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Abstract. Smoke stratification in a V-shaped tunnel fire is complex due to the cou-

pling effects of the double stack effect induced by the inclined tunnel structure, the
fire thermal buoyancy, and the drag force caused by water spray system. This work
investigates the influence of water spray flow rate (0 L/min to 600 L/min), atomiza-

tion angle (0˚ to 150˚) and distance between fire source and grade change point (0 m to
120 m) on smoke stratification in a symmetrical V-shaped tunnel through numerical
simulations. The results show that the increase of water spray flow rate causes the
increasing drag force which destabilizes smoke layer and contributes to the reduction

of smoke layer thickness. While the water spray angle has little effect on smoke layer
thickness. Through the dimensionless analysis and simulation results, a correlation
for smoke layer thickness considering water spray parameters is proposed. Water

spray effects on Fr describing the smoke stratification correspond to these on smoke
layer thickness. That is, Fr decreases with the increase of water spray flow rate and is
weak dependent on the water spray angle, and the critical Fr for turning point of the

dominant effect of thermal buoyancy and drag force is linearly related to fire heat
release rate. As the distance between fire source and grade change point increases, Fr
changes a little on first double-slope control stage, increases on the left and decreases
on the right of fire source, and eventually both levels off on second transition phase

stage, thus tends to be stable on third single slope control stage.
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Cp Constant pressure specific heat capacity of air (kJ/(kg·K))

D* Diameter of combustion characteristics
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Fd Drag force induced by the water spray (N)

Fr Source Froude number

g Gravitational acceleration (m/s2)

h Smoke layer thickness (m)

h* Dimensionless smoke layer thickness

H Tunnel height (m)

Dh Smoke spreading height in the tunnel (m)

i Tunnel slope (%)

l Distance between fire source and V-shaped tunnel grade change point (m)

mw
:

Mass flow rate of the water spray (kg/s)

mw Total mass of water droplets in the interaction region with the smoke (kg)

Pf Thermal buoyancy generated by density difference (N)

Ps The driving force due to the double-slope stack effect (Pa)

q Water spray flow rate (L/min)

q* Dimensionless water spray flow rate

Q* Dimensionless fire heat release rate

Q Fire heat release rate (kW)

T1 Ambient air temperature (K)

△Tmax Temperature rise (K)

Ta Average smoke temperature through tunnel cross-section (oC)

ua Average flow velocity through tunnel cross-section (m/s)

vz;in Velocities of water droplets entering the smoke layer vertically (m/s)

vz;out Velocity of water droplets leaving the smoke layer vertically (m/s)

Vi;a Smoke volume descending to the cool air layer (m3)

Vi;s Smoke volume directly acted upon by water droplets (m3)

x Distance from fire source (m)

θ Water spray atomization angle (̊)

q1 Air density (kg/m3)

Dq Density difference between smoke front and air (kg/m3)

Dqi;a Density gap between smoke descending to the cool air layer and air (kg/m3)

Dqi;s Density gap between the layer of smoke directly affected by water droplets and the layer of

smoke without water droplets (kg/m3)

1. Introduction

Underwater tunnels cross rivers, lakes or seas with a large gradient and height dif-
ference between the both sides and the middle part, and thus form a V-shaped
structure. While underwater tunnels perform their functions, their fire characteris-
tics are different from those of general tunnels due to their geographical location
and V-shaped slope structure, which are mainly reflected in the fact that the traffic
accident rate and the probability of fire in slope tunnels are much higher than
those in horizontal tunnels [1–3]. In addition, under the influence of the chimney
effect in inclined tunnels, the smoke will spread uphill [4], which makes it difficult
to determine the direction of smoke movement and smoke control in V-tunnels.
At the same time, the slope of the tunnel reduces the average escape velocity of
personnel [5], which will increase the difficulty of emergency evacuation.
Stable high smoke stratification can reduce the impact of fire smoke on the evacu-
ation of trapped tunnel personnel [6]. The rapid cooling ability of water spray sys-
tem is exactly suitable for tunnel fires, and water spray system has been adopted
in many tunnels in China, such as the Wuhan Yangtze River Tunnel and the Xia-
men Xiang’an Undersea Tunnel [7]. However, it can also disturb the stable smoke
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layer to a certain extent, causing smoke settlement and endangering the safety of
evacuees. Therefore, it is of great significance to study the effect of water spray
system on smoke stratification in V-tunnel fires for effective fire smoke control
and optimization of system parameters.

