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Abstract 

I 

Abstract 

An increasing number of tunnels have been built around the world. They play 

an important role to relieve traffic congestions and facilitate goods transportation. 

However, in the event of a fire in tunnels, the consequences can be serious due to its 

narrow-long structure. The previous studies about tunnel fire dynamics and 

mitigation measures are mostly based on good ventilation conditions in tunnels, such 

as longitudinal ventilation and natural ventilation with the premise that a tunnel has 

two open portals. However, the studies about the characteristics of tunnel fires under 

confined portal boundaries with complete or incomplete sealing at both portals are 

rare. Typical fire scenarios can appear in a subway train, a building corridor, an 

underground utility tunnel, a mining tunnel, a tunnel during construction and the 

application of sealing tunnel portals for fighting large tunnel fires and so on. The 

knowledge of tunnel fire dynamics for tunnels under good ventilation conditions is 

probably not applicable to the scenarios of tunnel fires under confined portal 

boundaries. Conducting the studies of tunnel fires under confined portal boundaries 

is of great significance for better understanding the characteristics of this type of 

tunnel fires and developing tunnel fire mitigation measures. Therefore, by combining 

model-scale tunnel experiments and theoretical analyses, this thesis studies the fire 

behaviors and smoke transportation law of tunnel fires under confined portal 

boundaries. The main research contents include: 

1．Scaling effects of mass loss rate per unit area (MLRPUA) for well-ventilated 

pool fires are studied by summarizing large amounts of experimental data from the 

literature together with theoretical analyses. As a further extension of tunnel fire 

similarity theory, it provides the basis and reference for later model/medium-scale 

tunnel experiments. Results show that when a small-scale pool fire (D<1 m) occurs 

in the open, increasing wind velocity tends to increase the MLRPUA, especially for 

pools with D<0.2 m. This is because the ventilation significantly increases the 

conductive and convective heat feedbacks (leading role). But when small-scale pool 

fires occurs in tunnels with a short distance between the pool surface and ceiling 

(Hef/D<3), the radiative heat feedback from the tunnel ceiling is probably dominating, 

leading to a much higher MLRPUA than that in the free burn. When subjected to 

longitudinal flows, the MLRPUA decreases due to the reduced radiation effect from 
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the ceiling. With the increase of pool diameter, the influence of wind on the 

MLRPUA decreases gradually, no matter whether the pool occurs in the open or in a 

tunnel. Finally, when the pool diameter exceeds 1 m, the radiation from flame itself 

is probably predominant. The MLRPUA is not significantly affected by increasing 

wind velocity and most likely fluctuates within 30% for a wide range of wind 

velocities based on the test data collected.  

2．The flame behaviors and the maximum gas temperature rise beneath the 

ceiling in an enclosed tunnel are studied using a model-scale tunnel. Results show 

that when a fire (small fire) is not located at the tunnel center, the flame inclines 

towards the closer tunnel end due to the asymmetric flow field on both sides of the 

flame. The flame inclination angle keeps increasing when the fire is moving away 

from the tunnel center. Furthermore, when a fire is in Region I (0< d  ≤0.64), the 

maximum gas temperature rise decreases with the increasing dimensionless fire 

distance due to the increasing flame inclination angle. When a fire is in Region II 

(0.64 d  1), the maximum gas temperature rise increases with the increasing 

dimensionless fire distance due to the heat feedback of returned hot smoke bounced 

from the end wall. By introducing a concept of equivalent ventilation velocity based 

on the flame inclination mechanism, a prediction model of maximum gas 

temperature rise beneath the ceiling in Region I is developed. Beyond that, an extra 

correction factor is proposed to the improved model in Region II with a 

consideration of heat feedback of returned hot smoke bounced from the end wall. 

Besides, further dimensional analysis indicates that the normalized maximum gas 

temperature rise follows an exponential attenuation law with the dimensionless fire 

distance. 

3．The coupling control effects of sealing ratio and initial sealing time on the 

fire development (large fire) are studied using a model-scale tunnel. Results show 

that sealing tunnel portals can decrease the mass loss rate of fuel and gas temperature 

inside the tunnel, no matter whether the sealing is complete or incomplete. The 

earlier the initial sealing time is, the better the fire can be controlled. For the 

incomplete sealing, when the sealing is implemented during the violent burning 

stage, the sealing not only does not limit the fire growth but also exacerbates the 

tunnel fire, producing an extremely high CO concentration at tunnel portals and a 

longer ceiling flame jet. This will result in a huge threat to the rescue service at 

tunnel portals. Besides, if the tunnel portals are sealed incompletely, it will leave a 
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small area for the exchange of smoke and air. The smoke will not continue to spread 

horizontally after leaving the tunnel portals under the action of inertial forces. In 

order to maintain the combustion of fuel, the fresh air from external environment 

flows into the tunnel vigorously and quickly from the gap and then uplifts the smoke 

out of the tunnel portals, which is also an important phenomenon for firefighters and 

needs to draw their attentions. 

4．The critical conditions for the occurrence of under-ventilated tunnel fires and 

the combustion mechanisms under confined portal boundaries are studied by using 

both model-scale and medium-scale tunnels. Results show that the critical 

equivalence ratio for the occurrence of under-ventilated tunnel fires is within 0.53 - 

0.6, which is less than the theoretical value of 1. This is related to the occurrence of 

vitiation, consequently reducing the level of oxygen around the flame by diluting the 

O2 concentration. The low ventilation rate and vitiation result in a low O2 volume 

fraction around the flame, and then the MLRPUA starts to decrease and at the same 

time the air mass flow into the tunnel becomes almost constant. Also, an oscillating 

MLRPUA and lifted flame are observed in the model-scale tests. Consequently, the 

ventilation rate approaches and even reaches the amount required for complete 

combustion of vaporized fuel. This means that the insufficient combustion in early 

under-ventilated tunnel fires has converted to sufficient combustion (from the 

perspective of the change of equivalence ratio, the fire has converted from 

under-ventilated to well-ventilated). As a result, no significant increase in CO 

production in under-ventilated fires is observed in both test series.  

5．The critical conditions for the occurrence of self-extinguishment and 

influencing factors in under-ventilated tunnel fires are studied in a model-scale 

tunnel during construction. The tunnel consists of an inclined access tunnel and a 

horizontal main tunnel. Results show that when a fire is in the horizontal main tunnel, 

the critical equivalence ratio for self-extinguishment is within 0.28 - 1.38 for the 

propane gas burner and 1.11 - 3.6 for the fibre board soaked with heptane. The 

difference is related to the burning behavior of the different fuels used. Moreover, 

the critical O2 volume fraction is about within 12 - 15% when the fires 

self-extinguish. When a fire is at the closed end of the horizontal main tunnel, the 

stratification of smoke is destroyed after hitting the closed end, and then the smoke 

seems to spread over the entire cross section of the tunnel. The smoke spread 

velocity is proportional to the ventilation rate. However, when a fire occurs at the 
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closed end of the inclined access tunnel, the fire does not self-extinguish, even when 

the ventilation rate is 0 m3/s. The corresponding smoke spread velocity is higher than 

that in the horizontal main tunnel. This is probably related to the increasing 

component of buoyancy in the longitudinal direction in the inclined access tunnel. 

Besides, no insignificant vitiation behind the fire is found. These two characteristics 

in the inclined access tunnel increase the temperature of smoke flowing out of the 

tunnel portal and in turn promote the natural ventilation and increase the O2 volume 

fraction. 

Key Words： Tunnel fire, model-scale tunnel, Scaling effects, Confined portal 

boundaries, Under-ventilated, Self-extinguishment, Equivalence ratio, Critical 

conditions, Combustion efficiency, Mass loss rate, Gas temperature, CO volume 

fraction, O2 volume fraction 
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Chapter 1                                

Introduction 

1.1  Background 

With the rapid development of global economy and the gradual increase of 

urban population, especially in developing countries[1-3], a large number of road 

tunnels, subway tunnels and railway tunnels have been built or are being built 

around the world. The use of tunnel relieves the traffic pressure and facilitates the 

daily travel. Also, it improves the efficiency of long-distance travel and 

transportation for passengers and goods, shortening time cost and creating economic 

value. Together with the conveniences and benefits that tunnels bring to us, more 

and more tunnel fire accidents have been reported. For different types of vehicles in 

tunnels, e.g. the cars, buses, trucks, heavy goods vehicles, oil tankers, subway trains 

and railway trains, they carry more or less combustible materials, which could 

produce a fire heat release rate from several megawatts to hundreds of megawatts or 

even higher. In the event of a tunnel fire caused by an electrical failure, an arson, a 

physical collision and a fuel leakage, etc, the consequence could become 

catastrophic. Therefore, the issue of tunnel fires has been a major concern for a long 

time for transportation authorities around the world. 

1.1.1 Characteristics and hazards of tunnel fires 

Road tunnel, subway tunnel and railway tunnel are the main forms of traffic 

tunnels. As they are all narrow and long structure, the basic characteristics of tunnel 

fires are similar[4]. First, in a tunnel fire, large amounts of high-temperature smoke 

and poisonous gas will be produced. Li et al.[5] found that the maximum ceiling 

excess temperature in tunnel fires can reach 1350℃. The concrete structure will 

experience a strength reduction and the concrete surfaces will fall off at high 

temperature[6, 7]. Results from many fire accidents demonstrate that compared with 

the direct heat injury caused by the flame and hot smoke, the consequences resulted 

from the inhalation of poisonous gas (mainly including carbon monoxide, CO) are 

more serious, which accounts for 75 - 85% of deaths in building fires. Second, the 
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smoke and poisonous gas can’t be discharged immediately after a tunnel fire. They 

spread quickly along the tunnel ceiling under the action of buoyancy and thus 

expands the fire hazards. Third, as the smoke descends gradually, the visibility in the 

tunnel decreases, which may create panic for users. At the same time, the narrow 

spaces and the complex road conditions further restrict the evacuation and rescue 

service, and the stampede accident probably occurs, which occurs a secondary injury. 

In reality, each type of tunnel has differences in use function, therefore their fire 

characteristics are slightly different in some aspects, which produce different levels 

of fire hazards. 

(1)  Road tunnel 

Road tunnel has a high utilization rate and there are a large number of vehicles 

running in road tunnels every day. The management of vehicles used the tunnels is 

thus difficult, and road tunnel fires occurs more frequently than other tunnels. The 

width of road tunnel is generally wider than that of subway tunnel and railway tunnel. 

In addition, the length of road tunnel in urban areas is normally shorter, so the degree 

of smoke accumulation inside the tunnel is lower, which provides more possibilities 

for evacuation in case of a fire. In road tunnel fires, heavy goods vehicles and oil 

tankers have the highest fire hazards[8]. They have a heat release rate level of 

hundreds of megawatts, which may cause serious casualties and damage to the 

tunnel structure. A typical example is the Yanhou road tunnel fire in Shanxi, China 

in 2014. Two oil tankers loaded with methanol collided in the tunnel, resulting in a 

fire starting from the leaked methanol. The methanol fire spreads towards the low 

side of the terrain, successively causing over 30 vehicles, including coal trucks, to 

burn. At the same time, a large vehicle containing liquid natural gas exploded in the 

tunnel. This tunnel fire accident resulted in 40 deaths, 12 injuries and damage of 42 

vehicles, with a direct economic loss of about 81.97 million yuan[9]. Fig. 1.1 shows 

the corresponding fire scene in Yanhou road tunnel. 
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Figure 1.1 Yanhou road tunnel fire in Shanxi of China [9]. 

 

 (2)  Subway tunnel 

The number of fires in subway tunnels is less than that in road tunnels, while 

its fire hazards can be much higher. The subway trains mostly operate under the 

ground, and both the running tunnel and the platform are relatively closed spaces, 

with limited connections to the outside, so the smoke and poisonous gas produced 

by the fire are difficult to be discharged. Besides, both the trains and platforms are 

assembly occupancies, and the cross section of the running tunnels are normally 

much smaller than the other vehicle tunnels. These characteristics make it difficult 

for users to evacuate. Therefore, once a fire occurs in the subway tunnel, it is very 

likely to cause a serious fire accident with a high number of casualties. The 

reasons for the occurrence of a fire in the subway tunnel include electrical and 

mechanical failures of vehicles, smoking, arson and terrorist attack[10]. A typical 

example is the Baku subway tunnel fire in Azerbaijan in 1995. When a subway 

train carried with passengers just left the platform 200 m, all the lights in the train 

were suddenly turned off due to the electrical failure. After that, a fire occurred 

and then surrounded the passengers. At the same time, the doors and windows of 

the train could not be opened and it was very dark in the train. Consequently, 

many people were immersed in the flames and poisonous gas. This tunnel fire 

accident resulted in 558 deaths and 269 injuries[11]. Fig. 1.2 shows the 

corresponding fire scene in Baku subway tunnel. 
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Figure 1.2 Baku subway tunnel fire in Azerbaijan [10]. 

 (3)  Railway tunnel 

Railway tunnel is also narrow, belonging to a thin-high type of tunnel. The 

railway train has the function of transporting passengers, which is similar to the 

subway train. Another function of railway train is to transport goods, and it can carry 

a dozen of carriages carrying combustible goods or even dozens of oil tanks. Once 

the combustible liquid products leak and cause a fire, the fire area is large, and the 

burning duration is long, and the combustion intensity is high, and there is also a 

possibility of explosion, resulting in huge economic losses. Therefore, the heavy 

haul railway tunnel fires for transporting goods is worthy of high attentions. A 

typical example is the Liziyuan railway tunnel fire in Sichuan, China in 1990. A 

railway train, which is composed of 46 aviation gasoline tanks and 9 trucks, caught 

fire and then exploded when it entered the Liziyuan railway tunnel, which resulted in 

4 deaths, 14 injuries, damage of 18 oil tanks and 5 trucks and 24-days shutdown of 

Xiangyu railway[12]. The reason of this accident is that the leakage of oil tank valve 

led to the overflow of gasoline and vaporized fuel. Under the high temperature in 

summer, the concentration of vaporized fuel increased to the explosion limit after 

entering the tunnel, and finally the fuel was ignited by the spark and explosion 

occured [13]. In such circumstance, the traditional rescue strategies can’t effectively 

control the fire development. The fire department decided to seal the tunnel portals, 

which finally controlled the development of the tunnel fire and avoided the 

re-occurrence of explosion. Fig. 1.3 shows the scene of sealing tunnel portals and 

water injection after the fire. 



Chapter 1 Introduction 

5 

 

Figure 1.3 Li ziyuan railway tunnel fire in Sichuan of China. 

1.1.2 Tunnel fire control 

Because of the high hazards of tunnel fires, it is necessary to control it in time 

after a fire occurs. The high-temperature smoke and poisonous gas in tunnel fires are 

the main reasons that endanger users’ safety and hinder rescue service. As a result, 

the tunnel is usually installed with a ventilation system, aiming to stop the fire 

smoke from spreading uncontrollably, which creates good conditions for evacuation 

and rescue service. Another strategy for controlling tunnel fires is to install fixed fire 

fighting systems (FFFS)[14], aiming to limit the fire development and even extinguish 

the fire by spraying fire-extinguishing substance to the fire source, which can be 

regarded as a supplement to the traditional fire fighting and rescue service in the 

tunnel. This section mainly introduces the ventilation systems and fixed fire fighting 

systems. 

(1)  Tunnel fire ventilation systems 

The ventilation modes in tunnels include longitudinal ventilation, transverse 

ventilation and semi-transverse ventilation[13]. Longitudinal ventilation is the most 

common method for smoke control in tunnel fires, having the advantages of low cost 

and convenient construction. It utilizes the longitudinal air flow produced by the jet 

fan to move the smoke into the downstream tunnel and provides a non-smoke space 

for evacuation and fire fighting in the upstream tunnel. Therefore, the tunnel users 

can escape when they are in the upstream. However, the tunnel users in the 

downstream are exposed to heat and smoke flow[14]. Transverse ventilation has the 

function of supply and exhaust. It utilizes the continuous air supply outlets and 

smoke exhaust outlets to simultaneously supply air and discharge smoke in the 

tunnel, forming a ventilation air flow along the cross-section of tunnel. As a result, 
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fire smoke can be controlled to a limited range. However, transverse ventilation has 

the disadvantages of high cost and difficult installation. Semi-transverse ventilation 

has half of the functions of transverse ventilation, including semi-transverse 

ventilation for supply and semi-transverse ventilation for exhaust. Natural ventilation 

by use of vertical shafts (roof openings) is a special form of semi-transverse 

ventilation, which utilizes the stack effect to discharge the smoke through the shaft. 

The natural ventilation shafts have been widely applied in road tunnels in the last 

decades due to its advantages of without extra duct and power consumption. 

(2)  Fixed fire fighting systems 

Common fixed fire fighting systems (FFFS) includes deluge water spray 

systems, water mist systems, automatic sprinkler systems and foam systems[14]. 

Deluge water spray systems, water mist systems and automatic sprinkler system all 

use water as the main extinguishing medium, and their differences mainly depend on 

the operating pressure, the water droplet size and the activation way. Deluge water 

spray systems are the most widely used fire fighting systems in tunnels, which 

operate under low pressure (several atmospheric pressure). It is generally manually 

activated and needs to use a lot of water to spray towards the fire area, consequently 

extinguishing the fire in the way of surface cooling. Water mist systems operate 

under high pressure (over 10 atm) with very small droplets, which can control the 

fire in the way of cooling and oxygen asphyxiation. The amount of water required to 

use is much less than that in deluge water spray systems. Automatic sprinkler 

systems can be automatically activated when the temperature or heat flux reaches a 

certain critical value, but it is seldom used in tunnels. Foam systems use foam as the 

main extinguishing medium, which can extinguish the fire in the way of oxygen 

asphyxiation, radiation isolation and cooling. Foam systems further include foam 

water spray systems, high expansion foam systems and compressed air foam systems. 

Foam water spray systems can control fires involving both flammable liquid spills 

and solid material in tunnels. While high expansion foam systems and compressed 

air foam systems are not applicable to tunnel fires as the foam may decrease the 

visibility inside the tunnel[15]. 
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1.2  Research status 

The high hazards of tunnel fires attract high attentions of relevant stakeholders 

around the world. In the past few decades, many scholars have been engaged in the 

scientific research of tunnel fires, and have achieved great achievements, which 

improve the understanding of tunnel fire dynamics and promote the development of 

tunnel fire prevention and mitigation measures.  

1.2.1  Main research works in tunnels 

The poisonous gas is the main cause of casualties in tunnel fires. Therefore, the 

studies of smoke transportation law are always the focus in the field of tunnel fires. 

The specific research fields mainly include the following aspects:  

(1)  Smoke transportation, diffusion and stratification 

Different from the free rise of fire plume in the open, the ceiling jet will be 

formed after the fire plume reaches the ceiling in tunnel fires. Kunsch[16] divided the  

fire plume in tunnels into five stages, i.e. rising plume, turning region near the 

ceiling, radial spreading under the ceiling, transition from radial to one-dimensional 

flow and one-dimensional flow under the ceiling parallel to the tunnel axis. Oka et 

al.[17, 18] measured the vertical temperature and velocity distribution of smoke layer at 

different longitudinal locations in a model-scale tunnel and then predicted the 

velocity and temperature attenuation of a ceiling-jet. It was found that the thickness 

of smoke layer is constant in the one-dimensional flow. Bailey et al.[19] developed 

another prediction model for the spread velocity of smoke beneath the ceiling. 

Results indicated that the velocity is proportional to the temperature rise of smoke 

and the thickness of smoke layer. Newman[20] evaluated the fire-induced smoke 

stratification in a medium-scale coal lane. Results indicated that three regions of 

varying degrees of stratification can be identified in terms of specific Froude number 

values. Region I is the buoyancy dominated temperature stratification where the gas 

temperature near the floor is essentially ambient (Fr<0.9); and Region II is 

dominated by strong interaction between imposed horizontal flow and buoyancy 

forces. Although not severely stratified or layered, it has vertical temperature 

gradients (0.9≤Fr≤10); and Region III has insignificant vertical temperature 

gradients and consequently insignificant stratification (Fr>10). Yang et al.[21] studied 

the effect of mechanical exhaust system on the buoyant flow stratification beneath 
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the ceiling in a model-scale tunnel. Results indicated that the thermal stratification 

and the consequent flow patterns correlate well with the Richardson number. The 

flow pattern can be divided into three categories, i.e. stable buoyant stratification 

(Ri>0.9), stable buoyant flow stratification but with interfacial instability 

(0.3<Ri<0.9), and unstable stratification (Ri<0.3). Ingason[22] measured the O2 

volume fraction and gas temperature inside the smoke layer using different scale 

tunnels. Results indicated that there is a correlation between the local temperature 

and the O2 volume fraction. 

(2)  Maximum gas temperature rise beneath the ceiling 

The maximum gas temperature rise beneath the ceiling is one of the most 

important parameters in evaluating fire hazards and guiding fire detection. Alpert[23] 

proposed a prediction model of maximum gas temperature rise of ceiling jet, which 

is applied to specific scenarios that the distance from fire source to the nearest 

vertical wall can’t be less than 1.8 times of ceiling height, see Eq. (1.1). That is, the 

model doesn’t consider the smoke accumulation under the ceiling in tunnels. 

 

2 3

max 5 3
16.9

ef

Q
T

H
 =                         (1.1) 

where Q  is the heat release rate and Hef  is the effective tunnel height. 

Kurioka[24] developed a prediction model of maximum gas temperature rise of 

smoke layer by conducting both model and full-scale tunnel experiments. It is found 

that the maximum gas temperature rise approaches infinity when the longitudinal 

ventilation velocity approaches zero, which means the model doesn’t work when the 

ventilation velocity is very low, see Eq. (1.2). 

 

2 3

max

1 3

o

T Q

T Fr




 

=  
 

   (1.2)     

where Q  is the dimensionless heat release rate, see Eq. (1.3), Fr is the Froude 

number, see Eq. (1.4). 
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where V is the longitudinal ventilation velocity, H is the tunnel height, oT  is the 

ambient air temperature, g is the gravity acceleration, o  is the ambient air density 

and pc  is specific heat of air at constant pressure. 

Values of   and   depend on: 

 

2 3 1 3

2 3 1 3

1.35, 1.77, 6 5

1.35, 2.54, 0

Q Fr

Q Fr

 

 

  = =

  = =
    (1.5) 

Li et al.[25] developed another prediction model of maximum temperature of 

buoyancy-driven smoke flow beneath the ceiling based on a plume theory and a 

large amount of experimental data, which considers the effect of ventilation velocity 

on the flame behaviors, see Eq. (1.6). It is found that the influence is negligible when 

the dimensionless ventilation velocity is less than 0.19, while the ventilation affects 

the air entrainment and flame shape and therefore decreases the temperature when 

the dimensionless ventilation velocity is greater than 0.19. Besides, Li et al.[5] found 

that the maximum ceiling gas temperature can reach 1350°C by summarizing the 

experimental data from large-scale experiments. 

    
1 3 5 3

max 2 3

5 3

,     0.19

  

17.5 ,     0.19 

ef

ef

Q
V

Vb H
T

Q
V

H


 


 = 

  



    (1.6)  

and 
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c
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gQ
V V

b c T

 
 =   

 

   (1.7) 

where b is the radius of fire, V   is the dimensionless longitudinal ventilation 

velocity and 
cQ  is the convective heat release rate. 

These prediction models given by Alpert[23], Kurioka[24] and Li et al.[25] lay a 

good foundation for further expanding the research scope of maximum gas 

temperature rise in tunnel fires。 

(3)  Longitudinal temperature attenuation law 

The longitudinal temperature attenuation beneath the ceiling is an important 

characteristic in the process of smoke longitudinal diffusion, which reflects the heat 

loss of smoke in the process of longitudinal diffusion in tunnels. Moreover, the 

longitudinal temperature distribution along the tunnel can be obtained by combining 

the maximum gas temperature rise with the temperature attenuation law. Evers and 

javascript:;
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Waterhouse[26], Delichatsios[27], Kim et al.[28], Bailey et al.[19], Hu et al.[29, 30], Gong 

et al.[31], Zhao et al.[32] studied this issue successively. Delichatsios[27] studied the 

longitudinal attenuation law of smoke temperature beneath the ceiling between two 

vertical beams and established a prediction model, see Eq. (1.8). 

 

1 3
1 3

6.67
2

max

0.49
2

x W
St

H HxT W
e

T H

 
−   

 
  

= 
  

   (1.8) 

where xT  is the gas temperature rise beneath the ceiling at x m from the fire 

source, 
maxT  is the maximum gas temperature rise beneath the ceiling, W is the 

tunnel width and St is the Stanton number. 

Hu et al.[29] studied the attenuation law of longitudinal smoke temperature along 

the tunnel by analyzing the continuity equation, energy square and heat transfer 

equation in the process of longitudinal smoke diffussion, and established a 

corresponding prediction model, see Eq. (1.9). 

 
( )

max, max,

rK x xx x o

r r o

T T T
e

T T T

− − −
= =

 −
     (1.9) 

where 
max,rT  is the maximum gas temperature rise beneath the ceiling at a 

reference location, xr is the distance between the reference location and fire, and K is 

the longitudinal temperature attenuation coefficient. Hu et al.[30] found that the 

average temperature attenuation coefficient is 0.019 by conducting four groups of 

full-scale tunnel experiments. 

Gong et al.[31] established a thermal equilibrium equation by analyzing the heat 

transfer process of longitudinal smoke diffusion, and then predicted the longitudinal 

attenuation distribution using a double exponential function, see Eq. (1.10). 

 
1 2

1 2

x a W x a Wx

o

T
A e A e

T

− −
= +  (1.10) 

where A1, A2, a1 and a2 is the fitting coefficient. 

Zhao et al.[32] studied the effect of ventilation velocity on the longitudinal 

temperature attenuation. Results indicated that the smoke temperature distribution in 

the upstream seems to be much more sensitive to the ventilation velocity than that in 

the downstream and finally a new modified temperature attenuation model at 

upstream side of fire source was proposed. 
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(4)  Smoke backlayering length and critical ventilation velocity 

For the purpose of smoke control in tunnel fires, Thomas[33, 34], Heselden[35], 

Danziger and Kennedy[36, 37], Oka and Atkinson[38], Wu and Bakar[39], Hu et al.[30] 

and Li et al.[40] studied the smoke backlayering length and the critical ventilation 

velocity successively. Thomas[33, 34] compared the buoyancy head of smoke flow and 

the velocity head of fresh air flow, and defined the critical Froude number, see Eq. 

(1.11).  

 2c

o c

gH
Fr

V






=  (1.11) 

Thomas suggested that the smoke backflow disappears when the critical Froude 

number approaches 1. As a result, the prediction model of critical ventilation velocity 

can be expressed as follows: 

 

1 3

c
c

o p

gQ H
V

c TA

 
=   

 

 (1.12) 

and 

   c
o

o p c

Q
T T

c AV
= +  (1.13) 

where T  is the gas temperature, A is the cross section area of tunnel. Based on the 

experimental data from Lee et al.[41], it is found that the critical Froude number 

varies from 4.5 to 6.7[40], while Kennedy[37] suggested that the critical Froude 

number is 4.5. 

