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Abstract
Underground utility tunnels with various municipal pipelines inside provide convenience for cities and contribute to their 
sustainable development, but also bring potential fire risks. Previously, the relevant studies have predominately focused on 
horizontal section, while ignoring the influence of slope at the intersection of utility tunnels. In the present study, the smoke 
movement and temperature distribution were investigated in utility tunnel fires with five slopes and six heat release rates by 
numerical simulation. Four different sizes of pool fire experiments were also conducted in a full-scale utility tunnel. The 
results indicated that: (1) Smoke movement can be divided into five stages, including free rise, diffusion under inclined 
ceiling, diffusion under horizontal ceiling, flow back, and steady circulation. (2) Temperature upstream is larger than that 
downstream of the fire source, which is asymmetrically distributed and shows different characteristics with the change in 
slope. (3) Downstream ceiling temperature decreases gradually with increasing distance from the fire source. An empirical 
formula is proposed to predict the downstream maximum ceiling temperature rise considering the slope and dimensionless 
heat release rate. Good agreement was obtained between predicted and experimental values.
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Abbreviations
a	� Coefficient in Eq. (15)
Af	� Combustion area (m2)
b	� Coefficient in Eq. (15)
cp	� Air heat capacity (kJ kg−1 K−1)
D	� Diameter of the equivalent circle (m)
Di	� Diffusion coefficient of the i th ingredient
D∗	� Feature diameter of fire source (m)
f 	� Volume force vector
Fr	� Froude number
g	� Gravitational acceleration (m s−2)
Hd	� Distance from fire source to the utility tunnel ceil-

ing (m)
h	� Height of the inclined section (m)
h′	� Specific enthalpy, kJ kg−1

k	� Empirically calculated to be 1.1 (m−1)
K	� Coefficient in Eq. (9)
ṁ′′	� Combustion rate (kg m−2 s−1)
̇m��
∞

	� Empirical combustion rate (kg m−2 s−1)
R	� Correlation coefficient
p	� Pressure (Pa)
q	� Thermal radiation flux (kW m−2)
Q	� Heat release rate of fire source (Kw)
Q⋆	� Dimensionless fire heat release rate
t	� Time (s)
Ta	� Ambient temperature (K)
ΔHc	� Complete heat of combustion (MJ kg−1)
ΔTmax	� Maximum excess ceiling temperature (K)
u	� Longitudinal ventilation velocity (m s−1)
u	� Velocity vector
x	� Horizontal distance from the fire source (m)
Yi	� Mass fraction of the i th ingredient

Greek symbols
�	� Slope of the inclined section (%)
�	� Coefficient in Eq. (4)
γ	� Coefficient in Eq. (12)
�	� Coefficient in Eq. (4)
�	� Slope of the tunnel (%)
�	� Grid size (m)
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�	� Density, kg m−3

�a	� Air density (kg m−3)
�	� Viscous tension per unit area
� ∶	� Coefficient in Eq (14)
�	� Combustion efficiency
Φ	� Dissipation rate (kW m−3)

Introduction

If a city is regarded as a living body, urban underground util-
ity tunnels are similar to arteries that transport electricity, 
water, gas, etc. It guarantees that the city operates normally 
and steadily, which is precisely why it is called the “lifeline” 
[1]. Urban underground utility tunnels not only improve the 
utilization of urban land resources but also facilitate the uni-
fied management and maintenance of multiple pipelines by 
municipal departments, which is an important infrastructure 
in the process of urban modernization and is conducive to 
the sustainable development of cities [2–4]. Many countries 
are now increasing in the construction of utility tunnels, 
especially in China, Japan and some countries in Europe 
[5]. Nevertheless, while it provides convenience, the cen-
tralized placement of these pipelines also poses additional 
potential risks [6, 7].

Cables in utility tunnels give off heat and age over time, 
making cable fires one of the most common hazards. For 
example, in 2017, the U.S. Atlanta International Airport lost 
power due to underground cable fires, causing 1,173 flights to 
be canceled and thousands of passengers to be stuck. In 2018, 
a utility tunnel cable fire in Xi'an, China, caused an explosion 
at a nearby transformer station, breaking off the power supply 
to the immediate area for approximately 44 h [8].