Due to geographical factors, existing tunnels are often not completely horizon-
tal. When a fire breaks out in an inclined tunnel, the superimposed effect of the
height difference between the exits at the two ends of the tunnel and the difference
between the internal and external temperatures will produce a chimney effect,
accelerating the diffusion and spread of high-temperature smoke uphill, and the
movement of the smoke therefrom will be altered. Kang [8] also proposed that in
the case of inclined tunnels with shafts for natural smoke evacuation, the smoke
transport mechanism will be more complicated. Morlon [9] investigated both the
thermal and the optical effects through the interaction of the water mist with the
smoke layer produced by a fire, and concluded that, in order to provide the envi-
ronmental complete characterization, both opacity measurements and temperature
measurements should be made. Fan [10] used FDS to investigate the impact of
roadway slope and length on smoke movement, and obtained a critical value of
100 for the number of Ri. Kong [11] proposes a non-dimensional empirical corre-
lation of fire backing lengths for tilted tunnels with different slopes, where the
dimensionless smoke backing lengths are logarithmically correlated with the cubic
power of the downstream lengths. Cano-Moreno [12] proposes a quantitative
method, based on linear multiple regression, that can account for the number of
fatalities as a function of the delay in the start of evacuation and the slope of the
tunnel, thus combining the consideration of the evacuation of tunnels as well as
the effect of the slope of tunnels on the dispersion of gases and fumes. It should
be noted that the above research work only focuses on single-slope tunnels, but
the actual underwater tunnels often present multi-slope structures similar to the V,
U, and W shapes due to the limitation of topography and other factors. These
multi-slope tunnels have one or more variable slope points with up and down
slopes, and the change of the relative positions of the fire source and the variable
slope points will make the direction of thermal buoyancy complex, and its fire
smoke transport characteristics are more special.

Some researchers have investigated water spray system effects on tunnel fire
smoke control. Bullen [13] initially elucidated the impact of water mist on the sta-
bility of smoke stratification, attributing it to a delicate equilibrium between the
resistance of water spray and the buoyancy of hot smoke. Bu [14] demonstrated
that fine water spray controls smoke temperature and that the use of longitudinal
ventilation significantly improves the fire stopping effect of water-spray fire sup-
pression systems. Li [15] focused their research on studying the interaction
between fine water spray and fire sources in tunnel configurations, utilizing both
experimental and numerical methods. Luan [16] obtained that the smoke layer
flow pattern may be disrupted by matching the sprinklers with the ventilation sys-
tem. Wang [17] used simulations to examine the effects of water spray jet flow rate
and spray angle on the critical velocity of longitudinal ventilation tunnels to
obtain a unified correlation model for the critical velocity of such tunnels. Deng
[18] suggest a hierarchical model of tunnel smoke and demonstrated that the cor-



relation between the drag effect of water spray and the size of droplets. Wang [19]
used numerical simulation to introduce water spray intensity and momentum ratio
to clarify the smoke barrier and thermal insulation effect. Obviously, the water
spray will weaken the fire thermal buoyancy, change the mechanical ventilation,
bilateral chimney effect, so that the smoke flow in multi-slope tunnels between the
multiple driving forces of this and that produce a competitive relationship, result-
ing in the smoke flow in the bi-directional flow, transitional flow, unidirectional
flow between the turning uncertainty; and the current research focuses on the
influence of a single or two factors on the flow of the smoke, such as: natural and
longitudinal ventilation under the single-slope tunnels, horizontal tunnels, etc., did
not take into account the complexity of the coupling role of the water spray-mul-
ti-slope structure of the multifactor, and is also not in line with the actual applica-
tion of the engineering situation.

A stable smoke layer during the expansion period of a one-dimensional plume
can guarantee the safety of evacuation in case of fire, and is an important basis
for the design of tunnel fire protection system parameters. Some researchers have
investigated fire smoke stratification behavior and its stability criteria in a hori-
zontal tunnel. For example, Newman [20] discovered an obvious smoke-air strati-
fication related to a Froude (Fr) number especially under windless condition in
ventilated duct fires, and divided fire smoke on fire source downstream into three
regions according to Froude number values. Nyman and Ingason [21] conducted
large-size experiments to verify the accuracy of Newman’s smoke stratification Fr
(<0.9), and found critical Fr 0.55. Ingason [22] found that thermal pressure and
fire plume buoyancy contributed to stable smoke stratification and proposed the
relationship correlation between thermal stratification and smoke concentration
distribution. Huang [23] applied Newman’s smoke stratification theory to a build-
ing corridor and proposed that smoke stratification is evident when Fr is less than
0.58. Tang [24] obtained that buoyancy stratification can be divided into
stable stratification, stable stratification by some vortices, and unstable stratifica-
tion where the upper buoyant smoke stream is strongly mixed with the lower
stream. Li [25] explored the relationship between the height of the fire source and
the hot smoke stratification upstream of the tunnel and found that the hot smoke
stratification matched Newman’s measurements regardless of the height of the fire
source.