Hu et al.[30] thought that the buoyancy should be equal to the inertial force when 

the smoke front stops propagating, and then obtained a prediction model of the 

smoke backlayering length by associating the static pressure difference and the 

hydraulic pressure, see Eq. (1.14). Then a prediction model of the critical ventilation 

velocity was further derived by setting the back-layering length to be 0, see Eq. 

(1.15). 

 2 2
ln[ ( )] / 0.019

h
l K

V
=    (1.14) 
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=   (1.16) 

where h is the thickness of smoke layer,   and   are the coefficients in Eq. (1.5).  

Li et al.[40] established prediction models of the smoke backlayering length and 

the critical ventilation velocity based on dimensional analysis and a large amount of 

experimental data, respectively, see Eq. (1.17) and Eq. (1.18). 
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and 

                             
V

V
gH

 =  (1.19) 

where l is the smoke backlayering length, V  is the dimensionless ventilation 

velocity, cV  is the critical ventilation velocity. Results indicated that when the 

dimensionless heat release rate is less than 0.15, the dimensionless critical 

ventilation velocity and the dimensionless smoke backlayering length vary as the 

one-third power of the dimensionless heat release rate. While at higher heat release 

rates, the dimensionless smoke backlayering length depends only on the ventilation 

velocity and the dimensionless critical ventilation velocity is a constant. The critical 

ventilation velocity is about 3 m/s in any full-scale tunnel fires. 

(5)  Smoke control by shafts 

Besides the longitudinal ventilation, the natural ventilation by use of short 

vertical shafts (roof openings) is also an important approach to control tunnel fire 

smoke. Ji et al.[42, 43] conducted a set of burning experiments and numerical 

simulations, and observed two special phenomena during nature smoke exhausting 

with vertical shafts for the first time, the plug-holing and the turbulent 

boundary-layer separation, both of which influence the effect of nature smoke 

exhaust. When shaft height is relatively small, the boundary layer separation is 

significant and there is a region of relatively low smoke density near the upstream 

wall of shaft. The shaft volume for exhausting actual smoke is only part of the total 

volume, which leads to a significant reduction in exhausting effectiveness. With the 

increasing shaft height, the boundary layer separation becomes inconspicuous and 
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the plug-holing occurs, leading to the ambient fresh air beneath smoke layer being 

exhausted directly, which strongly decrease the smoke exhaust efficiency. Ji et al.[42] 

put forward a criterion of a Richardson number, Ri', to determine the critical shaft 

height. Results indicated that the boundary layer separation occurs when Ri' is less 

than 1.4, and the plug-holing occurs when Ri' is greater than 1.4. Zhang et al.[44] 

analyzed numerically on the critical shaft height of plug-holing in the natural 

ventilated tunnel fires, considering the influence of fire-shaft distance, fire heat 

release rate, tunnel width and shaft dimension. Finally, one expression of critical 

shaft height of plug-holing was obtained based on the study from Ji et al.[42]. Ji et 

al.[42, 43, 45, 46], Fan et al.[47], Yao et al.[48] and Cong et al.[49, 50] further studied the 

effect of shaft height, aspect ratio of shaft, bevel-angle connection shaft, shaft 

arrangement, inclined shaft board-coupled shaft on improving smoke exhaust 

efficiency. Yao et al.[51] studied numerically the overall smoke control of natural 

ventilation systems with vertical shafts during fires in a common road tunnel. It was 

found that the total exhaust area of shafts that is required to exhaust all the smoke is 

about 100 m2. 

(6)  Hybrid smoke exhaust mode 

In order to solve the problem that single longitudinal ventilation can’t control 

the fire smoke in the tunnel perfectly, Ingason and Li[52] focuses on single and 

two-point extraction ventilation systems to complement the previous study using 

longitudinal ventilation only. Results indicated that smoke flows upstream and 

downstream of the fire source can be fully controlled if the ventilation velocities 

upstream and downstream are above about 2.9 and 3.8 m/s, respectively, at full scale 

for a single-point extraction ventilation system and greater than about 2.9 m/s on 

both sides at full scale for a two-point system. Chen et al.[53, 54] studied the 

characteristics of smoke diffusion in tunnels with a combination of ceiling extraction 

and longitudinal ventilation in a model-scale tunnel, considering two scenarios 

where the fire is exactly under the ceiling extraction and in the upstream of the 

ceiling extraction, respectively. Finally, one prediction model of smoke spread 

length on both sides of the fire was established based on the study from Li et al.[40]. 

Tang et al.[55] further analyzed the scenario when the fire is in the downstream of the 

ceiling extraction. Yao et al.[56] studied the smoke backlayering length in 

longitudinal ventilated tunnel fires with a vertical shaft in the upstream based on the 

studies from Li et al. [40] and Chen et al.[53, 54]. Besides, Mao and Yang[57], Wang and 
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Sun et al.[58], Wang and Yuan et al.[59] also studied the characteristics of smoke 

diffusion and control in tunnel fires by using the hybrid smoke exhaust mode of 

longitudinal ventilation and ceiling extraction (or vertical shafts). 

On the basis of the above six aspects of researches, some scholars have carried 

out a lot of research works on the influences of tunnel slope[60-66], ambient 

pressure[67-71], obstruction[72-76] and tunnel geometry[77-81], etc on the smoke 

transportation law in tunnel fires. These research results further enrich the tunnel fire 

dynamics theory. 

(7)  Other researches 

In addition to the smoke transportation law, the studies of flame behaviors in 

tunnel fires have also been widely carried out. Rew and Deaves[82], Ingason and Li[83] 

studied the ceiling flame length under the longitudinal ventilation in both model and 

full-scale tunnels. Results indicated that the effect of longitudinal ventilation velocity 

on flame length is not as important as the heat release rate. Lönnermark and 

Ingason[84] further studied the relationship between the downstream ceiling flame 

length and fire spread and then determined a critical distance for fire spread between 

HGV trailers for different HRR histories. Li et al.[85] studied the effect of tunnel 

structure on the heat feedback of fuels in a model-scale tunnel. Results indicated that 

for well-ventilated heptane pool fires, the tunnel width nearly has no influence on the 

HRR whilst a lower tunnel height clearly increases the HRR. For well ventilated 

solid fuel fires, the HRR increases by approximately 25% relative to a free burn test 

but the HRR is not sensitive to either tunnel width, tunnel height or ventilation 

velocity. Gao et al.[86] studied the effect of tunnel sidewall on flame characteristics 

and air entrainment factor of pool fires in a model-scale tunnel. Results indicated 

that owing to the confinement effect of sidewall, the flame height increases with the 

decrease of fire-sidewall distance and when a fire is flush with sidewall, the 

entrainment factor decreases to 46 % of that when the fire is at the longitudinal 

centerline of tunnel. Ji et al.[87] and Wan et al.[88] studied the flame merging behaviors 

from two pool fires in a model-scale tunnel. 

1.2.2  Tunnel fires with confined portal boundaries 

It is known that most of previous studies on tunnel fire dynamics and mitigation 

measures are based on good ventilation conditions in tunnels, such as longitudinal 

ventilation and natural ventilation with the premise that a tunnel has two open 
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portals. However, in some special tunnel fire scenarios, the two tunnel portals are 

incompletely or completely closed (which is defined as confined portal boundaries in 

this thesis), and such examples include the fire in a subway train, a building corridor, 

an underground utility tunnel, a mining tunnel, a tunnel during construction and the 

application of sealing tunnel portals for fighting large tunnel fires and so on. Under 

such conditions, the ventilation from the tunnel portals is confined significantly, 

reducing the amount of air entrainment entering the tunnel, and limiting the exhaust 

of smoke in the tunnel. As a result, the fire gas would be accumulated in the tunnel 

and vitiate the combustion environment, and therefore the tunnel fire is probably 

under-ventilated. In reality, the studies about the characteristics of tunnel fires under 

confined portal boundaries are rare. The knowledge of tunnel fire dynamics for 

tunnels under good ventilation conditions is probably not applicable to the scenarios 

of tunnel fires under confined portal boundaries. 

Ji et al.[89] studied the maximum gas temperature beneath the ceiling in a 

model-scale tunnel with one portal closed and another portal opened. Results shown 

that the maximum gas temperature rise increases exponentially with a shorter 

distance (0.25 - 2 m) between the fire source and closed end wall, which results from 

the heat feedback of returned hot gas bounced from the end wall. Ji [90] studied 

numerically the sealing strategy in a full-scale heavy haul railway tunnel fires. 

Results indicated that increasing the sealing ratio at two tunnel portals can 

significantly decrease the temperature inside the tunnel, and after the sealing ratio 

exceeds 70 % the temperature keeps almost constant. However, this conclusion is 

obviously not applicable to all the tunnel fire scenarios of different heat release rates. 

Chen et al.[91] further investigated the pool fire behaviors to different opening areas 

by sealing at both tunnel portals in a model-scale tunnel. Results indicated that for a 

given heat release rate, the temperature inside the tunnel first increases and then 

decreases (under-ventilated) with the increase in sealing ratio. That is, there is a 

critical sealing ratio where the temperature would reach the maximum. Chen et al.[92] 

also studied the pool fire behaviors to asymmetrical sealing at both tunnel portals. 

Results indicated that the hot smoke region shifts to the side not completely sealed, 

and burning at the side with less sealing ratio is more violent with higher smoke 

temperature. Huang et al.[93] studied numerically the effect of sealing ratio on the gas 

temperature inside the tunnel by CFD simulation and given a corresponding 

prediction model. 
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The equivalence ratio (ϕ) can be utilized to determine whether a fire is 

well-ventilated (fuel-controlled) or under-ventilated (ventilation-controlled), 

Tewarson[94] defined the expression of equivalence ratio see Eq. (1.20). 

                             
f

a

rm

m
 =     (1.20)         

where am  is the air flow rate, 
fm  is the mass loss rate of fuel and r is the 

stoichiometric coefficient. Theoretically, it is thought that when ϕ < 1, the oxygen is 

sufficient and the fire is well-ventilated, and the HRR is directly proportional to the 

mass loss rate of fuel. When ϕ = 1, the combustion process is stoichiometric 

(complete combustion). When ϕ > 1, the oxygen is not sufficient and the fire is 

under-ventilated, and the HRR is directly proportional to the mass flow rate of air. 

Ingason et al.[14] put forward an easy calculation method for the stoichiometric 

coefficient. The chemical reaction equation between CHO fuel and ambient air can 

be expressed as follows: 

a b c 2 2 2 2 2

b c b b c
C H O a (O 3.76N ) aCO H O a 3.76N

4 2 2 4 2

   
+ + − + → + + + −   

   
  (1.21) 

where the molar ratio of nitrogen (N2) to oxygen (O2) in air is 3.76:1, and the molar 

mass of air is 28.95g/mol, and (1+3.76)28.95=137.8. Therefore, the stoichiometric 

coefficient (r) which gives the mass ratio of air to fuel required for stoichiometric 

combustion of fuel to produce CO2 and H2O can be expressed as follows: 

 
137.8(a b 4 c 2)

12a b 16c
r

+ −
=

+ +
  (1.22) 

By associating the heat release rate ( Q ) and 
fm , Ingason et al[14] further given 

another expression of the equivalence ratio, see Eq. (1.23). 
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Reviewing previous studies on tunnel fires, it is known that the studies about 

the characteristics of tunnel fires under confined portal boundaries are rare. 

Moreover, there are still some unsolved scientific questions, for example: 

① The flame behaviors and maximum gas temperature rise beneath the ceiling 

in an enclosed tunnel under different fire locations. 

② The influences of initial sealing time on the fire development in the 

application of sealing tunnel portals for fighting large tunnel fires. 
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③The characteristics of under-ventilated tunnel fires and self-extinguishment 

and the critical conditions for the occurrence of under-ventilated tunnel fires and 

self-extinguishment.  

Therefore, by combining model/medium-scale tunnel experiments and 

theoretical analyses, this thesis studies the fire behaviors and smoke transportation 

law of tunnel fires under confined portal boundaries, considering the behaviors of 

small fire in an enclosed tunnel for early detection, the development of large fires 

under different sealing conditions for fire control, the characteristics of 

under-ventilated tunnel fires and self-extinguishment for fire prediction. The purpose 

of this study is to improve the understanding of tunnel fires under confined portal 

boundaries and develop fire mitigation measures.  

1.3  Outline of this thesis 

There are seven chapters in this thesis: 

The first chapter is the introduction. This chapter firstly introduces the 

characteristics and mitigation measures of tunnel fires, and then gives a review of 

tunnel fire researches, and finally introduces the outlines of this thesis. 

The second chapter is about the tunnel fire similarity theory and scaling effects 

of pool fires. This chapter first discusses the theoretical basis for conducting fire 

experiments using model-scale tunnels and the scaling correlation of some important 

fire parameters between different scales based on the Froude scaling. However, the 

MLRPUA doesn’t comply with such as scaling. Therefore, through the theoretical 

analysis and a large amount of experimental data collected, this chapter further 

studies the scaling effects of pool fires, focusing on the coupling effects of wind 

velocity, pool diameter and tunnel environment on the MLRPUA of pool fires. As a 

further extension of tunnel fire similarity theory, it provides the basis and reference 

for later model/medium-scale tunnel experiments. 

The third chapter focuses on the maximum gas temperature rise beneath the 

ceiling in an enclosed tunnel under different fire locations. When a fire occurs in an 

enclosed tunnel, the flame behaviors are different from those in a normal tunnel. By 

conducting model-scale tunnel experiments, the phenomenon of flame inclination 

and the law of maximum gas temperature rise beneath the ceiling varying with 

longitudinal fire location are observed. Then through the theoretical analysis and 
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dimensional analysis, the prediction model of maximum gas temperature rise is 

developed, respectively. The outcomes are of great significance for understanding 

the fire behaviors and guiding the early fire detection for enclosed tunnel fires. 

The fourth chapter is on the application of sealing tunnel portals for fighting 

large tunnel fires. After a tunnel fire increases to a large size, the traditional rescue 

strategies may be unable to effectively control the development of the fire. In such 

circumstances, sealing tunnel portals is an important strategy to control the fire in the 

tunnel. By conducting model-scale tunnel experiments, some important fire 

parameters were obtained and then the coupling control effects of sealing ratio and 

initial sealing time on the fire development are studied. Moreover, some dangerous 

scenarios that are adverse to rescue service during the sealing are also summarized. 

The fifth chapter is about the critical conditions for the occurrence of 

under-ventilated tunnel fires and combustion mechanisms. The combustion becomes 

under-ventilated after sealing tunnel portals. By conducting model-scale and 

medium-scale tunnel experiments, some important fire parameters were measured 

and the critical conditions for the occurrence of under-ventilated tunnel fires are 

quantified based on the equivalence ratio. Besides, the conversion mechanisms from 

the insufficient combustion in early under-ventilated tunnel fires to sufficient 

combustion are explained. The outcomes are of great significance for improving the 

understanding of under-ventilated tunnel fires and guiding the fire control in tunnels. 

The sixth chapter focuses on the critical conditions for the occurrence of 

self-extinguishment and influencing factors in tunnel fires. In under-ventilated tunnel 

fires, the fire will self-extinguish with a further decrease of ventilated rate (O2 level). 

By conducting experiments in a model-scale tunnel during construction, the 

influences of fuel type, fire location, and tunnel slope, etc on the fire development 

are investigated, and the critical conditions for the occurrence of self-extinguishment 

are quantified based on the equivalence ratio and O2 volume fraction. Finally, the 

characteristics of smoke spread and descent in the tunnel with confined portal 

boundaries are analyzed. 

The seventh chapter includes the conclusions and future works. This chapter 

first summarizes the main research conclusions of this thesis, and then introduces the 

main innovation points, and finally puts forward the deficiencies of this thesis and 

the prospects for future works. 
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The last parts of this thesis include the references, acknowledgment and the 

published papers and awards of this author. 

Figure 1.4 shows the technology roadmap of this thesis, which corresponds to 

the content from the second chapter to the sixth chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         

         Figure 1.4 Technology roadmap of this thesis. 

 

Nomenclature in this chapter 

g: acceleration of gravity (m/s2) 

cp: specific heat at constant pressure (kJ/(kg·K)) 

To: ambient air temperature (K) 

T : gas temperature (K) 

maxT : maximum gas temperature rise beneath the ceiling (K) 

Small fire Early detection 

Scaling effects of pool fires 

Fire Behaviors and smoke transportation law of 

tunnel fires under confined portal boundaries 
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xT : gas temperature rise beneath the ceiling at x m from the fire source (K) 

max,rT  maximum gas temperature rise beneath the ceiling at reference location (K)  

Q : heat release rate (kW) 

Q : dimensionless heat release rate (-)  

cQ : convective heat release rate (kW) 

A: cross section area of tunnel(m2) 

h: thickness of smoke layer (m2) 

b: radius of fire (m) 

H: tunnel height (m) 

efH : effective tunnel height (m) 

W: tunnel width (m) 

l: smoke backlayering length (m) 

l : dimensionless smoke backlayering length (-) 

xr: distance between reference location and fire (m) 

V: longitudinal ventilation velocity (m/s) 

Vc: critical longitudinal ventilation velocity (m/s) 

V  : dimensionless longitudinal ventilation velocity (-) 

V  : dimensionless longitudinal ventilation velocity (-) 

cV  : dimensionless critical longitudinal ventilation velocity (-) 

K: longitudinal temperature attenuation coefficient  

Greek symbols 

o : ambient air density (kg/m3) 

 and : coefficients in Eq. (1.5) 
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Chapter 2                                      

Tunnel fire similarity theory and scaling effects of pool fires 

The ultimate goal of most large-scale pool fire tests is to obtain general 

conclusions that can be applicable to actual fire scenarios. However, large-scale 

fire tests are expensive so small-scale fire tests have been widely used in tunnel fire 

researches. In this thesis, several series of model-scale tunnels were conducted to 

investigate the research questions of this thesis. Therefore, this chapter discusses the 

theoretical basis for conducting fire experiments using model-scale tunnels. The 

conversion of experimental results for some important fire parameters (such as 

velocity, temperature, time, heat release rate, etc) from model scale to full scale is 

introduced combining with the Froude scaling. However, it is impossible to scale all 

the fire parameters using scale technology between different scales. The mass loss 

rate of unit area (MLRPUA) of pool fires is a typical example. The heat feedback 

mechanisms on the pool surface vary greatly at different scales, and are affected by 

the ventilation and tunnel environment, which complicates the predictions for the 

MLRPUA. Therefore, this chapter further studies the scaling effects of 

fuel-controlled pool fires, focusing on the coupling effects of wind velocity, pool 

diameter and tunnel environment on the MLRPUA of pool fires. 

2.1  Tunnel fire similarity theory 

The large/full-scale tunnel fire experiments can provide the first-hand 

information for the practical engineering applications, but it has shortcomings such 

as long experimental period, high cost, complicated operation, inconvenient data 

collection and poor repeatability, etc. These problems greatly limit the conduct of 

large/full-scale tunnel fire experiments. Several well-known full-scale tunnel fire 

experiments in history are shown in Table 2.1[14]. 
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Table 2.1 Full-scale tunnel fire tests 

Time Country Experiment 

1965  Switzerland Ofenegg Tunnel  

1970 United Kingdom Disused railway tunnel 

1975 Austria Zwenberg Tunnel 

1980  Japan  Kakeitou Tunnel (P.W.R.I.) 

1990 - 1992 Norway Abandoned tunnel (EUREKA EU499) 

1993 - 1995 America Memorial Tunnel 

2002  Netherlands Benelux Tunnel 

2003 and 2013 Norway Runehamar Tunnel 

2011  Sweden Abandoned tunnel (METRO) 

 

These large/full-scale experiments mostly studied the fire behaviors, spread of 

smoke, ventilation strategies, fire detection and control, rescue and escape conditions, 

etc. In general, the number of full-scale tunnel fire experiments is still limited, and 

the experimental results are not enough to solve all the problems involved in tunnel 

fires. 

Compared with the full-scale tunnel fire experiments, the model-scale tunnel 

fire experiments have the advantages of low cost, small footprint, short cycle, 

convenient operation, high measurement accuracy and good repeatability, etc. At the 

same time, the results from the model-scale experiments can be converted into the 

corresponding results in the real tunnel fire scenarios based on the tunnel fire 

similarity theory. Therefore, in the past few decades, model-scale tunnel fire 

experiments have been extensively carried out and become a main technical mean to 

solve specific engineering problems. The reliability of conducting small-scale tunnel 

fire experiments has also been confirmed[14, 25, 40, 83, 95]. 

2.1.1  Concept of similarity 

To ensure the motion state of matter in model-scale fire experiments can 

correctly reflect the motion state of matter in real (full-scale) fire scenarios, it is 

important that the similarity between the model-scale and the full-scale situation is 

well-defined. The similarity mainly includes geometric similarity, kinematic 

similarity and dynamic similarity[10, 96]. 

 



Chapter 2 Tunnel fire similarity theory and scaling effects of pool fires  

 

23 

(1)  Geometric similarity 

If an object can coincide with another object after being uniformly changed, 

these two objects are called to be geometric similarity. For example, the ratio of length, 

width and height between the model-scale tunnel and the full-scale tunnel should be 

the same. If the corresponding streamlines in two flow fields can coincide after 

uniform deformation, these two flow fields are called to be geometric similarity. 

              Model
length

Full

l
C

l
=     (2.1) 

(2)  Kinematic similarity 

When two geometrically similar objects move, if the motion path of the 

corresponding points is geometrically similar, and the ratio of the velocity of the 

corresponding points is constant (the direction is also the same), these two objects 

are called to be kinematic similarity. In two geometrically similar flow fields, if the 

ratio of the velocity of the fluid on the corresponding flow line is constant (the 

direction is also the same), the two flow fields are called to be kinematic similarity. 
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velocity

Full

u
C

u
=      (2.2) 

(3)  Dynamic similarity 

For two objects of geometrical and kinematic similarity, if the ratio of the force 

of the corresponding points is constant (the direction is also the same), these two 

objects are called to be dynamic similarity. For two flow fields of geometrical and 

kinematic similarity, if the ratio of the force of the fluid on the corresponding flow 

line is constant (the direction is also the same), the two flow fields are called to be 

dynamic similarity.  

 Model
Force

Full

Fo
C

Fo
=     (2.3) 

The forces involved in fluid mechanics mainly include inertial force, gravity, 

viscous force, elastic force, pressure and surface tension. The ratios between the 

inertial force and the gravity, viscous force, elastic force, pressure and surface 

tension constitute different non-dimensional numbers (similarity criterion numbers), 

respectively, i.e. Froude number ( 2Fr u gl= ), Reynolds number ( Re ul = ), Mach 

number ( Ma u c= ), Euler number ( 2Eu p u= ) and Weber number 

( 2We lu = )[10]. Therefore, if the ratio of each force in two flow fields is constant 
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(dynamic similarity), that is, the two flow fields can preserve different 

non-dimensional numbers, which plays an important role for conducting model-scale 

tunnel fire experiments. 

Generally, it is important to preserve all the non-dimensional numbers, e.g. the 

Froude number, the Reynolds number, and the Richardson number. For perfect 

scaling, all of these numbers should be the same in the model-scale and in the 

full-scale. Clearly, it is neither necessary nor possible to preserve all the terms by 

similarity theory simultaneously in model-scale experiments. The terms that are most 

important and most related to the study should be preserved. 

2.1.2  Scaling Techniques 

(1)  Pressure scaling 

Pressure scaling technology needs to preserve both the Froude number and the 

Reynold number by adjusting the environmental pressure in the test bed. In the 

pressure scaling, the pressure scales as 3/2 power of the length scale. This implies 

that the pressure needs to be adjusted to very high levels in model scale. This 

technique is only applicable to the flow and combustion processes that are affected 

significantly by Reynolds number or have a large change of pressure in system, such 

as the leakage combustion of high-pressure combustible gases[8, 10, 14]. 

(2)  Analog scaling 

The analog scaling technology uses the density differences of two fluids to 

simulate the smoke movement in a real fire scenario, which is in fact also a type of 

Froude scaling. Common experimental media include the combination of air and 

helium[97], as well as the combination of water and saturated salt water[98]. It is easier 

to achieve the turbulent flow conditions due to the small viscosity for water. 

However, the analog scaling technology can’t be used to study the heat transfer 

between the smoke and tunnel wall, and the radiation of fire plume[99, 100], which 

greatly limits its application in tunnel fires. 

(3)  Froude scaling 

Froude scaling technology needs to preserve the Froude number. The driving 

force of tunnel fire plume is the buoyancy and the Froude number characterizes the 

ratio of inertial force to buoyancy. Therefore, when conducting model-scale tunnel 

fire experiments, it is necessary to preserve the Froude number between different 

scales. The Reynolds number is not preserved but the fluid mode should be kept the 
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same to preserve the similarity in the fluid field[14]. The other similarity criterion 

numbers are generally partially scaled or implicitly scaled. Section 2.1.3 of this 

chapter provides a more detailed introduction about the application of Froude scaling 

technology in developing scaling correlations. 

2.1.3  General Froude scaling 

The controlling equation method and dimensional analysis method are the most 

common methods for obtaining scaling correlations. This section obtains some 

important dimensionless numbers that affect the scaling correlations by using 

controlling equation method, and then based on the Froude scaling, some important 

scaling correlation expressions in tunnel fires are obtained. The dimensional analysis 

method is used in the content of Section 3.3.4 of Chapter 3. 

The smoke movement of tunnel fires is a complex unsteady three-dimensional 

turbulent flow, and its flow satisfies the differential control equations of mass, 

momentum and energy conservation. For simplification, only the one-dimensional 

differential control equations of mass, momentum and energy conservation are 

discussed here[14, 101, 102]. 

Mass conservation equation: 
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m
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+ =

 
       (2.4) 

Component transport equation: 
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Momentum conservation equation: 
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Energy conservation equation: 
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   (2.7) 

where   is the density, t  is the time，u is the velocity, T is the temperature, p  

is the pressure, x  is the axis, g  is the gravitational acceleration,   is the kinetic 

viscosity, k  is the heat conductivity, pc  is the specific heat at constant pressure, 

iY  is the mass fraction for i-th species, 
iN  is the mass diffusivity for i-th species, 
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m  is the mass flow rate per unit volume, Q  is the heat release rate per unit 

volume and 
lossQ  is the heat loss rate per unit volume. The characteristic density

o , 

characteristic time to, characteristic velocity uo, characteristic temperature To, 

characteristic pressure Po and characteristic length l are introduced as reference 

values and then the corresponding parameters can be normalized with a 

dimensionless form denoted by (^), i.e. ˆ
o  = , ˆ

ot t t= , ˆ
ou u u= , ˆ

oT T T= , 

ˆ
op p p=  and x̂ x l= . As a result, the differential controlling equations group in a 

dimensionless form can be expressed as follows: 

Mass conservation equation: 
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Component transport equation: 
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Momentum conservation equation: 
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Energy conservation equation: 
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                                                       (2.11) 

By deforming and arranging the coefficients of the above differential controlling 

equations group, a new form of differential controlling equations group is given and 

12 sets of dimensionless numbers are obtained: 

Mass conservation equation: 
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Component transport equation: 
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Momentum conservation equation: 
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Energy conservation equation: 
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Dimensionless number: 
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Here 
7  is the reciprocal of Froude number, 5  is the reciprocal of Reynolds 

number, 5 3   is the Schmidt number, 5 8   is the Prandtl number. Based on 

the discussion in Section 2.1.2, it is known that for the buoyancy flow, the Froude 

number between different scales needs to be preserved first. According to 1 , it is 

known 1 2

ou l , i.e. the velocity scales as 1/2 power of the length scale. According 

to 1 , it is known 1 2

ot l , i.e. the time scales as 1/2 power of the length scale. 