In recent years, many scholars have studied fire in under-
ground utility tunnels. Liang studied the smoke spreading 
process and temperature distribution of T-shaped horizontal 
underground utility tunnel fires and found inconsistencies in 
smoke layer thickness and temperature in different regions 
[9]. An modeled an L-shaped horizontal underground utility 
tunnel by numerical simulation and studied the CO diffu-
sion of cable fires with different cable inclination angles, 

fire source power and ventilation [10]. Mi studied the tem-
perature and visibility of a 200-m-long horizontal under-
ground utility tunnel fire and obtained the best combination 
of ventilation, fire-proof doors and sprinkler systems [11]. 
Pan experimentally studied the effect of curved sidewalls on 
the fire shape and maximum temperature beneath the ceil-
ing centerline in horizontal underground utility tunnels [12]. 
Ye obtained the longitudinal decay law of the maximum 
temperature of the ceiling jet driven by a strong plume in 
a horizontal underground utility tunnel through full-scale 
experiments and established a two-dimensional tempera-
ture prediction method [1, 13]. Gao studied the thermal 
flow propagation and ceiling temperature distribution in a 
horizontal underground utility tunnel and obtained the maxi-
mum ceiling temperature predictive equations for near-field 
and far-field energy sources [14]. Through fire experiments 
of a single-layer cable in a horizontal utility tunnel, Huang 
obtained a model for predicting the maximum excess ceil-
ing temperature [15]. These studies provide valuable refer-
ences for the design of fire protection in underground utility 
tunnels.

Most previous studies have focused on horizontal utility 
tunnel fires but neglected the case of inclined utility tunnels. 
Utility tunnels are generally laid straight underground along 
roads; however, at the intersection of two roads, as utility 
tunnels cannot intersect directly, a sunk structure is formed, 
including the upper horizontal section, inclined section, and 
lower horizontal section, as shown in Fig. 1. As the number 
of road and utility tunnel constructions increases, this type 
of structure is becoming increasingly common. However, 
fire progressions and temperature profiles are unknown in 
the narrow and enclosed area, making firefighting and res-
cue extremely difficult. The study of smoke movement and 
temperature field distribution of fires in this region can help 
to predict the trend of fire development and can provide a 
valuable reference for fire rescue. Figure 2 shows the interior 
of the inclined section of a newly constructed cable cabin in 
a utility tunnel. In this study, FDS is used to simulate util-
ity tunnel fires to investigate the effects of slope on smoke 
movement and temperature profile. Four different sizes of 
pool fire experiments were also conducted. The results of the 

Fig. 1   Underground utility tun-
nels connection at crossroads Crossroads

Under ground utility tunnel

Upper horizontal 
section

Lower horizontal 
section

Inclined 
section
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study can provide guidance for utility tunnel fire protection 
design, such as angle design of inclined sections and fire 
detector placement.

Numerical simulation

FDS introduction

FDS (fire dynamics simulator) was developed by the 
National Institute of Standards and Technology (NIST) 
to calculate the flow of fluids driven by fire. The version 
used in this study is FDS 6.7.6. FDS solves the Navier‒
Stokes equations for low-velocity, thermally driven flow 
with a numerical method, focusing on the transportation of 
smoke and heat generated by fire. The equation accurately 
reflects the distribution of velocity, temperature, pressure 
and other parameters in a real fire scenario by characterizing 
the low-velocity flow under buoyancy drive. FDS includes 
two numerical simulation models, direct numerical simu-
lation (DNS) and large-eddy simulation (LES) [16]. For 
large structures such as utility tunnels and traffic tunnels, 
large-eddy simulation (LES) based on the Smagorinsky 
[17] model can guarantee both computational accuracy and 
resource savings and has been widely used in utility tun-
nel and traffic tunnel fire studies [14, 16, 18–20]. The basic 
control equations are as follows:

(1) Energy conservation equation:

where � is the density, kg m−3; h′ is the specific enthalpy, kJ 
kg−1; ∇ is the Hamiltonian operator; u is the velocity vector; 
p is the pressure, Pa; t is the time, s; q̇′′′ is the heat release 
rate, kW m−3; q is the thermal radiation flux, kW m−2; and 
Φ denotes the dissipation rate, kW m−3.

