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Abstract
This study investigates the impact of rainfall on smoke dynamics and critical velocity in longitudinally ventilated tunnels 
through model-scale fire tests. The results show that the maximum ceiling excess temperature decreases as ventilation veloc-
ity increases. When rainfall is present, the maximum ceiling excess temperature initially increases and then decreases with 
higher rainfall intensity. A prediction model has been developed to evaluate the impact of rainfall on the maximum ceiling 
temperature. The temperature distribution on the side where rainfall occurs is not affected by rainfall itself but is determined 
solely by ventilation velocity. Additionally, a model has been proposed to predict the decay of the ceiling temperature on the 
rainfall side. The decay of ceiling temperature on the ventilation side is not influenced by rainfall parameters or fire power 
when tunnel airflow is primarily driven by either rainfall-induced airflow or ventilation airflow. The presence of rainfall 
requires a higher critical velocity, and a model for predicting critical velocity has been proposed considering rainfall inten-
sity. This study contributes to our understanding of smoke dynamics in tunnel fires under rainfall conditions and provides 
valuable insights into smoke control during adverse weather.
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List of symbols
A1, a1, a2  Fitting parameters in Eq. (5)
A  Pool area  (cm2)
bf  Equivalent radius of fire source (m)
cp  Thermal capacity of air (kJ  kg−1K−1)
d0  Raindrop size (mm)
g  Gravitational acceleration (m  s−2)
H  Tunnel height (m)
Hef  Effective tunnel height (m)
ΔHc   Fuel combustion heat (kJ  kg−1)
I  Rainfall intensity (mm  h−1)
Kv  Empirical coefficient in Eq. (7)

lb  Back-layering length (m)
L  Tunnel length (m)
ṁ   Mass burning rate (kg  s−1)
Q  Heat release rate (kW)
Q∗   Dimensionless heat release rate (-)
T  Temperature of airflow (K)
ΔT    Gas excess temperature (K)
V  Ventilation velocity (m  s−1)
V∗   Dimensionless velocity in Eq. (3)
V∗∗   Dimensionless velocity in Eq. (4)
V
in

   Airflow caused by rainfall (m  s−1)
V∗

c
   Dimensionless critical velocity (-)

x  Distance from reference point (m)

Greek symbols
γ  Scale ratio, equals 15 in our test (-)
ρ  Density (kg  m−3)
�   Combustion efficiency (-)

Subscript
a  Ambient condition
max  Maximum value
0  Baseline case, i.e. case without rainfall and 

ventilation
c  Critical value
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F  Full scale
M  Model scale

Introduction

Tunnels, as crucial components of transportation infrastruc-
ture, play a significant role in enhancing the convenience of 
people’s life. Fire safety in tunnels has always been a major 
concern due to the catastrophic consequences. For example, 
the Mont-Blanc tunnel fire in France in 1999 resulted in the 
tragic death of 31 individuals. Similarly, a truck fire in the 
Maoliling Tunnel in Zhejiang, China, in 2019 led to five 
deaths and 31 injuries. Statistics [1, 2] have indicated that 
smoke is the primary cause of casualties in fire accidents. 
Due to the limited space and few exits of tunnels, the rapid 
accumulation of smoke in the event of a fire poses a serious 
threat to both trapped individuals and the tunnel structure. 
Therefore, it is vital to promptly implement effective meas-
ures to manage and control smoke during a fire.light

Longitudinal ventilation is a widely used smoke control 
method known for its cost-effectiveness and ease of mainte-
nance. It aims to provide a safe upstream space for evacua-
tion and firefighting by utilizing axial flow fans arranged at 
the top of the tunnel to generate positive pressure and man-
age the smoke in the downstream space. Previous scholars 
have conducted extensive research on smoke dynamics in 
longitudinally ventilated tunnels.