Most of the above domestic and international studies have been carried out in
horizontal tunnels with water spray systems or slope tunnels without water spray
systems, and have not yet dealt with the study of the influence of smoke layer
characteristics under the combination of the two. When a fire occurs at different
locations in a naturally ventilated underwater V-tunnel, the smoke is subject to
the bilateral chimney effect and thermal buoyancy competing with each other to
present three flow behaviors: bidirectional, transitional and unidirectional flow
[26]. The V-slope of underwater tunnels is more complicated in smoke movement
under the coupling effect of the two slopes, and the randomness of the position of
the fire source also increases the uncertainty of the smoke movement, which, toge-
ther with the cooling, dragging and blocking effects of the water spray, will make
the smoke control more complicated. When a vehicle catches fire in a tunnel, its
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location is difficult to be exactly at the point where the tunnel changes slope due
to the uncertainty of the accident. When the location of the fire is not in the tun-
nel slope change point, because the location of the fire source and the tunnel exit
on both sides of the elevation difference and density difference, both sides of the
existence of the chimney effect, the fire smoke movement to produce competition,
this time is called “double-slope stack effect”, high temperature and high toxicity
of smoke spreading situation is more complex. In the event of a fire, the uphill
section of a V-slope tunnel becomes the main channel for the rise of hot air and
smoke. Due to the change in gradient, hot air rises more rapidly in the uphill sec-
tion, creating a pronounced chimney effect. Concurrently, cold air from the down-
hill section or the tunnel entrance is drawn into the tunnel due to the lower
pressure in the uphill section, supplementing the heated and rising air. In single-
slope tunnels, smoke typically spreads uphill, with the chimney effect being
directly proportional to the slope; that is, a larger slope results in a more pro-
nounced chimney effect. In a fully symmetrical V-slope tunnel, where the slopes
are reversed, smoke may exhibit different spreading patterns on either side, poten-
tially competing against or offsetting the chimney effect.

Therefore, this paper comprehensively analyzes the effects of the symmetrical V-
shaped double slope gradient, water spray flow rate and angle on the maintenance
of stable fire smoke stratification when the water spray system is employed. The
aim is to determine the stability law of tunnel smoke stratification and put for-
ward the theoretical support for the prevention and control of smoke in the tun-
nel.

2. Theoretical Analysis

2.1. Smoke Stratification Mechanism

The purpose of this study was to better understand the smoke deposition phenom-
ena that may occur in a fully symmetrical V-slope tunnel fire using water spray
system. Smoke thermal stratification refers to the phenomenon where the fire
approximates the tunnel into two distinct layers: the upper part, which is high-
temperature smoke, and the lower part, which is cold air. High-temperature
smoke exhibits stratification due to the combined effects of thermal buoyancy and
horizontal inertia forces during a fire [27, 28]. To effectively control smoke, the
water spray system must be activated promptly. The sprayed water droplets can
disrupt the relatively stable smoke layer, potentially leading to significant smoke
settling. Previous studies [13, 29, 30] have identified two fundamental mechanisms
by which water droplets induce smoke settling: the downward drag force exerted
on the surrounding gas, and the cooling effect that reduces the buoyancy of the
smoke.

Within the direct-action area of the water spray system (i.e., within 30 m of the
fire source), the smoke is subjected to a drag force from the water spray system.
Additionally, the lower temperature of the water droplets compared to the smoke
leads to heat exchange, which reduces the smoke’s temperature and, by the princi-
ples of ideal gas behavior, increases its density. In areas not directly affected by



the water spray, the interaction between the water and smoke is minimal. This
results in the high-density smoke in these regions experiencing downward buoy-
ancy relative to the lower-density smoke in the surrounding environment. As the
smoke settles under the dual influence of the water spray’s drag force and its own
downward buoyancy, the settled smoke, despite having increased in density due to
cooling by water droplets, remains lighter than the lower layer of cold air. Conse-
quently, the smoke will begin to exhibit upward buoyancy. As the settling smoke
accumulates and its volume increases, the upward buoyancy also increases. Once
the upward buoyancy balances the downward forces, the smoke will cease to settle
and stabilize at a certain height. Tang [31] proposed a new combined force equi-
librium system considering the downward drag force exerted by the water particles
on the surrounding gas and the cooling effect of the water particles on the smoke
resulting in the reduction of the smoke buoyancy. In conjunction with this paper,
taking the double slope stack effect induced by the V-shaped tunnel structure into
consideration, a new driving force balance relationship (the drag force of the
water spray Fd, the stack effect of left tunnel Ps,l, the stack effect of right tunnel
Ps,r, and the thermal buoyancy Pf) for fire smoke in a V-shaped tunnel is given in
Fig. 1.