(2) Mass conservation equation

(3) Momentum conservation equation

where g is the acceleration of gravity; f  is the volume force 
vector; and � is the viscous tension per unit area.

(4) Component transport equation

where Yi is the mass fraction of the i th ingredient; Di is the 
diffusion coefficient of the i th ingredient; and ṁ���

i
 is the mass 

production rate of the i th ingredient.

Utility tunnel modeling setup

In the actual utility tunnel design, the entire sunken area 
is taken as a section of fire partition with fire doors at both 
ends, and the distance is generally no more than 200 m. 
Due to the approximately symmetrical structure of the 
sunken section of the utility tunnel, half of the area is 
selected to study the development of fire in this paper. 
The horizontal length of the full-size utility tunnel model 
is 100 m in total, including 38 m for the upper horizontal 
section, 24 m for the inclined section and 38 m for the 
lower horizontal section. Its cross-sectional width and 
height are 2.8 m and 3.2 m, respectively. According to 
the actual situation, the left end of the upper horizontal 
section is set to be closed due to the presence of a fire 
door, and the right end of the lower horizontal section is 
set to be open due to the connection with the upper level 
utility tunnel to ensure the flow of air. This setup has been 
effectively applied in previous numerical simulations and 
full-scale experimental studies of utility tunnel fires [13, 
14]. Compared to a traffic tunnel, the inclined section of 
the utility tunnel is steeper. The geometry and measure-
ment points of the utility tunnel model are shown in Fig. 3, 
where h and α are the height and slope of the inclined sec-
tion, respectively. By changing h to 0 m, 3 m, 6 m, 8 m and 
12 m, the slope α is made to be 0, 1/8, 1/4, 1/3, and 1/2, 

(1)𝜕

𝜕t

(

𝜌h�
)

+ ∇ ⋅ 𝜌h�u =
Dp

Dt
+ q̇��� − ∇ ⋅ q + Φ

(2)
��

�t
+ ∇ ⋅ �u = 0

(3)
�

�t
(�u) + ∇ ⋅ �uu + ∇p = �g + f + ∇ ⋅ �

(4)
𝜕

𝜕t

(

𝜌Yi
)

+ ∇ ⋅ 𝜌Yiu = ∇ ⋅ 𝜌Di∇Yi + ṁ
���

i

Lower horizontal section

Inclined section

Upper horizontal section

Fig. 2   Inclined section of the cable cabin in the utility tunnel
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respectively. The lower horizontal end boundary condition 
is set to "OPEN," and the interior of the utility tunnel is set 
to natural ventilation with no initial ventilation velocity. 
All wall materials are set to "CONCRETE," and their ther-
mal properties mainly include conductivity, density and 
specific heat, which are set to 1.8 W m−1 K−1, 2280 kg m−3 
and 1.04 kJ−1 kg−1 K−1), respectively. The ambient tem-
perature is 20 °C, and the ambient pressure is 101.325 kPa. 
In this paper, n-heptane is used as the fire source, and the 
size of the fire source is simplified to 1 m × 1 m because 
the cables are generally closely arranged to approximate a 
rectangle. The position is set at a height of 0.5 m from the 
ground in the middle of the inclined section to simulate 
the lowermost cable fire. The average heat release rate of 
real cable is approximately 265 kW m−2 [10]. The burn-
ing area of each cable layer is approximately 4 m2, and the 
calculated fire heat release rate is set to 1 MW, 2 MW and 
3 MW when the number of cable layers is 1 to 3.

