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When a tunnel fire occurs, due to the difference of tunnel width and slope, both
smoke countercurrent length distribution law and critical velocity will become dif-
ferent, and these two are very important parameters in tunnel longitudinal ventila-
tion design. Therefore, for the design of smoke control and longitudinal ventilation
of the tunnel, based on actual highway tunnel size, this paper established and ran
a series of numerical simulations through FDS simulation software to study tunnel
width and slope's effect on smoke countercurrent length and critical velocity. The
results of this paper show that smoke countercurrent length decreases with tunnel
slope s increase and increases with tunnel width s increase. Through dimensionless
analysis, the prediction formulas of smoke countercurrent length and critical wind
speed of large cross-section tunnel about tunnel width, slope and height are mod-
ified and established. The research conclusions can provide a theoretical basis _for
the longitudinal ventilation design, smoke prevention and exhaust measures and
personnel evacuation in large cross-section tunnel fires.

Key words: large cross-section tunnel, fire, tunnel width, tunnel slope,
critical velocity

Introduction

In recent years, with our country’s speedy development and world economy’s soaring,
modern science and technology are constantly improving, and the construction projects of tun-
nels and underground spaces are constantly developing. A large number of long tunnels with a
cross-sectional area of more than 50 m? have been built at home and abroad. At the same time,
due to different geological environments, in order to reduce the construction cost and construc-
tion difficulty, tunnels often have a certain inclination angle [1-3]. For example, Fangdoushan
tunnel has a length of 7790 m on the right hole and 7590 m on the left hole. The tunnel’s
cross-sectional area is between 42-72 m? and the slope is in the range of 22°-24°. Zhenxishan
tunnel is 2635 m long, 9.6 m wide, 5.8 m high and slope is 25°. Erlangshan tunnel is 4176 m
long, 9.5 m wide and 5.7 m high, with a slope of 6°. The baseline tunnel in St. Gotha, Switzer-
land, is 16286 m long, 9.3 m wide, 7.5 m high and has a slope of 5.5°.

While tunnel brings convenience to traffic, it often has great fire safety hazards.
Because of its own special structural characteristics, while a fire takes place, smoke quickly
spreads around, it is extremely difficult to discharge, resulting in the rapid consumption of
fresh air in the tunnel, the accumulation of heaps of noxious and poisonous gases, reduced vis-
ibility, extremely difficult evacuation and rescue [4, 5]. For example, in 2005, a natural vehicle
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accident occurred in the Freis tunnel in France, resulting in 22 deaths and serious damage to the
tunnel. In 2015, a rear-end fire occurred in the Futuyu tunnel, killing 12 people and damaging
8 trucks and 1 bus. In May 2017, a vehicle fire occurred in Taojiazhuang tunnel, killing
13 people. Besides, two people were injured when two cars collided in a fire in Netherlands’
Benelux tunnel in 2019. A vehicle fire broke out in Guanyinshan Tunnel on March 1, 2022,
injuring one person and damaging five vehicles. The specific tunnel fire accident in Taoji-
azhuang tunnel is shown in fig. 1, from which we can see that when a tunnel fire occurs, it
often produces heaps of smoke. Besides, aforementioned tunnel fires cause a large number
of people to fail to escape, mainly because fire smoke is not discharged in time, so tunnel
fire smoke’s control is of great significance.
The main ways to control tunnel fire smoke
discharge are natural ventilation, transverse
ventilation, longitudinal ventilation and mixed
ventilation. Because longitudinal ventilation
has the advantages of high ventilation effi-
ciency and low cost of construction and main-
i : tenance, longitudinal ventilation is adopted in
Figure 1. Tunnel fire accident; most tunnels [6, 7], such as Hongtiguan tunnel,
pictures from Xinhuanet Nibashan tunnel and Caihongling tunnel.