According to 9 , it is known 
5 2Q l , i.e. the heat release rate scales as 5/2 power 

of the length scale. 

Based on the Froude scaling, more scaling correlations of parameters have been 

summarized in Table 2.2, which is also the main parameter involved in this thesis. If 

the turbulence characteristics in the model-scale experiments can be guaranteed 

(Re>103), the results from the model-scale experiments can be converted into the 

corresponding results in the real fire scenarios by using these scaling correlation 

expressions.    
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Table 2.2 List of scaling correlations of parameters 

Parameter type Scaling correlation a  No. 

Heat release rate (kW) ( )
5 2

Model Full Model FullQ Q l l=  (2.16) 

Velocity (m/s) ( )
1 2

Model Full Model Fullu u l l=  (2.17) 

Time (s) ( )
1 2

Model Full Model Fullt t l l=  (2.18) 

Temperature (K) 1Model FullT T =  (2.19) 

Volume fraction 1Model FullX X =  (2.20) 

Pressure (Pa) Model Full Model FullP P l l=  (2.21) 

a Model represents model scale, Full represents full scale 

2.1.4  Tunnel experiment platforms involved in this thesis 

There are five tunnel experiment platforms utilized in this thesis: 

The first model-scale tunnel is 14 m in length, 0.4 m in width and 0.5 m in 

height, which is composed of seven 2 m sub-tunnels. The model-scale tunnel can be 

regarded as a 1/15 model-scale railway tunnel or a 1/5 model-scale subway train 

carriage. It is used in Chapter 3 to study the maximum gas temperature rise beneath 

the ceiling in an enclosed tunnel. In addition to the special tunnel structure, this 

research results are also applicable to the early fire scenarios in a subway train 

carriage and an underground utility tunnel , etc. 

The second model-scale tunnel is 8 m in length, 0.4 m in width and 0.5 m in 

height, which is composed of four 2 m sub-tunnels. The model-scale tunnel can be 

regarded as a 1/15 model-scale railway tunnel. It is used in Chapter 4 to study the 

coupling control effects of sealing ratio and initial sealing time on tunnel fire 

development. The research can guide the actual application of sealing tunnel portals 

for fighting large tunnel fires. 

The third model-scale tunnel is 10.96 m in length, 1.08 m in width and 1.2 m in 

height, which can be regarded as a 1/6 model-scale railway tunnel. The fourth 

medium-scale tunnel is 100 m in length, 2.7 m in width and 3 m in height, which can 

be regarded as a 1/2.5 model-scale railway tunnel. The above two tunnels are used in 

Chapter 5 to study the critical conditions for the occurrence of under-ventilated 

tunnel fires and combustion mechanisms. The experimental works in this section 
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were finished by Professor Ingason working at RISE Research Institutes of Sweden. 

The author is responsible for the process and analysis of experimental data as well as 

writing of research paper. 

The fifth model-scale tunnel includes an access tunnel, which ends in a 

T-junction, with the two arms having different lengths, which can be regarded as a 

1/40 model-scale tunnel during construction. The system consists of three parts: 

Tunnel A, Tunnel B and Tunnel C. Tunnels A and B are 3.0 m long while tunnel C is 

1.5 m long. The height and width of all tunnels is 0.15 m. The model-scale tunnel is 

used in Chapter 6 to study the critical conditions for the occurrence of 

self-extinguishment and influencing factors. The experimental works in this section 

were finished by Professor Lönnermark and Professor Ingason working at RISE 

Research Institutes of Sweden. The author is responsible for the process and analysis 

of experimental data as well as writing of research paper. 

2.2  Scaling effects of pool fires 

The scaling correlations of some important parameters obtained based on the 

Froude scaling have been introduced in Section 2.1 of this chapter. For some 

specified fire parameters, the full-scale results can be derived from the results of the 

model-scale experiments, which further can serve and apply to the real fire scenarios. 

While for some special burning parameters, such as the mass loss rate per unit area 

(MLRPUA) of pool fires, it can’t be scaled from model-scale results to large-scale 

results by using any scaling technology, especially in the presence of ventilation and 

tunnel boundaries. There is no doubt that heat release rate (HRR) is one of the most 

important parameters for characterizing fire hazard while the MLRPUA is one of the 

most important parameters for assessing the heat release rate of pool fires. The 

MLRPUA can then be given by Eq. (2.22). 

                        
( )

F L

v p boil l

q q
m

L c T T

 −
 =

+ −
        (2.22) 

where 
Fq  is the heat flux received by pool surface, 

Lq  is the heat loss through pool 

surface, vL is the latent heat of evaporation, pc is the specific heat at constant pressure, 

boilT is the boiling temperature of the liquid fuel and 
lT  is the liquid temperature. 

Pool fires may burn free burning conditions, in windy environments or in 

enclosures such as tunnels. Blinov and Khudiakov[103] experimentally investigated the 
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scaling effects of MLRPUA of different hydrocarbon liquids with diameters ranging 

from 0.0037 to 22.9 m for free burning conditions. It was found that as pool diameter 

increases, the MLRPUA first monotonically decreases, reaching a minimum at 

around 0.1 m and then monotonically increases until approximately 1 m diameter, 

after which the MLRPUA remains almost constant. Hottel[104] theoretically analyzed 

the scaling effects of heat feedback (conduction, convection and radiation) of pool 

fires, see Eq. (2.23). 

4 4

1 2

4 ( )
( ) ( )(1 exp( ))c r l

F f l f l e

k T T
q h T T F T T k D

D
 

−
 = + − + − − −   (2.23)   

        Conduction     Convection           Radiation 

where kc is a parameter that incorporates the thermal conductivity and a pool height 

below the liquid surface through which heat is transferred into the liquid, h is the 

convective heat transfer coefficient, 
ek is the extinction coefficient, β is the mean 

beam length corrector, D is the pool diameter, 1 exp( )k D−  is the emissivity, σ is 

the Stefan–Boltzmann constant, F is the view factor (The percentage of radiant 

energy emitted from one surface to another), Tr , Tf1, Tf2 and Tl are the temperature 

from the pool rim, above the liquid surface, flame zone and liquid fuel, respectively. 

It is well established that when the pool diameter is very small, the conduction term 

dominates the heat feedback; while when the pool diameter is very large, the 

radiation term becomes predominant. This explains the experimental results from 

Blinov and Khudiakov[103] reasonably well. Zabetakis, Burgess[105] and 

Babrauskas[106] proposed an expression to predict the MLRPUA of liquid pools with 

diameters greater than 0.2 m, see Eq. (2.24). 

 (1 exp( ))em m k D
 = − −             (2.24) 

where 

m  is the limiting, radiation-dominated mass loss rate per unit area. These 

studies have pointed out the scaling issues in detail, but they are all based on pool fires 

in quiescent air conditions (free burning). Hu et al.[107] investigated the MLRPUA of 

pool fires under windy conditions, however, their studies were based on small-scale 

liquid pools (D < 0.3 m) and didn't consider the influence of radiation from tunnels. In 

this study, the coupling effects of wind velocity, pool diameter and tunnel environment 

are investigated in detail and all the analyses are based on well-ventilated pool fires. 
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2.2.1  Theoretical analysis 

2.2.1.1  Basic theory 

In a quiescent environment, the diffusion flames of pool fires are controlled by 

buoyancy caused by the density difference between the hot plume gases and ambient 

air, and hence the fire plumes rise vertically[108]. However, in the presence of wind, 

the flames are deflected[24, 109-111] and can form a base drag at high wind 

velocities[112-115]. Also, the effect of buoyancy can be dominated by inertial forces 

from the wind [115-117]. As a result, the heat feedback mechanisms become more 

complex. Extensive studies about the MLRPUA of pool fires under windy conditions 

(including both an open environment and tunnel environments) have been conducted, 

but so far no convincing conclusion on the MLRPUA has been reached. Some 

studies[118-124] show that the MLRPUA decreases with the increasing wind velocity, 

and some studies[122, 125-133] show that the MLRPUA is independent of the wind 

velocity, and some studies[126, 132, 134-138] show that the MLRPUA changes irregularly 

with increasing wind velocity, while most studies[107, 119, 126, 135, 139-148] show that the 

MLRPUA increases considerably with increasing wind velocity. 

From the perspective of energy conservation, the studies that found that the 

MLRPUA increases with increasing wind velocity[107, 135, 142, 144, 145, 149] usually 

attribute it to two mechanisms. The first mechanism is the increase of conductive 

heat feedback through the pool rim. Specifically, the deflected flame will cover and 

strongly heat the pool rim at the leeward side and then enhance the conductive heat 

transfer between the rim and the fuel. The second mechanism is the increase of 

convective heat feedback through the convection boundary layer above the fuel 

surface. Specifically, the buoyancy-induced natural convection boundary layer will 

be overwhelmed by the wind-induced forced convection boundary layer where the 

boundary layer is much thinner, thus increasing the convective heat transfer 

coefficient to the fuel surface. On the contrary, the studies that found the MLRPUA 

decreases with increasing wind velocity[118, 122] usually attribute it to the decrease of 

radiative heat feedback from flame due to the reduced view factor between the flame 

and the fuel surface under windy conditions. 

There appears to be more evidence to support the hypothesis that the MLRPUA 

increases significantly with wind velocity, however, most of these findings are 

obtained based on small-scale pool fire tests, where the pool diameters are usually 
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less than 0.3 m (D < 0.3 m). In this range, the flames are in the transitional region 

between laminar and turbulent, or they are even laminar for smaller pool diameters. 

At the same time, the conductive and convective heat feedback plays an important 

role in determining the MLRPUA. In large pool fires where the pool diameters can 

reach several meters or even tens of meters, the flames become highly turbulent and 

thereby the MLRPUA is mainly controlled by the radiation heat feedback of the 

flame volume above the fuel surface. This difference between small-scale and 

large-scale pool fires causes different responses of MLRPUA with wind velocity. In 

other words, the data from small-scale pool fire tests can’t be used to draw general 

conclusions for large-scale pool fires. 

2.2.1.2  Simplified calculation 

Concerning the MLRPUA, no good correlations can allow such small-scale 

results to be directly applied to large-scale pool fires. While when the evolutions of 

heat flux with wind velocity, including conductive, convective and radiative heat 

feedback of a small scale fire, is provided, it is possible to achieve an approximate 

calculation of MLRPUA of a large-scale fire based on Eq. (2.22) - (2.32).  

Hu et al.[148] studied the evolutions of heat flux to the liquid fuel for a 0.15 m 

heptane square pool fire in the open. The horizontal cross air flow ranges from 0 to 2.7 

m/s. In their study, the variations of MLRPUA, conductive, convective and radiative 

heat feedbacks versus time were provided. In this section, a correlation is developed as 

an example of how results from the 0.15 m square heptane fires in 0 - 2.7 m/s 

crosswinds studied previously by Hu et al.[148] might be used to estimate MLRPUA for 

a heptane fire that is 10 times larger. The scenario to be estimated is that of a 1.5 m 

square pool fires (large-scale pool fires) in cross air flows ranging from 0 to 8 m/s. 

In Hu et al.’ studies[148], the conductive heat flux is calculated based on the 

temperature difference between pool rim and liquid; the radiative heat flux is 

measured by water-cooled radiation gauges; the convective heat flux is obtained by 

subtracting the conductive and radiative heat flux from the total amount of heat flux 

to pool surface. As shown in Fig. 2.1, with horizontal cross air flows ranging from 0 

to 2.7 m/s, the conductive heat flux increases to 8.7 times the initial value 

(eventually occupies 40% in total heat flux). The convective heat flux increases to 

5.5 times the initial value (eventually occupies 55 % in total heat flux). While the 

radiative heat flux decreases to half of the initial value (eventually occupies 5 % in 
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total heat flux). Overall, the heat conduction and convection dominate the heat 

feedback for the 0.15 m heptane square pool fire, especially under large wind 

velocities. However, they may be not the same in large-scale pool fires, as analyzed 

in the previous section. Besides, the radiative heat flux first increases and then 

decreases with the increasing wind velocity. The initial increase attributes to the 

more turbulent combustion due to the presence of wind. However, the negative effect 

from the decreasing view factor overwhelms the positive effect from the more 

turbulent combustion after the wind velocity further increases, consequently 

resulting in a decrease of radiative heat flux. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0

2

4

6

8

10

More turbulent

 

 

H
ea

t 
fl

u
x
 (

k
W

/m
2
)

V  (m/s)

 Conduction

 Convection

 Radiation

  

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.2

0.4

0.6

0.8

 

 

P
er

ce
n

ta
g

e 
o

f 
h

ea
t 

fl
u

x

V  (m/s)

 Conduction 

 Convection 

 Radiation 

   

(a) Heat flux                           (b) Percentage of heat flux 

Figure 2.1 Evolutions of heat flux with wind velocity in a 0.15 m heptane square pool fire (The 

experimental data are from Reference[148]). 

In the following, individual heat transfer term (conduction, convection and 

radiation) is analyzed. The purpose is to predict the variation of MLRPUA versus 

time in the 1.5 m pool fire based on the heat fluxes of the 0.15 m pool fire[148].  

For the conduction term, 4 ( )conduction c r lq k T T D = − , kc can be expressed by Eq. 

(2.25). 

                              c

k h
k

x


=


   (2.25)       

where k is the thermal conductivity of rim material, which can be viewed as a constant 

for certain material, Δh is the pool height below liquid surface through which heat is 

transferred to the liquid and Δx is the rim thickness of fuel pan. Besides, Tr is the 

temperature from the pool rim and Tl is the temperature of liquid fuel. Both of them 

can be assumed approximately constant under both scales. This assumption is 

probably not completely accurate, but it is reasonable in this context because its 

influence is secondary relative to the influence of scaling effect. Hence the conductive 
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heat flux can be calculated by Eq. (2.26).           

                   1.5 0.15 1.5 0.15

0.15 1.5 0.15 1.5

conduction m m m m

conduction m m m m

q D h x

q D h x

−

−

  
=  

  
   (2.26)                                    

where 0.15 1.5m mD D  is equal to 1/10. When the pool size increases to 10 times the 

initial value, the ratio of effective pool height below liquid surface at both scales, 

1.5 0.15m mh h  , most likely changes in the range of 1-10, and the ratio of rim thickness 

of fuel pan at both scales, 0.15 1.5m mx x  , most likely changes in the range of 0.1-1. 

Therefore 
1.5 0.15conduction m conduction mq q− −

   could change in the range of 1/100-1. 

For the convection term,
1( )convection f lq h T T = − , the convective heat transfer 

coefficient, h, is related to the Reynolds number, Prandtl number and Nusselt number. 

It can be calculated by Eq. (2.27), see Reference[14] for details. 

                                

0.8

0.2 0.43 0.37

0.037kV
h

l a v
=          (2.27)                                                  

where a is the thermal diffusivity, v is the kinematic viscosity and k is the thermal 

conductivity of liquid fuel, which can be viewed as a constant for certain liquid. The 

temperature above the liquid surface Tf1 and the temperature of liquid fuel Tl can be 

assumed approximately constant under both scales. This assumption is probably not 

completely accurate, but it is reasonable in this context because its influence is 

secondary relative to the influence of convective heat transfer coefficient. Hence the 

convective heat flux can be calculated by Eq. (2.28)-(2.29). Eq. (2.28) can be obtained 

by keeping Froude number constant under both scales. 
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 (2.29)                                       

For the radiation term, it is no longer reasonable to make a direct conversion from 

the 0.15 m square pool fire to the 1.5 m square pool fire. The radiative heat flux to pool 

surface under a still condition can be obtained by subtracting convection and 

conduction heat flux from the total heat flux, see Eq. (2.30). The total heat flux under a 

still condition can be calculated theoretically[136, 148] by using Eq. (2.31). 

                       radiation still total conduction convectionq q q q−
   = − −     (2.30) 

(1 exp( ))( c ( ))total v p boil lq m k D L T T
 =  − − + −    (2.31) 
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where m
  is the limiting, radiation-dominated MLRPUA, which is given by 

Babrauskas to be 0.101 kg/m2·s for heptane[106]. keβ is given by Babrauskas to be 1.1 

for heptane[106]. Lv and Tboil  are given by Lide to be 0.318 kJ/g and 98.5 °C for 

heptane[150]. cp is the specific heat capacity, which is 2.2 kJ/kgK for heptane[151]. The 

heat loss through the fuel surface Lq  is ignored due to its relatively small order of 

magnitude[106, 136, 148, 152]. The radiative heat flux under different wind velocities can be 

calculated by using Eq. (3.32). 

                      1.5 ( )radiation m radiation stillq q f V− −
 =      (2.32)  

where f(V) is the normalized view factor under the wind velocity of V, which is the 

ratio between the view factor when wind velocity is V and the view factor when wind 

velocity is 0 m/s (ƒ(V)=1 when V=0), and it is assumed to be the same to that of the 

0.15 m heptane square pool fire. 

Finally, the predicted evolutions of heat flux of the 1.5 m heptane square pool 

fire with wind velocity are presented in Fig. 2.2. Here 
1.5 0.15conduction m conduction mq q− −

  is 

considered to be 1/10. Results indicate that the radiative heat flux to fuel surface plays 

a leading role relative to the other two heat fluxes even at the maximum wind velocity, 

which still occupies about 60 %. When the wind velocity is about 1.5 m/s, the increase 

of radiative heat flux may exist, but it is unlikely to increase significantly as for the 

small-scale pool fire. Besides, when 
1.5 0.15conduction m conduction mq q− −

  is considered to be 1, 

the radiative heat flux to fuel surface still occupies 50 % even at the maximum wind 

velocity. 
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Figure 2.2 Evolutions of heat flux with wind velocity in a 1.5 m heptane square pool fire (with a 

decreasing view factor). 
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For large-scale pool fires, the flame height could reach several meters or even 

tens of meters. Generally, the radiation capability of flame should be inversely 

proportional to the height of the flame, that is, most of the radiative heat feedback 

comes from the lower position of flame[14], where the influence of ventilation on the 

view factor is much less. Therefore, in Fig. 2.2, the normalized view factor ƒ(V) is 

probably underestimated, that is, the normalized view factor ƒ(V) could decay much 

slower with the increasing wind velocity. Therefore, assuming that the view factor is 

unchanged under the entire wind velocities (ƒ(V)=1), the corresponding evolutions 

of heat flux with wind velocity are shown in Fig. 2.3. Here 

1.5 0.15conduction m conduction mq q− −
  is considered to be 1/10. Results indicate that the 

percentage of radiative heat flux is further increased (70%). Besides, when 

1.5 0.15conduction m conduction mq q− −
  is considered to be 1, the radiative heat flux to fuel surface 

still occupies 60 % even at the maximum wind velocity. The results in Fig. 2.2 and 

Fig. 2.3 could be considered to represent two extreme conditions, and in either case, 

the radiative heat flux is significant and dominates the heat feedback. This is totally 

different from that in small-scale pool fires. 
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Figure 2.3 Evolutions of heat flux with wind velocity in a 1.5 m heptane square pool fire (with 

view factor keeping constant). 

Figure 2.4 shows a comparison of the MLRPUA varied with the dimensionless 

wind velocity between the 0.15 m and 1.5 m heptane square pool fires. For the 1.5 m 

heptane square pool fire, the MLRPUA is determined finally based on Eq. (2.22). Here 

1.5 m-1 in the legend means that the calculation is based on the assumption that the 

view factor decreases in the same way as the 0.15 m pool fire and 1.5 m-2 in the 

legend means that the calculation is based on the assumption that view factor keeps 

constant. The real result is most likely to appear between them. It is observed that 
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with the increase of the dimensionless ventilation velocity, for the small-scale pool 

fire (0.15 m), the MLRPUA (experimental result from Hu et al.[148]) increases to 2.8 

times the initial value. This is because the increment in conduction and convection is 

much higher than the decrement in radiation. While for the large-scale pool fire (1.5 

m), the MLRPUA is much higher than that in the 0.15 m one. This attributes to more 

radiative heat feedback from the flame to pool surface. Besides, the MLRPUA in the 

1.5 m heptane square pool fire only varies within a range of -20 % - 30 % of that in the 

free burn (
1.5 0.15conduction m conduction mq q− −

  is considered to be 1/10). Besides, when 

1.5 0.15conduction m conduction mq q− −
   is considered to be 1, the MLRPUA in the 1.5 m heptane 

square pool fire varies within a range of -10 % - 40 % of that in the free burn. The 

above analyses are only based on a representative example, however, the calculated 

results demonstrate that in the presence of wind, the MLRPUA in large-scale pool 

fires does not increase several times as the small-scale tests have revealed. It should be 

emphasized that the analysis is based on some simplifications. The final results are 

more or less affected by the above assumptions, but they are still believed to be 

relatively objective because the most important aspect, the length scale, has been 

taken into account. Besides, the variation range of MLRPUA much depends on the 

assumption, namely the view factor keeps constant or it decreases in the same way as 

the 0.15 m pool fire, and they could represent two extreme conditions. However, it 

would require much more experimental work to determine any connection to the 

actual physics of fire behavior. 
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  Figure 2.4 A comparison of MLRPUA with dimensionless wind velocity in the 0.15 m and 1.5 

m heptane square pool fires. 
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2.2.2 Experimental data collected 

In order to study the scaling effects of mass loss rate for pool fires in the open and 

in tunnels with wind, numerous experimental data on the MLRPUA of pool fires 

(well-ventilated), involving different types of liquid fuels have been collected. Among 

them, heptane is the most frequently used liquid fuel in the experiments; gasoline is a 

petroleum-derived liquid that is used primarily as a fuel in spark-ignited internal 

combustion engines; diesel is widely used in large vehicles, ships, generators and so 

on; methanol and ethanol are important organic chemical raw materials and fuels used 

in clean energy applications. All the experimental data utilized in this study are from 

published articles, reports and books of authors and others. By summarizing and 

re-analyzing these experimental data, some valuable conclusions have been addressed. 

Table 2.2 and Table 2.3 give a summary of the pool sizes, liquid depth, wind velocities, 

and in Table 2.3 tunnel dimensions, used in literature concerning pool fires in the open 

and in tunnels, respectively. 

Table 2.2 A summary of previous experiments of pool fires in the open. 

Fuel type Pool size a 

m 

Liquid depth 

m 

Wind velocity 

m/s 

Reference 

gasoline, diesel, et al. Φ:0.004-22.9 \ 0-30 [103, 153] 

JP-5 Φ:1-3 \ 0-6 [120] 

methanol S:0.075-0.3 0.01 0-5.5 wind tunnelb [126] 

JP-8 and acetone Φ:0.3-20 \ 0-10 [132] 

ethanol  Φ:18 0.08 2-4 [133] 

gasoline, methanol et 

al. 
S:0.05-0.3 0.015 0-3 wind tunnelb 

[107, 135, 142]  

Gasoline and diesel Φ:1.5-4 0.01 0-2.7 [136] 

aviation fuel Φ:0.3-0.6 \ 0-4.57 [137] 

heptane and ethanol S:0.1-0.25 0.026 0-2.5 [140] 

Jet A Φ:2 0.032 3-10 [141] 

ethanol Φ:0.04-0.1 \ 0-3 wind tunnelb [144, 145] 

heptane S:0.25-0.7 0.05 0-4.5 [146] 

heptane and ethanol S:0.1-0.25 0.026 0-3 [148] 

diesel Φ:0.3-1 \ 0 [154] 

methanol Φ:0.3-1.8 \ 0 [152] 

methanol, heptane et 

al. 

Φ:1.22-2.44 0.025 0 [155] 

methanol, heptane et 

al. 

Φ:0.046-0.3 \ 0 [156] 

heptane Φ:0.87-1.44 \ 0 [157] 

gasoline and hexane Φ:0.6-3 0.01 0 [158] 
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a Φ represents the circular pool; S represents the square pool; R represents the rectangular pool. 
b These results from experiments conducted in the wind tunnel are also considered as the results in the 

open when the cross section of the tunnel is large relative to the pool (Hef/D > 4). 
 

Table 2.3 A summary of previous experiments of pool fires in tunnels. 

Fuel type Pool size 

m 

Liquid height 

m 

Wind 

velocity m/s 

Tunnel 

W×H 

Literature 

methanol 

heptane 
Φ:0.1-0.25 \ 0.1-1.3 0.3×0.3 [159] 

aviation fuel Φ:0.57-2 \ 0.5-2 5.4×2.4 [118] 

methanol, acetone et 

al. 
S:0.045-0.145 \ 0-1.68 0.4×0.4 [119] 

methanol S:0.085-0.145 \ 0-1.46 0.4×0.4 [121] 

methanol, 

benzene et al. 
Φ:0.05-0.6 \ 0-2 \ [122] 

heptane, 

xylen et al. 
S:0.3-0.4 0.025 0.05-0.7 1.08×1.2 [123] 

heptane, 

diesel et al. 

S:0.65 and 

R:2×1 
0.07 0-2.5 2.7×3 [124] 

heptane Φ:1.13-1.95 \ 0.5-3 6×5 [125] 

gasoline S:1-1.41 \ 0.5-2.5 \ [127] 

heptane/toluene R:2×0.9, 3.6 \ 1.5-5 9.8×5.1 [128] 

methanol S:0.475-0.6 \ 0-1.24 1×0.7 [129] 

diesel Φ:2.27 0.049 2.1-2.5 7.1×5 [130] 

gasoline 15 m2 0.06 2.3-3.7 15×5 [131] 

kerosene S:0.33-0.4 0.04 0-2 2×1 [134] 

heptane S:0.15 \ 0-2 0.4×0.8 [138] 

hexane Φ:1 \ 2.5-7.5 2×3 [139] 

heptane Φ:0.18 \ 1.9-4 1×0.54 [143] 

heptane S:0.5 \ 0 1.5×1.6 [160] 

gasoline R:3.8×1.7 \ 0-1.7 3.8×6 [14, 161] 

gasoline and diesel R:1.7×4 0.03 0-4 4.4×3.8 [14, 162] 

 

2.2.3  Discussion 

2.2.3.1  Comparison of MLRPUAs of different-scale pool fires in the open  

This section discusses the MLRPUAs of pool fires in the open. The related 

information, including experimental conditions and references, has been introduced 

in Table 2.2. Specifically, using the collected experimental data from pool fire tests in 

the open[103, 133, 135, 136, 140, 144, 146], Fig. 2.5 shows the MLRPUAs for four representative 

https://www.sciencedirect.com/science/article/pii/S0379711218302571#tbl1
https://www.sciencedirect.com/science/article/pii/S0379711218302571#fig1
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liquid fuels (heptane, gasoline, ethanol and diesel) having different pool diameters1 

under varying wind velocities. The numbers before m in the legends are pool 

diameters, and the numbers in brackets at the top right are the reference numbers. 