Grid sensitivity analysis

In FDS, the grid size has a decisive influence on the simula-
tion time and the accuracy of the simulation results. McGrat-
tan [21] proposed that reliable results can be obtained when 

the ratio of the grid size δ to the fire source feature diameter 
D∗ is between 1/16 and 1/4. Using this setup, previous schol-
ars obtained the desired validation results after comparison 
with experimental data [16, 20]. D∗ is denoted as:

The grid size suitable for the heat release rate of the fire 
source in this paper is between 0.08 and 0.26 m, as cal-
culated by Eq. (5). A smaller grid would better reflect the 
details of the heat flow field, but the time would also increase 
dramatically [18]. To balance the calculation time and accu-
racy, five grid sizes of 0.25 m, 0.20 m, 0.16 m, 0.10 m, and 
0.08 m, i.e., 4 ~ 12 grids per meter, are selected to estimate 
the sensitivity of the grid size. Figure 4 shows the vertical 
temperature distribution under the ceiling at 3 m from the 
fire source at a slope of 0. The larger grid overcalculates the 
temperature at the central location and underestimates the 
temperature near the ceiling. As the grid size decreases, the 
temperature profiles gradually tend to be uniform. When the 
grid size is less than 0.10 m, there is no significant improve-
ment, but the time consumption increases. Considering the 
calculation efficiency, 0.1 m is finally chosen as the grid size.

(5)D∗ =

�

Q

�acpTa
√

g

�
2

5

Fig. 3   Geometry and measure-
ment points of the utility tunnel 
model

(a) Side view

(b) Top view
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Experimental

The experiment was conducted in a newly constructed under-
ground utility tunnel with a fire-proof door at one end, and 
the schematic sketch of the experiment is shown in Fig. 5. 
Due to the limitations of the experimental sites, we were 
unable to conduct experiments at site of the same length as 
the numerical model. The total length of the inclined sec-
tion is 10 m, and the horizontal distance from the fire door 
is 3 m. The slope of the inclined section is 0.25, and the 
width and height of its cross section are 2.8 m and 3.2 m, 
respectively. A pool fire was used as the fire source, fueled 

by n-heptane and positioned in the middle of the inclined 
section. The heat release rate of the fire is varied by chang-
ing the side length of the square oil pan to 20 cm, 25 cm, 
30 cm and 35 cm. The fire heat release rate is calculated by 
the following equation:

where Q̇ is the heat release rate, Af is the fuel combustion 
area, ṁ′′ is the combustion rate, � is the combustion effi-
ciency taken as 0.7[22], and ΔHc is the heat of complete 
combustion value of 44.6 MJ kg−1[22]. For n-heptane, ṁ′′ 
can be calculated by the following equation:

̇m��
∞

 is empirically calculated to be 0.101 (kg m−2s), k is 
empirically calculated to be 1.1 (m−1) and D is the diameter 
of the equivalent circle. The calculated heat release rates 
for each pan are shown in Table 1. In addition, thermo-
couple trees were arranged at 1-m intervals upstream and 
downstream of the fire source in the inclined section for a 
total of 10 thermocouple trees. Each thermocouple tree was 
arranged with K-type thermocouples from top to bottom to 
measure the temperature. 

Results and discussion

Smoke movement and temperature distribution

Due to the low density of the hot smoke from the utility fire, 
thermal pressure is formed between it and the air. Driven 

(6)Q̇ = Af ṁ
��𝜒ΔHc

(7)ṁ�� = ̇m��
∞
∙
(

1 − e−kD
)
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Fig. 4   Vertical temperature distribution under the ceiling at 3 m from 
the fire source

Fig. 5   Schematic sketch of the 
experiment

Thermocouple tree
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Table 1   Calculated HRRs for 
oil pans of different sizes

Fuel ΔHc/MJ kg−1 Pan Size/cm × cm Af/m2 D/m HRRs/kW

n-Heptane 44.6 20 × 20 0.0400 0.2257 22.73
25 × 25 0.0625 0.2821 52.58
30 × 30 0.0900 0.3385 88.23
35 × 35 0.1225 0.3949 136.11
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by the buoyancy generated by the thermal pressure, the hot 
smoke first rises freely. Then, due to the obstruction of the 
wall, the smoke will spread longitudinally along the utility 
tunnel ceiling [23]. In the utility tunnel sunk area studied in 
this paper, the stack effect occurs owing to the height dif-
ference between the two ends of the inclined section. The 
velocity of the airflow induced by the stack effect increases 
as the slope increases and changes the position of the flame 
hitting the ceiling [24].