When a tunnel fire occurs, smoke countercurrent is a special smoke movement phe-
nomenon, longitudinal ventilation’s critical velocity is the minimum ventilation speed to pre-
vent smoke countercurrent to fire source’s upstream. Smoke countercurrent length refers to
the distance of fire smoke flowing upstream along the fire source when ventilation speed is
less than critical velocity. Critical velocity refers to longitudinal ventilation speed when smoke
countercurrent length is zero [8]. When tunnel’s longitudinal ventilation speed is greater than
or equal to critical velocity, the fire smoke flows downstream, which can ensure smoothness
and safety of upstream position of fire source and prevent smoke from harming people and
vehicles upstream. Meanwhile, it provides fire rescue and personnel evacuation a safe passage
[9]. Therefore, the research on critical velocity and fire smoke countercurrent length is an sig-
nificant basis for tunnel fire ventilation design and smoke control.

As one of tunnel fire’s most significant phenomena, smoke countercurrent length has
been widely studied by heaps of scholars. Weng et al. [10] analyzed slope’s effect on smoke
countercurrent length, pointed out that smoke countercurrent length decreases with tunnel
slope’s increase. Weng et al. [11] and Zhao et al. [12] analyzed fires in tunnels with different
widths, obtained prediction formulas of smoke countercurrent length and critical velocity in
tunnels with different width-height ratios. Ingason et al. [13] and Wu et al. [ 14] executed exper-
imental studies on reduced-size fire in tunnels with different slopes, obtained and established a
critical velocity that can just prevent upwind backflow of smoke. Chow et al. [15] conducted re-
duced-size fire experiments on a series of tunnels with different slopes to study slope’s effect on
smoke countercurrent length. Ji et al. [16, 17] studied the tunnel with different inclined angles
under natural ventilation, carried out the reduced-size fire experiment, acquired the relation be-
tween upwind smoke countercurrent length and slope. Fan et al. [18] indicated that increasing
inclined tunnel’s angle would be beneficial to promote chimney effect and reduce fire smoke’s
backflow through the research and analysis of smoke caused by inclined tunnel. Through the
analysis of inclined tunnel fire, Shafee and Yozgatligil [19] indicated that tunnel angle has defi-
nite effect on tunnel smoke diffusion. Zhang et al. [20] studied the relationship between smoke
countercurrent length and slope by establishing nine tunnel models with slopes of 0%-8%. The
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results showed that with tunnel slope’s increase, smoke countercurrent length decreased, and a
prediction model considering tunnel slope and height was proposed.

Thomas [21] first proposed critical velocity in 1968 and obtained the empirical for-
mula of critical velocity. Then Oka and Atkinson [22] established a segmented dimensionless
critical velocity formula through heaps of reduced-size propane fire experiments. Wu et al.
[14] and Li et al. [23] carried out a sequence of reduced-size fire experiments on tunnels with
distinct widths. Their research shows that tunnel fire’s critical velocity varies with tunnel width.
Hyun Ko et al. [24] studied tunnel slope’s effect on fire critical velocity through experiments,
obtained the relation between critical velocity and tunnel tilt angle. Weng et al. [11] put forward
the prediction formula of tunnel fire’s critical velocity through 1:10 scale model experiment.
Through experiments, Yi e al. [25] indicated there is a positive correlation between critical
velocity and tunnel slope. Li and Ingason et al. [26, 27] indicated that tunnel aspect ratio has
definite effect on critical velocity. Li et al. [28] studied tunnel fires with 3%, 5%, and 7% slopes
through experiments in a 1:8 scaled tunnel model, and established corresponding numerical
models. The critical velocity slope correction coefficient obtained has a linear correlation with
tunnel slope. Jiang et al. [29] conducted reduced-size fire experiments on tunnels with a slope
of —5%-5%. At the same time, they conducted numerical simulations through FDS simulation
software. They concluded that tunnel slope’s effect on critical velocity was not affected by fire
source’s heat release rate.