The ceiling temperature is widely concerned as a key 
parameter for evaluating fire risk and determining the per-
formance of fire protection systems. Kurioka et al. [3] con-
ducted a series of reduced-scale experiments and developed 
an empirical prediction expression for the maximum ceil-
ing temperature in a longitudinally ventilated tunnel, but the 
model is not applicable to tunnel fires under low ventilation 
velocity. Hu et al. [4] studied smoke temperature distribu-
tion along the tunnel ceiling through large-scale and full-
scale tunnels tests. Results indicate that the dimensionless 
excess temperature distributions along tunnel ceiling fol-
lowed a consistent exponential decay pattern across all tests, 
despite variations in fire size, height above the floor, tunnel 
geometry, and ventilation velocity. Li et al. [5] conducted a 
series of model-scale tunnel fire tests, fully considering the 
low ventilation, and proposed a prediction model for the 
maximum ceiling excess gas temperature, which is divided 
into two regions based on the dimensionless ventilation 
velocity. Ji et al. [6] investigated the influence of transverse 
fire locations on the maximum ceiling temperature through 
model-scale tunnel fire tests. Results showed that the restric-
tive effect of the tunnel sidewalls caused an increase in the 
maximum ceiling temperature for fires near the sidewall in 
comparison to fires located at the longitudinal centerline of 
the tunnel. Ingason et al. [7] carried out a series of tunnel 

fire tests to investigate critical parameters for HGV (Heavy 
Goods Vehicle) fire, including the maximum ceiling temper-
ature and temperature distribution. Results showed that for 
large-scale HGV fires with HRR (heat release rate) greater 
than 100 MW, HRR and ventilation have less impact on the 
maximum smoke temperature. Additionally, the dimension-
less ceiling excess temperature decreases exponentially with 
the dimensionless distance from the fire source. Gong et al. 
[8] theoretically analyzed the heat and mass transfer during 
the smoke movement, considering the heat convection with 
tunnel roof, as well as heat loss due to the air entrainment 
and heat radiation. They proposed a model with a double 
exponential term for predicting the temperature distribu-
tion, which was validated by model-scale tests. Zhao et al. 
[9] conducted a series of fire experiments to investigate the 
temperature distribution in a longitudinally ventilated metro 
tunnel and found that the upstream temperature distribution 
was more sensitive to the ventilation than downstream.

A key parameter of managing smoke such fires in longi-
tudinally ventilated tunnels is the concept of “critical veloc-
ity”. If the ventilation velocity is low, fire smoke can flow 
upstream, against the direction of the ventilation airflow. 
This reverse flow is called “back-layering”. The “critical 
velocity” is the ventilation velocity that can just eliminate 
back-layering, which is the lowest required ventilation to 
maintain a clear upstream space. Thomas [10] was among 
the first to focus on the critical velocity, believing that smoke 
spread would stop when the buoyancy of the fire smoke 
equals the inertial force of the ventilation airflow. However, 
he only considered small fire cases with flames significantly 
smaller than the tunnel height. Oka and Atkinson [11] and 
Li et al. [12] fully considered the fire size and carried out 
a series of small-scale tunnel tests to explore the correla-
tion between the critical velocity and HRR. Although there 
were differences in HRR values for critical velocity transi-
tion, these two studies upheld a consistent segmentation rule 
based on HRR values. This rule states that the dimensionless 
critical velocity is proportional to the 1/3 power of dimen-
sionless HRR in small fires, while it remains independent 
of HRR in large fires. However, the analysis conducted by 
these researchers did not take into account the tunnel width. 
Wu and Baker [13] investigated the effect of tunnel geometry 
on critical ventilation and suggested that hydraulic diam-
eter is a more appropriate characteristic length than tunnel 
height in dimensionless analysis. This viewpoint has also 
been supported by Kang [14]. Tsai et al. [15] investigated 
the influence of fire location from the tunnel exit, and the 
results showed that the critical velocity decreases as the 
fire approaches the tunnel exit. Additionally, the influence 
of other factors, such as tunnel slope [16–18], blockage 
[19–21], fire source amount [22–24], and tunnel structure 
[25–27], on critical ventilation velocity has also been widely 
investigated.
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To sum up, the field of smoke dynamics and critical 
velocity in longitudinally ventilated tunnels is relatively 
well-established, primarily influenced by tunnel geometry, 
fire scale, and boundary conditions. However, our recent 
studies [28, 29] have shown that ambient rainfall can induce 
longitudinal airflow in tunnels by causing local pressure 
changes. When longitudinal ventilation opposes the rain-
induced airflow, the interaction between the two airflows 
can complicate the dynamics of fire smoke. Additionally, 
it is reasonable to assume that higher critical velocities are 
required to mitigate the impact of rain-induced airflow com-
pared to conditions without rainfall.