As shown in Fig. 6, the filling of the smoke in the util-
ity tunnel can be divided into five stages when the slope of 
the inclined section is 1/4, for example. Other slope cases 
have the same characteristics of smoke movement and are 
not repeatedly expressed. I. The smoke is driven by thermal 
buoyancy and rises freely under the ceiling. II. When the 
plume hits the wall above, it begins to spread longitudinally 
along the sloping ceiling. The diffusion of the smoke to 
the two ends of the utility tunnel is not symmetrical under 
the influence of the stack effect. The diffusion of smoke to 

the upper horizontal section is faster than that to the lower 
horizontal section. III. When the smoke reaches the upper 
horizontal section, the smoke moves toward the closed end. 
Since there is no air exchange with the outside at the closed 
end, the air is pressed by the hot smoke to create a flow in 
the opposite direction below the smoke layer. The diffusion 
of airflow in the lower layer produces an entrainment effect 
on the smoke in the upper layer, thickening the smoke layer. 
IV, when the smoke moves to the closed end, due to the fire 
door blocking, the smoke begins to flow back and gradually 
fills the entire upper horizontal section. V. The smoke fills 
the entire upper horizontal section and the area above the 
inclined section, creating a steady diffusion cycle. Eventu-
ally, the smoke diffuses from the lower horizontal section to 
the outside. The upper part is the hot smoke layer flowing 
outward, and the lower part is the cold air layer flowing 
inward, forming a stable thermal stratification so the smoke 
layer is approximately horizontal. Figure 7 shows the fill-
ing process of the smoke during the experiment, which is 
in good agreement with the simulation. Figure 8 shows the 
distribution of the flow field superimposed on the velocity 
field for slopes of 0 and 1/4. The presence of the inclined 
section changes the smoke movement, which is significantly 
different compared to the horizontal utility tunnel. In the 
inclined section, the hot smoke near the ceiling moves faster 
upstream of the fire source and slower downstream of the fire 
source due to the stack effect. The air flow velocity near the 
ground also increases, causing hot smoke to flow faster to 
the ground, resulting in higher temperatures near the ground 
than in horizontal tunnels.

To study the effect of slope change on temperature dis-
tribution in the inclined section, Fig. 9 shows the distribu-
tion of temperature in the steady diffusion stage of smoke 
when the slope is 0, 1/8, 1/4, 1/3 and 1/2. When the slope 
is 0, the smoke flows back due to the closed left port, so 
that more smoke collects at the left end of the fire source 
and its high-temperature area is larger compared to the 
right end of the fire source. As the slope of the inclined 
section increases, under the influence of the stack effect, 
the smoke mainly gathers in the upper horizontal section. 

Smoke flow

20 s

Closed end

Closed end

Closed end

Closed end

Closed end

60 s

90 s

120 s

300 s

Opened end

Opened end

Opened end

Opened end
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h
38 m 24 m

Free rise

Diffusion under 
inclined ceiling

Steady diffusion 

Diffusion under 
horizontal ceiling

Flow back 
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II.

III.
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V. 

Fig. 6   Stages of smoke movement in the utility tunnel by simulation

Fig. 7   Smoke filling progress in 
the experiment
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This makes the overall temperature of the upper horizontal 
section higher than that of the lower horizontal section, and 
the high-temperature area of the lower horizontal section is 
mainly concentrated under the ceiling.