Results indicate that for any of the above fuels, when the pool diameter is relatively 

small (such as D < 0.2 m), the MLRPUAs of all the pool fires increase significantly 

with the increasing wind velocity. Moreover, the smaller the pool diameter is, the 

larger the effect of wind on the MLRPUA is. In the 0.15 m diesel pool fire, the 

MLRPUA increases from its initial value by a factor of 3 when wind velocity 

increases from 0 to 3 m/s. The results are different for larger pool fires. For example, 

for the 0.79 m heptane pool, the MLRPUA increases by 34% when the wind velocity 

varies from 0 to 4.5 m/s. For all four liquid fuels, when the pool diameter exceeds 1 m, 

the MLRPUA only fluctuates within -14 % - 27 % as the wind velocity varies between 

0 - 4.5 m/s. Most of the large-scale experimental studies only tested pool fires with a 

wind velocity up to 5 m/s. Therefore, only the relationship between the MLRPUA and 

wind velocity is compared. It is probably more reasonable to discuss their relationship 

based on the non-dimensional number which characterizes the ratio between the fire 

momentum and cross wind momentum. A more in-depth examination of detailed 

physics is required to explore this. 
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1 Different pool shapes have been converted into circles based on the conservation of area, and their 

dimensions are characterized by diameter in this study. 
 

https://www.sciencedirect.com/topics/engineering/heptanes
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Figure 2.5 The MLRPUAs of pool fires in the open for four types of liquid fuels as a function of 

wind velocity (the experimental data are from Refs.[103, 133, 135, 136, 140, 144, 146]). 

2.2.3.2  Scaling effects of the MLRPUA under different wind velocities 

Taking heptane, gasoline, methanol and diesel as examples, the variation of the 

MLRPUA with the pool diameter under different wind velocities2 are presented in Fig. 

2.6. Most of the experimental data come from the pool fire tests in the open[103, 126, 135, 

136, 140, 146, 152-158] listed in Table 2.2. In order to obtain sufficient data, some 

experimental data from tunnel pool fire tests in Table 2.3, where the fire is 

well-ventilated and no significant radiative heat feedback from the tunnel is found[14, 

119, 122, 124, 125, 127, 130, 131, 161, 162], are also utilized. Figure 2.6 shows that when the wind 

velocity is zero or very limited, as the pool diameter increases, all the MLRPUAs for 

the four types of fuels experience three stages: (I) decrease significantly and reach a 

minimum at about 0.1 m, (II) increase significantly until 1 - 3 m diameter and (III) 

keep almost constant or slightly rises. The phenomenon is consistent with the 

experimental results of Blinov and Khudiakov[103] and the theoretical analysis of 

Hottel[104]. However, when the wind velocity is higher, such as more than 1 m/s in 

the current study, the variation of the MLRPUA with pool diameter clearly changes. 

Specifically, the first stage seems to be postponed and the MLRPUAs continue to 

decrease after 0.1 m. This is contrary to free burning conditions, where the 

MLRPUAs increase with the pool diameter. The same phenomenon has been noticed 

by Hu et al.[107], who ascribes it to the change of heat feedback mechanisms when the 

fire is subjected to a relatively strong wind[149]. However, previous studies focused 

on small-scale pool fires (D < 1 m, especially for D < 0.3 m)[107, 149] and ignored the 

scaling effects for larger ones. In Fig. 2.6, in comparison to free burning conditions, 

                                                             
2 Because of the dispersion of wind speed, similar magnitudes are divided by one class. 
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the enhancement effect of wind on the MLRPUA tends to decrease with increasing 

pool diameter, and finally when the pool diameter exceeds 1 m, the limited data seem 

to indicate that the MLRPUA isn’t affected significantly by ventilation (these data 

points under windy conditions scatter on both sides of the data points for quiescent 

conditions). The data from large-scale pool fires are limited so this conclusion is 

subject to high uncertainty. However, we can roughly observe a difference in the 

variation of the MLRPUA with pool diameter under different ventilation conditions. 

This is an interesting finding, but it needs to be further verified and confirmed in the 

future, especially for large pool fires with D > 1 m. 
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 Figure 2.6 The MLRPUAs of pool fires in the open as a function of pool diameter (the 

experimental data are from Refs.[14, 103, 119, 122, 124-127, 130, 131, 135, 136, 140, 152-158, 161, 162]). 

2.2.3.3 Comparison of MLRPUAs of different-scale pool fires in tunnels 

This section discusses the MLRPUA of pool fires in tunnels. The information 

related to experimental conditions and references is found in Table 2.3. Specifically, 

using the collected experimental results from pool fire tests in tunnels[14, 119, 122-125, 127, 

128, 130, 131, 161, 162]3,4, Fig. 2.7 shows the MLRPUAs for four representative liquid fuels 

                                                             
3 Some gasoline pool fire tests conducted in a long gasoline station building [131] are considered as 
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(heptane, gasoline, methanol and diesel) of different pool diameters under varying 

wind velocities. In Fig. 2.7(a), for heptane pool fires, the MLRPUAs are constant with 

increasing wind velocity when the pool diameter exceeds 1 m. However, for the 

1.51 m and 3.03 m Benelux pool fires, the MLRPUAs are much lower than those from 

other tests of similar pool sizes, i.e. 1.31 m and 1.95 m pool fires. This is probably 

related to the fact that in the 1.51 m and 3.03 m pool fire tests the heptane was mixed 

with 40% by mass toluene in order to produce a prescribed amount of heat and smoke 

in their studies[128]. There may exist some mutual influences in the combustion process 

after the two fuels were mixed that decreases the MLRPUA. Furthermore, for the 

0.73 m and 0.34 m pool fires, the MLRPUAs decrease with increasing wind velocity 

(36% for the 0.34 m pool fire). While for the 0.18 m pool fires, the MLRPUA 

increases by a factor of 2 from its initial value with increasing wind velocity. In Fig. 

2.7(b), for gasoline pool fires, all the pool diameters are more than 1 m and the 

MLRPUAs are nearly constant with increasing wind velocity, except for the 2.9 m test 

where the MLRPUA decreases by about 25%. In Fig. 2.7(c), for methanol pool fires, 

there is only one test with a pool diameter more than 1 m and its corresponding 

MLRPUA decreases by about 4% when the wind velocity changes from 0.1 to 2.5 m/s. 

For the 0.61, 0.46 and 0.15 m methanol pool fires, the MLRPUAs decrease with 

increasing wind velocity (by 40% for the 0.15 m and 0.46 m pool fires). In Fig. 2.7(d), 

for diesel pool fires, the available experimental data are very rare. For the 0.73 m 

diesel pool fire, the MLRPUA decreases by 43% as the wind velocity changes from 

0.25 to 0.8 m/s. For the 2.27 m and 2.94 m diesel pool fires, only one data point is 

obtained per test, however, the limited data seem to imply that the MLRPUAs of 

large-scale diesel pool fires are independent of wind velocity. 

                                                                                                                                                                               
tunnel tests because the building structure is similar. The gasoline station is 24 m in length, 5 m in 

height and 15 m in width. 
4 The MLRPUAs of the gasoline pool fire tests in the Zwenberg tunnel[14, 162] are found to be 

obviously low because the MLRPUA was calculated as the total fuel energy content divided by an 

estimated burning time. This time-averaged value (about 0.045 kg/s·m2) is expected to be lower 

than the value during the steady state burning period since the MLRPUA varies with time, 

especially in the beginning of the test and during the period when the fire starts to decrease. It is 

known that when the diameter of a gasoline pool fire approaches 3 m, its MLRPUA basically 

reaches a stable value, which is about 0.06–0.07 kg/s·m2. Based on this, we propose a coefficient of 

1. 4 to increase the MLRPUA to a normal range for the data from the Zwenberg tunnel tests. 
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Figure 2.7 The MLRPUAs of pool fires in tunnels as a function of wind velocity (the 

experimental data are from Refs.[14, 119, 122-125, 127, 128, 130, 131, 161, 162]). 

By comparing Fig. 2.5 with Fig. 2.7, it can be further observed that for 

large-scale pool fires (D > 1 m), whether it is in the open or in tunnels (well-ventilated), 

the MLRPUAs generally fluctuate within 30% for a wide range of wind velocities, 

based on the test data collected. The variation is similar to that of simplified 

calculation result shown in Section 2.2.1.2. However, for small-scale pool fires 

(D < 1 m), when they occur in the open, the MLRPUAs tend to increase significantly 

(by a factor of 2-3) with increasing wind velocity, especially for D < 0.2 m. Whereas 

when they occur in tunnels, in most cases, the MLRPUAs tend to decrease (more than 

40% in some cases) with increasing wind velocity. 

2.2.3.4  Effects of radiation from tunnel boundaries 

A previous study[85] showed that for well-ventilated heptane pool fires, the tunnel 

width has nearly no influence on the MLRPUA while decreasing the tunnel height 

clearly increases the MLRPUA. Therefore, by re-analyzing these published 

experimental data from Refs.[123-125, 146, 155, 159, 160] in Table 2.3, Fig. 2.8 shows the 
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MLRPUAs of heptane pool fires in tunnels as a function of the pool diameter under 

quiescent and windy conditions. The corresponding MLRPUAs from free burning 

tests are also presented. The ratios of effective tunnel height to pool diameter (Hef/D) 

are all less than 3, where Hef is the distance between the pool surface and tunnel ceiling 

(effective tunnel height). Results show that when the pool diameter is less than 1 m, 

the MLRPUAs of heptane pool fires in the tunnel without wind are much higher than 

those of free burning tests. This is because when Hef/D is smaller, the vertical fire 

plume heats the tunnel ceiling significantly. At the same time, hot smoke accumulates 

beneath the ceiling and vertical flames that reach the ceiling can spread as ceiling 

flames. As a result, decreasing the ceiling height decreases the effective distance 

between the flame and pool surface and increases the effective radiative area of the 

flame to the pool surface. These characteristics can lead to a remarkable increase in 

the ceiling radiation to the pool surface and thereby increase the MLRPUA. However, 

when subjected to longitudinal flows, the MLRPUAs are found to decrease 

significantly. This could be because the ventilation reduces the ceiling temperature 

and removes the ceiling flame as well as hot gases over the pool surface, and thereby 

reduces the radiation from the ceiling. On the other hand, the ventilation could also 

increase the conductive heat feedback due to heating of the pool rim on the leeward 

side and convective heat feedback due to a thinner thermal boundary layer. This is 

evident in the case of small pool fires. Therefore, the variation of MLRPUA of 

small-scale pool fires in a ventilated tunnel is primarily influenced by the combined 

effects of the reduction of the ceiling radiation and the increase in heat conduction 

through the pool rim and convection at the liquid surface. Both factors are related to 

the wind velocity and pool diameter, as well as effective tunnel height. A good 

example is presented in Ref.[134] from Table 2.4. It is known that the MLRPUAs of 

kerosene pool fires (0.37 and 0.45 m) initially decrease and then increase with 

increasing wind velocity. This is probably because in the presence of wind, the 

decrease of radiative heat feedback from the tunnel ceiling (dominating term) reduces 

the MLRPUA, and with a further increase of wind velocity, the increased conductive 

and convective heat feedback (dominating terms for small pools in high wind 

conditions) increases the MLRPUA. 

However, when a pool diameter exceeds 1 m (realistic fires of key concern), it is 

found that the MLRPUA of large-scale pool fires in a tunnel is basically consistent 

with a similar pool fire in the open. The limited data show that the tunnel boundaries 
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have a rather limited influence on the MLRPUA and the net heat flux received at the 

pool surface, for realistic pool sizes. This is mainly because the flame volume is large 

with a high emissivity whether it is in the open or in the tunnel, and the radiative heat 

feedback from the flame itself probably plays a leading role in heat transfer to the pool. 

However, the experimental data from large-scale pool fires are limited, and more 

experimental data are needed to further verify the influence of ceiling radiation. 
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Figure 2.8 The MLRPUAs of heptane pool fires in tunnels as a function of pool diameter for 

Hef/D < 3 (the experimental data are from Refs.[123-125, 146, 155, 159, 160]). 

For comparison, Fig. 2.9 shows the MLRPUAs of heptane pool fires in tunnels as 

a function of the pool diameter when Hef/D>4, where the radiative heat feedback from 

the tunnel ceiling could be relatively limited. These experimental data are from 

Refs.[85, 119, 125, 156] in Table 2.3. Results show that the burning behavior in the tunnel 

without wind is very similar to the free burn tests, and the increase of wind velocity 

increases the MLRPUAs significantly when the pool diameter is very small. On the 

contrary, when the pool diameter exceeds 1 m, the limited experimental data seem to 

show that both the tunnel boundaries and wind have no significant influence on the 

MLRPUA of pool fires. 
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Figure 2.9 The MLRPUAs of heptane pool fires in tunnels as a function of pool diameter for 

Hef/D>4 (the experimental data are from Refs.[85, 119, 125, 156]). 

Most of the experimental results in Table 2.2 and Table 2.3 have been analyzed in 

the above sections. However, as the data for some fuels are very limited, the 

experimental results were not included in the above analysis and are presented in 

Table 2.4 instead. For large Jet A fuel and hexane pool fires (D>1 m), the increase of 

MLRPUA with wind velocity is slightly higher than the other fuels shown in Fig. 2.5 

and Fig. 2.7, although it is still much less than that in small pool fires. The wind 

velocities for both of these experiments increased to much higher values than any of 

the previously plotted results for fires of similar diameter, which may have had some 

impact on the results. There are not sufficient experimental data to support extension 

to even higher wind velocities to investigate whether the MLRPUA continues to 

increase but it would be interesting to explore the reasons for the greater changes in 

those data. In this study, most of the pool fires are subjected to wind velocities up to 

5 m/s, which is the common wind velocity range in the actual environment and tunnels. 

For the other fuels shown in Table 2.4, the results are basically consistent with 

previous conclusions obtained in this study. 
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Table 2.4 Some experimental results that haven't been illustrated above. 

2.3  Summary 

Tunnel fire similarity theory provides a theoretical basis for the conduct of 

model-scale tunnel fire experiments. Based on the Froude scaling, the scaling 

correlations of some important fire parameters (such as velocity, temperature, time, 

heat release rate, etc) between different scales can be obtained. The mass loss rate 

per unit area (MLRPUA) of liquid fuel is one of the most important parameters for 

assessing the size and hazard of pool fires. It can’t be scaled from small-scale results 

to large-scale results by using any scaling technology, especially in the presence of 

ventilation and tunnel boundaries. Therefore, through the theoretical analysis and a 

large amount of experimental data collected, this chapter further studies the scaling 

effects of fuel-control pool fires, focusing on the coupling effects of wind velocity, 

pool diameter and tunnel environment on the MLRPUA of pool fires. In the 

following main conclusions from this chapter are given. 

(a) For small-scale pool fires (D<1 m, most of the pool diameters are less than 

0.3 m in the literature) in the open, the MLRPUA increase significantly as the wind 

velocity increases (up to several times in some cases), especially when D<0.2 m. This 

is because the ventilation significantly increases both the conductive heat feedback 

by heating the pool rim and convective heat feedback by thinning the thermal 

boundary layer. These effects could cause the MLRPUA to increase significantly 

compared to free burning conditions.  

(b) But when such small pool fires occur in tunnels the results are more 

complex. When the ratio of effective tunnel height to pool diameter is small 

Fuel 

type 

Environment Diameter 

(m) 

Hef/D Wind 

(m/s) 

MLRPUA 

(kg/s·m2) 

Variation of 

MLRPUA 

Reference 

Aviation 

fuel 

Tunnel (5.4×2.4 m) 1  0.5-2 0.072-0.054 Decrease 25% [118] 

Jet A In the open 2  3-10 0.05-0.07 Increase 40% [141] 

Hexane Tunnel (2×3 m) 1  2.5-7.5 0.035-0.05 Increase 42% [139] 

Acetone Tunnel (0.4×0.4 m) 0.07-0.14 2.9-5.7 0-1.5  Increase [119] 

kerosene Tunnel (2×1 m) 0.45 1.9 0-1 0.013-0.008 

-0.09 

Decrease and 

then increase 

[134] 

kerosene Tunnel (2×1 m) 0.37 2.3 0-1 0.008-0.007 

-0.01 

Decrease and 

then increase 

[134] 
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(Hef/D < 3, based on collected experimental data), the radiative heat feedback from 

the tunnel ceiling is probably the dominating influence, leading to a much higher 

MLRPUA than that in free burning conditions (up to several times in some cases). 

Under such conditions, if there is longitudinal ventilation in the tunnel, the ceiling is 

cooled and the effective radiative area of flame and hot gas to the pool surface 

decreases. As a result, the MLRPUA decreases due to the reduced radiation from the 

ceiling. However, with a further increase of wind velocity, the conductive and 

convective heat feedback probably become more important and thereby increase the 

MLRPUA. When the ratio of effective tunnel height to pool diameter is relatively 

large (Hef/D > 4, based on collected experimental data), the radiative heat feedback 

from the tunnel ceiling could be limited and hence the burning characteristics of pool 

fires in tunnels are similar to those in the open. 

(c) The influence of wind on the MLRPUA decreases with increasing pool 

diameter, no matter whether the pool is in the open or in a tunnel. When the pool 

diameter exceeds 1 m, the flames are highly turbulent, optically-thick flames, and 

thus the radiation from the flame itself is probably predominant, compared to 

conduction through the pool rim and convection at the liquid surface as well as 

possible ceiling radiation. The MLRPUA most likely fluctuates within 30% for a 

wide range of wind velocities both in the open and in tunnels, according to the test 

data collected. This value is far less than previous conclusions obtained solely from 

small-scale pool fire experiments. 

Nomenclature in this chapter 

l: length (m) 

D: pool diameter (m) 

Hef: effective tunnel height (m) 

Δx: rim thickness of fuel pan (m)  

Δh: pool height below liquid surface (m) 

x : axis coordinate (m)  

t : time (s) 

u : velocity (m/s) 

V : ventilation velocity (m/s) 

T : temperature (K) 

p : pressure (Pa) 

g : acceleration of gravity (m/s2) 

 : kinetic viscosity (kg/(m·s)) 
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v: kinematic viscosity (m2/s) 

k: thermal conductivity (W/(m·K)) 

h : convective heat transfer coefficient (W/(m2·K)) 

ek : extinction coefficient (m-1)  

a: thermal diffusivity (m2/s) 

N : mass diffusivity (m2/s) 

m : mass loss rate per unit area (kg/(s·m2)) 

m : mass flow rate per unit volume (kg/(s·m3)) 

m
 : limiting, radiation-dominated mass loss rate per unit area (kg/(s·m2)) 

Q : heat release rate (kW) 

Q : heat release rate per unit volume (kJ/(s·m3)) 

lossQ : heat loss rate per unit volume (kJ/(s·m3)) 

Fq : heat flux received by pool surface per unit area (kW/m2) 

Lq : heat loss through pool surface per unit area (kW/m2) 

vL : latent heat of vaporization (kJ/g) 

pc : specific heat at constant pressure (kJ/(kg·K)) 

oT : ambient air temperature (K) 

boilT : boiling temperature (K)  

lT : liquid temperature (K)  

Tr: temperatures from the pool rim (K) 

Tf1: temperatures above the liquid surface (K) 

Tf2: temperatures from the flame zone (K) 

Y : mass fraction (%)  

X: volume fraction (%) 

F: view factor 

Corner mark 

Model: model scale 

Full: full scale 

i: i-th species  

o: characteristic quantity 

 : nondimensionalize 

Greek symbols 

 : density (kg/m3) 

0 : ambient air density (kg/m3) 

β: mean beam length corrector (m) 

σ : Stefan–Boltzmann constant (5.6710-8 W·m-2·K-4)  
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Chapter 3                                  

Maximum gas temperature rise beneath the ceiling in an 

enclosed tunnel under different fire locations 

3.1  Introduction 

Maximum gas temperature rise beneath the ceiling is one of the main concerns 

in tunnel fire research[4, 8, 23-25]. This is because it is one of the most important 

parameters in evaluating fire hazards and guiding fire detection. The hot gas inside 

the tunnel not only threatens the inside users, but also affects the structural stability of 

the tunnel. Most concretes experience a strength reduction above 300 °C, which 

depends on the type of cement blend used in the mix[6]. The temperature at which the  

concrete surface falls off is in a range of about 250 - 420 °C[7]. Alpert[23], Kurioka[24] 

and Li et al.[25] developed classical prediction models of maximum gas temperature 

rise beneath the ceiling, respectively. The prediction model proposed by Li et al.[25] 

has a wider range for application, which considers the influence of different 

longitudinal ventilation velocities on fire behaviors and maximum gas temperature, 

see Eq. (3.1). 
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where Q  is the heat release rate, 
cQ  is the convective heat release rate, V is the 

longitudinal ventilation velocity, V   is the dimensionless longitudinal ventilation 

velocity, b is the radius of fire (m), efH  is the effective tunnel height, oT  is the 

ambient air temperature, o  is the ambient air density, g is the acceleration of 

gravity, pc  is the specific heat of air at constant pressure. 

Based on the above studies, the influences of tunnel slope[62], vehicle 
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blockage[74], tunnel aspect ratio[79], ambient pressure[68] and natural ventilation 

shaft[163] on the maximum gas temperature rise were also investigated. Currently, the 

study about the influence of fire location on the maximum gas temperature rise has 

attracted a lot of attentions[89, 164-166]. Gao et al.[164] studied the influence of transverse 

fire location on fire behaviors in a model-scale tunnel. Results indicated that the 

maximum gas temperature rise with fire located at the sidewall is much higher than 

that for other transverse fire locations. Fan et al.[165] studied the influence of 

longitudinal fire location on fire behaviors in a model-scale tunnel with both portals 

opened. Results indicated that the maximum gas temperature rise is not much 

affected by the fire location in longitudinal direction. Ji et al.[89] studied the 

maximum gas temperature beneath the ceiling in a model-scale tunnel with one portal 

closed and another portal opened. Results shown that the maximum gas temperature 

rise increases exponentially with a shorter distance (0.25 - 2 m) between the fire 

source and closed end wall, which results from the heat feedback of returned hot gas 

bounced from the end wall. 

Previous scholars mostly focused on the normal tunnel fires with both portals 

opened, leaving very few studies on the fires in an enclosed tunnel. Different from 

the normal tunnel fires, in an enclosed tunnel, the fire smoke can’t be discharged 

through the tunnel portals and the fire can’t get fresh air supply from outside the 

tunnel environment, resulting in a decrease in O2 concentration around the flame. 

These characteristics probably cause different flame behaviors, which may be further 

affected by the longitudinal fire location. The prediction models of maximum gas 

temperature rise from normal tunnel fires are not applicable to the fire scenarios in 

enclosed tunnels. 

Therefore, this chapter studies the maximum gas temperature rise beneath the 

ceiling in an enclosed tunnel with different fire locations. What this study focuses on 

is the fire scenarios with a low heat release rate (i.e, the continuous flame doesn’t 

reach the tunnel ceiling). In addition to the special tunnel structure, this study is also 

applicable to the early fire scenarios in a subway train carriage and an underground 

utility tunnel, etc. The outcomes are of great significance in understanding the fire 

behaviors and guiding the early fire detection of this type of tunnel fires. 



Chapter 3 Maximum gas temperature rise beneath the ceiling in an enclosed tunnel under different 

fire locations 

53 

3.2  Experiment and design 

A 1/15 model-scale railway tunnel (or 1/5 model-scale subway train carriage) 

was used to conduct experiments, as shown in Fig. 3.1. The length, width and height 

of this tunnel are 14 m, 0.4 m and 0.5 m, respectively, which is composed of seven 2 

m sub-tunnels. A 0.35 m high bracket was fixed under the tunnel. One sidewall of 

the tunnel is made up of 5 mm thick fire-resistant glass for observation. The top, 

bottom and another sidewall were made up of 7 mm thick fire-proofing board, 

shown in Fig. 3.1(b). At both tunnel portals, air valve was installed with steel slices. 

The steel slices can be rotated by twisting the air valve, as shown in Fig. 3.1(c). 

 

(a) Schematic of experimental apparatus 

             

             (b) Entire tunnel                        (c) The end wall                         

  

 (d) Diagram of gas burner 

 Figure 3.1 model-scale railway tunnel. 

 A porous propane gas burner was designed as fire source, and the top surface is 
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35 cm higher than the floor. The gas burner was welded by 4 mm thick steel plates, 

constructing a space of 0.15 m (long) × 0.15 m (wide) × 0.1 m (high). The space was 

filled with sand to create an even and stable propane flame, shown in Fig. 3.1(d). The 

gas fuel flow rate was controlled and monitored by a gas flow rate meter with an error 

of 0.01 m3/h. The heat release rate is calculated by fuel supply and its effective heat of 

combustion. This method eliminates the unnecessary influence of confined portal 

boundaries and ceiling radiation on the mass loss rate of fuel. Five different flow 

rates of 0.2, 0.25, 0.3, 0.35 and 0.4 m3/h were chosen in this study, representing a heat 

release rate of 5.5, 6.9, 8.3, 9.7 and 11.1 kW, respectively, which are equivalent to 309, 

386, 463, 540, and 617 kW in the full-scale subway train carriage based on the Froude 

Scaling. The dimensionless heat release rate varies from 0.032 to 0.064. During all 

the tests, the continuous flame of the gas burner was lower than the ceiling. The gas 

burner was set along the longitudinal central line of the tunnel with seven distances 

from the tunnel center, including 0, 1.5, 2.5, 3.5, 4.5, 5.5 and 6.5 m, respectively, 

which are equivalent to 0, 7.5, 12.5, 17.5, 22.5, 27.5 and 32.5 m in the full-scale 

subway train carriage. A total of 35 experimental tests were carried out in this study, as 

summarized in Table 3.1. And each test was repeated for two times to ensure good 

repeatability of the experimental results. The ambient temperature is about 20 °C. 

 Table 3.1 A summary of experimental cases. 

To measure the gas temperature beneath the ceiling, sixteen thermocouples 

(type K, 1 mm) were positioned 1 cm below the tunnel ceiling along the longitudinal 

centerline over the burner with an interval of 2 cm, shown in Fig. 3.1(a). After 

changing the position of gas burner, the metal bracket carried thermocouples was 

also adjusted to ensure that all the thermocouples were located over the gas burner 

with one located exactly above the center of the gas burner. A laser sheet with green 

Test Distance between fire source 

and tunnel center (m)  

Heat release rate (kW) 

1-5 0 

1.5 

2.5 

3.5 

4.5 

5.5 6.9 8.3 9.7 11.1 

6-10 5.5 6.9 8.3 9.7 11.1 

11-15 5.5 6.9 8.3 9.7 11.1 

16-20 5.5 6.9 8.3 9.7 11.1 

21-25 5.5 6.9 8.3 9.7 11.1 

26-30 

30-35 

5.5 

6.5 

5.5 

5.5 

6.9 

6.9 

8.3 

8.3 

9.7 

9.7 

11.1 

11.1 
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light was used to observe the smoke movement using incense as a tracer agent. A 

digital video was used to record the experimental process. 