Fd ¼ mw
: ðvz;in � vz;outÞ þ mwg cos i ð1Þ

where mw
:

and mw are the mass flow rate and the total water particle mass inter-
acting with fire smoke respectively, kg/s and kg; vz;in and vz;out are the vertical

velocities of water droplets entering and leaving the smoke layer respectively, m/s;
i is the inclination angle of the tunnel.

PA is the buoyancy of the smoke in the region where the water droplets interact
with the original smoke layer, N; PB is the buoyancy in the region of the smoke
that descending to the lower layer of cold air, N. So a total thermal buoyancy can
be expressed [32] by

Pf ¼ PA � PB ¼ ðDqi;aVi;a � Dqi;sVi;sÞg cosi ð2Þ

where Dqi;a and is the density difference between smoke settling into the cool air
layer air and the cool air, kg/m3; Vi;a is the settling smoke volume into the cool air

layer, m3; Dqi;s is the density difference between the smoke layer interacting with

water droplets and that without water droplets, kg/m3; Vi;s is the smoke volume

interacting water droplets, m3.The total driving force caused by the double slope
stack effect of left and right tunnel part is:

Ps ¼ DqDhg cos i ð3Þ

where Dq is the density difference between smoke front and air, kg/m3; Dh is the
smoke spreading height, m.
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2.2. Dimensionless Analysis

In tunnel, the smoke layer thickness is related to the following factors: fire heat
release rate Q, tunnel height H, symmetrical V-shaped tunnel gradient i, ambient
air temperature T1, ambient air density q1, constant pressure specific heat capac-
ity of air cp, gravitational acceleration g, and water spray flow rate q. Then the

following relationships can be listed:

f Q; h;H ; i; T1; q1;Cp; g; q
� � ¼ 0 ð4Þ

According to the π-theorem, H, ρ∞, T∞, and g as the basic parameters, a new
expression for Eq. (4) is given:

f p1; p2; p3; p4; p5ð Þ ¼ 0 ð5aÞ

where

p1 ¼ Ha1qb11T c11ge1h
p2 ¼ Ha2qb21T c21ge2Q
p3 ¼ Ha3qb31T c31ge3 i
p4 ¼ Ha4qb41T c41ge4Cp

p5 ¼ Ha5qb51T c51ge5q

8>>>><
>>>>:

ð5bÞ

The following 5 dimensionless terms are obtained through dimensional analysis:

p1 ¼ h=H
p2 ¼ Q=ðq1g3=2H 7=2Þ
p3 ¼ i
p4 ¼ T1Cp=ðgHÞ
p5 ¼ q=ðH5=2g1=2Þ

8>>>><
>>>>:

ð6Þ

Expressing Eq. (5) can be achieved by the following equation:

f
h
H
;

Q
q1g3=2H 7=2

; i;
T1CP

gH
;

q
H 5=2g1=2

� �
¼ 0 ð7Þ

By the similarity principle, Eq. (7) can be converted to:

Grade change point

Figure 1. Driving forces for fire smoke in a V-shaped tunnel.



h
H

¼ f
Q

q1g3=2H 7=2
; i;

T1Cp

gH
;

q
H 5=2g1=2

� �
ð8Þ

Equation (8) is also expressed as:

h� ¼ f ðQ�;i; q�Þ ð9Þ

where h� ¼ h
H, Q

� ¼ Q
q1T1Cpg1=2H5=2, q� ¼ q

g1=2H5=2.

Calculations show that the tunnel gradient i, dimensionless fire heat release rate
Q*, and dimensionless water spray system flow rate q* are the factors influencing
the dimensionless smoke layer thickness in a symmetrical V-shaped tunnel.

2.3. Froude Number for Smoke Stratification

Smoke stratification criteria Fr is related with the smoke temperature stratification
and can be calculated by [21]:

Fr ¼ uavgffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DTcf
Tavg

Hg
q ð10Þ

where, uavg and Tavg represent the average flow velocity and average smoke tem-
perature of the tunnel cross-section, respectively; DTcf is the smoke temperature

difference between beneath ceiling (0.88H) and under floor (0.12H),˚C; H is the
tunnel height, m; take g=9.81 m/s2.

For a given tunnel, Fr is determined by the smoke flow rate and temperature
which can be changed by water spray system directly. Therefore, Fr values for
smoke stratification would be different from those without water spray system.