Vertical temperature distribution

As described in earlier, the stack effect caused by the 
presence of the inclined section has a large impact on the 
temperature distribution in the utility tunnel. To study 
the vertical temperature distribution in the inclined sec-
tion, thermocouple trees were set up at 3-m, 6-m and 9-m 
upstream and downstream of the fire source. Figure 10 and 
Fig. 11 show the variation of vertical temperature with 
time at different locations upstream and downstream from 
the fire source, respectively. For the fire source, the heat 
release rate is 1 MW, and the slope of the inclined sec-
tion is 1/4. The vertical temperature of the inclined sec-
tion tends to increase gradually with the development of 
fire, and when the steady diffusion stage of the smoke is 
reached, the temperature at each location basically ceases 
to change. It also shows that the simulation time selected 
meets the demand. Upstream of the fire source, the verti-
cal temperatures all increase. As the height decreases, the 
temperature falls gently. Downstream of the fire source, 
there is an increase in temperature near the ceiling, and the 
temperature is almost constant near the ground. The verti-
cal temperature drop is more dramatic than the upstream 
temperature drop. This is because the upstream smoke fills 
the entire upper horizontal section and flows near both 
the ceiling and the ground, while the downstream smoke 
flows only near the ceiling. Notably, unlike conventional 
road tunnels, the upstream circulating flow causes the 

flame to tilt in the downstream direction. The hot smoke 
moves along the ceiling to the upper horizontal section, 
and because it is blocked by the fire door, the smoke flows 
toward the ground and flows along the ground to the fire 
source. As shown in Fig. 8b, this part of the smoke is 
mainly entrained to the ceiling via the fire and moves 
downstream, thus driving the fuel vapor downstream and 
causing the flame to tilt in the downstream direction. The 
temperature close to the flame is higher due to the greater 
thermal radiation received. Figures 10a and 11a show that 
the temperature near the ceiling at 3-m upstream of the 
fire source is less than that at 3-m downstream of the fire 
source, also indicating that the flame is tilted downstream. 
In addition, the vertical temperature distribution has a 
"convex" shape, which is consistent with Oka's [25, 26] 
study and verifies the reliability of the FDS data.

The vertical temperatures upstream and downstream of 
the fire in the experiment are shown in Fig. 12. The tem-
perature upstream at the same distance from the fire source 
is higher than that downstream, while the temperature near 
the ground downstream is not significantly higher, which 
verifies the accuracy of smoke movement and temperature 
data in FDS.

To study the effect of slope, Fig. 13 shows the vertical 
temperature distribution at different locations upstream 
and downstream during the steady development stage of 
the fire in the inclined section. The distances of 9 m and 
12 m from the fire source were chosen to exclude the insig-
nificant change in vertical temperature distribution with 
slope due to the proximity to the fire source. From Fig. 13a 
and b, it can be found that the upstream temperature of the 
inclined section tends to increase gradually when the slope 
increases, while the vertical temperature does not change 
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much when the slope reaches 1/4, 1/3 and 1/2. Figure 13c 
and d shows that as the slope increases, the movement of the 
smoke downstream becomes increasingly difficult under the 
influence of the stack effect, and the thickness of the smoke 
layer downstream gradually decreases, leading to a vertical 
temperature decrease.

Downstream longitudinal temperature decay

Figure 14 shows the distribution of maximum temperature 
at 0.1 m from the ceiling with increasing slope. Similar to 
the vertical temperature distribution law, with the increase in 
the slope of the inclined section, the longitudinal temperature 
distribution upstream of the fire source is almost unchanged 
after the slope increases to 1/4, and the maximum ceiling tem-
perature rise downstream of the fire source shows an obvi-
ously different decay law with the increase in the horizontal 

distance. Traffic tunnels and utility tunnels have similar geo-
metrical characteristics in terms of building structure, and pre-
vious research and analysis of the maximum excess ceiling 
temperature in traffic tunnels is of some guidance.

Kurioka [27] established a maximum excess ceiling tem-
perature model by conducting multiple sets of experiments 
within a small-sized horizontal tunnel of 1:10 as follows:

where Ta is the ambient temperature, the coefficients � and � 
are constants. Q∗ is the dimensionless heat release rate and 
Fr represents the Froude number depending on Eq. (9) and 
Eq. (10), respectively.