3.3  Results and discussion  

3.3.1  Flame inclination 

Figure 3.2 represents the flame images for a 6.9 kW fire at different 

longitudinal locations. It is observed that the flame tends to incline towards the 

closer end wall with an increasing angle when it is moving away from the tunnel 

center. 

 

Figure 3.2 Flame inclination for 6.9 kW fire at different longitudinal locations. 

When a fire occurs in an enclosed tunnel, smoke moves along the longitudinal 

direction to both of the end walls, then they return after hitting the end walls. If the fire 

was not located at the tunnel center, it could result in different gas temperature and 

pressure on both sides of the flame. For a fire source positioned on the right side of the 

enclosed tunnel center, the temperature on the right side of the flame is relatively high 

due to the shorter motion path of smoke. Accordingly, the gas is thin and the density is 

low. On the other side, the temperature is relatively low due to the longer motion path 

of smoke, and the gas is thick and the density is high. Therefore, different pressures 

are then shown on both sides of the flame because of different situations, resulting in a 

velocity difference towards the right end. In addition, as shown in Fig. 3.3, the gas 

flow at the left side of the flame is located at the bottom of the gas flow at the right 

side of the flame, which is probably related to the gravity current, where the 

high-temperature fluid is above the low-temperature fluid when two fluids of different 

temperature meet[167].  

 

Figure 3.3 Flame inclination for the 6.9 kW fire located at 4.5 m away from the tunnel center. 
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3.3.2  Maximum gas temperature 

For fires in an enclosed tunnel, the O2 volume fraction keeps decreasing during 

the combustion of fuel, and at the same time the flame decreases gradually in size 

and then self-extinguishes. However, for the gas burner, the gas fuel supplied burns 

sufficiently before self-extinguishment. A typical temperature history is presented in 

Fig. 3.4, and it is found that the gas temperature beneath the ceiling keeps relatively 

stable until a sudden decrease due to the occurrence of self-extinguishment. In this 

study, the average gas temperature, measured by the thermocouple with maximum 

value among all the thermocouples beneath the ceiling during the stable period is 

chosen as the maximum gas temperature for each test. The maximum gas temperature 

rise refers to the temperature above the ambient temperature (20℃). 
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 Figure 3.4 Gas temperature versus time. 

Table 3.2 summarizes the maximum gas temperature, as well as the horizontal 

distance between the maximum gas temperature point and fire source. 

 

 

 

 

 

 

 

 

 

 



Chapter 3 Maximum gas temperature rise beneath the ceiling in an enclosed tunnel under different 

fire locations 

57 

 Table 3.2 A summary of experimental results  

a d is the distance between the fire and tunnel centerm, and L is the tunnel length. 

b The dimensionless distance between the fire source and the point where the maximum gas 

temperature is measured (∆′= ∆ 𝐻⁄ ); ∆ is the value of offset and H is the tunnel height. 

Figure 3.5 shows the normalized maximum gas temperature rise max, max,0/ dT T  

varied by dimensionless distance between the fire and tunnel center (dimensionless 

fire distance, 𝑑′ ) with different heat release rates. Here max,0T  refers to the 

maximum gas temperature rise when the fire is located at the tunnel center. It is found 

that the longitudinal fire location has a significant influence on the maximum gas 

temperature. It keeps decreasing when the fire source moves away from the tunnel 

center within a dimensionless fire distance of 0-0.64 (Region I, 0≤ 𝑑′ ≤0.64) due to 

the increasing flame inclination angle, then starts increasing when the fire source 

approaches to the end wall within a dimensionless fire distance of 0.64-1 (Region II, 

0.64< 𝑑′ <1) due to the heat feedback of returned hot gas bounced from the end wall. 

That is, besides the heat release rate and tunnel height, there are another two factors 

can affect the maximum gas temperature in an enclosed tunnel, i.e. flame inclination 

Dimensionless 

distance between 

fire source and 

tunnel center  

𝒅′ = 𝒅 (𝑳 𝟐⁄ )⁄  a 

Dimensionle

-ss heat 

release rate  

Calculating 

by Eq.(1.3) 

Maximum gas 

temperature rise (K) 

Measured (K)   Offset b                          

Dimensionless 

distance between 

fire source and 

tunnel center  

Dimensionle

-ss heat 

release rate  

 

Maximum gas 

temperature rise (K) 

Measured (K)   Offset    

 

 

        0 

0.032 218.3 0  

 

0.64 

 

0.032 132.6 0.20 

0.040 271.5 0 0.040 155.4 0.20 

0.048 318.4 0 0.048 174.7 0.16 

0.056 361.9 0 0.056 192.8 0.20 

0.064 393.9 0 0.064 212.1 0.20 

 

 

       0.21 

0.032 178.5 0.04  

 

0.79 

0.032 129.8 0.28 

0.040 216.1 004 0.040 153.3 0.28 

0.048 249.2 0.04 0.048 176.3 0.28 

0.056 293.6 0.04 0.056 196.7 0.20 

0.064 323.5 0.04 0.064 229.3 0.28 

 

 

       0.36 

0.032 157.8 0.12  

 

0.93 

0.032 141.1 0.36 

0.040 181.4 0.12 0.040 159.0 0.36 

0.048 214.4 0.12 0.048 183.5 0.36 

0.056 228.6 0.12 0.056 208.4 0.36 

0.064 262.1 0.12 0.064 235.9 0.28 

 

 

       0.5 

0.032 138.4 0.12     

0.040 163.6 0.12    

0.048 182.0 0.16    

0.056 206.0 0.16    

0.064 224.7 0.16    
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and heat feedback. When the fire is in Region I, the flame inclination plays an 

important role in determining the maximum gas temperature rise and the effect of 

heat feedback is secondary. On the contrary, when the fire is close to the end wall in 

Region II, the effect of heat feedback becomes increasingly important. 
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Figure 3.5 Normalized maximum gas temperature rise under different dimensionless fire 

distances. 

3.3.3  Theoretical analysis for maximum gas temperature rise 

3.3.3.1  Equivalent longitudinal ventilation velocity 

When a fire moves away from the tunnel center, the flame inclines towards the 

closer end wall. There seems to be a longitudinal ventilation velocity acting on the 

flame and causing it to incline. The velocity is not from the jet fan, but the 

temperature difference between both sides of the flame. Here we define the velocity 

as the equivalent longitudinal ventilation velocity. This method provides an efficient 

way to describe experimental phenomena and predict the maximum gas temperature 

rise. 

Taking the fire scenario in Fig. 3.1(a) as an example, the distance between the 

fire source and right end wall is 𝐿𝑟, and the distance between the fire source and left 

end wall is 𝐿𝑙, therefore, it is known that: 

 r lL L L= +       (3.3) 

where                                   

 2rL L d= −   (3.4) 

                               2lL L d= +     (3.5)  
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The temperature on both sides of the flame is considered as the temperature of 

the returned hot gas bounced from the end wall. The temperature can be calculated by 

referring to the prediction model of longitudinal temperature decay beneath the 

ceiling proposed by Hu et al.[29, 30], as shown in Eq. (3.6). 

 
0.019
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e
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−
=


  (3.6)  

where xT  is the gas temperature rise beneath the ceiling at x m from the fire 

source (K). Based on four full-scale tunnel fire tests(H≈7 m), Hu et al.[30] found the 

average longitudinal temperature attenuation coefficient K is 0.019. If the tunnel 

height is considered as the characteristic length, it is known 0.019Full
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K
K

H

 
= = 
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Based on the tunnel fire similarity theory in Chapter 2, it is known:  
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where K is the longitudinal temperature attenuation coefficient that includes scale 

characteristics, K   is the longitudinal temperature attenuation coefficient that 

doesn’t include scale characteristics. The longitudinal temperature attenuation 

coefficient in this model-scale tunnel is 0.26. The smoke will return to the fire after 

hitting the end wall, and as a result the smoke motion path is assumed to be two 

one-way trips between the fire source and end wall with a unified attenuation 

coefficient. Therefore, the gas temperature on both sides of the flame can be 

calculated as follows: 
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where   is the correction coefficient of the longitudinal temperature attenuation. In 

an enclosed tunnel, the hot smoke will be accumulated inside the tunnel and the 

cooling effect of the external air entrainment on the smoke layer disappears. These 
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characteristics delay the longitudinal attenuation degree of temperature, that is, the 

theoretical value of   is less than 1. 

Bailey et al.[19] developed a model to predict the velocity of smoke flow beneath 

the ceiling as follows: 

 0.7
o

gh T
u

T


=   (3.11) 

where T is the gas temperature rise, which is considered as the temperature 

difference between both sides of the flame in this study. In Eq. (3.11), it is found that 

the velocity of smoke flow is positively related to the 1/2 power of the gas 

temperature rise, which has the same logical relationship between the equivalent 

longitudinal ventilation velocity and the temperature difference of both sides of the 

flame in this study. Specifically, when a fire moves away from the tunnel center, the 

temperature difference between both sides of the flame increases and then the 

equivalent longitudinal ventilation velocity increases, and as a result, the maximum 

gas temperature rise beneath the ceiling decreases. h is the thickness of smoke layer, 

which is substituted by the effective tunnel height in this study. Therefore, the 

equivalent longitudinal ventilation velocity considering the fire location can be 

expressed by Eq. (3.12): 

 
( )
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r l

e ef ef ef
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V gH gH gH
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 − − − +  − −   = = =
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In Li et al.’ study[25], as shown in Eq. (3.1), they considered the influence of 

longitudinal ventilation on the air entrainment and flame inclination, and then 

developed a prediction model of maximum gas temperature rise. The boundary 

conditions in this study are different from those in Li et al.’ study, however, the 

affecting mechanism of the maximum gas temperature rise is the same. The fire 

scenario in our study cen be regarded as a special application case of this model from 

Li et al.[25] for different boundary conditions. Based on Eq. (3.1), by substituting the 

longitudinal ventilation velocity with the equivalent longitudinal ventilation velocity 

when 0.19V   , the prediction model of maximum gas temperature rise beneath the 

ceiling in an enclosed tunnel in Region I (0≤ 𝑑′ ≤0.64) can be therefore obtained, as 

shown in Eq. (3.13). When the fire is just located at the tunnel center (𝑑′=0), no 

equivalent longitudinal ventilation velocity is shown due to the symmetrical flow 

field on both sides of the flame. Therefore, the form of the prediction model is 



Chapter 3 Maximum gas temperature rise beneath the ceiling in an enclosed tunnel under different 

fire locations 

61 

consistent with that in Li et al.’ study when 0.19 V . 
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In Eq. (3.13), when 𝑉′ > 0.19 m/s, it is noticed that 
maxT is shown on both sides 

of the equation. After a deformation, Eq. (3.13) can be rewritten as follows: 
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where 𝜑, 𝛼 and 𝛽 are the correction coefficients. 

3.3.3.2  Determination of coefficients 

 Figure 3.6(a) shows the correlation between experimental results and 

predictions from Eq. (3.14) when the fire is located at the tunnel center (𝑑′ = 0). It is 

found that the maximum gas temperature rise beneath the ceiling correlates 

reasonably well with 
2 3 5 3

efQ H , showing a linear relationship with a slope of 22.7 

(α=22.7). The coefficient of 22.7 is higher than 17.5 from Li et al.’ study[25] in Eq. 

(3.1). This is because this experiment was carried out in an enclosed tunnel, where 

more heat is accumulated inside the tunnel. Besides, the low O2 concentration may 

increase the flame height to some extent[108]. 
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(b) 0 < 𝑑′ ≤ 0.64 

Figure 3.6 Determination of the coefficients in Eq. (3.14) using experimental data under the 

situation of: (a) 𝒅′ = 𝟎; and (b) 𝟎 < 𝒅′ ≤ 𝟎. 𝟔𝟒. 

 Figure 3.6(b) shows the correlation between experimental results and 

predictions from Eq. (3.14) when the fire is away from the tunnel center (0 < 𝑑′ ≤

0.64) in Region I. Results indicate that when the correction coefficient of the 

longitudinal temperature attenuation is less than 0.5, the predictive results from Eq. 

(3.14) can better reflect the variation law of the maximum gas temperature rise 

versus fire location.   is set to be 0.5 in this study (R2>0.95). When the slope of 

the linear relationship is 6.4 (β=6.4), it is found that the maximum gas temperature 

rise correlates reasonably well with 
( ) ( )
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2 2 2 2

6.4
K L d H K L d H

ef

b Q

He e
 

−

 − − − +


 −
 

. 

Therefore, the prediction model of maximum gas temperature rise beneath the 

ceiling in Region I (0 ≤ 𝑑′ ≤ 0.64) can be expressed as follows: 
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Figure 3.7 compares the experimental results and the predictions from Eq. (3.15) 

when the fire is in Region II (0.64 < 𝑑′ < 1), and it is found that the model in 

Region I underestimates the experimental results in Region II. This is related to the 

absent description on the heat feedback of returned hot smoke when the fire is very 

close to the end wall. 
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Figure 3.7 Comparison between experimental results and predictions from Eq. (3.15) when fire 

is located at Region II. 

By referring to the exponential correction factor proposed by Ji et al.[89], this 

study introduces a correction factor (  ) that considers the heat feedback effect to 

improve the prediction model in Region I and make it work in Region II. As a result, 

the prediction model of maximum gas temperature rise beneath the ceiling in Region 

II (0.64 < 𝑑′ < 1) can be expressed as follows: 
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where 
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Figure 3.8 shows the comparison between experimental results and predictions 

from Eq. (3.16) when the fire is in Region II. After introducing the correction factor 

(  ), it is found that the maximum gas temperature rise beneath the ceiling in Region 

II can be well correlated by Eq. (3.16). 



Chapter 3 Maximum gas temperature rise beneath the ceiling in an enclosed tunnel under different 

fire locations 

64 

100 125 150 175 200 225 250
100

125

150

175

200

225

250

 

 

    =0.79

    =0.93

        Eq.(3.16)

Δ
T

m
a

x
(K

)

d 

d 

Catulated by Eq.(3.16)

(3.15)Eq 

( )0.7 2
0.8 1

L d H
e

− −
= +

 

Figure 3.8 Comparison between experimental results and predictions from Eq. (3.16) when fire 

is in Region II. 

Finally, the prediction model of maximum gas temperature rise beneath the 

ceiling in an enclosed tunnel under different fire locations is summarized as follows: 
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where 

 
2

d
d

L
 =     (3.19) 

3.3.4  Dimensional analysis for maximum gas temperature rise 

3.3.4.1  Dimensional analysis 

Based on previous studies[23-25], it is known that the determining parameters for 

the maximum gas temperature rise beneath the ceiling in tunnel fires include heat 

release rate( Q ), ambient air temperature( oT ), ambient air density(
o ), specific heat 

capacity of air( pc ), gravitation acceleration(g) and effective tunnel height( efH ). 

However, when a fire occurs in an enclosed tunnel, besides the above parameters, the 

longitudinal fire location is also an important determining parameter. Here the 
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longitudinal fire location is characterized by the dimensionless distance between the 

fire source and tunnel center (dimensionless fire distance, d  ). Consequently, the 

maximum gas temperature rise beneath the ceiling in an enclosed tunnel can be 

expressed by Eq. (3.20). 

 max, , , , ,( ), ,d o p efoT Q T cf H dg =   (3.20) 

Based on dimensional analysis, oT ,
o , g  and efH  are selected as the 

independent variables, and then Eq. (3.20) can be rearranged as follows: 
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By multiplying the first term and the reciprocal of the second term on the 

right-hand side of Eq. (3.21), the dimensionless heat release rate can be obtained, 

which is the first term on the right-hand side of Eq. (3.22).  
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Based on Eq. (3.22), the relationship among dimensionless maximum gas 

temperature rise, dimensionless heat release rate, and dimensionless fire distance can 

be assumed as follows: 
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 =   (3.23) 

3.3.4.2  Determination of coefficients 

It is known that in Section 3.3.2 that the maximum gas temperature rise 

decreases when the fire moves away from the tunnel center in Region I in an 

enclosed tunnel. However, the maximum gas temperature rise increases when the 

fire approaches the end wall in Region II. In this study, only the maximum gas 

temperature rise in Region I is focused on. Figure 3.9 shows the correlation between 

max, 0 dT T and Q , and it is found that there is a power function relationship between 

them with a power of 3/4 (=3/4) under different fire locations in Region I (0 ≤ d  ≤ 

0.64). 
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     Figure 3.9 Determination of coefficient  in Eq. (3.23). 

Besides, the value of f(𝑑′) in Eq. (3.23) in each fire location is the coefficient in 

front of the term of power shown in Fig. 3.9. Table 3.3 summarizes the relationships 

between 𝑑′ and f(𝑑′). 

Table 3.3 The relationship between 𝒅′ and f (𝒅′).
 

Figure 3.10 shows the correlation between f(𝑑′) and 𝑑′(0 ≤𝑑′≤0.64). It is found 

that these two terms can be well fitted by Eq. (3.24). 

 
2.35( ) , 0 0.64df d e d

− + =    (3.24) 

 

     Figure 3.10 A correlation between f(𝑑′) and 𝑑′. 

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
5

6

7

8

9

10

11

 

 

ƒ
(d

')

d'

 Linear line

y=e
-x+2.35

𝒅′  0 0.21 0.36 0.5 0.64 

f (𝒅′) 10.57 8.53 7.02 6.14 5.82 



Chapter 3 Maximum gas temperature rise beneath the ceiling in an enclosed tunnel under different 

fire locations 

67 

After combining Eq. (3.23) with Eq. (3.24), the prediction model of maximum 

gas temperature rise beneath the ceiling in an enclosed tunnel can be expressed as 

follows: 
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Q f d Q e
T

d
T

− +     


= =

 

  (3.25) 

Figure 3.11 further compares the maximum gas temperature rise between 

experimental results and predictions from Eq. (3.25). It is found that Eq. (3.25) 

provides reasonably good predictions to the experimental results under different fire 

locations and heat release rates. 
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    Figure 3.11 Comparison between experimental results and predictions from Eq. (3.25). 

According to Eq. (3.25), it is known that when the fire is located at the tunnel 

center (𝑑′=0), the maximum gas temperature rise can be expressed as follows: 
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After dividing Eq. (3.25) by Eq. (3.26), a normalized maximum gas temperature 

rise is proposed and the influence of longitudinal fire location on the maximum gas 

temperature rise can be then described as follows: 
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    Figure 3.12 A correlation between ∆𝑻𝒎𝒂𝒙,𝒅 ∆𝑻𝒎𝒂𝒙,𝟎⁄  and 𝒅′. 

It is found from Eq. (3.27) that the normalized maximum gas temperature rise 

( ∆𝑇𝑚𝑎𝑥,𝑑 ∆𝑇𝑚𝑎𝑥,0⁄ ) decays exponentially as the dimensionless fire distance (𝑑′ ) 

increases in Region I, which can be well presented in Fig. 3.12 with an attenuation 

law of 
de . 

3.4  Summary 

This chapter studies the flame behaviors and maximum gas temperature rise 

beneath the ceiling in an enclosed tunnel under different fire locations. This work 

was done by a model-scale tunnel and propane gas burner was used as fire source. 

During the tests, the continuous flame doesn’t reach the tunnel ceiling. The gas 

temperature measured refers to the average temperature during the stable burning 

stage before self-extinguishment. In the following main conclusions from this 

chapter are given: 

(a) In an enclosed tunnel, when a fire is not located at the tunnel center, the flow 

field on both sides of the flame is not symmetrical. There is a temperature difference 

(pressure difference) on both sides of the flame. As a result, the flame inclines 

towards the closer end wall with an increasing inclination angle when the fire source 

is moving away from the tunnel center. 

(b) When the fire is in Region I (0≤ d  ≤0.64), the maximum gas temperature 

rise decreases with the increasing dimensionless fire distance due to the increasing 

flame inclination angle. When the fire is in Region II (0.64 d  1), the maximum 

gas temperature rise increases with the increasing dimensionless fire distance due to 
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the heat feedback of returned hot smoke bounced from the end wall. 

(c) Based on the physical mechanism of flame inclination, a concept of 

equivalent longitudinal ventilation velocity is proposed and then a prediction model 

of maximum gas temperature rise beneath the ceiling in Region I is developed. By 

introducing a correction factor that considers the heat feedback effect, a prediction 

model of maximum gas temperature rise beneath the ceiling in Region II is given. 

Maximum gas temperature rise can be predicted by： 
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(d) Based on the dimensional analysis, another prediction model of maximum 

gas temperature rise in Region I is developed. The normalized maximum gas 

temperature rise decays exponentially with the dimensionless fire distance with an 

attenuation law of 
de . 

Exponential attenuation law: 
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Nomenclature in this chapter 

g: acceleration of gravity (m/s2) 

cp: specific heat at constant pressure (kJ/(kg·K)) 

To: ambient air temperature (K) 

maxT : maximum gas temperature rise beneath the ceiling (K) 

xT : gas temperature rise beneath the ceiling at x m from the fire source (K) 

max,dT : maximum gas temperature rise when the distance between fire and tunnel center is d (K) 

max,0T : maximum gas temperature rise when the fire is in the tunnel center (K) 

rT : gas temperature rise on right side of the flame (K) 

lT : gas temperature rise on left side of the flame (K) 

Q : heat release rate (kW) 

Q : dimensionless heat release rate (-)  

cQ : convective heat release rate (kW) 
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b: radius of fire (m) 

d: distance between fire and tunnel center (m) 

d  : dimensionless distance between fire and tunnel center (-) 

H: tunnel height (m) 

efH : effective tunnel height (m) 

h: thickness of smoke layer (m) 

L: tunnel length (m) 

Lr: distance between fire and right end (m) 

Ll: distance between fire and left end (m) 

V: longitudinal ventilation velocity (m/s) 

V  : dimensionless longitudinal ventilation velocity (-) 

Ve: equivalent longitudinal ventilation velocity (m/s) 

u : velocity of smoke flow (m/s) 

K : longitudinal temperature attenuation coefficient that includes scale characteristics 

K : longitudinal temperature attenuation coefficient that doesn’t include scale characteristics 

Greek symbols 

o : ambient air density (kg/m3) 

 : correction factor of heat feedback effect in Eq. (3.16) 

 : correction coefficient of the longitudinal temperature attenuation in Eq. (3.9) 

 : coefficient in Eq. (3.12) 

 and  : coefficients in Eq. (3.14) 

 : coefficient in Eq. (3.23) 
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Chapter 4                                     

Application of sealing tunnel portals for fighting large 

tunnel fires   

4.1  Introduction 

For large tunnel fires, such as the railway tunnel fires caused by oil tank leakage, 

the fire size is large and the fire hazard is high, and at the same time, the explosion 

may probably occur during the fire burning stage. In such circumstances, the 

traditional rescue strategies may be unable to effectively control the development of 

fire. Sealing tunnel portals is an important strategy to fight large fires in the tunnel, 

which can be achieved by blocking two tunnel portals after the evacuation. The 

purpose is to make the tunnel fire become under-ventilated to control the development 

of fire. In reality, the sealing process is very complex due to some uncertain factors, 

such as the sealing ratio and initial sealing time. First, it is difficult to seal the tunnel 

portals completely due to the high gas temperature and poisonous gas as well as 

possible ceiling flame jet at tunnel portals[91, 168] after a tunnel fire occurs. Second, the 

tunnel portals can’t be sealed immediately due to the existence of fire recognition and 

personnel evacuation. There are several tunnel fires in history where the sealing 

strategy was applied. Examples of such fires are the fire in Lizi yuan Tunnel in 

Sichuan, China in 1990, fire in Chao yangba 2th Tunnel in Guizhou, China in 1998, 

fire in Baocheng 109 Tunnel in Shanxi, China in 2008[12]. However, the studies about 

the sealing strategy are rare from the academic point of view. Chen et al.[91, 92] 

studied experimentally the development laws of tunnel fires under different sealing 

ratios in a model-scale tunnel. Huang et al.[93] studied numerically the effect of 

sealing ratio on the gas temperature inside the tunnel by CFD simulation. But, up to 

now, no scholar has focused on another factor of initial sealing time. Therefore, this 

chapter studies the coupling control effects of sealing ratio and initial sealing time on 

the fire development using a model-scale railway tunnel. What this study focuses on 

is the fire scenarios with a high heat release rate (i.e, the continuous flame reaches 

the tunnel ceiling). The gas temperature, mass loss rate of fuel and CO concentration 
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were measured. Also, the characteristics of flame and smoke were observed. The 

research is meaningful in guiding the application of sealing tunnel portals for 

fighting large tunnel fires. 

4.2  Experiment and design 

A 1/15 model-scale railway tunnel was used to conduct experiments, as shown 

in Fig. 4.1. The length, width and height of this tunnel are 8 m, 0.4 m and 0.5 m, 

respectively, which is composed of four 2 m sub-tunnels. A 0.35 m high bracket was 

fixed under the tunnel. One sidewall of the tunnel was made up of 5 mm thick 

fire-resistant glass for observation. The bottom was made up of 7 mm thick 

fire-proofing board. The top and another sidewall were made up of 20 mm thick 

fire-proofing board.  

    

(a) Entire tunnel              (b) Detailed features of fire source and sidewall 

Figure 4.1 Model-scale railway tunnel. 

4.2.1  Combustion system 

Isooctane, as the main ingredient of petrol, was used to investigate the tunnel 

fires caused by leaked petrol from a tank. The fuel was loaded by a steel pan which 

was welded by 3 mm thick steel plates, constructing a space of 0.2 m (long) × 0.2 m 

(wide) × 0.03 m (high). Before each test, 350 ml of isooctane was poured into the fuel 

pan with a stable liquid depth of about 1 cm. An electronic balance was horizontally 

positioned on the ground to measure the mass loss rate of fuel. A bracket connecting 

the electronic balance and fuel pan was positioned on the electronic balance with its 

leg passing through the hole of the tunnel floor and its top surface being 1 cm above 

the tunnel floor, as shown in Fig. 4.2(a). Besides, the combustion system was located 

15 cm away from the tunnel center to avoid the disturbance from the steel bracket, as 

shown in Fig. 4.1(b). 
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(a) Front view                             (b) Top view 

        Figure 4.2 Arrangement of combustion system.  

The studies in Section 2 in Chapter 2 indicate that for small-scale pool fires, the 

steel pan can strongly heat the liquid fuel by conduction, resulting in a significant 

increase in the mass loss rate. In order to reduce the negative influence from the fuel 

pan, another steel pan filled with water was utilized to refrigerate the fuel pan during 

the burning process. The water pan was welded by 0.7 mm thick steel plates and its 

dimensions are 0.3 m (long) × 0.3 m (wide) × 0.03 m (high) where 500 ml water was 

poured into the pan in each test. The water pan was positioned on the top surface of 

the bracket evenly and then the fuel pan was put into the center of the water pan. 