3. Numerical Methods

3.1. Fire Scenarios

In this paper, fire simulation calculations using Fire Dynamics Simulator (FDS)
version 6.6.0 have been carried out to investigate fire scenarios in tunnels with
natural ventilation systems. Smoke layer height is an important indicator of the
safety of people in the flow of smoke from a road tunnel fire. In FDS, the smoke
layer height is predicted and calculated using the method proposed by Janssens
[33]. based on the cross-sectional vertical smoke temperature distribution, which
has been widely used in previous studies [34–36]. In this method, the temperature
Tz is considered to be a continuous function between the floor (z=0) and (z=H)
the ceiling with respect to the height z. Tlow is assumed to be a constant equal to
the value of the temperature of the cell closest to the floor, and Tup varies as a
vertical gradient with height. The formulae for these two temperatures are given
below:
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H � hð ÞTup þ hTlow ¼
Z

H

0
T zð Þdz ¼ I1 ð11Þ

H � hð Þ 1

Tup
þ h

1

Tlow
¼

Z
H

0

1

T zð Þ dz ¼ I2 ð12Þ

h ¼ Tlow I1I2 � H2
� �

I1 þ I2T 2
low � 2TlowH

ð13Þ

where Tup is the upper layer temperature, K; Tlow is the lower layer temperature,
K; H is the ceiling height, m; and h is the smoke layer interface height, m.

FDS can simulate and solve all kinds of fire scenarios flexibly by using the
above set of equations, and can predict the changes and flow patterns of smoke
temperature, co and other substances during the dynamic development of fire.
More information on the theory and algorithms of the numerical simulation
method and validation can be found in the FDS User Guide [37].

As shown in Fig. 2(a), the tunnel foundation model, built by FDS [38], mea-
sures 600 m in length, 13.2 m in width, and 8.1 m in height. Based on this model,
three different scenarios with tunnel gradients of 0%, 3%, and 5% are studied.
The fire source in the simulation uses n-heptane as fuel, with dimensions of 4.5 m
3 m2 m, and the fire type is set as a constant fire source. The rate of heat release
is set to 5 MW, 10 MW, 15 MW, and 20 MW, respectively, and does not change
with time. The two ends of the tunnel are defined as ‘OPEN’, and the boundaries
of the roof, side walls, and floor of the tunnel are defined as ‘CONCRETE’. The
thermophysical properties are based on those of actual concrete materials [39, 40].
The specific heat is 1.04 kJ/(kg·K), the density is 2280 kg/m3, and the thermal
conductivity is 1.8 W/(m·K). The entire tunnel is naturally ventilated, with an
ambient temperature of 20 ˚C.

According to the results of previous studies, the vertical location of the maxi-
mum temperature in the tunnel is 0.02H below the roof, where H is the tunnel
height [41]. Therefore, a series of temperature measurement points were arranged
along the longitudinal center line of the tunnel at 0.16 m below the roof, with a
distance of 1.5 m. Vertical temperature and velocity measurement points were set
up from 3 m away from the fire source, with a spacing of 0.2 m. The temperature
and velocity measurement points were set up at 0.2 m apart, with a spacing of
1.5 m from the fire source. Water spray nozzles were installed at a distance of 5 m
on both walls at a height of 4.5 m. The flow rate and angle of the water jets were
adjustable from 0 L/min to 250 L/min and from 0˚ to 150˚, respectively.

Considering that fires can occur at various locations within the tunnel, the dis-
tance of the fire source from the slope change point is defined as the ‘fire source
location’. This distance is specified at 0 m, 10 m, 20 m, 40 m, 60 m, 80 m, 100 m,
and 120 m. The fire source is uniformly positioned along the left side of the tun-
nel at these locations. In total, there are 315 groups of working conditions, with



detailed parameters provided in Table 1. The output data, including smoke tem-
perature and visibility, reach a stable state at about 300 s. Therefore, the analysis
presented below utilizes the mean values of the output data recorded between
300 s and 400 s.

3.2. Grid Independence Analysis

FDS user guide recommends to adopt the grid size from 1/16D* to 1/4D* [37],
where the fire characteristic diameter D* is defined by:

D� ¼ Q
q1cpT1

ffiffiffi
g

p
� �2=5

ð14Þ

where Q is fire heat release rate, kW; q1 is ambient air density, 1.02 kg/m3; cp is
air constant pressure specific heat capacity, 1.004 J/(kg·K); T1 is the ambient air
temperature, 293.15 K; g is gravity acceleration, 9.81 m/s2. From Eq. (14) it can

i
600m

8.1m

Left side of fire Right side of fire
3m

i
Left side of fire Right side of fire

40m

Grade of change
(a) Front View

4.5m

Water spray nozzle

Temperature measuring point

Roof Smoke temperature 
measurement point

13.2m

8.1m

1.62m

0.2m

Velocity  measuring point

(b) Side view

Figure 2. V-shaped slope tunnel fire simulation schematic.
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be seen that for fire heat release rates of 5 MW to 25 MW, grid sizes are calcu-
lated from 0.15 m to 0.60 m.