The primary objective of this study is to examine the 
impact of rainfall on smoke dynamics and critical velocity 
in longitudinally ventilated tunnels, considering the increas-
ing frequency of heavy rainfall events. This research is valu-
able for enhancing emergency response capabilities in tunnel 
engineering under extreme conditions, ultimately leading to 
improved safety and readiness in challenging environmental 
situations.

Experimental

Reduced-scale experiments play a crucial role in fire 
research due to their advantages, such as good repeatability, 
low cost, and ease of control, compared to full-scale tunnel 
fire tests. In reduced-scale fire research, it is essential to 
carefully choose a scaling criterion to ensure that the find-
ings from small-scale tests can be extrapolated to real fire 
situations [30]. The Froude criterion is suitable for studying 
the flow for fire smoke related to buoyancy. Our findings [28, 
29] indicate that rainfall affects fire behavior by creating an 
airflow inside the tunnel, allowing fire smoke to be mainly 
driven by buoyancy and forced force. Thus, the scaling laws 
of Froude criterion can be applied to fire research under 
rainfall conditions. However, it should be noted that experi-
mental results may vary slightly from the actual scenario 
as not all parameters may adhere to the scaling criterion 
simultaneously, especially regarding heat transfer [31, 32]. 
The movement and temperature field of fire smoke have 
already been proved to show a good scaling relationship to 
the full size in previous studies [7, 33], which is the focus of 
our research. Table 1 lists the key parameters of the Froude 
criterion.

Fire tests were conducted on a reduced-scale experimental 
platform (γ = 15) consisting of a model tunnel, an artificial 
rainfall simulator, and an axial flow fan. Dimensions of the 
model tunnel are 10 m in length, 0.6 m in width, and 0.4 m in 
height. The artificial rainfall simulator, located on one side of 
the tunnel, allows for the adjustment of rainfall intensity and 
raindrop size. More details about the artificial rainfall simula-
tor can be found in previous work [28, 29]. The other side of 

the tunnel is connected to an axial fan, the airflow is equalized 
by a rectifier, and the ventilation velocity is adjusted by a fre-
quency converter. The schematic of the experimental platform 
is shown in Fig. 1. Generally, in ventilation tunnels, the tunnel 
side with ventilation is called upstream, while the other side is 
called downstream.

A square pool with a depth of 4 cm was placed at the center 
of the tunnel, with absolute ethanol chosen as the fuel. The 
initial fuel depth was set at 1 cm to allow for sufficient time for 
quasi-steady combustion, enabling a comparative analysis of 
the impact of wind and rainfall. The fuel’s mass loss was moni-
tored using an electronic balance with a precision of 0.1 g, and 
the HRR can be obtained by the real time burning rate, using 
the formula below:

where, ṁ is the fuel’s burning rate, while � and ΔHc rep-
resent the combustion efficiency and fuel combustion heat, 
respectively. For liquid ethanol, these values are 0.994 and 
26,800 kJ  kg−1, respectively. A total of 51 K-type thermo-
couples with a diameter of 1 mm were arranged 0.02 m 
below the tunnel ceiling to measure the ceiling temperature 
and back-layering length. Two pool area sizes, six rainfall 
intensities, two raindrop sizes, and six ventilation velocities 
were examined in this study. A total of 132 cases were car-
ried out, with each test repeated at least twice to ensure the 
reliability of the results. The details of the tests conducted 
are shown in Table 2. Figure 2 shows the burning rate under 
varying rainfall and ventilation conditions, with error bars 
included. The small errors indicate the high repeatability 
of the tests.

Results and discussion

Maximum gas temperature beneath the ceiling

Figure 3a shows the change in maximum ceiling excess 
temperature under varying rainfall and ventilation condi-
tions. Airflow tilts the fire flame and subsequently affects 