Furthermore, a sheet metal with a central blank area of 0.2 m × 0.2 m covered the 

water region of the water pan, leaving a blank area exactly consistent with the area 

of fuel pan, aiming to prevent the mass exchange between the water and external 

environment and thus eliminate the disturbance of water to the mass loss rate of fuel 

measured by the electronic balance during the whole burning process. The detailed 

characteristics of the arrangement of combustion system are shown in Fig. 4.2. 

4.2.2  Measurement system 

To measure the temperature distribution beneath the tunnel ceiling, a series of 

thermocouples (type K, 1 mm) were positioned 1 cm below the ceiling along the 

longitudinal centerline with an interval of 0.1m in the near-fire area and 0.5 m in the 

far-fire area. Besides, a thermocouple tree was located 5 cm from the left tunnel 

portal to measure the gas temperature discharged through the portal. The 

thermocouple tree consists of 7 thermocouples with a vertical interval of 10 cm and 

the top one is 92 cm high from the ground. A suction port of smoke analyzer was 

fixed on 1 cm from the left tunnel portal and 3 cm below the tunnel ceiling to 

measure the CO concentration of smoke out of the tunnel portal. In order to avoid 

the mutual influence between the thermocouples and smoke analyzer, they were put 
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on two sides of the centerline of tunnel portal. Also, an electronic balance was used 

to measure the mass loss rate of fuel. A laser sheet with green light was used to 

observe the smoke movement and two digital videos were used to record the 

experimental flame and smoke, respectively. The detailed characteristics of the 

measurement system are presented in Fig. 4.3. 

 

                            (a) Three-dimension view  

      

(b) Left view 

 

(c) Top view 

     Figure 4.3 Layout of the measurement system.  
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4.2.3  Experimental scenarios 

The tunnel fire caused by leaked petrol from a tank was simulated in this 

experiment. Generally, a thin layer of petrol is created and leaked into the soil/gravel, 

but in order to simulate a spill fire, a pan was used due to practical reasons. The peak 

heat release rate is 43.1 kW in the experiments, which is equivalent to 37.5 MW in 

the full-scale tunnel based on the Froude scaling. At different time after the fire, the 

sealing was implemented to control the fire growth by inserting two glass plates at 

both tunnel portals, simultaneously.  

Four different initial sealing time (0 s, 90 s, 180 s and 270 s) are chosen in this 

experiment, representing different response time before the sealing. Besides, the 

sealing ratio is determined by the sealing height, and two typical sealing ratios of 75% 

and 100% are considered in this study. Fig. 4.4 shows three different sealing modes 

and in mode I, both the tunnel portals are sealed symmetrically with a ratio of 75%. 

In mode II, the tunnel portals are sealed asymmetrically with sealing ratios of 75% 

and 100% in the left and right sides, respectively. In mode III, both the tunnel portals 

are sealed completely with a ratio of 100%. Therefore, 13 scenarios were carried out 

as summarized in Table 4.1. The ambient temperature is about 10 °C. 

       

(a) Control group                              (b) Mode I 

  

    (c) Mode II                               (d) Mode III 

Figure 4.4 The diagram of different sealing modes. 

Table 4.1 A summary of experimental cases. 

Test  Sealing modes Initial sealing time (s) 

1-4 75% (left) + 75% (right) 

75% (left) + 100% (right) 

100% (left) + 100% (right) 

Control group (no sealing) 

0 90 180 270 

5-8 0 90 180 270 

9-12 0 90 180 270 

13     
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4.3  Results and discussion 

4.3.1  Mass loss rate of fuel 

Figure 4.5 displays the mass loss rate of fuel versus time having different sealing 

ratios under varying initial sealing time. In the control group without sealing, as 

shown in Fig. 4.5(a), the whole burning process roughly experiences five stages, 

including initial stage, development stage, violent stage, declining stage and 

extinguishing stage. At the initial stage, the mass loss rate increases sharply to 0.6 g/s 

at 30 s. At the development stage, the mass loss rate continues to rise. At the violent 

burning stage, the mass loss rate reaches a peak value of 1.2 g/s at about 200 s. After 

that, the mass loss rate starts to decrease at the declining stage. After 360 s, the fuel is 

fully consumed and the fire extinguishes. 
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(c) 75% + 100%                           (d) 100% + 100%      

Figure 4.5 Mass loss rate of fuel versus time. 

In the tests with sealing ratio of 75% + 75%, as shown in Fig. 4.5(b), the variation 

of mass loss rate versus time is similar when the initial sealing time is 0 s and 90 s, 
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where the peak mass loss rate disappears and decreases to about 0.6 g/s within a longer 

time. Besides, the variation of mass loss rate versus time is also similar when the 

initial sealing time is 180 s and 270 s, where the peak mass loss rate of 1.2 g/s appears 

at about 200 s which is consistent with that in the control group. It is demonstrated that 

the sealing indeed has a significant influence on the fire growth when it is 

implemented at the early stage of fire, where the mass loss rate of fuel can be limited 

to a lower level after the sealing. This is because the air supply is restrained and the 

combustion productss can’t be discharged fully through the tunnel portals, and as a 

result, the O2 volume fraction in the vicinity of the fire becomes low and the 

combustion process is suppressed. A similar phenomenon is also observed in the tests 

with sealing ratio of 75% + 100%, as shown in Fig. 4.5(c), while the fluctuation of 

mass loss rate versus time is more obvious (less than 0.5 g/s in most of the time), and 

the mass loss rate in the test with the initial sealing time of 90 s is higher than that with 

the initial sealing time of 0 s. In the tests of complete sealing with sealing ratio of 100% 

+ 100%, as shown in Fig. 4.5(d), the variation of mass loss rate versus time is totally 

different from that with incomplete sealing shown in Fig. 4.5(b)-(c). When the initial 

sealing time is 0 s, 90 s and 180 s, the mass loss rate decreases quickly within 30 s 

after the sealing with a peak of about 0.55, 0.6 and 0.95 g/s, respectively. But when 

the sealing is implemented at 270 s, namely at the declining stage, the peak value of 

0.12 g/s appears before the sealing and the complete sealing has a limited influence 

on the fire growth. 
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  Figure 4.6 Burning duration. 

Figure 4.6 presents the burning duration of all the tests having different sealing 

ratios under varying initial sealing time. It is found that the incomplete and complete 
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sealing show an opposite influence on the variation of burning duration versus initial 

sealing time. For the incomplete sealing, the burning duration is longer than that in 

the control group. Moreover, the burning duration increases with the decreasing 

initial sealing time and increasing sealing ratio. This is because the earlier the initial 

sealing time is, the quicker the combustion reaches depression state with a low mass 

loss rate of fuel due to anoxycausis. Hence it needs to cost a longer time to consume 

the same fuels. Furthermore, the larger sealing ratio (75% + 100%) can also enhance 

the depression effect of combustion, comparing to smaller one (75% + 75%). For the 

tests with complete sealing, the burning duration is shorter than that in the control 

group except for the test with the initial sealing time of 270 s. The burning duration 

decreases with the decreasing initial sealing time. This is because there is no air 

supply into the tunnel after the complete sealing, and then the fire self-extinguishes 

due to the shortage of oxygen, leaving some fuel without burning. 

4.3.2  Gas temperature beneath the ceiling 

Figure 4.7 displays the gas temperature beneath the ceiling versus time having 

different sealing ratios under varying initial sealing time. It is found that the 

variation is basically consistent with that of the mass loss rate of fuel shown in Fig. 

4.6. This is because the gas temperature is mainly determined by the heat release rate, 

while the heat release rate is largely affected by the mass loss rate of fuel, as shown 

in Eq. (4.1).  

 max fT Q m      (4.1) 

In the control group without sealing, as shown in Fig. 4.7(a), the maximum gas 

temperature beneath the ceiling reaches 800 ℃ at 200 s. In the tests with sealing 

ratio of 75% + 75% and 75% + 100%, as shown in Fig. 4.7(b)-(c), the maximum gas 

temperature reaches 800℃ at about 200 s for the initial sealing time of 180 s and 

270 s. However, when the initial sealing time is 0 s and 90 s, the peak of 800℃ 

disappears and the temperature is maintained to a lower level with an average value 

of about 600℃ in the tests with sealing ratio of 75% + 75% and lower than 600℃ 

in the tests with sealing ratio of 75% + 100%. In the tests of complete sealing with 

sealing ratio of 100% + 100 %, as shown in Fig. 4.7(d), the gas temperature 

decreases quickly within 50 s after the sealing with the peak of about 600, 700 and 

770 ℃ when the initial sealing time is 0 s, 90 s and 180 s, respectively. When the 

initial sealing time is 270 s, the peak of 800℃ appears before the sealing. 
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   (c) 75% + 100%                         (d) 100% + 100% 

   Figure 4.7 Gas temperature versus time. 
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        Figure 4.8 Maximum gas temperature beneath the ceiling in all tests. 

Figure 4.8 presents the maximum gas temperature beneath the ceiling of all the 

tests having different sealing ratios under varying initial sealing time. It is observed 

that the variation of maximum gas temperature versus initial sealing time is the same 

under different sealing ratios. As the initial sealing time increases, the maximum gas 
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temperature first linearly increases (before 200 s) and then remains almost constant. 

When the sealing is implemented before the violent burning stage, the maximum gas 

temperature is 150 - 250℃ lower than 820 ℃ from the control group. However, 

when sealing is implemented at the violent stage or declining stage, the maximum 

gas temperature remains almost constant, which has reached the peak temperature 

(800℃) from the control group. 

4.3.3  Longitudinal temperature distribution 

Figure 4.9 shows the longitudinal temperature distribution beneath the ceiling 

having different sealing ratios under varying initial sealing time at 200 s, which is the 

time when the maximum gas temperature appears in the control group. In Fig. 4.9(a), 

in the tests with sealing ratio of 75% + 75%, it is found that except for the peak, the 

temperature distribution is basically consistent with that in the control group for both 

initial sealing time of 0 s and 90 s. However, for the initial sealing time of 180 s, the 

longitudinal temperature on both sides of the fire is much higher than that in the 

control group. In Fig. 4.9(b), in the tests with sealing ratio of 75% + 100%, it is 

observed that the longitudinal temperature distribution is not symmetrical with higher 

temperature on the left, especially in the test with the initial sealing time of 180 s. For 

the complete sealing, it is found that the longitudinal temperature beneath the ceiling 

is low when the initial sealing time is 0 s and 90 s, as shown in Fig. 4.9(c). This is 

because the burning at 200 s is already at the extinguishing stage and declining stage, 

respectively. Besides, different from the incomplete sealing with a significant increase 

in temperature at one or two sides of the fire, the longitudinal temperature distribution 

is consistent with that in the control group at 200 s when the initial sealing time is180 

s.   
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    (c) 100% + 100% 

    Figure 4.9 Longitudinal temperature distribution inside the tunnel at 200 s. 

       

(a) Before the sealing   (b) After the sealing (75%+75%)   (c) After the sealing (75%+100%) 

Figure 4.10 Typical flame shapes during the experiments. 

Figure 4.10 presents several images of typical moments before and after the 

sealing at the violent burning stage. Compared with the flame before the sealing 

shown in Fig. 10(a), for the test with sealing ratio of 75% + 75%, it is found that the 

flame range increases after the sealing with a longer ceiling flame jet on both sides 

of the fire source, as shown in Fig. 4.10(b). The reason is that the burning is already 

at the violent burning stage showing a high mass loss rate, and the incomplete 

sealing at tunnel portals restrains the air entrainment and therefore the combustible 

gas needs to travel horizontally a longer distance to enable combustion[108]. From Fig. 

4.10(c), in the test with sealing ratio of 75% + 100%, it is noticed that the ceiling 

flame jet on the left side of the fire source is much longer than that on the right side. 

This is because the right portal is sealed completely while the left portal is sealed 

partly, which become the only access for air supply. 

4.3.4  CO concentration at the tunnel portal 

Figure 4.11 shows the CO concentration at the tunnel portal versus time having 

different sealing ratios under varying initial sealing time. In Fig. 4.11(a), for the 

control group, it is found that the variation of CO concentration versus time is 

consistent with that of mass loss rate of fuel shown in Fig. 4.5(a), with a transient 
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peak of 400 ppm ar 200 s. While in most of the time, the CO concentration is less 

than 250 ppm.  
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   (c) 75% + 100%                          (d) 100% + 100% 

Figure 4.11 CO concentration at the tunnel portal versus time. 

From Fig. 4.11(b), in the tests with sealing ratio of 75% + 75%, it is found that 

when the initial sealing time is 0 s, the CO concentration increases to 400 ppm 

quickly at 100 s from ignition and then keeps stable for a long time until declining at 

about 400 s. When the initial sealing time is 90 s, the CO concentration increases to 

200 ppm at about 90 s and then reaches 400 ppm quickly after the sealing at about 

200 s. Furthermore, when the sealing is implemented at 180 s at the violent burning 

stage, the CO concentration increases sharply to a peak of 1150 ppm after the sealing, 

and then decreases quickly. When sealing is implemented at 270 s at the declining 

stage, the CO concentration increases again after the sealing, and then decreases 

until extinguishing. A similar phenomenon can also be observed in the tests with 

sealing ratio of 75% + 100%, as shown in Fig. 4.11(c). The CO concentration in the 

tests with the initial sealing time of 0 s and 90 s approaches to 500 ppm within a 

longer time. Furthermore, the CO concentration in the test with the initial sealing 
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time of 180 s increases sharply to a peak of about 1400 ppm after the sealing. This is 

because the sudden sealing reduces the oxygen level inside the tunnel, and the air 

supply doesn’t meet the amount required for complete combustion of rich vaporized 

fuel at the violent burning stage. In Fig. 4.11(d), for the complete sealing, it is found 

that the CO concentration decreases to 0 ppm immediately after the sealing because 

the complete sealing prevents the exhaust of poisonous gas through the tunnel 

portals. 

Above phenomena demonstrate that the fire will be suppressed and the 

combustion becomes insufficient after the incomplete sealing, which may induce to 

produce higher-concentration CO gas at tunnel portals. Especially when sealing is 

implemented during the violent burning stage, the CO concentration can reach an 

extremely high level. It should be emphasized that the lasting time of high CO 

concentration is very short in the tests due to the limited fuel, however, in actual 

tunnel fires, the fuel load is heavier and the burning can last for hours or even days. 

4.3.5  Gas temperature at the tunnel portal 

Figure 4.12 shows the gas temperature at the tunnel portal versus time from all 

the thermocouples in the thermocouple tree in the control group. It is found that only 

the thermocouple located 82 cm above the floor (3 cm below the tunnel ceiling) has 

an obvious temperature rise during the test, which indicates that the smoke out of the 

tunnel has a good layered structure near the portal under the effect of horizontal 

driving force of hot smoke, as reflected in Fig. 4.14(a). Besides, the highest gas 

temperature is about 180 ℃, which appears at 230 s instead of 200 s due to the 

process of heat transportation from the tunnel center to the tunnel portals. 
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  Figure 4.12 Gas temperature at the tunnel portal versus time in control group. 
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Taking the sealing ratio of 75% + 100% as an example, Fig. 4.13 shows the gas 

temperature at the tunnel portal versus time of all the thermocouples in the 

thermocouple tree under different initial sealing time. In Fig. 4.13(a), it is found that 

the gas temperature from two thermocouples located 82 cm and 92 cm above the 

floor (7 cm above the tunnel ceiling) increases and reaches a relative stabilization of 

about 60℃ when the initial sealing time is 0 s. Besides, when the initial sealing time 

is 90 s and 180 s, it is found that the gas temperature above the tunnel ceiling 

increases to about 110℃ and the gas temperature below the tunnel ceiling decreases 

to 60℃ after the sealing. 
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                (c) 180 s                                  (d) 270 s 

  Figure 4.13 Gas temperature at the tunnel portal versus time in the tests with sealing ratio of 

75%+100%. 

As long as one of the tunnel portals is sealed incompletely, it will leave a small 

area for the exchange of smoke and air between inside and outside environment. In 

order to maintain the combustion of fuel inside the tunnel, the fresh air from the 

external environment flows into the tunnel quickly and vigorously from the gap and 

then uplifts the smoke out of the tunnel portals, causing an increase in temperature 
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above the ceiling near the tunnel portals, as reflected in Fig. 4.14(b). It is also an 

important phenomenon for firefighters, which needs to draw their attentions. 

        

(a) Before the sealing                       (b) After the sealing 

Figure 4.14 Form of smoke out of tunnel portal before and after the incomplete sealing. 

Figure 4.14 displays the form of smoke out of the tunnel portal before and after 

the incomplete sealing. A laser sheet with green light was used to observe the smoke 

movement and the specific characteristics have been introduced in the above 

analysis. 

4.4  Summary 

This chapter studies the application of sealing tunnel portals for fighting large 

tunnel fires. The coupling control effects of sealing ratio and initial sealing time on 

the fire development are considered. This work was done by a 1/15 model-scale 

railway tunnel. Isooctane was used to simulate the tunnel fire caused by leaked 

petrol from a tank. The peak heat release rate is 43.1 kW during the test, which is 

equivalent to 37.5 MW in the full-scale tunnel. At different time after the fire, the 

sealing was implemented to control the fire growth by inserting two glass plates at 

both tunnel portals, simultaneously. In the following main findings from this chapter 

are given: 

(a) In the control group without sealing, the maximum gas temperature beneath 

the ceiling reaches 800℃ and the peak CO concentration at the tunnel portal is 

about 400 ppm. When the tunnel portals are sealed completely with sealing ratio of 

100 % + 100%, the fire self-extinguishes within a short time after the sealing. When 

the tunnel portals are sealed incompletely with sealing ratios of 75 % + 75% and 75 % 

+ 100%, the oxygen inside the tunnel is not sufficient for large fires, so the 
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combustion reaches a depressed state after the sealing where the mass loss rate of 

fuel and the maximum gas temperature beneath the ceiling decrease. Specifically, 

when the sealing is implemented before the violent burning stage, the maximum 

mass loss rate of fuel decreases to 1/2 of that without sealing and the maximum gas 

temperature decreases to 500 - 600℃. Moreover, the incomplete sealing causes 

longer burning duration and induces to produce higher-concentration CO gas at 

tunnel portals.  

(b) When the incomplete sealing is implemented during the violent burning 

stage, the sealing not only does not limit the fire growth but also exacerbates the 

tunnel fires, producing an extremely high CO concentration at tunnel portals (1150 

and 1400 ppm in this study) and a longer ceiling flame jet. The higher the sealing 

ratio is, the obvious the phenomenon is. This is adverse to the rescue service in the 

vicinity of tunnel portals.  

(c) As long as the tunnel portals are sealed incompletely, the smoke will not 

spread horizontally for some distance after leaving tunnel portals under the action of 

inertial forces. In order to maintain the combustion of fuel inside the tunnel, the fresh 

air from external environment flows into the tunnel quickly and vigorously from the 

gap and then uplifts the smoke out of the tunnel portals, causing an increase in 

temperature above the ceiling near the tunnel portals, which is also an important 

phenomenon for firefighters and needs to draw their attentions. 
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Chapter 5                                        

The critical conditions for the occurrence of 

under-ventilated tunnel fires and combustion mechanisms 

5.1  Introduction 

The fourth chapter takes the practical application of sealing tunnel portals for 

fighting large tunnel fire as the background, and quantitatively analyzes the couple 

effects of sealing ratio and initial sealing time on the tunnel fire control. The essence 

of sealing tunnel portals is to limit the air flow into the tunnel to make the tunnel fire 

becomes under-ventilated, where the fire intensity is reduced greatly. Chen et al.[91] 

investigated the pool fire behaviors to different ventilation opening areas by sealing 

at both tunnel portals. The results demonstrated that during the sealing process, the 

gas temperature inside the tunnel firstly increases and then decreases with the 

increasing sealing ratio, which is primarily due to the comprehensive effects between 

the heat loss by the hot smoke flowing out of tunnel portals and the heat produced by 

combustion significantly related to ventilation, both of the above factors are related 

to the open area of tunnel portals. Therefore, there exists a critical sealing ratio 

closely related to the fuel area, at which the combustion is complete and the heat loss 

through tunnel portals is little, and at the same time the gas temperature inside the 

tunnel would reaches the maximum. Under-ventilated tunnel fires probably occur 

when the sealing ratio is higher than the critical sealing ratio. From the perspective 

of effectively controlling the development of tunnel fire, the higher the sealing ratio 

is, the better the control effect is. However, from the perspective of fundamental 

research, it is of great significance to further clarify the critical conditions for the 

occurrence of under-ventilated tunnel fires and the corresponding combustion 

mechanisms. This can improve the understanding of under-ventilated tunnel fires 

and guide the fire control in tunnels. Unfortunately, previous studies did not 

quantitatively analyze the critical conditions for the occurrence of under-ventilated 

tunnel fires or the critical sealing ratio in essence, which should have correlated the 

relationship between the ventilation rate and mass loss rate of fuel. This relationship, 

or more precisely the ratio, is defined as the equivalence ratio  . 
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Therefore, this chapter further studies the characteristics of under-ventilated 

tunnel fires in both model-scale tunnel and medium-scale tunnel. Based on the 

equivalence ratio, the development laws of tunnel fires under confined portal 

boundaries are summarized quantitatively, the critical conditions for the occurrence 

of under-ventilated tunnel fires are determined and the conversion mechanisms from 

the insufficient combustion in early under-ventilated tunnel fires to sufficient 

combustion are revealed. 

5.2  Experiment and design 

Fire tests were carried out in a model-scale tunnel and a medium-scale tunnel. 

There is a scaling correlation between the two series of tests, and the scale ratio is 

1:2.5. The experiments were finished by Professor Ingason[123, 124].  

5.2.1  Model-scale tunnel tests 

A series of model-scale tunnel fire tests has been performed in a model-scale 

tunnel with a length, width and height of 10.96 m, 1.08 m and 1.2 m, respectively, as 

shown in Fig. 5.1. A 1.6 m high chimney with a diameter of 0.6 m was placed at the 

east end to facilitate estimation of the heat release rates. It should be noticed that the 

chimney height doesn’t meet the scale of 1:2.5 due to the excessively high chimney in 

the medium-scale tunnel. A heat resistance wall was placed at west end to avoid any 

leakage of air or smoke. The ventilation rate was varied by using different square inlet 

sizes at the west end of the tunnel. The inlet size includes 0.10 m × 0.10 m, 0.15 m × 

0.15 m, 0.20 m × 0.20 m, 0.30 m × 0.30 m and 0.60 m × 0.60 m. The first one meter of 

the tunnel (the 1 m entrance section) was made of 4 mm thick gypsum boards. The 0.6 

m deep wall-beam right in front of the fire was used as a hinder for the fire gases to 

travel upstream the tunnel. The tunnel walls and ceiling consisted of 10 mm thick 

Promatect fibre-silica-board type H. Double boards were put at the ceiling above the 

fire place to avoid collapse. On the right side of the fire source, a piece of fire 

resistance glass window measuring 2.2 m long and 1.2 m high was placed at one 

sidewall of the fire source to facilitate visual observation. 
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                                     (a) Front view 

 

(b) Top view 

      Figure 5. 1 A sketch of the mode-scale tunnel and measurements. 

Heptane and xylene were chosen as fuel and they were loaded by a steel pan 

constructing a space of 0.3 m (long) × 0.3 m (wide) × 0.1 m (high). Before each test, 

2.27 L of heptane was poured into the fuel pan with a stable liquid depth of about 2.5 

cm. The fuel pan was put onto a weighing platform to measure the mass loss rate of 

fuel versus time. The weighing platform was placed at 1.5 m from the west end of 

the tunnel. In total 11 scenarios most relevant to this study are summarized in Table 

5.1. The ambient temperature is about 5 °C. 
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Table 5.1 A summary of experimental cases in model-scale tests (Finished by Professor 

Ingason[123]). 

Temperature was measured by K-type thermocouple. The velocity was computed 

with aid of bi-directional probe and thermocouple by the following correlation: 

     
1 2

( ) o o

PT
u

k Re T


=     (5.1)                                                                                                        

where ΔP is the pressure difference, T is the gas temperature, 
o is the ambient air 

density and oT is the ambient air temperature. (Re)k is a correction coefficient given 

by McCaffrey and Heskestad[169] which is nearly a constant of 1.08 for Re >3800. 

Gas volume fractions, including O2, CO and CO2, were measured by gas 

analyzers located at instrument station A at three different heights of 0.3, 0.7 and 

1.05 m above the floor, as well as 2.3 m inside the chimney. Each probe was held 

open in 30 seconds and the data was recorded per 6 seconds. The optical density of 

the smoke was measured by smoke meter at instrument stations A with a height of 

1.05 m from the floor. The measuring principle is shown as follows: 

 OD=lg (I incident light /I transmitted light)   (5.2) 

The more detailed characteristics of the arrangement of measurement system 

are shown in Fig. 5.1. 

5.2.2  Medium-scale tunnel tests 

The medium-scale tests were carried out in a 100 m long blasted rock tunnel with 

a cross-section of about 2.7 m wide and 3 m high. The geometry of the cross section 

varies slightly along the tunnel but these are average measured values. The tunnel is 

open at the west end and has a 13.2 m high chimney at the east end with a diameter of 

Test Fuel Fuel area 

(m × m) 

Amount of fuel 

(L) 

Opening size 

(m) 

1 Heptane 0.3 × 0.3   2.27   L 0.60 × 0.60 

2 Heptane 0.3 × 0.3   2.27 L 0.30 × 0.30 

3 Heptane 0.3 × 0.3   2.27 L 0.20 × 0.20 

4 Heptane 0.3 × 0.3   2.27 L 0.15 × 0.15 

5 Heptane 0.3 × 0.3   2.27 L 0.10 × 0.10 

6 Xylene 0.3 × 0.3   2.27    L 0.30 × 0.30 

7 Xylene 0.3 × 0.3   2.27 L 0.20 × 0.20 

8 Xylene 0.3 × 0.3   2.27 L 0.15 × 0.15 

9 Xylene 0.3 × 0.3   2.27 L 0.10 × 0.10 

10 Heptane 0.3 × 0.3   2.27 In the open 

11 Xylene 0.3 × 0.3   2.27 In the open 
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1.5 m. The floor was covered with pebbles. A sketch of the medium-scale tunnel is 

shown in Fig. 5.2. 

   

                       (a) Front view 

   

                      (b) Top view 

   Figure 5.2 A sketch of the medium-scale tunnel. 

An un-insulated 1 mm thick steel wall was placed 26.2 m from the center of the 

chimney to prevent the air and smoke leakage through the wall except through the 

inlet opening, (i.e. part of the tunnel was utilized in this study), as shown in Fig. 5.3. 

The inlet opening at the steel wall was arranged by a 6 m long circular steel duct. The 

inner diameter of the duct is 0.64 m, whose center is 1.5 m from the floor level. This 

arrangement makes it possible to make relatively accurate measurement of the mass 

flow rates in the duct. The ventilation rate was controlled by varying the diameter of 

the outer inlet opening by using circular rings with inner diameter of 0.6 m, 0.5 m, 0.4 

m, 0.3 m and 0.2 m, respectively. The inlet duct rings were mounted at the end of the 

duct. 15 m of the ceiling was smoothened with 50 mm thick light-weight concrete 

slabs (perlite) in the vicinity of the fire source to protect the tunnel from heat. The 

walls were insulated from ceiling to floor with a 100 mm thick insulation and a length 

of around 3.5 m at the fire place. At other locations the walls were unprotected. 