(8)

ΔTmax

Ta
= 𝛽

(

Q⋆2∕3

F
1∕3
r

)𝜀

Q∗2∕3∕F
1∕3
r < 1.35, 𝛽 = 1.77, 𝜀 = 1.2
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Fig. 9   Temperature distribution 
in inclined sections with differ-
ent slopes
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where �a is the ambient air density, cp is the air heat capac-
ity, g is the gravitational acceleration, Hd is the distance 
from the fire source to the utility tunnel ceiling and u is the 
longitudinal ventilation velocity. However, in the natural 
ventilation case, Fr = u2∕gHd tends to 0, and the calcula-
tion of Q∗ by Eq. (9) tends to infinity and is obviously not 
applicable. Based on plume theory, Li [28] obtained the 
maximum excess ceiling temperature prediction equation 

(9)Q∗ =
Q

�acpTag
1∕2H

5∕2

d

(10)Fr =
u2

gHd

for axisymmetric pool fires in naturally ventilated traffic tun-
nels. ΔTmax is expressed as:

Both Kurioka's and Li's models do not consider the effect 
of the ceiling slope. Hu[29] obtained the maximum excess 
ceiling temperature model under natural ventilation and the 
longitudinal temperature decay equation by conducting gas fire 
experiments in model tunnels with 0%, 3% and 5% slopes, tak-
ing into account the tunnel slope factor, as shown in Eqs. (12) 
and (13):

(11)ΔTmax = 17.5
Q2∕3

H
5∕3

d

(12)ΔTmax = (1 − 0.061�)
17.5Q2∕3

H
5∕3

d

(c) Upstream 9 m

(b) Upstream 6 m(a) Upstream 3 m

(d) Upstream 12 m
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where � is the slope of the tunnel (%) and x is the horizontal 
distance of the measurement point from the fire source. Ji 
[16] conducted simulations of tunnel fires at more inclina-
tion angles by FDS and obtained another model of maximum 
excess temperature under an inclined ceiling:

In this study, the dimensionless maximum excess ceiling 
temperature at steady diffusion is expressed as:

Based on the previous model, an exponential function can 
be used for fitting. To exclude the instability of the longitudi-
nal temperature decay caused by flame tilt, only the case of 

(13)
ΔTmax,x

ΔTmax

= e−(1+0.09θ)Kx

(14)

ΔTmax,x

Ta
= Q∗0.56

(

2.37 + 0.89e16.10θ
)

e
(−0.05−166.38θ2.31)

(

x

Hd

)

(15)ΔTmax,d =
Tmax,x − Ta

Ta
=

ΔTmax,x

Ta
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the far field of the fire source ( x∕Hd > 1 ) is considered [14]. 
The downstream longitudinal temperature decay of the fire 
source can be considered to be in accordance with Eq. (16).

where � and � are the fitting coefficients, and Fig. 15 shows 
that the coefficients are related to the fire HRR and the slope. 

(16)
ΔTmax,x

Ta
= �e

γ
(

x

Hd

)

Table 2 records the fitted � and � for different fire source 
heat release rates and slopes, as well as the correlation coef-
ficient R . � is positive and increases gradually with increas-
ing slope. � is negative and decreases with increasing slope. 
The correlation coefficients, R, were all greater than 0.95, 
indicating the accuracy of the fitted curves.

Figures 15 and 16 show the variation of the coefficients 
� and γ with slope. At the same slope, � increases with 
increasing fire source heat release rate, while γ is almost 
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constant. It is shown that the coefficient � is related to the 
fire HRR Q and the slope � , while the coefficient γ is only 
related to the slope �.

 

(17)� = f (Q, �)

(18)� = f (�)

Since the maximum excess temperature is a function 
of the fire HRR, Fig. 17 shows the variation of � with the 
dimensionless HRR Q∗ and is fitted using Eq. (19):

From the fitting results, the power exponents are found to 
be approximately the same. The results of previous studies 
are mostly related to the constant power of the dimensionless 
heat release rate Q∗ , so the average value of b, 0.711, is used 
as the power exponent, as in Eq. (20).