(1)Q = 𝜒ṁΔHc

Table 1  Scaling correlations of the Froude criterion

Parameters Symbol Scaling correlations

Length L /m L
F
= �L

M

Heat release rate Q /kW Q
F
= �5∕ 2Q

M

Rainfall intensity I /mm h-1 I
F
= �1∕ 2I

M

Raindrop size d0 /mm d
0F = �1∕ 2d

0M

Mass flow rate ṁ/kg  s-1
ṁ

F
= 𝛾5∕ 2ṁ

M

Velocity V /m s-1 V
F
= �1∕ 2V

M

Temperature T /K T
F
= T

M
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the burning rate, leading to the changes in maximum ceil-
ing excess temperature. Generally, ventilation airflow tilts 
the flame in the absence of rainfall, resulting in reduced 
heat radiation from the flame reaching the ceiling, and 
consequently lowering the maximum ceiling temperature. 
In cases, where the fire is influenced by two opposite air-
flows from rainfall and ventilation, the flame tends to lean 
in the downstream direction of the dominant airflow, refer-
ring to Fig. 3b, taking the cases of HRR = 6.7 kW, I = 30 

and 50 mm  h−1 as examples. Rainfall occurs on the left 
side of the tunnel, while ventilation airflow enters from the 
right end of the tunnel. As a result, the flame inclination 
gradually shifts from right to left with increasing ventila-
tion at a constant rainfall intensity. When the two airflows 
are evenly balanced, the flame remains upright. Usually, 
a smaller flame tilt angle from the vertical direction indi-
cates higher radiation heat feedback from the flame to the 
ceiling and consequently higher maximum ceiling excess 
temperatures.

Li et al. [5] proposed a prediction model for the maximum 
gas excess temperature beneath the ceiling in a longitudinal 
ventilation tunnel fire, as follows:

where

The maximum ceiling excess temperature obtained from 
the experiment shows good agreement with Li’s model [5] 
when there is no rainfall and only ventilation is applied, as 
shown in Fig. 4a.

(2)ΔTmax =

⎧⎪⎨⎪⎩

17.5
Q2∕ 3

H
5∕ 3

ef

, V∗ ≤ 0.19

Q

Vb
1∕ 3

f
H

5∕ 3

ef

, V∗ > 0.19

(3)V∗
= V

/(
gQ

bfcp�aTa

)1∕ 3

Fig. 1  Schematic of the experi-
mental platform

Model tunnel

Rainfall simulator

Electronic balance

Axial flow fan

Rectifier 
Digital video

Table 2  Summary of conducted 
tests, where the values in [] 
are equivalent in full-scale 
condition

HRR shown is a baseline value without rainfall and ventilation

Case No Rainfall intensity
I/mm  h−1

Raindrop size
d0/mm

Pool area
A/cm2

HRR
Q/kW

Ventilation velocity
V/m  s−1

1–12 0 [0] 1.0 [4]
1.5 [6]

64
144

2.1 [1800]
6.7 [5900]

0 [0]
0.26 [1.0]
0.39 [1.5]
0.52 [2.0]
0.65 [2.5]
0.78 [3.0]

13–36 20 [77]
37–60 30 [116]
61–84 40 [155]
85–108 50 [194]
109–132 60 [232]
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Fig. 2  Burning rate under varying rainfall and ventilation conditions
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When there is rainfall on one side of the tunnel, the 
ceiling maximum temperature increases first and then 
decreases as ventilation velocity increases. Previous work 
[28, 29] indicates the velocity of airflow caused by rainfall 
(denoted by Vin ) increases with the rainfall intensity, while 
decreasing with raindrop size, and it follows the correc-
tion of Vin ∝ I1∕ 2d

−1∕ 4

0
 . Using cases without rainfall and 

ventilation as the baseline, the term of ΔTmax

/
ΔTmax,0 is 

used to characterize the change in maximum temperature 
caused by rainfall and ventilation. The term of Q∕Q0 is 

used to characterize the change in heat release rate caused 
by rainfall and ventilation. The dimensionless velocity is 

defined as V∗∗
=

I1∕ 2d
−1∕ 4

0
g1∕ 4b

1∕ 2

f

V
 to characterize the domi-

nant airflow. The relationship between the dimensionless 
excess temperature, dimensionless heat release rate, and 
dimensionless velocity is shown in Fig. 4b. Thus, a predic-
tion model for the maximum ceiling excess temperature 
is established considering the combined effects of rainfall 
and ventilation, as follows:
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Fig. 3  a Changes in maximum ceiling excess temperature under varying rainfall and ventilation conditions, b Fire flames for cases of 
HRR = 6.7 kW, I = 30 and 50 mm  h-1 vary with ventilation
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Ceiling gas temperature distribution