 



Chapter 5 The critical conditions for the occurrence of under-ventilated tunnel fires and 

combustion mechanisms  

92 

 

   Figure 5.3 A sketch of the modified medium-scale tunnel and measurements. 

Heptane was chosen as the fuel, loaded by a steel pan with dimensions of 0.65 

m (long) × 0.65 m (wide) × 0.1 m (high). Before each test, 31.2 L of heptane was 

poured into the fuel pan with a stable liquid depth of about 7 cm, except for the test 

with inner diameter of 0.2 m, whose amount was 28.9 L. The fuel pan was put onto a 

weighing platform to measure the mass loss rate of fuel versus time and a water bed 

was used in the tests. The weighing platform measured 2 m (long) × 2 m (wide) × 

0.5 m (high), was placed at 3.75 m from the west end of tunnel. In total, 5 scenarios 

most relevant to this study are summarized as shown in Table 5.2. The ambient 

temperature is about 10 °C. 

Table 5.2 A summary of experimental cases in medium-scale tests (Finished by Professor Ingason 

[124]). 

Test Fuel Fuel area 

(m × m) 

Amount of fuel 

(L) 

Opening size 

(m) 

12 Heptane 0.65 × 0.65    31.2     Φ 0.6 

13 Heptane 0.65 × 0.65    31.2     Φ 0.5 

14 Heptane 0.65 × 0.65    31.2     Φ 0.4 

15 Heptane 0.65 × 0.65    31.2     Φ 0.3 

16 Heptane 0.65 × 0.65    28.9     Φ 0.2 

Besides, smoke temperature, gas volume fraction, optical density and radiation 

were also measured. The arrangement of measurement system, similar to that in the 

model-scale tunnel fire tests, is presented in Fig. 5.3. 
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5.3  Results and discussion 

5.3.1  Mass loss rate per unit area  

Figure 5.4 shows the mass loss rate per unit area (MLRPUA) versus time for 

heptane and xylene pool fires in the model-scale tunnel tests. In Fig. 5.4(a), with 

heptane tests, it is noticed that initially these fires behave similarly but after 2 minutes 

from ignition, they may be affected by ventilation rate, and the history of MLRPUA 

presents much variably under different square opening sizes. Overall, except for the 

0.6 m opening size, the maximum MLRPUA decreases with the decrease of opening 

size. For the test with square opening of 0.3 m, the MLRPUA is found to roughly 

experience five stages, including initial stage, development stage, violent stage (with 

highest value of 0.11 kg/m2·s), decline stage and extinguishing stage. However, for 

both tests with opening size of 0.2 and 0.15 m, the MLRPUAs start to decrease after 2 

minutes (although still in development stage) and then accompany an oscillation. With 

the further decrease of opening size to 0.1 m, the fire self-extinguishes at about 4 

minutes before the fuels burn out. For the test with square opening of 0.6 m, the wind 

velocity in the vicinity of the flame is the highest and the flame deflects significantly. 

The decrease of radiation from ceiling and flame itself results in lower MLRPUA, 

see Section 2.2 in Chapter 2 for details. In Fig. 5.4(b), with xylene tests, a similar 

trend can be also found, when comparing with the results from heptane pool fires. The 

MLRPUAs for two tests with opening size of 0.15 and 0.1 m are noticed to stop 

increasing after 1 minute compared with the other two tests. Especially for the test 

with opening size of 0.15 m, an obvious oscillation is observed. 
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               (a) Heptane pool fire                     (b) Xylene pool fire                                                         

Figure 5. 4 The MLRPUA versus time with 0.3 m heptane and xylene pool fires for model-scale 

tunnel fire tests. 
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For comparison, Fig. 5.5 presents the MLRPUA versus time for the heptane and 

xylene pool fires in the open. It is easily seen that the maximum MLRPUAs for both 

fuels are in a range of 0.04 - 0.045 kg/m2·s, which not only is much lower than those 

with large openings (well-ventilated) in the model-scale tunnel fire tests, but also is 

slightly lower than those with small openings (vitiated). The ratio of effective tunnel 

height to pool diameter (Hef/D) is less than 3 and it indicates that strengthening effect 

of heat feedback from tunnel structure and smoke exists in the model-scale tunnel, 

see Section 2.2 in Chapter 2 for details. 
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    Figure 5.5 The MLRPUA versus time with 0.3 m heptane and xylene pool fires in the open. 

Figure 5.6 shows the MLRPUA versus time for heptane pool fires in the 

medium-scale tunnel fire tests. For smaller circular opening sizes, such as 0.3 and 0.2 

m, the MLRPUAs start to decrease gradually after 3 minutes, however, the obvious 

oscillating phenomenon doesn’t occur. In other tests, the MLRPUAs either keep stable 

or slightly rise after 3 minutes to a relatively high value, especially for opening sizes 

of 0.6 m and 0.5 m. Moreover, as a whole, the MLRPUAs of heptane pool fires in the 

medium-scale tests are apparently higher than those of corresponding heptane in the 

model-scale tests. The differences between two series of tests are probably due to the 

scaling effects, where the pool size in the model and medium-scale tunnel tests is 0.3 

and 0.65 m, respectively. In this study, in terms of heat transfer to fuel surface, both 

sizes are in the transition zone (0.1-1 m diameter) where both convective and radiative 

heat feedbacks are important. However, for the larger one of 0.65 m, the flame is more 

turbulent and radiative heat flux to fuel surfaces is supposed to play a more significant 

role than the convective part. Therefore, the more radiative heat transfer from 

medium-scale tunnel fire tests explains the high and smooth MLRPUA in Fig. 5.6. 
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Besides, the more obvious turbulent flame with larger vortices also means a stronger 

capacity of air entrainment to maintain the steady combustion[170], and it is also a 

probable reason for the relatively stable MLRPUA history (without oscillation) for the 

tests with small opening size in the medium-scale tunnel fire tests. In comparison, the 

heat transfer in the model-scale tunnel fire tests should be mainly dominated by 

convective heat feedback to the pool surfaces. As a result, the MLRPUA would be 

affected significantly by possibly lifted or descent flame. 
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Figure 5.6 The MLRPUA versus time with 0.65 m heptane pool fires in medium-scale tunnel 

fire tests. 

5.3.2  Flame characteristics  

In the model-scale tunnel fire tests, the flame behaviors were observed through 

the fire resistance glass. Observations only were made for initial heptane tests due to 

the breakage of the glass window.  

For opening sizes of 0.30 m × 0.30 m and 0.60 m × 0.60 m, after about 30 s from 

ignition the flame reaches the ceiling. When the opening size is 0.30 × 0.30 m, after 

about 1 - 1.5 minutes, it is observed the flame deflects with the existence of a ceiling 

flame. The flame continues to increase in size after about 2 - 2.5 minutes. The ceiling 

flame is about 1.2 m in length until the fuel is consumed. The flame extends along the 

ceiling horizontally whereas close to the fire the flame is deflected by about 30 - 45°. 

When the opening size is 0.60 m × 0.60 m, after about 1 - 1.5 minutes, no flame 

reaches the ceiling, and the flame is deflected nearly horizontally above the fuel pan. 

This is mainly because under a sufficiently large opening size, the stronger stack effect 

from chimney at the east end induces more air flow through the inlet opening of the 

tunnel, which is quite concentrated, almost jet-shaped at fire source. 
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For opening sizes of 0.10 m × 0.10 m, 0.15 m × 0.15 m, and 0.20 m × 0.20 m, the 

flame reduces dramatically in size after about 2 - 2.5 minutes from ignition. At the 

same time, less smoke is produced. This is probably caused by the decreasing 

MLRPUA, as shown in Fig. 5.4(a). At this moment, the flame height is about 2/3 of 

the ceiling height. The flame starts to burn partly outside the fuel pan and they start to 

flutter above the fuel pan. After about 3 minutes from ignition the flame occurs mainly 

outside the pan and none directly above the pan. The flame can be characterized as 

lifted flame travelling outside the pan, mainly on upstream side of the pan. This would 

be similar phenomena as described by Foote[171] as “ghosting fire”. 

5.3.3  Equivalence ratio 

The concept of equivalence ratio (ϕ) is introduced in this section in order to 

discuss the influence of ventilation conditions on combustion. The calculated method 

of equivalence ratio is expressed as follows[14, 94, 172]:  
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where                     
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where am  is the air flow rate through inlet opening of tunnel (ventilation rate) and 

fm  is the mass loss rate of fuel. r  is the stoichiometric coefficient and the letter 

index comes from a generic fuel (CaHbOc). Theoretically, it is thought that when the 

equivalence ratio is less than 1, the oxygen is sufficient and the fire is well-ventilated 

(fuel-controlled), and when the equivalence ratio is more than 1, the oxygen is not 

sufficient and the fire is under-ventilated (ventilation-controlled). 

Table 5.3 summarizes the trend of MLRPUA after the same stage separated by 

dotted lines in Fig. 5.4 and Fig. 5.6, in relation to equivalence ratio at the transition 

moment for all the tests. It should be pointed out that the equivalence ratio is not 

constant during the combustion progress in each scenario and it much depends on the 

change of mass loss rate per unit area of pool fires. The equivalence ratio in this study 

is from the critical time at the early stage of fire. The results show that as long as   is 

less than 0.53, the MLRPUAs perform well and continue to increase during identical 

periods, which represents a well-ventilated tunnel fire (fuel-controlled). However, for 

other tests with   exceeding 0.6, the MLRPUAs trend to decrease and even oscillate 
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in some model-scale tunnel fire tests, which represents a vitiated fire where the O2 

volume fraction is declining. Therefore, it is known the critical equivalence ratio is 

within 0.53 - 0.6. The term under-ventilated can be used when   exceeds 0.6, in 

order to separate it from well-ventilated conditions. It should be also noticed that the 

critical range is less than the theoretical one of 1. This is probably because in the tests, 

the ventilation rate was varied by using different opening sizes. As a result, the fire gas 

would be accumulated in the vicinity of the flame and vitiate the combustion 

environment by mixing the incoming air. Consequently the vitiation reduces the O2 

volume fraction. Therefore, a higher ventilation rate (corresponding to a smaller  ) is 

required to avoid the occurrence of vitiation. 

Table 5.3 The relationship between   and ventilation condition. 

Test Equivalence ratioa MLRPUA Ventilation conditionb 

1 0.09 Continue to increase Well-ventilated fire 

12 0.19 Continue to increase Well-ventilated fire 

6 0.23 Continue to increase Well-ventilated fire 

2 0.25 Continue to increase Well-ventilated fire 

13 0.28 Continue to increase Well-ventilated fire 

14 0.44 Continue to increase Well-ventilated fire 

7 0.53 Continue to increase Well-ventilated fire 

3 0.60 Start to decrease with an oscillation  Under-ventilated fire 

8 0.77 Start to decrease with an oscillation  Under-ventilated fire 

15 0.85 Start to decrease  Under-ventilated fire 

4 0.93 Start to decrease with an oscillation  Under-ventilated fire 

9 1.43 Start to decrease with an oscillation  Under-ventilated fire 

16 1.71 Start to decrease  Under-ventilated fire 

5 2.05 Start to decrease and then extinguish  Under-ventilated fire 
a The equivalence ratio is from the critical time at the early stage of fire 

b The ventilation condition only represents the situation at the early stage of fire 

5.3.4  O2 volume fraction and optical density 

Taking the heptane pool fires in the model-scale tunnel tests as an example, Fig. 

5.7 shows the O2 volume fraction as a function of time at instrument station A at three 

different heights of 0.3, 0.7 and 1.05 m above the floor. In Fig. 5.7(a)-(b), these fires 

are well-ventilated with   being 0.09 and 0.25, and the stratification phenomenon of 

the O2 volume fraction at different heights is apparent. A shorter distance from the 

floor corresponds to a higher O2 volume fraction, and vice versa, which indicates that 

the vitiation doesn’t occur in the vicinity of the flame (at the floor level). However, as 

shown in Fig. 5.7(c)-(d), these fires are under-ventilated with   being 0.6 and 0.93, 
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and the O2 volume fraction at different heights is almost at the same low level, which 

indicates that the vitiation has occurred. 
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                 (a) ϕ=0.09                               (b) ϕ=0.25        
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   Figure 5.7 The O2 volume fraction in heptane pool fires for model-scale tunnel fire tests. 

Taking the heptane pool fires in the medium-scale tunnel tests as an example, Fig. 

5.8 shows the optical density as a function of time at instrument station A at three 

different heights of 1.2, 2.2 and 2.85 m from the floor. In more general terms, the 

optical density tends to increase as   increases. In Fig. 5.8(a)-(b), for well-ventilated 

fires with   being 0.19 and 0.28, all the optical densities at different heights are 

relatively small. However, for other tests with under-ventilated fires and   being 

0.85 and 0.93, as shown in Fig. 5.8(d)-(e), the optical density at different heights is 

relatively high, especially for the one close to the floor, and the high value still 

maintains for a certain period after the fuel burns out. These characteristics also 

demonstrate that fire smoke accumulates near the flame and the vitiation has occurred. 

In Fig. 5.8(c), for well-ventilated fires with   being 0.44, the optical density at the 

early stage is relatively low, however, after about five minutes from ignition, the 

optical density increases. Note that the corresponding results in Fig. 5.6 show that the 
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MLRPUA slightly decreases after about five minutes from ignition. This indicates that 

the fire has converted from well-ventilated to under-ventilated. 
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                  (c) ϕ=0.44                               (d) ϕ=0.85         
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 (e) ϕ=1.71                                                                           

  Figure 5.8 The optical density in heptane pool fires for medium-scale tunnel fire tests. 

5.3.5  Carbon monoxide (CO) and carbon dioxide (CO2) 

Ingason[173] suggested to use the ratio between CO and CO2 volume fraction as 

an indicator to determine the occurrence of under-ventilated tunnel fires. 
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Theoretically, when the ventilation rate doesn’t meet the amount required for 

complete combustion of vaporized fuel, an under-ventilated fire would occur with fuel 

rich combustion and extremely high CO generation. However, the expected results 

don’t really occur in the tests presented here. Fig. 5.9 shows the value of ΔCO/ΔCO2 

versus time for all tests. Due to the severe fluctuation of measuring values at the initial 

stage, the relatively stable results after 2-3 minutes from ignition are presented. In Fig. 

5.9(a)-(b), for the model-scale tunnel fire tests, the measured values are average 

values of the measured points at instrument station A with three different heights of 

0.3, 0.7 and 1.05 m above the floor; and in Fig. 5.9(c), for the medium-scale tunnel fire 

tests, the measured values are average values of the measured points at instrument 

station A with three different heights of 1.2, 2.2 and 2.85 m above the floor. The 

Results show that from well-ventilated fires to under-ventilated fires, except for the 

only test with early extinction, limited CO augment is generated. This is because for 

under-ventilated fires together with vitiation, due to the decreasing O2 volume 

fraction, the MLRPUA starts to decrease and at the same time the air mass flow into 

tunnel becomes almost constant. Consequently   decreases and to some extent the 

ventilation rate approaches the amount required for complete combustion of vaporized 

fuel. Besides, the values of ΔCO/ΔCO2 for xylene pool fires in the model-scale tunnel 

tests are noticed to be higher even if in the well-ventilated fires, as shown in Fig. 

5.9(b). The phenomenon is very similar to the corresponding experimental results 

based on toluene from Beyler[174], which is probably related to the special chemical 

property of benzenoid structure. Furthermore, the values of ΔCO/ΔCO2 for heptane 

pool fires in the medium-scale tunnel tests are noticed to be higher, compared to that 

from the model-scale tunnel tests, as shown in Fig. 5.9(a) and Fig. 5.9(c). The 

difference should be attributed to the scaling effects of pool fires. 
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     (c) Heptane pool fires in medium-scale tunnel tests                             

         Figure 5.9 The ΔCO/ΔCO2 versus time for all tests.   

5.3.6  Combustion efficiency  

The most common method to measure heat release rate is known as the oxygen 

consumption method[175], which was measured by using a hood system placed above 

the chimney in this study. The combustion products were collected in the exhaust 

system where gas volume fractions (O2, CO2, CO) and mass flow rate were measured. 

The calculated method is expressed as follows： 
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where Q  is the heat release rate, E  is the heat release per mass unit of oxygen 

consumed,   is the oxygen depletion factor, COE
 
is the heat release per unit mass 

of oxygen consumed for combustion from CO to CO2,  is the volumetric 

expansion factor, M is the molecular mass, 
em
 
is the mass flow rate measured in 

the exhaust duct, AeX  is the measured mole fraction in the exhaust flow, AaX  is 

the measured mole fraction in the initial air and aX is the actual mole fraction in the 

initial air. More information on the oxygen consumption method sees references[176, 

177]. 

Another method to calculate the heat release rate is based on the mass loss rate 

according to the following equation[178]: 

 f cQ m H=        (5.6)                                               

where  is the combustion efficiency, fm is the mass loss rate of fuel and 
CH  is the 
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heat of complete combustion. The mass loss rates of fule was measured during the 

tests whereas   and CH  are obtained from handbook data[94]. In calculation of the 

heat release rate based on Eq. (5.6),  =0.92 and CH =44.6 kJ/kg for heptane, 

=0.67 and CH =41.2 kJ/kg for xylene are used respectively. If the combustion 

efficiency within the tunnel is approximately the same as for open fires, the heat 

release rate measured by the oxygen consumption method and mass loss rate would be 

expected to be the same. 

Figure 5.10 presents the heat release rate for heptane and xylene pool fires in the 

model-scale tunnel tests when   is less than 0.53. It is observed that the agreement 

between the heat release rate values based on the oxygen consumption method and 

mass loss rate is very good. This means the combustion efficiency is nearly constant 

during the test. Besides, a delay can be also noticed for the results from oxygen 

consumption method. This is because at the early stage, it takes approximately half a 

minute for the smoke flow to be established in the tunnel and to reach the chimney. 
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         (c) Xylene with   of 0.23                    (d) Xylene with   of 0.53                                                       

Figure 5.10 Comparison of heat release rates using the oxygen consumption method and mass 

loss rate in fuel-controlled fires. 
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Figure 5.11 presents the heat release rate for heptane and xylene pool fires in 

the model-scale tunnel tests when   is more than 0.6. Excluding the factor of delay, 

it is observed that the agreement between the heat release rate values based on the 

oxygen consumption method and mass loss rate is poor at the early stage of the test, 

where the value from mass loss rate is much higher. This explains that the 

combustion efficiency is much lower than the value from the open, which also 

proves that the fire is under-ventilated at the early stage of the test, as summarized in 

Table 5.3. After about four minutes there is a reasonable agreement between these 

values and it indicates that the combustion efficiency is nearly constant during the 

test. This means that the insufficient combustion in early under-ventilated tunnel 

fires has converted to sufficient combustion (from the perspective of the change of 

equivalence ratio, the fire has converted from under-ventilated to well-ventilated). 

This is also confirmed when plotting the ΔCO/ΔCO2 in Fig. 5.9. Besides, as shown 

in Fig. 5.11(c), the test for heptane with   being 2.05 (corresponding to the 

smallest opening size of 0.1 m × 0.1 m) is found to be a little different from others. 

The heat release rate based on the oxygen consumption method is much lower than 

that based on mass loss rate in the entire burning process. In addition to the 

contribution of CO and soot, the most important reason for this phenomenon is 

probably because partial volatiles of fuels are not involved in combustion due to 

excessive vitiation around the flame. Another possible reason is that under such 

confined conditions, the smoke may not be transported to the chimney totally as 

expected and instead part of it may accumulate inside the tunnel. 
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     (e) Xylene with   of 1.43 

Figure 5.11 Comparison of heat release rates using the oxygen consumption method and mass 

loss rate in under-ventilated fires. 

5.4  Summary 

This chapter studies the critical conditions for the occurrence of 

under-ventilated tunnel fires and the combustion mechanisms. This work was done 

by both model and medium-scale tunnels. Heptane and xylene were used as fuels. By 

adjusting the opening size in the tunnel portal, different ventilation rates were 

achieved. In the following main conclusions from this chapter are given: 

(a) In well-ventilated tunnel fires, the combustion will fully develop together 

with an increasing MLRPUA during identical periods. Consequently, at the same time 

the flame continues to increase in size, resulting in ceiling flames extended along the 

ceiling until the fuel is consumed. On the contrary, in under-ventilated tunnel fires, the 

MLRPUA starts to decrease during identical periods. Moreover, an oscillating 

MLRPUA occurs, especially in the model-scale tunnel fire tests. At this moment, the 
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heptane flame size dramatically reduces and doesn’t reach ceiling, meanwhile the 

flame starts to lift and flutter above the fuel pan and burn outside the fuel pan 

(ghosting fire). Besides, the MLRPUA of heptane pool fires from the medium-scale 

tunnel tests is apparently higher than that of corresponding heptane pool fires from 

the model-scale tunnel tests. The differences in both scale tests are probably related 

to the scaling effects (radiation). 

(b) The equivalence ratio is used to judge whether the fire is under-ventilated or 

well-ventilated at the early stage of fire. The critical value is within 0.53 - 0.6, which 

is less than the theoretical value of 1. This is most likely because of the occurrence of 

vitiation, consequently reducing the level of oxygen around the flame (diluting the O2 

concentration). The vitiation can be confirmed by the distribution of O2 volume 

fraction and optical density in vertical direction of tunnel cross-section at some 

distance from the fire source.  

(c) No significant increase in CO production in under-ventilated fires is observed 

in both test series. This is because the low ventilation rate and vitiation result in a low 

O2 volume fraction around the flame, and then the MLRPUA starts to decrease and at 

the same time the air mass flow into tunnel becomes almost constant. Consequently   

decreases and the ventilation rate approaches and even reaches amount required for 

complete combustion of vaporized fuel. This means that the insufficient combustion 

in early under-ventilated tunnel fires has converted to sufficient combustion (from the 

perspective of the change of equivalence ratio, the combustion has converted from 

under-ventilated to well-ventilated).  

(d) The combustion efficiency is analyzed by comparing the heat release rates 

based on oxygen consumption method and mass loss rate. In under-ventilated tunnel 

fires, the combustion efficiency is found to be very close to that in the open after some 

minutes from ignition, which confirms the conversion process from insufficient 

combustion to sufficient combustion. 

Nomenclature in this chapter 

L: length of square inlet (m) 

D: diameter of circular inlet (m) 

u: velocity of air flow (m/s) 

ΔP: pressure difference (Pa) 

T: gas temperature (K) 

oT : ambient air temperature (K) 
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am : air flow rate through inlet opening of tunnel (kg/s)
  

fm : mass loss rate of fuel (kg/s) 

em : mass flow rate measured in the exhaust duct (kg/s) 

Q : heat release rate (kW) 

E : heat release per mass unit of oxygen consumed (13.1 kJ/g) 

COE : heat release per unit mass of oxygen consumed for combustion from CO to CO2 (17.6 kJ/g) 

CH : heat of complete combustion (kJ/kg) 

r: stoichiometric coefficient 
 

Re: Reynolds number (-) 
AeX : measured mole fraction in the exhaust flow 
AaX : measured mole fraction in the initial air 
aX : actual mole fraction in the initial air 

Greek symbols 

o : ambient air density (kg/m3) 

ϕ : equivalence ratio
 

 : oxygen depletion factor 

 : volumetric expansion factor 

 : combustion efficiency  
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Chapter 6                                         

The critical conditions for the occurrence of 

self-extinguishment and influencing factors in tunnel fires 

6.1  Introduction 

When constructing a tunnel, however, very often special access tunnels or 

entrance tunnels are constructed. This access tunnel itself is not a part of the final 

tunnel system but is needed to easy access to the tunnel system. The debris from the 

blasting is also transported through the access tunnels. To limit the length of the 

access tunnel it is often designed to be relatively steep. In reality, the slope of access 

tunnel is usually different in per actual tunnel during construction and it also 

depends on the geological conditions and ground conditions. It is known that during 

construction of a tunnel, the only opening is from one side of the access tunnel that 

connects to the ground at the same time both ends of the horizontal main tunnel are 

closed until breakthrough[179].  

For a tunnel fire during construction, the fire characteristics are probably 

different from those in the completed tunnel. Meanwhile, the ways of evacuation and 

fighting fire, as well as selections of safety equipments are also different. As a result, 

the hazards of fires during construction of a tunnel can be higher those that during 

the normal use of the complete tunnel[180]. The consequences of these fires depend 

not only on where they occurs in the tunnel, but also on their intensity, the nature of 

the fire, underground facilities complexity, response of the rescue service, and 

resources in the form of personnel and equipment. Understanding the tunnel fire 

characteristics during construction is of great importance for managing fire control 

and evacuation. However, the available knowledge is limited[179-183]. One could 

expect that the fire is more likely to be under-ventilated (ventilation-controlled) due 

to the complex tunnel system and due to single portal opening. 

Therefore, this chapter studies the characteristics of tunnel fires during 

construction in a model-scale tunnel built by lönnermark et al[179]. The detailed 

influences of ventilation rate, fuel type, fire size, fire location, tunnel slope and some 
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other parameters on tunnel fire developments during construction are investigated. 

As a further extension of under-ventilated tunnel fires from Chapter 5, the critical 

conditions for the occurrence of self-extinguishment and influencing factors in 

tunnel fires as well as the characteristics of smoke spread in tunnels are of main 

concern.  

6.2  Experiment and design 

A 1/40 model-scale tunnel during construction was used to conduct experiments. 

The experiments were finished by Professor Lönnermark and Professor Ingason[179].  

6.2.1  Model-scale tunnel during construction 

The model-scale tunnel during construction was designed to include an access 

tunnel, which ends in a T-junction, with the two arms having different lengths, see 

Fig. 6.1 and Fig. 6.2. This means that the system consists of three parts: A, B and C, 

where the tunnel portal is located in Tunnel A, and both Tunnel B and C have closed 

ends (i.e. excavation faces). Tunnels A and B are 3.0 m long while tunnel C is 1.5 m 

long. The height and width of all tunnels is 0.15 m. This corresponds to a 

cross-section of 6 m × 6 m in full scale. The Tunnel A (access tunnel) mostly has a 

slope of 10° while Tunnel B and C (main tunnel) are horizontal, see Fig. 6.2 for 

details. In some tests only Tunnel A was used (closed at the lower end), in some tests 

all three tunnels and in most tests both Tunnel A and Tunnel B. Besides, in one of 

the tests with only Tunnel A, the tunnel was positioned horizontally for comparison, 

and in one of the tests with only Tunnel A, the lower end of tunnel is also open for 

comparison (i.e. both portals open).   

The tunnel was constructed in Promatect H, 10 mm thick with an outer layer of 

18 mm plywood (see Fig. 6.1). On one side of Tunnel A and Tunnel B, several 

windows were installed to allow visual observations of the fire and smoke. The 

ambient temperature is about 20 °C. 
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Figure 6.1 The model-scale tunnel system before the walls and windows were fully installed 

(The inclined tunnel represents the access tunnel and the horizontal tunnel represents the 

excavation tunnel, with both ends being closed). 