However, the aforementioned studies on tunnel fire critical velocity often do not con-
sider whether tunnel section is a large section, and only consider tunnel slope or width’s effect
on critical velocity in a single variable. Therefore, it is valuable to study the coupling effect of
the width and slope of large cross-section tunnel on critical velocity. In this paper, the coupling
effect of width and slope of large cross-section tunnel on critical velocity is learnt by numeric
simulation. The second section introduces the establishment of the numerical models. The third
section analyzes the numerical experimental results of tunnel fires with different widths and
slopes from the aspects of smoke countercurrent characteristics, smoke countercurrent length
and critical velocity. The research outcomes can provide a theoretical basis for personnel rescue
and fire ventilation of large-section tunnels with different widths and slopes.

Numerical simulation

Due to the limitations of experimental sites and conditions, many actual fire scene
experiments are difficult to achieve. Therefore, a large number of researchers use a fire dynam-
ics simulation software called FDS to study tunnel fires under different working conditions
[30-33]. The FDS version used in this article is 6.7.

Fire scene design

The specific FDS fire models are shown in fig. 2. In the numerical models, the tunnel
lengths are 100 m, the tunnel heights are 5 m, the tunnel width, d, is 10 m, 12 m, 14 m, 16 m,
18 m, and 20 m, respectively, and tunnel slope, y, is 0°, 5°, 10°, 15°, and 20 °, respectively. In
this paper, the downward gravity change is used to simulate the difference of tunnel inclination.
In each simulation model, the tunnel longitudinal ventilation speed is set to 1 m/s and natural
ventilation, the ventilation direction is blowing from the lower part of the tunnel to the higher
part. Heaps of previous researches have demonstrated that [34], 0.1 m below tunnel ceiling is
the maximal ceiling smoke temperature position. Therefore, in this paper, thermocouples are
set at 0.1 m below the ceiling in each model’s longitudinal center axis, and a group of velocity
measuring points are set at 1.5 m of the characteristic height of human eyes. Both the distance
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between each group of thermocouples and the
distance between velocity measuring points is 1
m. These measuring points measure the tunnel
smoke temperature and velocity, respectively,
as displayed in fig. 2(a).

Cars are the most prevalent vehicles in
road tunnels, and each car’s heat release rate

(@) @ Temperature measuring point  ® Velocity measuring point

N is approximately 3-5 MW. Therefore, 4 MW is
Upind A Dowmaind selected as heat release rate for modelling. The
— > fire source is situated in tunnel’s center, with
c a distance of 50 m from both tunnel ports. It
8 )) )) is stipulated that tunnel’s left side is x = 0 m.
%|bosss Sesecmoses AN In the tunnel fire in this paper, under natural
g i ventilation or longitudinal ventilation’s action,
X | a2 air-flows from tunnel’s lower part to the higher
1 ! | part, so fire smoke below fire source is upwind
(b) " x=om = som ~=wom +  and above the fire source is downwind, as dis-

Figure 2. Model and survey point lay-out played in fig. 2(b).

Initial and boundary conditions

In each numerical model, the initial ambient temperature is set to 20 °C, the ambient
pressure is set to an atmospheric pressure 101 kPa, and heptane is selected as the fire source
fuel.

In numerical calculation process, the Dirichlet boundary is used as the open boundary
condition at both tunnel ports, and boundary parameters are consistent with internal material
properties. The homogeneous material concrete is used in the model tunnel, and its thermal
properties are density is 2280 kg/m?. Specific heat is 1.04 kJ/kgK. Electrical conductivity is
1.8 W/mK. Emissivity is 0.9. Absorption coefficient is 50000 Lpm. The ambient temperature is
set to 20 °C, the temperature of the tunnel side wall is consistent with the ambient temperature,
and the tunnel boundary is set to natural ventilation conditions. According to the FDS instruc-
tion manual, the smooth Werner-Wengle (W-W) wall model is adopted in this paper.