The fire plume rises driven by buoyancy and then spreads 
one-dimensionally along the tunnel ceiling, constrained 
by the side walls. As the smoke progresses along the tun-
nel ceiling, heat loss occurs due to air entrainment and 
heat transfer, leading to a decrease in ceiling temperature. 
Previous studies [8, 9, 34] have confirmed the exponential 
decay of the ceiling temperature with spreading distance, 
and some prediction model have been developed. Gong’s 
model [8], which incorporates a double exponential term, 
has become the most commonly used empirical equation, 
as follows:

where, A1, a1 and a2 are just fitting parameters.
Taking the cases of HRR = 6.7 kW as examples, Fig. 5 

shows the distribution of ceiling excess temperature 
under various rainfall and ventilation conditions. The 
horizontal coordinate represents the distance from the 
fire source, with positive values indicating the ventilation 
side and negative values indicating the rainfall side. In 
the absence of rainfall, smoke movement on the ventila-
tion side is hindered, and the smoke is managed in the 
downstream space once the ventilation velocity reaches 
the critical velocity. As ventilation velocity increases, 
the maximum ceiling temperature decreases, and its loca-
tion tends to move further away from the fire source. 
When both rainfall and ventilation are present, the smoke 
experiences conflicting airflows, causing it to spread 
further on the ventilation side compared to conditions 
without rainfall. In cases, where rainfall-induced airflow 
dominates, the maximum ceiling temperature is located 
upstream of the fire source and gradually shifts down-
stream with increasing ventilation velocity. Moreover, 
under the same rainfall intensity and ventilation velocity, 
smoke disperses over a shorter distance on the ventilation 
side for a larger raindrop size.

In a tunnel fire scenario, smoke initially moves forward 
along the tunnel ceiling due to thermal buoyancy until it 
reaches a point, where the resistance, primarily from wall 
friction, balances the buoyancy force. This specific point, 
where the smoke stops is known as the “smoke stagna-
tion point”. The airflow caused by rainfall increases the 

(4)

ΔT
max

ΔT
max,0

=

⎧
⎪⎨⎪⎩

36
Q

Q
0

⋅

I1∕ 2d
−1∕ 4

0
g1∕ 4b

1∕ 2

f

V
,
I1∕ 2d

−1∕ 4

0
g1∕ 4b

1∕ 2

f

V
≤ 0.025

1 − 0.46

�
Q

Q
0

⋅

I1∕ 2d
−1∕ 4

0
g1∕ 4b

1∕ 2

f

V

�
,
I1∕ 2d

−1∕ 4

0
g1∕ 4b

1∕ 2

f

V
> 0.025

, I ≠ 0mmh
−1

(5)

ΔT

ΔT
max

= A
1
⋅ exp

[
−a

1

(x
max

− x

H

)]

+
(
1 − A

1

)
⋅ exp

[
−a

2

(x
max

− x

H

)]

resistance for smoke movement towards the tunnel portal 
with rainfall, leading to a shorter diffusion length from 
the fire source compared to conditions without rainfall. 
Three types of smoke movement can occur depending on 
the competition between rainfall-induced airflow and lon-
gitudinal ventilation airflow, as shown in Fig. 6. If venti-
lation airflow dominates over rainfall-induced airflow, the 
smoke stagnation point appears on the ventilation side (see 
Fig. 6a). Conversely, if rainfall-induced airflow is stronger 
than ventilation airflow, the smoke stagnation point appears 
on the rainfall side (see Fig. 6b). When the two airflows are 
balanced, the smoke moves toward both ends of the tunnel 
influenced by both airflows (see Fig. 6c).

Cold air is continuously entrained during the movement of 
hot smoke, and heat exchange occurs between the hot smoke 
and the tunnel wall and surrounding space. These leads to 
a gradual decrease in smoke temperature as it spreads. A 
dimensionless method is employed to analyze the relation-
ship between ceiling excess temperature and spreading dis-
tance, with the point of maximum ceiling excess tempera-
ture serving as a reference. Figure 7 shows the decay of the 
dimensionless ceiling excess temperature on the rainfall side 
with the dimensionless distance from the reference point for 
cases with HRR = 6.7 kW. It is observed that the tempera-
ture decay on the rainfall side is sensitive to both rainfall 
intensity and raindrop size when there is no ventilation, i.e., 
V = 0 m  s−1, which has been reported in previous work [28, 
29]. However, once longitudinal ventilation is activated, the 
temperature decay on the rainfall side is determined solely 
by ventilation velocity and is no longer affected by rainfall.

