570

37–45 9 90/150/210/270/328.5/390/450/510/570
46–54 12 90/150/210/270/328.5/390/450/510/570
55–63

1.5%
6 90/150/210/270/328.5/390/450/510/570

64–72 9 90/150/210/270/328.5/390/450/510/570
73–81 12 90/150/210/270/328.5/390/450/510/570
82–90

2%
6 90/150/210/270/328.5/390/450/510/570

91–99 9 90/150/210/270/328.5/390/450/510/570
100–108 12 90/150/210/270/328.5/390/450/510/570
109–117

2.5%
6 90/150/210/270/328.5/390/450/510/570

118–126 9 90/150/210/270/328.5/390/450/510/570
127–135 12 90/150/210/270/328.5/390/450/510/570
136–144

3%
6 90/150/210/270/328.5/390/450/510/570

145–153 9 90/150/210/270/328.5/390/450/510/570
154–162 12 90/150/210/270/328.5/390/450/510/570

A model tunnel is built, Ls = 6 m, θ = 0, Lf = 90 m, the size of the fire source is
3 m × 3 m × 2.8 m. For choosing the most appropriate grid size, 4 grid sizes were selected
to calculate. Figure 4 shows the vertical temperature variation at 200 m from the tunnel
entrance under different grid sizes. It can be observed that from 0.4 m to 0.8 m, the curves
of vertical temperature distribution trend to be uniform. Thus, the grid size of 0.5 m was
chosen for the simulation.
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3.3. Experimental Verification

In this paper, numerical results by FLUENT model were verified by the small-scale
experimental results. The comparison of maximum smoke temperature rise beneath the
tunnel ceiling between numerical and experimental results is shown in Figure 5. The
variation tendency of temperature was semblable and the two correlate well, but the
maximum temperature was slightly different. This may be caused by the unavoidable heat
loss and the use of electric heating.
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4. Results and Discussion
4.1. Dimensionless Longitudinal Inlet Air Velocity

Based on the theoretical analysis, the temperature field of the inclined tunnel with
single shaft can be obtained by replacing the longitudinal ventilation speed with the
longitudinal inlet air velocity. When the slope is greater than 1.5%, there is no outflow of
smoke at the upstream entrance of the tunnel, but only the inflow of fresh air. Therefore,
only the situations when the slope is greater than 1.5% will be discussed. Figure 6 shows
the dimensionless relationship between inlet air velocity and Lf. Under different slopes, Lf
has an important influence on inlet air velocity. Hence, the cases where the fire sources are
located upstream and downstream of the shaft will be discussed separately.
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According to Figures 7 and 8, with the increase in Lf, the inlet air velocity decreases
exponentially. It is worth noting that when the fire source is located downstream of the
shaft, the variation trend of velocity under ϕ = 1.5% is different from others. Through the
flow field analysis, it is found that when ϕ = 1.5%, the weak stack effect cannot prevent the
backflow, the hot smoke spread to the shaft and been exhausted, the obvious temperature
difference and pressure difference inside and outside the shaft drives the longitudinal
flow, resulting in a lager inlet air velocity. The subsequent analysis temporarily ignores the
conditions when Lf ≥ 330 and ϕ = 1.5%.
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In this paper, the HRR is constant, and Equation (5) can be simplified as:

V∗ = q f (Lf
∗, Ls

∗, ϕ) (15)

The dimensionless relations between inlet air velocity and fire source location are
fitted, the fitting coefficients are shown in Tables 2 and 3. The average of the fitting curve
coefficient is selected. When Lf ≤ 330, V∗ is positively correlated with (Lf

∗)−0.12. When
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Lf > 330, V∗ is positively correlated with (Lf
∗)−0.96. Therefore, dimensionless relationship

can be written as:
V∗

q(Lf
∗)−0.12 = f (Ls

∗, ϕ), L f ≤ 330 (16)

V∗

q(Lf
∗)−0.96 = f (Ls

∗, ϕ), L f > 330 (17)
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Table 2. Fitting coefficients of the dimensionless relation between inlet air velocity and fire source
location (Lf ≤ 330).