Grid settings

According to previous studies, the division of mesh size of numerical model has an
important influence on simulation results’ accuracy. Pursuant to FDS user instruction manual
written by McGrattan et al. [35], it is suggested that the grid size range is 1/16~1/4 of charac-
teristic diameter of the fire source D", where D" can be calculated:

2/5

Q9
pac,Tig
where D* [m] is the fire source’s characteristic diameter, QO [kW] — the heat release rate,
p. [kgm] — the ambient air density, ¢, [kJkg 'K'] — the ambient air specific heat capacity at
constant pressure, 7, [K] — the ambient air temperature, and g [ms~] — the gravitational accel-
eration.

*

D = (1)

According to the eq. (1), when heat release rate is 4 MW, D"is 1.62 m, from which
grid size can be selected from 0.10~0.41 m. Therefore, in this paper, four kinds of grid sizes
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in the range of 0.1-0.4 m are selected for sim- —_— =

ulation and comparison. Figure 3 demonstrates 1207 e oim -

vertical temperature distribution at the upwind g 100 AR 05 m

distance of 10 m from the fire source when tun- E —v—04m /fL ~

nel inclination is 10° and tunnel widthis 10 m. g g+ }
According to fig. 3, when model grid size ~ § /

is 0.3 m and 0.4 m, respectively, vertical tem- 60

perature distribution curve of tunnel smoke var-

ies greatly. When the model grid is 0.1 m and 407

0.2 m, tunnel smoke’s vertical temperature dis- |

tribution curve is very close, which shows that 2

tunnel smoke’s vertical temperature distribution 1 2 3 4 5
curve is very close when the grid is less than 0.2 . . o et

. .. .. Figure 3. Vertical distribution diagram of
m. The accuracy of the simulation is not signifi- ¢ W temperature under different grid sizes
cantly improved, but the smaller the mesh size
is, the longer the simulation time is. To save time and improve computer’s running speed, when
grid size is 0.2 m, the calculation results have high reliability and accuracy. At the same time,
Long et al. [36] and Ji et al. [37] have done heaps of research on similar tunnel fire simulation,
also used the grid size similar to this paper, as displayed in tab. 1.

Table 1. Previous FDS numerical simulation research

References Tunnel size [m] Heat release rate [MW] | Grid size [m]
[36] Length 200, width 10, height 5 20 0.2
[37] Length 100, width 10, height 5 3-15 0.167
According to the research, heptane can 400
reach a stable state after a very short time of © 350
combustion. Therefore, in order to make smoke &
diffusion reach a stable state, simulation running ~ §
time is set at 350 seconds. Figure 4 shows the gzso-
variation of flue gas temperature in the tunnel ~~ 200
roof under the fire source with time at different 150
longitudinal distances from the fire source. As 1004
can be seen from fig. 4, the longitudinal ceiling 50
temperature at different distances from the fire
source reaches a stable state about 140 seconds i e
after the fire. In order to eliminate the influence -50 0 50 100 150 200 250 300 350 400

of simulation time on simulation results, ensure
the stability of all data. Therefore, we extract the
steady-state average value of 200-350 seconds to
study the large cross-section tunnel fire.

Verification of model results

Time [s]
Figure 4. Variation of flue gas temperature
over time at different longitudinal distances
from the downwind of the fire source

In order to further verify the precision and reliability of the numerical model in this

paper, a numerical model that is consistent with previous experimental conditions is estab-
lished, and simulated values are compared with previous experimental results. Wu et al. [14]
conducted a reduced-size tunnel fire experiment, tunnel size was 15 m long, 0.25 m high, and
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05 ——— 0.5 m wide. In this paper, a 1:20 tunnel numer-
® Numerical simulations results . . . . .
® Experimental results J4 ical model is established by expanding the size
== 8% scale. The mesh size is 0.2 m, the length is 100
m, the height is 5 m, and the width is 10 m. The
- ignition source uses heptane as fuel, and heat re-
lease rate is 4 MW.
Figure 5 shows comparison between nu-
03 . merical simulation results and reduced-size tun-
. nel fire experiment results of Wu et al. [14]. As
can be seen from fig. 5, numeric simulation con-
sequences are very close to experimental results,
02 : AN .
0.01 0.1 o 1 indicating the dependability and accuracy of the
Fi ison b N | model results established in this paper. Where V.
igure . Comparison between numerica is dimensionless critical velocity and Q" is di-
simulation results and experimental results .
mensionless heat release rate of the fire source:

0.4 4

* 14
Ve == 2)
JeH
. 0
O =——F 73
e Tofo 3)
where 7 [ms™'] is the tunnel ventilation velocity and H [m] — the tunnel height.
0T Results and analysis
'g s & om . Effect of tunnel width and slope
= a4 14m i on smoke countercurrent length
oid| o tam . The chimney effect is caused by tem-
(s 20mj s perature difference inside and outside the tun-
031 nel and tunnel height difference. The air veloc-
5 ity caused by chimney effect can promote or
027 hinder the smoke flow to some degree.
¥ Figure 6 shows the air-flow velocity v,
011 ¥ .
at tunnel entrance due to chimney effect under

4 6 8 10 12 14 16 18 20 22 nhatural ventilation when tunnel has different

Tunnel slope [°] width and slope. According to fig. 6, air in-

Figure 6. Relation diagram between flow velocity at entrance increases with tun-
tunnel slope and inlet air-flow velocity v;, . e S .

nel slope’s increase, and entrance’s velocity

changes significantly with tunnel width’s narrowing. When tunnel width is 10-14 m, under the

same slope condition, the velocity decreases significantly with tunnel width’s increase. When

tunnel width increases to 14-20 m, the velocity at the tunnel entrance also changes, but there is

no obvious change as aforementioned.

In order to further verify the relation between tunnel entrance’s air-flow velocity and
the tunnel slope and width, fig. 7 shows temperature distribution of tunnel cross-section with
different slopes and widths at the position where the distance from the tunnel lower port is
x = 1 m under the natural ventilation condition. It is visible from fig. 7(a) that when tunnel
width is 14 m, with tunnel slope’s increase, fire hot smoke layer’s position gradually moves
upward, the upper hot smoke layer gradually becomes thinner, and the lower cold air gradually
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thickens. According to fig. 7(b), when tunnel slope is 14°, with tunnel width’s increase, the hot
smoke layer position gradually moves down, the upper hot smoke layer gradually thickens, and
the lower cold air gradually thins. The main reason is that with tunnel slope’s increase, tunnel
chimney effect increases, air velocity at the entrance increases, and upwind flow of fire smoke
is more and more hindered. With tunnel width’s increase, tunnel entrance’s air velocity decreas-
es and fire smoke’s diffusion increases.
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Figure 7. Cross-sectional temperature distribution at a distance of 1 m from tunnel lower port

Figure 8 shows the smoke countercurrent diagram in the upwind direction when tun-
nel width is 10 m, 12 m, 14 m, 16 m, 18 m, and 20 m, respectively when tunnel slope is 15°
under natural ventilation condition in stable fire combustion stage. According to fig. 8, upwind
countercurrent length of fire smoke becomes longer with tunnel width’s increase. As shown in
figs. 6 and 7 and Chow et al. [15], chimney effect’s intensity decreases with tunnel width’s in-
crease, which has a certain impact on tunnel entrance’s air-flow velocity. Tunnel entrance’s air-
flow velocity increases with tunnel width’s narrowing while changes little when tunnel width
is greater than 14 m. Therefore, the upwind smoke countercurrent length increases with tunnel
width’s increase, but with tunnel width’s increase, the effect of width on smoke countercurrent
length decreases gradually.