Equation 5 is utilized to analyze the variation of ceiling 
temperature decay on the rainfall side when V > 0 m  s−1, and 
the relationship between decay coefficients and ventilation 
velocity is shown in Fig. 8. It is evident that the ceiling 
temperature decay coefficients on the rainfall side are less 
affected by fire power. As a result, Eq. 6 can well predict 
the ceiling temperature decay on the rainfall side under the 
combined effects of rainfall and ventilation, as follows:

here, V > 0 m  s−1.
Similarly, the decay of the ceiling temperature on the 

ventilation side is also analyzed, as shown in Fig. 9. It is 
observed that when the ventilation velocity is significantly 
lower than (see Fig. 9a and b) or much higher than (see 
Fig. 9d) the rainfall-induced airflow, meaning the dominant 
airflow in the tunnel from one of them, the decay of the ceil-
ing temperature on the ventilation side remains unaffected 
by rainfall parameters and fire power. However, when the 
ventilation velocity falls within the range of induced airflow 

(6)

ΔT

ΔT
max

= (0.14V + 0.52) ⋅ exp

[
(2.56V − 2.56)

x
max

− x

H

]

+ (−0.14V + 0.48) ⋅ exp

[
(0.21V − 0.17)

x
max

− x

H

]
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[28, 29] (see Fig. 9c), the smoke flow condition transitions 
from Fig. 6a, b as rainfall intensity increases, and the tem-
perature attenuation on the ventilation side is notably influ-
enced by rainfall.

Back‑layering length and critical ventilation

The back-layering length and critical velocity are crucial 
parameters for tunnel fire safety and ventilation system 
design. The distance from the fire source to the smoke stag-
nation point is known as the back-layering length, denoted as 
lb . The position of the smoke stagnation point is determined 
by a significant decrease in ceiling temperature. When ther-
mocouple A records a much higher temperature than adja-
cent thermocouple B, and thermocouple B is close to ambi-
ent temperature, the smoke stagnation point is determined to 
be at the location of thermocouple A [21, 35]. An example 
is provided to clarify the smoke stagnation point and the 
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back-layering length. Figure 10 provides the typical ceiling 
temperature distribution with varying ventilation velocities. 
According to the judgment method mentioned, the smoke 
back-layering length is 3.8 m at a ventilation velocity of 
0.26 m  s−1, and it reduces to 0.6 m at a ventilation veloc-
ity of 0.39 m  s−1. In cases, where the sudden temperature 
drop occurs downstream of the fire source, the back-layer-
ing length is denoted by a negative value. For instance, the 
back-layering length is −0.6 m at a ventilation velocity of 
0.78 m  s−1, indicating a higher ventilation velocity than the 
critical velocity. It can be speculated that the critical veloc-
ity, at which the smoke back-layering length becomes 0, lies 
between 0.39 m  s−1 and 0.78 m  s−1.

Figure 11 shows the change in back-layering length under 
varying rainfall and ventilation conditions, using cases with 
HRR = 2.1 kW as examples. The back-layering length var-
ies linearly with ventilation velocity, except in cases, where 
smoke overflows from the tunnel. The interpolation method 
[36] is used to determine the critical velocity. Table 3 lists the 
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critical velocity information for two fire sizes under differ-
ent rainfall conditions. It can be found that the back-layering 
length decreases as ventilation velocity increases under the 
same rainfall condition. When ventilation velocity remains 
constant, the back-layering length tends to increase with higher 
rainfall intensity. Moreover, for the same rainfall intensity and 
ventilation velocity, a larger raindrop size results in a shorter 
back-layering length.

Prediction models for the critical velocity proposed by Oka 
and Atkinson [11] and Li et al. [12] are as follows:

Oka and Atkinson’s model [11]:

 where

Here, Kv is an empirical coefficient in the range of 
0.22–0.38.