Four grid sizes, 0.15 m, 0.20 m, 0.30 m and 0.60 m, were selected to verify their
accuracy by comparing the maximum smoke temperatures along the length of the
tunnel without and with water spray in Fig. 3(a, b). The variation curves of the
smoke and its temperature for the grid size of 0.3 m is basically the same as those
for the grid sizes of 0.15 m and 0.2 m were found to be the same. Many studies
[42, 43] have shown that the FDS model can be validated based on the differences
in maximum smoke temperatures at different locations. Meanwhile, the construc-
tion of Li [44] model mainly relies on the size and magnitude analysis, which is
exactly the same in this paper. The Li model is simulated in this paper without
longitudinal ventilation at velocity less than 0.19, and the numerical comparison
of the simulation is shown in Fig. 3, the simulated tunnel roof smoke temperature
at 0.3 m grid size is consistent with the experimental results of Li. Therefore, a
0.3 m grid is chosen in this paper.

4. Results and Discussion

4.1. Water Spray Flow Rate Effect on Smoke Stratification

When a fire occurs in the tunnel, fire smoke driven by thermal buoyancy flows
vertically, continuously impinges the tunnel ceiling into horizontal flow, and then
turns into a one-dimensional longitudinal flow due to the sidewall restriction [33].
The average smoke layer thickness values between 10 m to 30 m from fire source
in water spray zone are analyzed here [45].

Figure 4. shows the smoke layer thickness changes with increasing water spray
flow rates in the V-shaped tunnel with different slopes. Overall, the smoke layer
thickness decreases with the increase of the water spray flow rate. In the case of
the same tunnel gradient and the same water spray flow rate, the fire heat release
rate is high, the amount of fire smoke produced is large, and the smoke layer
thickness becomes thicker accordingly. In the case of the same fire heat release
rate and the same water spray flow rate, the smoke layer thickness tends to

Table 1
Tunnel Model Working Condition Table

Serial

number

Water spray

flow (L/min)

Water spray

atomization Angle

(˚)

Distance of fire source from

gradient point (m)

HRR

(MW)

Tunnel

slope

1 to 105 0, 10, 50, 100,

200, 400, 600

120 0 5, 10, 15,

20, 25

0%,

3%,

5%106 to

195

250 0, 30, 60, 90, 120,

150

0

196 to

315

250 120 0, 10, 20, 40, 60, 80, 100,

120



decrease with the increase of the tunnel gradient. This is due to the slope of the
tunnel stack effect is more obvious, the tunnel smoke force is greater, so that the
thin smoke layer below the stable smoke further upward cohesion. And in the
case of the same tunnel slope, the same fire heat release rate, high water spray
flow rate than low water spray flow rate smoke layer thickness is smaller. That is,
it indicates that more toxic smoke settles into the air layer, thus affecting the evac-
uation of people in the tunnel.

Since the smoke layer thickness is proportionate to smoke yield which is a
power function relationship with fire heat release rate based on classical fire plume
mass flow rate model [31], Eq. (15) can be given as:

h�

Q�0:33 ¼ f ði; q�Þ ð15Þ

(c)

(b)(a)

Figure 3. Grid independence and simulation accuracy analysis.
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According to simulation data and Eq. (15), The dimensionless smoke layer thick-
ness in the symmetric V-shaped tunnel is illustrated in Fig. 5 as follows:

h� ¼ ½ð2:50i� 0:35Þq� þ ð�2:69iþ 1:08Þ�Q�0:33 ð16Þ

Figure 6 plots average Fr values for smoke flow within 10 m to 30 m from fire
source in the V-shaped tunnel fires with different fire heat release rates and slopes
versus normalization water spray flow rate. Obviously, Fr initially decreases and
then steadily increases as the water spray flow rate increases. When the water
spray flow rate is less than 50 L/min (q*=0.6), its effect on the thermal buoyancy
force Pf and drag force Fd is weak. And because Pf>Fd, that is, the upward driv-
ing force is stronger than the downward driving force, smoke gathers beneath the

(a) (b)

(c)

Figure 4. Variation curve of smoke layer thickness with water spray
flow in the V-shaped tunnel with different slopes.



ceiling and settles little. At these conditions, Fr gradually decreases as the water
spray flow rate increases, and the smoke layer thickness changes little. After the
water spray flow rate increases to 50 L/min (q*=0.6), Pf decreases and Fd increa-
ses because of the stronger cooling effect. Overall Pf<Fd, that is, the upward driv-
ing force is weaker than the downward driving force, the temperature of the
tunnel ceiling decreases, and the fire smoke gradually sinks. At this time, Fr
increases with the increase of spray flow, and the smoke layer thickness gradually
decreases.