Slope 1.5% 2% 2.5% 3%

Shaft Height 6 9 12 6 9 12 6 9 12 6 9 12
b −0.16 −0.11 −0.13 −0.13 −0.12 −0.1 −0.12 −0.11 −0.11 −0.12 −0.13 −0.09

R2 0.86 0.9 0.78 0.86 0.92 0.75 0.86 0.94 0.83 0.91 0.85 0.95

Table 3. Fitting coefficients of the dimensionless relation between inlet air velocity and fire source
location (Lf > 330).

Slope 2% 2.5% 3%

Shaft Height 6 9 12 6 9 12 6 9 12
b −1 −0.99 −0.95 −1 −1 −0.99 −0.93 −0.92 −0.88

R2 0.95 0.94 0.95 0.94 0.93 0.93 0.9 0.89 0.87

Substituting the simulation results into Equations (16) and (17), the dimensionless
relationship between tunnel slope and inlet air velocity can be obtained as shown in
Figures 9 and 10. With the increase in slope, the inlet air velocity increases. The dimension-
less relation between inlet air velocity and slope is fitted, and the average of the fitting curve
coefficient is selected. When Lf ≤ 330, V∗ is positively correlated with ϕ0.38. When Lf > 330,
V∗ is positively correlated with ϕ0.59. Moreover, the dimensionless expressions are:

V∗

q(Lf
∗)−0.12 ϕ0.38

= f (Ls
∗), L f ≤ 330 (18)

V∗

q(Lf
∗)−0.96 ϕ0.59

= f (Ls
∗), L f > 330 (19)
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Figure 10. Dimensionless relationship between inlet air velocity and slope (Lf > 330 m).

Substituting the simulation results into Equations (18) and (19), the dimensionless
relationships between Ls and inlet air velocity can be presented as Figures 11 and 12. As the
height of the shaft increases, the inlet air velocity increases slowly. When Lf ≤ 330, V∗ is
positively correlated with 4.42 + 0.138(Ls

∗)1.477. When Lf > 330, V∗ is positively correlated
with 71.06 + 1.40(Ls

∗)2.63.
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Figure 13 shows the comparison of dimensionless inlet air velocity between predicted 
and simulated. As can be seen from Figure 13, the predicted model gives satisfactory 
result, and the error range is within 15%. 
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Figure 12. Dimensionless relation between inlet air velocity and shaft height (Lf > 330 m).

As mentioned above, the dimensionless relation between the inlet air velocity, the
tunnel slope, the shaft height, and the fire source distance can be expressed as:

V∗ =

{
q(Lf

∗)−0.12 ϕ0.38(4.42 + 0.138(Ls
∗)1.477), L f ≤ 330

q(Lf
∗)−0.96 ϕ0.59(71.06 + 1.40(Ls

∗)2.63), L f > 330
(20)

Figure 13 shows the comparison of dimensionless inlet air velocity between predicted
and simulated. As can be seen from Figure 13, the predicted model gives satisfactory result,
and the error range is within 15%.

Buildings 2023, 13, x FOR PEER REVIEW 14 of 20 
 

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0

0.2

0.4

0.6

0.8

1.0

1.2

-15% error

Pr
ed

ic
tio

n 
V

al
ue

s

Simulation Values

+15% error

 
Figure 13. Comparison of dimensionless inlet air velocity values with the predictions by Equation 
(20). 

When f 330L > , the dimensionless relation curve between the inlet air velocity at 
the shaft outlet and the shaft height is shown in the Figure 14. The fitting coefficients are 
shown in Table 4. With the increase in the shaft height, the inlet air velocity decreases. *

sV
is positively correlated with * 0.32

s( )L −  , the dimensionless relation between inlet air 
velocity at the shaft outlet and the shaft height can be expressed as: 

*
*s

f* 0.32
s

( , ), 330m
( ) f

V f L L
q L

ϕ− = ≤
 

(21) 

1.0 1.2 1.4 1.6 1.8 2.0

0

1

2

3

4

5

Ls
*

V s
* /q

 y=axb
φ=2%   ：  Lf=328.5  Lf=390  Lf=450  Lf=510
φ=2.5%：  Lf=328.5  Lf=390  Lf=450  Lf=510
φ=3%   ：  Lf=328.5  Lf=390  Lf=450  Lf=510

 
Figure 14. Dimensionless relation curve between the inlet air velocity at the shaft outlet and the shaft 
height. 

Table 4. Fitting coefficient of the dimensionless relation between the inlet air velocity at the shaft 
outlet and the shaft height. 
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Figure 13. Comparison of dimensionless inlet air velocity values with the predictions by Equation (20).