(7)V∗

c
=

{
Kv

(
Q∗

0.12

)1∕ 3

, Q∗ < 0.12

Kv, Q∗ ≥ 0.12

(8)V∗

c
= Vc

�√
gH

(9)Q∗
= Q∕�0cpT0g

1∕2H
5∕ 2

ef

Li’s model [12]:

Although the empirical formulas for critical velocity 
from them differ, the basic understanding is consistent. 
Specifically, the dimensionless critical velocity V∗

c
 

increases with the 1/3 power of the dimensionless heat 
release rate Q∗ for small fires, and V∗

c
 becomes independent 

of Q∗ for large fires. The fire sizes considered in this study 
are relatively small ( Q∗ < 0.12 ), thus the dimensionless 
critical velocity is only related to the dimensionless heat 
release rate. When rainfall works, the critical ventilation 
velocity is not only related to the dimensionless heat 
release rate but also to rainfall parameters. Using cases 
without rainfall as the baseline, the term of V∗

c

/
V∗

c,0
 is 

used to characterize the change in critical velocity caused 
by rainfall, then we can obtain the correction of 
V∗

c

V∗

c,0

∼

[
Q∗

Q∗

0

, I, d0

]
 , I > 0  mm   h−1. The critical velocity 

required increases due to the presence of rainfall. Fig-
ure 12 shows the relationship of V∗

c

/
V∗

c,0
 as a function of 

(10)V∗

c
=

{
0.81Q∗1∕ 3, Q∗ ≤ 0.15

0.43, Q∗ > 0.15

Fig. 11  Changes in back-layering length vary rainfall and ventilation conditions (HRR = 2.1 kW)

Table 3  Critical velocity for 
two fire sizes under different 
rainfall conditions [unit: m  s−1]

HRR Vc

I mm/h−1

0 20 30 40 50 60

d0/mm

– 1.0 1.5 1.0 1.5 1.0 1.5 1.0 1.5 1.0 1.5

2.1 kW 0.589 0.638 0.599 0.652 0.619 0.662 0.649 0.681 0.678 0.702 0.696
6.7 kW 0.639 0.689 0.673 0.711 0.684 0.715 0.687 0.722 0.719 0.732 0.729
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[(
Q∗

Q∗

0

)1∕ 3

⋅ I1∕ 2 ⋅ d
−1∕ 4

0

]
 for cases with I > 0 mm  h−1. When 

I = 0 mm   h−1, the term of V∗

c

/
V∗

c,0
 should be 1. Thus, 

V∗

c

V∗

c,0

= 6.58

[(
Q∗

Q∗

0

)1∕ 3

⋅ I1∕ 2 ⋅ d
−1∕ 4

0

]
+ 1 . As a result, the 

critical velocity of the tunnel fire under the effect of rain-
fall can be predicted by Eq. 11.

Conclusions

This work conducts a series of reduced-scale tunnel fire 
tests to study the impact of rainfall on smoke dynamics 
and critical velocity in a longitudinally ventilated tunnel. 
The following are the main conclusions:

(1) Under the influence of two opposing airflows from rain-
fall-induced and ventilation, the fire flame tends to tilt 
downstream direction of the dominant airflow. When 
rainfall is present, the maximum ceiling excess temper-
ature initially increases and then decreases with higher 
rainfall intensity. A prediction model for the maximum 
ceiling excess temperature is established considering 
the combined effects of rainfall and ventilation.

(2) The decay of the ceiling temperature on the rainfall side 
is influenced only by ventilation velocity once ventila-
tion is activated. The decay of the ceiling temperature 
on the ventilation side remains unaffected by rainfall 
parameters and fire power, as long as the ventilation 
velocity is significantly lower or much higher than the 

(11)
V∗

c

V∗

c,0

= 6.58

[(
Q∗

Q∗

0

)1∕ 3

⋅ I1∕ 2 ⋅ d
−1∕ 4

0

]
+ 1

rainfall-induced airflow. A prediction model for the ceil-
ing temperature decay on the rainfall side is developed.

(3) The back-layering length decreases as ventilation veloc-
ity increases but increases with higher rainfall intensity. 
Higher critical velocity is required due to the presence 
of rainfall. A model has been proposed to evaluate the 
increases in critical velocity caused by rainfall. It is 
noted that the HRR ranges from 2.1 to 6.7 kW in this 
work, equivalent to 2 to 6 MW in full-scale. The appli-
cability of a wider HRR needs to be verified.
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