100 200 300 400 500 600 700
T°C] T T T

Upwind Back-layering HFire center Downwind [m] Upwind Back-layering & Fire center Downwind
0 50 100 0 50
(@) d=10m (b) d=12m

Upwind Back-layering B Fire center Downwind ] Upwind Back-layering & Eire canter: Downwind
0 50 100 0 50 100
(c)d=14m (d) d=16m

Upwind Back-layering o Fire center Do o] Upwind Backclayering & Fire center ettt
0 0 50
(e) d=18m (f) d=20m

Figure 8. Fire smoke countercurrent diagram of tunnels with different widths when tunnel slope is 15°

Figure 9 shows the smoke countercurrent diagram in the upwind direction when tun-
nel slope is 0°, 5°, 10°, 15°, and 20°, respectively, when tunnel width is 14 m under natural
ventilation condition in stable fire combustion stage. It can be concluded from fig. 9 that when
tunnel is horizontal, fire smoke is uniformly distributed along the tunnel, and smoke counter-
current length is basically the same in fire source’s upwind and downwind direction. As is visi-
ble from that analysis of figs. 6 and 7, with tunnel inclination angle’s increase, due to chimney
effect’s enhancement, tunnel entrance’s air velocity increases, so that more fire smoke is blown
downwind, and the upwind smoke countercurrent length decreases gradually.
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Figure 9. Fire smoke countercurrent diagram of tunnels with
different slopes when tunnel width is 14 m
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Figure 10. Fire smoke countercurrent creases with tunnel width’s increase.

length diagram of tunnels with different
widths and slopes

Theoretical analysis of tunnel
smoke countercurrent length

Thomas [38] first put forward the formula of smoke countercurrent length in tunnel
fire in 1958:

* L
R @
paCPYLV A
where L” [m] is the dimensionless smoke countercurrent length about tunnel height, L [m] — the
tunnel smoke countercurrent length, 4 [m?] — the tunnel cross-sectional area, and V' [ms™'] —the
tunnel ventilation velocity.

Based on the aforementioned research, Vantelon et al. [39] analyzed smoke counter-
current length through heaps of reduced-size tunnel fire experiments and indicated it is associ-
ated with Richardson number, and modified the formula:

03
L* =£= gHQ =Ri0.3 (5)
where Ri is the Richardson number.

Subsequently, Li et al. [23] propounded the following formula to foretell tunnel fire
smoke’s counter-current length based on fire experiment and theoretical analysis:
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In the equation:

7 ™)
Pan \/’Hsz
« V

Ve = Jeit (8)

Later, Weng et al. [10] put forward the formula of smoke countercurrent length in
tunnel fire through scale-down experiment and numerical simulation analysis:

0.810,
=7.13In——5 436 9)
In the equation:
. 0
= = 10
e T (10)

VCZE (11)

(12)

where d [m] is tunnel width.

Wan et al. [31] executed fire experiments on different tunnel slopes, and pointed out
that the formula of tunnel fire smoke countercurrent length with respect to tunnel inclination
angle:

*

L -1.57
L =—=0.06 13

According to the previous comprehensive analysis, smoke countercurrent length in
tunnel fire is greatly influenced by the following factors. They are fire heat release rate, O, tun-
nel ventilation speed, ¥, tunnel height, H, tunnel width, d, gravity acceleration, g, ambient air
density, p.i, ambient air specific heat capacity, c,, at constant pressure, ambient air temperature,
T,, and tunnel inclination angle, . Therefore, smoke countercurrent length and its influencing
factors can be verbalized:

S (LH .0V 8 pyrsTysc,s ) =0 (14)

In the dimensionless analysis, following the principle of n theorem, H, V, p., and ¢,
are chosen as elementary dimensions for analysis, thus eq. (14) can be transformed into:



Liu, S.: Study on the Effect of Width and Slope of Large Cross-Section ...

1644 THERMAL SCIENCE: Year 2024, Vol. 28, No. 2C, pp. 1635-1649
L d c,T
f Ty 2Q3 ,ﬂz’ pza sﬁ =0 (15)
H H HV Pair V V

The formula of smoke countercurrent length in tunnel can be verbalized:

L_,d_ 0 gfoh
H [H’HzVspair’Vz’ y2 ’ﬂj (16)
Then by merging the first four items, the formula (16) can be verbalized:
3

L 0 v

—=f / 4 (17)

1 e rgar™ | it
The countercurrent length of dimensionless fire smoke is defined:

« L
L =— 18
o (18)