(19)� = aQ∗b

0.1 0.2 0.3 0.4 0.5

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0
 HRR = 0.5 MW  HRR = 1.0 MW
 HRR = 1.5 MW  HRR = 2.0 MW
 HRR = 2.5 MW  HRR = 3.0 MW

α

ψ

Fig. 16   Variation of coefficient �

Table 2   Fitted coefficients � and �

HRR = 0.5 MW HRR = 1 MW

Slope � � R Slope � � R
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Comparing Fig. 18 with Fig. 15, it is found that � at 
different slopes are approximately the same after transfor-
mation, and after fitting the exponential function, it is con-
cluded that:

 
The coefficient γ is only related to the slope and is fitted 

by Fig. 14 to give:
Summarizing Eqs. (21) and (22) into Eq. (16), the maxi-

mum excess temperature decay equation downstream of the 
fire source was obtained as follows:

Equation (23) shows that the maximum ceiling excess 
temperature in the far-field downstream of the fire decays 
exponentially with the slope of the inclined section. Addi-
tionally, the dimensionless maximum temperature rise is 
proportional to the dimensionless heat release rate 0.711 
times, which is similar to the results of previous studies 2/3. 
Figure 19 shows the data calculated with Eq. (23) compared 
with the simulated data with an error of no more than 10%, 
which further verifies the reliability of the formula. How-
ever, when the conditions of the inclined section of the util-
ity tunnel are outside the range of slope 1/8–1/2 and fire heat 
release rate of 0.5–3 MW, Eq. (23) should be used with cau-
tion. Figure 20 shows the comparison of the experimental 
data of four different sizes of pans with the data calculated 
by Eq. (23), and the error of the calculation increases to 20% 

(20)� = f (�) ∙ Q∗0.711

(21)�∕Q∗0.711 = (5.396 + 0.862e3.144�)

(22)� = −0.315 − 2.805�2.621
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because the power of the fire source is much smaller than 
that in FDS.

Conclusions

In this study, numerical simulation methods were used to 
simulate fires in the sunk section of a utility tunnel with 
slopes of 0, 1/8, 1/4, 1/3 and 1/2. The study is about the 
smoke movement along the longitudinal centerline and the 
vertical temperature distribution in the inclined section as 
well as the downstream longitudinal temperature decay 
of the utility tunnel fire in conjunction with experiments. 
The smoke movement and temperature distribution in the 
sunk area of the utility tunnel are dramatically different 
compared to the widely studied horizontal utility tunnel. In 
addition, we conducted experiments in the full-size utility 
tunnel, and the experimental results were in good agree-
ment with the numerical simulation results, which veri-
fied the reliability of the numerical simulation. The main 
conclusions of this study are as follows:

(1)	 The stack effect occurs due to the height difference 
between the two ends of the inclined section of the 
utility tunnel. Smoke movement has the following main 
stages: free rise, diffusion under inclined ceiling, dif-
fusion under horizontal ceiling, flow back, and steady 
diffusion. The smoke downstream of the fire source is 
approximately parallel to the horizontal line. As the 
smoke gathers in the upper horizontal section, the high-
temperature area is mainly concentrated in the whole 
upper horizontal section and the ceiling area of the 
lower horizontal section.

(2)	 The flame tilts downstream, the temperature down-
stream from the same horizontal distance from the fire 
source is lower than the temperature upstream, and 
the vertical temperature decreases more sharply as the 
height decreases. As the slope of the inclined section 
increases, the upstream vertical temperature of the fire 
source no longer increases when the slope is greater 
than 1/4, while the downstream vertical temperature 
gradually decreases.

(3)	 Based on the simulation data, an empirical formula for 
the downstream maximum excess ceiling temperature 
in the sunk area is established. The equation shows that 
the dimensionless downstream maximum temperature 
rise decreases as the distance from the fire source 
increases. It is proportional to the 0.711 power of the 
dimensionless heat release rate and has a nonlinear 
and nonmonotonic relationship with the slope of the 
inclined section.
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