Regarding this one, the tendency for the Fr number to show a decreasing and
then increasing trend with increasing flow in horizontal tunnels is relatively less
pronounced. It is because the increase in tunnel slope enhances the stack effect
force Ps, so fire smoke flows faster. From Sect. 2.3, Fr is proportional to the aver-

Figure 5. Correlation for smoke layer thickness in the V-slope tunnel
considering water spray flow rate effect.
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Figure 6. Fr for smoke stratification in the V-shaped tunnel fires with
different fire heat release rates and slopes versus normalization
water spray flow rate.
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age smoke flow velocity through tunnel cross-section, so corresponding Fr is lar-
ger in larger sloped tunnel in Fig. 6.

To investigate the turning point of Fr with the increase of water spray flow
rate, a fitted straight line of the falling and rising segments of Fr values for
10 MW tunnel fires is plotted in Fig. 7(a). When Fr is less than turning point,
smoke flow is dominated by Pf. While Fr is larger than turning point, the domi-
nated factor of smoke flow changes into Fd. Figure 7(b) gives Fr values at turning
points (Critical Fr) for all V-shaped tunnel fires of various heat release rates and
slopes. Clearly, critical Fr increases as fire heat release rate increases, and Fr’s cor-
responding water spray flow rate increases. Because larger fire heat release rate
enhances smoke temperature and flow rate and leads to smoke settling at a larger
water spray flow rate. Critical Fr values for 5% sloped tunnel is larger than those
for 3% now in Fig. 7(b). Critical Fr line for 3% sloped tunnel would intersect
with that for 5%, when heat release rate increases continuously, indicating that
the stack effect on smoke stratification is outplayed by thermal buoyancy effect of
higher fire heat release rate.

4.2. Water Spray Angle Effect on Smoke Stratification

Figure 8 shows the smoke distribution of 10 MW 3% slope tunnel fires with vari-
ous angles from 0˚�150˚of the water spray system. For tunnel fires without water
spray system, the fire smoke appears as one-dimensional longitudinal flow within
the middle zone of the V-shaped tunnel right and left side. Smoke flow stratifica-
tion in the tunnel can be approximately classified into three layers including the
upper layer with high-temperature smoke, the middle layer with smoke-air mixing
and the lower layer with cold air as shown in Fig. 9(a). After the activation of the

(a) (b)

Figure 7. Fr and critical Fr values for V-shaped tunnel fires of
different heat release rates and water spray flow rates.



water spray system, fire smoke moves downward gradually under the action of
drag force Fd, and blends with the cold air to form smoke-air mixing layer. The
original three layers in the tunnel without water spray are disturbed by the water
spray system, and the cold air layer gradually disappears. Finally there are only
the upper high-temperature smoke layer and lower smoke-air mixing layer as
shown in Fig. 9(b). By comparing smoke distribution in Fig. 8, it is not intuitively
apparent that the increase of water spray angle has obvious influence on fire
smoke spread process.

Figure 10 plots Fr values for V-shaped tunnel fires of different heat release rates
and water spray flow rates, which fluctuates little and have a little bit of a down-
ward trend as water spray angle increases in sloped tunnels. Because the action
area of water spray droplets on smoke is enhanced, the drag force Fd on the same
volume smoke becomes less. And then the smoke subsidence degree is reduced,
thus forming more stable smoke layer. Fr values in 0%, 3%, 5% slope tunnel
fluctuate within 0.007, 0.009, 0.011 respectively, and the overall fluctuation is basi-
cally within 5%. Therefore, in the V-shaped tunnel fires, the effect of water spray
angle on Fr is very small, which is basically the same as its effect on smoke layer
thickness in Sect. 4.1, that is, the angle of water spray system in a V-shaped tun-
nel has little effect on Fr.

Figure 8. Smoke distribution of 3% sloped tunnel fires with 10 MW
under different water spray angles (a) 0, (b) 30˚, (c) 60˚, (d) 90˚, (e)
120˚, f 150˚.

High temperature flue gas layer Blending layer Cold air layer

(a) (b)

Figure 9. Schematic diagram of smoke stratification in the V-shaped
tunnel: (a) without water spray, (b) with water spray.
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4.3. Fire Source Location Effect on Smoke Stratification

In this paper, when considering the increase in the distance between the fire source
and the variable slope point of the tunnel, the influence on the smoke layer thick-
ness of the tunnel is divided into three phases: (I) double-slope control phase,
where the distance between the fire source and the variable slope point of the tun-
nel is 0 m to 10 m; (II) transition phase, where the distance between the fire
source and the variable slope point of the tunnel is 20 m to 80 m; and (III) single-
slope control phase, where the distance between the fire source and the variable
slope point of the tunnel is 100 m to 120 m. The fire source and the variable slope
point of the tunnel are divided into three phases.

(a) (b)

(c)

Figure 10. Fr values for V-shaped tunnel fires of different heat
release rates and water spray angles.