The dimensionless longitudinal velocity, V", and dimensionless heat release rate, O’,
of the tunnel width are:

.+ o
Q B paiGCTa \/gdl-ly2 (19)
* 14
4 = Jeit (20)

Figure 11 shows the relation among dimensionless fire smoke countercurrent length,
L, heat release rate, Q°, and longitudinal velocity, V", when tunnel is arranged horizontally
and longitudinal ventilation speed is 1 m/s. The prediction formula of dimensionless smoke
countercurrent length can be obtained from the diagram, the square difference R* is 0.99, and
the overall fitting degree is high:

L =£=3.64ln[ Q*3 j—2.51 21)

H v
12 In order to compare and verify the predic-
1* tion formula obtained in this paper with previous
114 studies, the other curve in fig. 11 corresponds
10 to the full-scale tunnel fire experiment done by
Liu [23], in which the tunnel width is 22 m and
9 q';ﬂ tunnel height is 5.1 m, from which the dimen-
N o r,..k""' sionless smoke countercurrent length prediction
,),- formula is obtained. The results obtained in this
74 e = Numerical smulation result paper are smaller than that obtained by [23]. Nu-
. :ﬁf’ : L e merical models studied in this paper are large
, g - cross-section inclined tunnels and tunnel chim-
2 4 6 8 100*/‘/*3 12 ney effect increases with tunnel slope’s change

. . . may be the mainspring.
Figure 11. Comparison diagram of Figure 12 demonstrates the relation among
dimensionless smoke countercurrent

length L* and Q*/V** in horizontal tunnel dimensionless fire smoke countercurrent length
when V=1 m/s L", heat release rate Q", and longitudinal veloc-
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ity V" of the tunnel width for tunnels with a longitudinal ventilation velocity of 1 m/s and
different inclined angles. As is visible from fig. 12, when heat release rate is constant and lon-
gitudinal ventilation velocity is 1 m/s, countercurrent length gradually decreases with tunnel
slope’s increase. Due to gradual enhancement of air buoyancy caused by chimney effect, smoke
buoyancy flow’s direction is consistent with that of longitudinal ventilation, which can promote
longitudinal ventilation and resist static pressure caused by fire. Therefore, the fire smoke coun-
tercurrent length in fire source’s upwind direction decreases gradually.
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g g
8 - | 8 -
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7 % 7 1 —
_d_.-l'"-- ___.-——____
4 o ) e
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Figure 12. Comparison diagram of dimensionless smoke countercurrent
length L and Q*/V*? in different tunnel slopes when V=1 m/s

Theoretical analysis of tunnel critical velocity

Through previous studies and the aforementioned studies, with tunnel longitudinal
ventilation velocity’s increase, upwind diffusion’s resistance of fire smoke increases. Then,
when heat release rate is constant, smoke countercurrent length decreases gradually. Moreover,
while longitudinal ventilation velocity rises to a definite value and fire smoke countercurrent
length is 0 m, it is the critical velocity of longitudinal ventilation, then the eq. (17) can be trans-
formed into:

*

14
—im=/(h) (22)
Q
From the aforementioned analysis, it is visible that when fire smoke countercurrent
length is 0 m, the formula of critical ventilation velocity for horizontal tunnel fire smoke not
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spreading upward can be obtained from the for-
mula of smoke countercurrent length in fig. 9,
which can be expressed:

V' =0.790"" (23)

The critical velocity prediction formula
obtained in this paper is compared with critical
velocity prediction simulation model studied by
Li et al. [23] and Weng et al. [10], as displayed
in fig. 13. Critical velocity is relatively lower
compared with Li ef al. [23] and Hyun Ko et al.
[24]. The main reason is that the tunnels stud-
ied in this paper are large in slope and width,
and they are large-section tunnels. Therefore,
the critical air volume needed to control the
concentration of fire smoke to the downwind is
reduced.