When Lf > 330, the dimensionless relation curve between the inlet air velocity at
the shaft outlet and the shaft height is shown in the Figure 14. The fitting coefficients are
shown in Table 4. With the increase in the shaft height, the inlet air velocity decreases. Vs

∗

is positively correlated with (Ls
∗)−0.32, the dimensionless relation between inlet air velocity

at the shaft outlet and the shaft height can be expressed as:

Vs
∗

q(Ls∗)
−0.32 = f (Lf

∗, ϕ), L f ≤ 330m (21)
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Figure 14. Dimensionless relation curve between the inlet air velocity at the shaft outlet and the shaft 
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Figure 14. Dimensionless relation curve between the inlet air velocity at the shaft outlet and the
shaft height.

Table 4. Fitting coefficient of the dimensionless relation between the inlet air velocity at the shaft
outlet and the shaft height.

Fire Source Location 328.5 390 450 510

Slope(%) 2 2.5 3 2 2.5 3 2 2.5 3 2.5 3
b −0.55 −0.24 −0.21 −0.62 −0.26 −0.17 −0.99 −0.63 −0.25 −1.9 −0.94

R2 0.87 0.99 0.83 0.99 0.99 0.99 0.93 0.97 0.94 0.99 0.94

Substituting the simulation results into Equation (20), the dimensionless relationship
between inlet air velocity at the shaft outlet and tunnel slope is shown in Figure 15.
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The inlet air velocity at the shaft outlet changes positively as the tunnel slope increases.
When the distance between fire source and shaft gets closer, the temperature and pressure
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difference between inside and outside the shaft is larger, and then the slope has stronger
effect on the inlet air velocity.

When Lf > 330, Vs
∗ is positively correlated with ϕ2.45 and the relation can be expressed as:

Vs
∗

q(Ls∗)
−0.32 ϕ2.45

= f (Lf
∗) (22)

The simulation results were substituted into Equation (22), the dimensionless relation
between the inlet air velocity at the shaft outlet and the fire source location is shown in
Figure 16. As the distance between the fire source and the shaft increases, the inlet air
velocity at the shaft outlet shows a weakening trend.
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Vk can be determined by fire load, slope, fire source distance, and shaft height. 
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Figure 16. Dimensionless relationship between the inlet air velocity at the shaft outlet and the fire
source distance.

The dimensionless relation between the fire source location and the inlet air velocity
of the shaft outlet is fitted, and the relation can be expressed as:

Vs
∗ = q(Ls

∗)−0.32 ϕ2.45(−14.12 + 16.91(Lf
∗)−0.04) (23)

Based on the continuity equation and the law of conservation of mass, Equation (24)
can be obtained:

AtVk = AsVs + AtVin (24)

At is the tunnel cross sectional area, As is the shaft cross sectional area, Vk is the tunnel
inlet air velocity when Lf > 330, Vs is the air inlet velocity at shaft export.

Based on Equations (20), (23) and (24), longitudinal inlet air velocity can be written as:

Vk
∗ =

Vk√
gH

= q(Lf
∗)−0.96 ϕ0.59(71.06 + 1.40(Ls

∗)2.63) +
As

At
q(Ls

∗)−0.32 ϕ2.45(−14.12 + 16.91(Lf
∗)−0.04) (25)

Vk can be determined by fire load, slope, fire source distance, and shaft height.

4.2. Distribution of the Maximum Smoke Temperature under the Ceiling

According to Equation (7), V** has strong effect on ∆Tmax. By substituting the lon-
gitudinal inlet air velocity into Equation (7), it can be found that V∗∗ > 0.19 no matter
where the fire source location is. f (σ) is fitted separately when the fire source is located
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upstream or downstream of the shaft. As shown in Figure 17, ∆Tmax is linearly related to
f (σ,

.
Q/Vtr1/3Hd

5/3). Therefore, ∆Tmax can be further written as:

∆Tmax(ρ0cpT0)
1/3

1.876g1/3 = f (σ,

.
Q

Vtr1/3Hd
5/3 ), V∗∗ > 0.19 (26)

∆Tmax =

 ( g
ρ0cpT0

)
1
3 (2.17

.
Q

Vinr1/3 Hd
5/3 − 35.14), Lf < Ld

( g
ρ0cpT0

)
1
3 (4.08

.
Q

Vkr1/3 Hd
5/3 − 232.9), Lf > Ld

(27)