Figure 11 depicts smoke spread in 10 MW V-shaped tunnel fires at various
slopes, with the fire source located 120 m away from the grade change point (fire
source moves to the left from the centre at 0% gradient). Obviously, fire smoke in
0% slope tunnel spreads to the right tunnel opening, and that in 3% slope tunnel

Grade change point

(a)

(b)

(c)

Figure 11. Smoke spread of 10 MW V-shaped tunnel fires when fire
source is 120 m from the grade change point (a) 0% slope, (b) 3%
slope, (c) 5% slope.

(a) (b)

(c)

Figure 12. Smoke layer thickness of V-shaped tunnel fires sources
with different heat release rates and slopes versus the distance
between fire source and grade change point.
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spreads to the middle zone of the right tunnel, while fire smoke in 5% slope tunnel
still does not spread to the grade change point. In other words, fire smoke spreads
downstream slower from fire source location to the grade change point, as the tun-
nel slope increases. Because the coupling right and left stack effect force Ps increa-
ses in a large slope tunnel, blocks smoke spreading to the grade change point.

To examine how the distance between the fire source and grade change point
affects the smoke layer thickness, Fig. 12 plots smoke layer thickness in V-shaped
tunnel fires with various heat release rates and tunnel slopes. The three regions,
labeled as I, II, and III, represent different stages: the double-slope control stage,
the transition stage, and the single-slope control stage, respectively [26]. Different
from the temperature change in previous study, on the double-slope control stage,
there is considerable difference of the smoke layer thickness between the left and
right of fire source. Because a large amount of smoke gathers between tunnel
grade change point and fire source location, when fire source moves 10 m to the
left of the tunnel grade change point, the smoke layer thickness on the tunnel
right side decreases. on the single slope control stage, the smoke layer thickness
changes less and basically stabilize.

(a) (b)

Figure 13. Fr curve of the distance of fire source from the variable
slope point in tunnels with different slopes.

Table 2
Average Fr Values on the Third Stage (Single-Slope Control Stage)

HRR(MW)

3% slope 5% slope

Left side of fire Right side of fire Left side of fire Right side of fire

5 0.135 0.076 0.150 0.072

10 0.138 0.080 0.146 0.076

15 0.145 0.086 0.151 0.082

20 0.149 0.093 0.160 0.086

25 0.156 0.099 0.172 0.094



Figure 13 shows Fr values of 3%, 5% V-shaped tunnel fires with different heat
release rates versus the distances from fire source to grade change point. On the
double-slope control stage, Fr changes a little, which is consistent with the smoke
layer thickness trend. On transition phase, Fr increases on the left and decrease on
the right of fire source, and eventually both levels off. On the single slope control
stage, Fr for the same heat release rate tends to be stable, when the distance from
fire source location to the tunnel grade change point increase. The average Fr val-
ues are summarized in Table 2.

5. Conclusions

The influence of water spray system parameters (flow rate and angle) and fire
source location on smoke spread in V-shaped tunnel fires are investigated through
theoretical and numerical simulation analysis. The smoke layer thickness and Fr
values are obtained to explain the change law. The conclusions include as follows:

An increase in water spray flow rate causes a decrease of the smoke layer thick-
ness. A correlation for smoke layer thickness considering the flow rate of water
spray system and tunnel slope is proposed through the dimensionless analysis and
simulation data analysis. Correspondingly, Fr shows an increasing and then decreas-
ing trend with the increase of the flow rate of the sprinkler system, and the critical Fr
at the turning point of the dominant effect of thermal buoyancy and drag is linearly
related to the rate of fire-heat release. However, the influence of fire-heat release rate
on Fr can gradually exceed the superposition effect of V-tunnel.

1) Decreases with the increasing flow rate of water spray system, and the critical
Fr for turning point of the dominant effect of thermal buoyancy and drag
force is linearly related to fire heat release rate. The effect of fire heat release
rate on Fr can gradually overtake the stack effect of V-shaped tunnels.

2) Water spray system flow rate is certain, the atomization angle increases, the
smoke layer thickness decreases, the Fr number becomes smaller, but the fluc-
tuations are small. The water spray flow with a large atomization angle reduces
the smoke temperature and attenuates the radiant heat feedback, which can
indirectly inhibit the combustion reaction. Therefore, when the water flow rate
is certain, increasing the atomization angle is conducive to reducing the con-
centration of smoke in the downwind direction of the fire source, and the phe-
nomenon of smoke layer settling and turbulence is relatively light.

3) Smoke spread in a V-shaped tunnel can be divided into three stages on the
basis of the change of dominant driving force, as the distance between the tun-
nel grade change point and fire source location increases. Due to coupling
effects of double-slope stack effects, thermal buoyance and drag force induced
by water spray system, Fr changes a little on first double-slope control stage,
increases on the left and decreases on the right of fire source, and eventually
both levels off on second transition phase stage, thus tends to be stable on
third single slope control stage.
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