From the previous analysis, and accord-
ing to dimensionless fire smoke countercurrent
length formula in fig. 12 when tunnel is inclined
at different slopes, the fire smoke countercurrent
length in different slopes is taken as 0 m. Then
the corresponding critical velocity formula for
controlling the fire smoke not to flow upward is
obtained, as shown in fig. 14. It is visible from
fig. 14 that when heat release rate is fixed, lon-
gitudinal mechanical ventilation is adopted and
velocity is 1 m/s, with tunnel slope’s increase,
the minimum ventilation speed required to con-
trol upwind direction of fire smoke to produce
countercurrent phenomenon, that is, the critical
velocity, gradually decreases. This is due to the
fact that with tunnel slope’s increase, chimney
effect caused by height difference increases and
air buoyancy increases, fire smoke is hindered
by air buoyancy caused by height difference
when it flows upwind.

From the aforementioned analysis, it is
visible that critical velocity at which fire smoke
countercurrent length is 0 m is different when
tunnel slope is different, which is finally reflect-
ed in the difference of f{(B).

Because this paper studies critical veloc-
ity in tunnel fire’s upwind direction, that is, in
the downhill direction. Therefore, if the slope is
-5°,-10 °, —15 °, and —20 °, respectively, the
dimensionless relationship diagram of inclined
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tunnel’s critical velocity V7, horizontal tunnel’s critical velocity ¥ and tunnel slope is dis-
played in fig. 15. The relationship between the two can be obtained from the fig. 13, and the
fitting degree R* is 0.98:

£

Ve

—=1+0.0118 (24)

0 120

In order to verify the critical velocity ]12 =
prediction formula procured in this paper, it is Eq.(21) Lyos
compared with the predicted critical velocity L 40[]15] F1.00
model procured by Chow et al. [15] and At- b
kinson et al. [40], as displayed in fig. 16. As 065
is visible from fig. 16, the results of this paper Fo.80
are in good agreement with those of previous Fo7s
studies. Due to the different settings of tunnel 3:5)
longitudinal ventilation speed, tunnel slope -0.60
and tunnel width, the results of this paper are e o [1055

slightly different from previous models, but 22 ~20 -18 16 -14 =12 -10 -8 -6 -4 -2
the difference is small. The accuracy and reli-
ability of the critical velocity prediction model
of eq. (24) are verified.

0
Bl
Figure 16. Comparison between the

eq. (24) and previous studies

Conclusions

Based on the dimensionless analysis method and FDS numerical simulation method,
this paper studies the effect of tunnel slope and width on the upwind smoke countercurrent
length and critical velocity of tunnel fire. The specific conclusions are as follows.

e Under the conditions of natural ventilation and longitudinal ventilation, due to the chim-
ney effect in the inclined tunnel, the chimney effect increases with large cross-section tun-
nel slope’s increase, tunnel entrance’s air velocity increases, and smoke countercurrent
length decreases gradually in fire source’s upwind direction. With large cross-section tun-
nel width’s increase, tunnel entrance’s air-flow velocity decreases, and the upwind smoke
countercurrent length gradually increases. However, with the tunnel width increases to
14-20 m, tunnel entrance’s air velocity changes little, so the upwind smoke countercurrent
length changes little.

® According to the characteristics of smoke countercurrent length in large cross-section tunnel
fire under the condition of longitudinal ventilation, based on dimensionless analysis, the di-
mensionless expression of heat release rate considering tunnel width and height is modified,
the prediction formula for smoke countercurrent length about tunnel slope, width and height
under longitudinal ventilation is derived.

e With the large cross-section tunnel slope’s increase, the tunnel critical velocity decreases
gradually. Based on this, the relation between dimensionless critical velocity prediction
expression and width, slope and height under longitudinal ventilation is modified, by
comparing with previous research results, the reliability and accuracy of the formula are
verified.

The smoke countercurrent length and the critical velocity of longitudinal ventilation
in tunnel fire play important roles in fire prevention design and personnel evacuation. The
research results of this paper provide a certain theoretical basis for fire, tunnel ventilation and
personnel rescue of large cross-section tunnels with different widths and slopes.
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