Buildings 2023, 13, x FOR PEER REVIEW 17 of 20 
 

1
3

1/3 5/3
0 p 0 in d

max 1
3

1/

f d

 f d3 5/3
0 p 0 k d

( ) (2.17 35.14),

( ) (4.08 232.9),

 < 

 >

g Q
c T V r H

T
g Q
c T V r H

L L

L L

ρ

ρ


−

Δ = 
 −






 

(27) 

 

120 130 140 150 160 170

120

130

140

150

160

170

180

190

1/3 5/3
in d

Q
V r H



 y=1.1565x−18.73
          R2=0.89

 

 

100 150 200 250 300 350 400 450 500
100

200

300

400

500

600

700

800

900

 y=2.175x−124.15
          R2=0.83

1/3 5/3
k d

Q
V r H



 
(a)  (b) 

Figure 17. Fitting relation of maxTΔ  and Q  (a) f 330L ≤ , (b) f 330L > . 

Figure 18 shows that the prediction results are in good agreement with the simulation 
results, and the error range is less than 20%. 

400 500 600 700 800

400

500

600

700

800

Prediction Values

Si
m

ul
at

io
n 

V
al

ue
s

+20% error

-20% error

 

Figure 18. Comparison of numerically measured maxTΔ  values and the predictions by Equation 
(27). 

The comparison between the simulation and prediction results of the distribution of 
the maximum smoke temperature under the tunnel ceiling when Lf = 150 m and Lf = 450 
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Figure 18 shows that the prediction results are in good agreement with the simulation
results, and the error range is less than 20%.
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The comparison between the simulation and prediction results of the distribution of
the maximum smoke temperature under the tunnel ceiling when Lf = 150 m and Lf = 450 m
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is shown in Figure 19. The predicted results are consistent with the simulation results, and
the error range is less than 20%.
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5. Conclusions

In this paper, the effects of the fire source location, the tunnel slope, and the shaft
height on the smoke temperature distribution in an inclined tunnel with single shaft were
studied and the major conclusions are as follows:

(1) The longitudinal air inlet velocity under nature ventilation is used to replace the
longitudinal ventilation velocity under mechanical ventilation. When Lf ≤ 330 m,
the air inlet velocity at tunnel entrance equals to the longitudinal air inlet velocity.
When Lf > 330 m, the tunnel shaft also acts as air supplement in some conditions,
the longitudinal air inlet is the confluence of two streams. Through the dimensional
analysis, the expression of dimensionless longitudinal inlet air velocity in an inclined
tunnel with single shaft under natural ventilation is obtained. The air inlet velocity at
tunnel entrance decreases exponentially as Lf increases, and increases exponentially
with the increase in ϕ and Ls. The shaft air inlet velocity decreases exponentially as Lf
and Ls increase, and increases exponentially with the increase in ϕ.

(2) Based on the analysis of non-dimension longitudinal inlet air velocity, an empirical
prediction formula of the maximum smoke temperature under the tunnel ceiling in
inclined tunnel with single shaft under natural ventilation is obtained. The error range
between the simulation and prediction results is within 20%.

∆Tmax =

 ( g
ρ0cpT0

)
1
3 (2.17

.
Q

Vinr1/3 Hd
5/3 − 35.14), Lf < Ld

( g
ρ0cpT0

)
1
3 (4.08

.
Q

Vkr1/3 Hd
5/3 − 232.9), Lf > Ld

(3) A new correlation for the calculation of the distribution of maximum smoke tem-
perature under the tunnel ceiling in inclined tunnel with single shaft under natural
ventilation is obtained. And the error range between the simulation and prediction
results is within 20%.

∆Tqx =


(

g
ρ0cpT0

) 1
3
(

2.17
.

Q
Vinr1/3 Hd

5/3 − 35.14
)

e−K(x−x0), L f < Ld(
g

ρ0cpT0

) 1
3
(

4.08
.

Q
Vkr1/3 Hd

5/3 − 232.9
)

e−K(x−x0), L f > Ld

In this study, only one kind of fire load was investigated. Further numerical studies
should consider variations in fire load and HRR. In addition, the investigation on the
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smoke exhaust efficiency in the inclined tunnel with shaft should be performed in the
future studies.
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