 

(a) Top view of model-scale tunnel 

    Figure 6.2 The geometry of model-scale tunnel. Dimensions in m. 

6.2.2  Combustion system 

Four different fire sources were used, with one being propane gas burner and 

other three being fibre board soaked with different amounts of heptane and wrapped 

in a piece of polyethene. Their characteristics are summarized in Table 6.1. The heat 

release rate for the propane is 1 kW and this represents 10 MW in the full-scale 

tunnel (see Table 2.2 for Froude scaling). The peak heat release rate for fiber board 

soaked with heptane reaches 0.4 kW, 1.3 kW and 3.2 kW, which represents 4 MW, 

13 MW and 32 MW, respectively, in the full-scale tunnel. The different fire sources 

are shown in Fig. 6.3. The gas burner was mounted so that only the upper 0.01 m is 

above the floor level. The fire sources made out of fibre board and heptane were 

(b) Side view of Tunnel A 

(c) Cross section of tunnel 

0.15

0.04

Ventilation pipe 
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placed on a piece of aluminium foil to facilitate weighing of the debris after the test. 

The purpose to use fibre board as the carrier of heptane instead of steel pan is to 

avoid the significant influence of steel pan on the combustion in small pool fires, see 

Chapter 2 for details. 

Table 6.1 Summary of types of fire sources. 

Fire source Size, L×W×H (mm3) Total mass (g) Heptane (mL) Peak heat release rate (kW) 

1 Propane burner - - 1.0 

2 10×10×12 0.7 0.5 0.4 

3 30×30×24 9.2 3.0 1.3 

4 50×100×48 83.0 9.0 3.2 

   

    (a) Propane burner                           (b) 10×10×12 

   

(c) 30×30×24                           (d) 50×100×48              

Figure 6.3 Fire sources used in the test series. Dimensions in mm. 

To study different fire scenarios in the tunnel system, three fire locations were 

tested: Positions 1, 2 and 3, as shown in Fig. 6.2 (a). Position 1 was located 0.375 m 

from the lower end of Tunnel A, which was only used in the tests when only Tunnel A 

was used. Position 2 was located 0.375 m from the closed end of Tunnel B, which 
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represents a fire near the excavation face. Positions 3 were located 1.5 m from the 

closed end of Tunnel B, which represents a fire further away from the excavation face.  

6.2.3  Ventilation system 

The ventilation in the tunnel was arranged in a similar way as in a real tunnel, i.e. 

by supplying the fresh air through a circular pipe to a position not far from the 

excavation face. In this study the pipe was made of PVC (PVC-U 50x3.7 DEKADUR) 

with an outer diameter of 0.05 m and an inner diameter of 0.04 m. The ventilation pipe 

entered Tunnel A, reaching 2.25 m into the tunnel, i.e. 0.75 m from the end of the 

tunnel when only Tunnel A was used. When Tunnel A+B or Tunnel A+B+C were used, 

the ventilation pipe passed through Tunnel A and ended 0.75 m from the end of Tunnel 

B and 0.75 m from the end of Tunnel C, i.e. the ventilation pipe was divided into two: 

one entering Tunnel B and one entering Tunnel C (see Fig. 6.2). Three different tunnel 

connection modes and the corresponding arrangement of ventilation pipe have been 

present in Fig. 6.4.  

The air ventilation pipe is often made of plastic in real tunnel during construction. 

In case of a fire such a ventilation pipe could rupture. It is therefore interesting to study 

what consequences could be expected from such a situation. So, in some tests, there is 

a hole in the pipe above fire when the fire is in the center of Tunnel B (Position 3). The 

hole could be simulated by making the exit of pipe to be exactly above the fire source. 

When there is no hole in the pipe above the fire (Position 3), the ventilation pipe was 

protected by wrapping some fire-resistant clothes. Besides, the air flow was achieved 

using compressed air controlled by a rotameter. Five different ventilation flows were 

used, including 0, 0.0001, 0.0002, 0.001, and 0.00356 m3/s, which represents 0, 60, 

120, 600 and 2200 m3/min, respectively, in the full-scale tunnel. 

      

      (a) Tunnel A                (b) Tunnel A+B             (c) Tunnel A+B+C                     

Figure 6.4 Three different connection modes of tunnel. 
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6.2.4  Measurement system 

In addition to visual observations, a number of measurements were performed 

during the tests, including O2 and CO volume fractions, and gas temperature. The 

probes for gas sampling were placed 0.188 m after and before the fire, i.e. 0.187 m and 

0.563 m at the centerline, respectively, from the end of the tunnel when the fire is in 

that position. In Tunnel B a third position 1.687 m from the end of the tunnel was used. 

The height of the measurement is 0.075 m, i.e. half of the tunnel height. Temperatures 

were measured with thermocouples (type K, 0.25 mm) both near the ceiling along the 

tunnel (13 mm beneath the ceiling) and in thermocouple trees in selected positions. 

The thermocouple trees have five thermocouples at heights: 13, 50, 75, 100 and 125 

mm, measured from the ceiling (or 25, 50, 75, 100 and 137 mm from the floor). Due to 

the existence of ventilation pipe along the centerline, most of the thermocouples were 

placed on one side of the tunnel, which is described as “Left” side (by looking from 

the fire towards the opening). These positions were located 50 mm from the centerline, 

i.e., 25 mm from the wall. A detailed description of the measurement positions are 

given in Table 6.2. 
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Table 6.2 Description of measurement positions. 

No 
Distance 

from firea (m) 

Distance from end 

of tunnel (m) 
Left or Center Devices 

Tunnel A     

1 -0.188 0.187 Left 
TC 13 mm 

(beneath the ceiling) 

2 -0.188 0.187 Centre Gas probe 

3 0 0.375 Left TC 13 mm 

4 0.188 0.563 Left TC 13 mm 

5 0.188 0.563 Centre Gas probe 

6 0.5 0.875 Left TC 13 mm 

7 1 1.375 Left TC 13 mm 

8 1.125 1.5 Left TC 13 mm 

9 1.5 1.875 Left TC 13 mm 

10 2 2.375 Left TC 13 mm 

11 2.5 2.875 Left TC 13 mm 

Tunnel B+C     

12 -0.188 0.187 Left TC tree 

13 -0.188 0.187 Centre TCtree; Gas probe 

14 0 0.375 Left TC 13 mm 

16 0.188 0.563 Left TC tree 

17 0.188 0.563 Centre TCtree; Gas probe 

18 0.5 0.875 Left TC 13 mm 

19 0.938 1.312 Left TC tree 

20 1 1.375 Left TC 13 mm 

21 1.125 1.5 Left TC 13 mm 

22 1.313 1.687 Left TC tree; Gas probe 

23 1.5 1.875 Left TC 13 mm 

24 2 2.375 Left TC 13 mm 

25 2.5 2.875 Left TC 13 mm 

26 2.625 3 Left TC 13 mm 

27 2.775 3.15 Left TC 13 mm 

28 3.75 4.125 Left TC 13 mm 

a  For Tunnel B and C, the distance from fire is referring to the fire position located at the end of the 

tunnel. 

In total 36 tests were performed. The main parameters include the tunnel 

geometry, heat release rate, fire location, ventilation rate and the position of the exit of 

pipe. The conditions for the tests are presented in Table 6.3. 
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Table 6.3 Summary of the test conditions during test series (Finished by Professor Lönnermark and 

Professor Ingason[179]). 

Test Tunnel 

geometry 

Heat release rate 

(kW) 

Fire position Ventilation rate 

(m3/s) 

Self-extinguis

hment 

1 A 1 End of tunnel A 0 No 

2 A 1 End of tunnel A 0.0001 No 

3 A 1 End of tunnel A 0.001 No 

4 A 1 End of tunnel A 0.0002 No 

5a A 1 End of tunnel A 0.001 No 

6 A+B 1 End of tunnel B 0 Yes 

7a A+B 1 End of tunnel B 0 Yes 

8 A+B 1 End of tunnel B 0.0001 Yes 

9 A+B 1 End of tunnel B 0.001 No 

10 A+B 1 End of tunnel B 0.0002 Yes 

11 A+B 0.4 End of tunnel B 0.0001 No 

12a A+B 0.4 End of tunnel B 0.0001 No 

13 A+B 0.4 End of tunnel B 0.0001 No 

14 A+B 1.3 End of tunnel B 0.0001 Yes 

15 A+B 1.3 End of tunnel B 0.001 No 

16 A+B 3.2 End of tunnel B 0.0001 Yes 

17 A+B 3.2 End of tunnel B 0.001 No 

18 A+B 1.3 Centre of tunnel B 0.0001 - 

19 A+B 1.3 Centre of tunnel B 0.001 No 

20 A+B 3.2 Centre of tunnel B 0.001 No 

21 A+B 1 Centre of tunnel B 0.0001 Yes 

22 A+B+C 1 End of tunnel B 0.0001 Yes 

23 A+B+C 1 Centre of tunnel B 0.0001 Yes 

24b A+B 1 Centre of tunnel B 0.0001 Yes 

25b A+B 1.3 Centre of tunnel B 0.0001 - 

26b A+B 3.2 Centre of tunnel B 0.0001 Yes 

27c A 1 End of tunnel A 0 No 

28 A 1 End of tunnel A 0.00356 No 

29b A+B 1 Centre of tunnel B 0.00356 No 

30b A+B 1.3 Centre of tunnel B 0.00356 No 

31b A+B 3.2 Centre of tunnel B 0.00356 No 

32 A+B 1.3 Centre of tunnel B 0.00356 No 

33 A+B 1.3 End of tunnel B 0.00356 No 

34 A+B 3.2 End of tunnel B 0.00356 No 

35 A+B 1 End of tunnel B 0.00356 No 

36d A 1 End of tunnel A 0 Yes 

a Repetition test 

b Exit of pipe above the fire 

c Open also at the lower end 

d No slope 
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6.3  Results and discussions 

6.3.1  Pre-test in the cone calorimeter 

For the propane gas burner, the heat release rate can be adjusted by changing 

the fuel supply, which was all set to be 1 kW in related tests through the calibration 

of cone calorimeter. For the fibre board soaked with heptane, the heat release rate 

was also measured with cone calorimeter. The combustion products were collected 

in an exhaust system where the gas volume fraction, including O2, CO, CO2 and 

flow rate were measured. The heat release rate is finally determined using the 

oxygen consumption method, see Chapter 5 for details. The calibration processes of 

heat release rates for various fire sources in the pre-tests are present in Fig. 6.5. For 

the fibre board soaked with heptane, it should be pointed out that the flame is from 

the combustion of heptane instead of the fibre board. Table 6.4 displays the burning 

parameters for four fire sources in the pre-tests. The fourth to sixth column show the 

peak heat release rate, time to peak heat release rate and burning time, respectively. 

   

        (a) Propane burner                            (b) 10×10×12 



Chapter 6 The critical conditions for the occurrence of self-extinguishment and influencing factors 

in tunnel fires 

116 

   
 (c) 30×30×24                             (d) 50×100×48 

Figure 6.5 Calibration process of heat release rate. Dimensions in mm. 

Table 6.4 Summary of burning parameters in the pre-test series. 

Fire source Size, L×W×H 

(mm3) 

Heptane 

(mL) 

HRRmax 

(kW) 

Time to HRRmax 

(s) 

Burning time 

(s) 

1 Propane burner - 1 - - 

2 10×10×12 0.5 0.4 10 120 

3 30×30×24 3 1.3 20 250 

4 50×100×48 9 3.2 30 300 

6.3.2  Self-extinguished fires 

The tests show that self-extinguishment is a main characteristic of the tunnel 

fires during construction. In many of the tests, the fire self-extinguishes when the O2 

volume fraction around the fire decreases to a low level, usually around 12 - 15%. 

For the propane gas burner, the gas supply valve was kept open during a whole test. 

Therefore, it is possible to judge the occurrence of self-extinguishment in the tunnel 

if it does occur. When a fire does not self-extinguish within a long period before 

turning off the burner, and meanwhile the O2 volume fraction is high, it can be 

concluded that the fire does not self-extinguish. For the fibre board soaked with 

heptane, self-extinguishment is more difficult to be judged. One possible way is to 

compare the initial mass and the remaining mass of the heptane fuel, but the 

pyrolysis of the fibre board could affect the estimation of consumed mass. Another 

possible way is to compare the duration of the burning period in a tunnel test and in 

a laboratory test, but the extra radiation from tunnel structure could probably 
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accelerate the burning velocity of heptane and thus shorten the duration. The 

measured O2 volume fraction could also be used as an indicator for the judgment. In 

any case, determination of the occurrence of self-extinguishment is difficult in the 

tests with the fibre board soaked with heptane. For these tests, the occurrence of 

self-extinguishment is thus judged carefully based on a comprehensive consideration 

of the burning duration, consumption of fuel and O2 volume fraction. This process is 

explained in detail in Table 6.5. If two or more of the three criteria are fulfilled, it 

verifies the occurrence of self-extinguishment. A summary of the occurrence of 

self-extinguishment in all 36 tests has been given in Table 6.3. 

Table 6.5 Criteria of the occurrence of self-extinguishment for the fibre board soaked with heptane. 

a The value refers to the results from the propane gas burner tests as shown in Fig. 6.6. 

6.3.2.1  Equivalence ratio 

Equivalence ratio is used to study the influence of ventilation condition on the 

combustion behaviors. During the tests, due to the fact that the mass loss rate of fuel 

was not measured, the calculated method of equivalence ratio is different from that 

in Chapter 5. However, their essences are the same and the new expression is 

displayed as follows[14]: 

                               
3013 a

Q

m
 =                         (6.1)     

where am  is the air flow rate through the circular pipe into the tunnel (ventilation rate) 

and Q  is the heat release rate. 

6.3.2.2  The influence of fuel type in Tunnel B 

There are two types of fuel in this study, i.e. one is propane gas burner and 

another one is fibre board soaked with heptane. Table 6.6 presents a summary of the 

ventilation rate, the equivalence ratio and the occurrence of self-extinguishment for 

the gas burner in Tunnel B. Tunnel B was connected with Tunnel A in all the tests 

while Tunnel C only in some tests. The critical equivalence ratio for the occurrence of 

self-extinguishment is found to be within 0.28 -1.38. But no specific value can be 

given as there are missing values within the range. 

1 The burning time decreases, compared to the burning in the pre-test.  

2 The mass consumed decreases, compared to the burning in the pre-test.  

3 The O2 volume fraction around the fire decreases significantly and approaches 14 %a. 
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Table 6.6 The relationship between equivalence ratio and self-extinguishment for gas burner in 

Tunnel B. 

Test 
Tunnel 

geometry 

Heat release 

rate (kW) 
Fire position 

Ventilation 

(m3/s) 

Self- 

extinguisheda 

Equivalence 

ratio 

29 A+B 1 Centre of tunnel B 0.00356 No 0.08 

35 A+B 1 End of tunnel B 0.00356 No 0.08 

9 A+B 1 End of tunnel B 0.001 No 0.28 

10 A+B 1 End of tunnel B 0.0002 Yes 1.38 

8 A+B 1 End of tunnel B 0.0001 Yes 2.77 

21 A+B 1 Centre of tunnel B 0.0001 Yes 2.77 

22 A+B+C 1 End of tunnel B 0.0001 Yes 2.77 

23 A+B+C 1 Centre of tunnel B 0.0001 Yes 2.77 

24 A+B 1 Centre of tunnel B 0.0001 Yes 2.77 

6 A+B 1 End of tunnel B 0 Yes ∞ 

7 A+B 1 End of tunnel B 0 Yes ∞ 

a Yes represents the occurrence of self-extinguishment and No represents the non-occurrence of 

self-extinguishment. 

Figure 6.6 shows the history of O2 volume fraction for all the gas burner tests in 

Table 6.6. For the tests with fire located at Position 2 (end of Tunnel B), the O2 volume 

fraction refers to the probe placed 0.188 m after the fire, i.e. 0.187 m from the end of 

Tunnel B. For the tests with fire located at Position 3 (center of Tunnel B), the O2 

volume fraction refers to the probe placed 0.187 m in front of the fire, i.e. 1.687 m 

from the end of Tunnel B. Comparisons of Fig. 6.6 and Table 6.6 show that in all the 

tests the fire would self-extinguish as long as the O2 volume fraction decreases to a 

range of 14 % - 12 %, which is basically consistent with this conclusion from Beyler 

that the flammable limit (critical O2 volume fraction) is approximately 13 % [184]. 

This also provides a reference criterion for the determination of self-extinguishment in 

the tests of fibre board soaked with heptane. Such criteria are summarized in Table 6.5 

to aid judgment.  
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  Figure 6.6 The history of O2 volume fraction of gas burner tests. 

Utilizing the criteria in Table 6.5, Table 6.7 presents a summary of the ventilation 

rate, the equivalence ratio and the occurrence of self-extinguishment for the fibre 

board soaked with heptane in Tunnel B. Tunnel B was connected with Tunnel A in all 

the tests. Note that for Test 18 and Test 25, there is no clear evidence verifying whether 

the fire self-extinguish occurred or not. The critical equivalence ratio for the 

occurrence of self-extinguishment is found to be within 1.11 - 3.6. Also, no specific 

value is given as there are missing values within the range. It is found that the 

sensibility of the self-extinguishment from different fuels to equivalence ratio is 

different, and the difference is probably related to the nature of fuels. For a heptane 

fire at a given air flow rate, when the O2 volume fraction around the fire is low, the 

burning rate tends to decrease. Consequently, the equivalence ratio decreases and to 

some extent the ventilation rate approaches the amount required for complete 

combustion of vaporized fuel. While for the gas burner, the sudden extinction of the 

fire is its typical feature and the fuel supply rate is constant no matter what the O2 

volume fraction is. This makes the gas burner to be more sensitive to the decrease in 

O2 volume fraction, namely a lower critical equivalence ratio for the occurrence of 

self-extinguishment, compared to heptane fuel.  
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Table 6.7 The relationship between equivalence ratio and self-extinguishment for fibre board 

soaked with heptane in Tunnel B. 

Test 
Tunnel 

geometry 

Heat release 

rate (kW) 
Fire position 

Ventilation 

(m3/s) 

Self- 

extinguished 

Equivalent 

ratio 

33 A+B 1.3 End of Tunnel B 0.00356 No 0.10 

30 A+B 1.3 Centre of Tunnel B 0.00356 No 0.10 

32 A+B 1.3 Centre of Tunnel B 0.00356 No 0.10 

13 A+B 0.4 End of Tunnel B 0.001 No 0.11 

34 A+B 3.2 End of Tunnel B 0.00356 No 0.25 

31 A+B 3.2 Centre of Tunnel B 0.00356 No 0.25 

15 A+B 1.3 End of Tunnel B 0.001 No 0.36 

19 A+B 1.3 Centre of Tunnel B 0.001 No 0.36 

17 A+B 3.2 End of Tunnel B 0.001 No 0.89 

20 A+B 3.2 Centre of Tunnel B 0.001 No 0.89 

11 A+B 0.4 End of Tunnel B 0.0001 No 1.11 

12 A+B 0.4 End of Tunnel B 0.0001 No 1.11 

14 A+B 1.3 End of Tunnel B 0.0001 Yes 3.60 

18 A+B 1.3 Centre of Tunnel B 0.0001 - 3.60 

25 A+B 1.3 Centre of Tunnel B 0.0001 - 3.60 

16 A+B 3.2 End of Tunnel B 0.0001 Yes 8.85 

26 A+B 3.2 Centre of Tunnel B 0.0001 Yes 8.85 

Figure 6.7 further shows the history of O2 volume fraction for all the tests of fibre 

board soaked with heptane in Table 6.7 except Test 15 and Test 17. It is found that the 

fire would self-extinguish when the O2 volume fraction decreases to a range of 13 % - 

15 %, which is slightly higher than that from the gas burner tests. For the Test 18 and 

Test 25, even the burning time is shorter than that in the pre-test (the mass consumed 

increases slightly, compared to that in the pre-test), the lowest O2 volume fraction is 

16 %, which is slightly higher than 15 % but much lower than that in the tests without 

self-extinguishment. Since there is not enough evidence, we have not given a definite 

judgment on the self-extinguishment. 
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Figure 6.7 The history of O2 volume fraction for tests of fibre board soaked with heptane. 

No matter the gas burner or the fibre board soaked with heptane was used as the 

fire source, it is found that the flammability limit varies within a range of about 2 % in 

this study, instead of a specific value. This is probably related to the temperature of the 

adjacent gas mixture in the vicinity of fire. Usually, the high temperature decreases the 

flammability limits[14, 185]. Fig. 6.8 shows a comparison of gas temperature for some 

tests with self-extinguishment. In all the tests the fire source is located at the end of 

Tunnel B. The temperature refers to the thermocouple placed 0.188 m after the fire, i.e. 

0.187 m from the end of Tunnel B. The height of the measurement is 0.05 m from the 

ceiling. Overall, it is found that the flammability limit has a decreasing trend with the 

increase of temperature of adjacent gas in the vicinity of fire. The difference in 

temperature probably results from the different heat release rates, ventilation rates and 

flame shapes, et.al. 

0.0 0.5 1.0 1.5 2.0

30

60

90

120

150

T
em

p
er

at
u
re

 (
C

)

Time (min)

 Test-08 (12.2 %)

 Test-10 (12.2 %)

 Test-06 (12.9 %)

 Test-07 (12.9 %)

 Test-22 (13.1 %)

 
0.0 0.5 1.0

30

60

90

120

150

T
em

p
er

at
u

re
 (

C
)

Time (min)

 Test-16 (14.2 %)

 Test-14 (14.9 %)

  

             (a) Propane gas burner                    (b) Fibre board soaked with heptane 

Figure 6.8 The comparison of gas temperature for the available tests with self-extinguishment. 
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Test 15 and Test 17 are two special scenarios, where the fire sources were located 

at the end of Tunnel B, and the fires do not self-extinguish even the O2 volume fraction 

reaches 15 % and even 10 % respectively at the early stage of the burning, as shown in 

Fig. 6.9. The results from Chapter 5 indicate that the critical equivalence ratio for the 

occurrence of under-ventilated tunnel fires is within 0.53 - 0.6. The equivalence ratio 

in Test 17 is 0.89, which is higher than 0.6. This means that the under-ventilated fire 

probably occurs, as shown in Fig. 6.9, where the O2 volume fraction around the fire is 

less than 10 %, while after that the O2 volume fraction increases gradually and the 

burning lasts a longer duration (400 s), compared to the pre-test (300 s). For Test 15, a 

similar characteristic of under-ventilated fire is displayed even the equivalence ratio is 

less than 0.53. This is probably because the fire source is very close to the closed 

tunnel end and then it accelerates the forming of vitiation. It should be noticed that the 

calculation method in this chapter is slightly different from that in Chapter 5, which 

may cause a certain error to the above comparison. 
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  Figure 6.9 The O2 volume fraction under two special tests using fibre board soaked with 

heptane. 

6.3.2.3  The influence of fire location in Tunnel B 

There are two fire locations in Tunnel B (Connected with Tunnel A), and one is 

Position 2 (end, i.e. 0.375 m from the tunnel end) and another one is Position 3 (center, 

i.e. 1.5 m from the tunnel end). The different fire locations cause different oxygen 

conditions and thereby the burning process. Fig. 6.10 and Fig. 6.11 compare the O2 

and CO volume fractions for different fire locations but the same fire source and 

ventilation rate. The O2 and CO volume fractions refer to the probes placed 0.187 m, 
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0.563 m and 1.687 m from the end of Tunnel B, respectively. In Fig. 6.10, the 

scenarios used to compare is Test 15 and Test 19, and they both have an equivalence 

ratio of 0.36. In Fig. 6.11, the scenarios used to compare is Test 17 and Test 20, and 

they both have an equivalence ratio of 0.89. It is observed from the figures that under a 

given heat release rate and ventilation rate, when the fire is located at the closed end of 

the tunnel, the burning time is much longer. Besides, the O2 volume fraction is much 

lower at the early stage of the burning and then increases gradually, especially for the 

probe at 0.187 m (closer to the end). Meanwhile, the CO volume fraction increases 

significantly during the identical periods and then decreases and keeps stable within a 

long period before burning out. These are typical characteristics of vitiation. For 

comparison, when the fire is located at the center of the tunnel, the under-ventilated 

fire and vitiation don’t occur during the burning process. This is probably due to the 

fact that the fire source is much placed further away from the closed tunnel end. Under 

such conditions the oxygen could be more available from both sides of the fire. 
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            (a) End (Test 15)                             (b) Center (Test 19) 

Figure 6.10 The O2 and CO volume fractions at different fire locations using the 1.3 kW heat 

release rate. 
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             (a) End (Test 17)                           (b) Center (Test 20) 

Figure 6.11 The O2 and CO volume fractions at different fire locations using the 3.2 kW heat 

release rate. 

The examples above are all from the tests without self-extinguishment. By 

comparing Test 14 with Test 18 (with a same equivalence ratio of 3.6 but different 

fire locations), it is found that the fire self-extinguishes when it is located at the 

tunnel end, as mentioned in Section 6.3.2.2. However, when the fire source is located 

at the center of the tunnel, no clear evidence has indicated that the fire 

self-extinguishes. One can expect that different fire locations affect the fire 

development even under the same equivalence ratio. A well-ventilated fire at the 

center of the tunnel becomes under-ventilated due to vitiation when it is located at 

the closed end of the tunnel (i.e. excavation face). Also, a fire that may 

self-extinguish at the tunnel end has a possibility to become a fire without 

self-extinguishment when it is located at the center of the tunnel, and it needs to be 

further verified and confirmed combined with more experimental tests in the future. 

6.3.2.4  The influence of slope in Tunnel A 

When the fire is in Tunnel A, only the propane gas burner of 1 kW was tested and 

it was located at Position 1 (end, i.e. 0.375 m from the closed end). For Tunnel A, two 

tunnel inclination angles, i.e. 0° and 10° were tested. Table 6.8 presents a summary of 

the ventilation rate, the equivalence ratio and the occurrence of self-extinguishment 

for gas burner in Tunnel A. It is found that the fire does not self-extinguish in the 

inclined access tunnel even when the ventilation rate is 0 m3/s (Test 1). The result is 

different from that when the gas burner is in Tunnel B, where the fire self-extinguishes 

when the equivalence ratio exceeds 1.38. Further, when Tunnel A is adjusted to be 

horizontal in Test 36, the fire is observed to self-extinguish when the ventilation rate is 
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0 m3/s. The comparison between Test 1 and Test 36 further shows the significant 

influence of the inclined access tunnel on fire development. 

Table 6.8. The relationship between equivalence ratio and self-extinguishment for gas burner in 

Tunnel A. 

Figure 6.12 further shows the history of O2 volume fraction for all the gas burner 

tests in Table 6.8. The O2 volume fraction refers to the probe placed 0.188 m from the 

fire, i.e. 0.187 m from the end of Tunnel A. In Test 1-5 (equivalence ratio varies from 

0.28 to ∞), it is found that the histories of O2 volume fraction are all similar and the 

lowest O2 volume fraction is about 17 %, which is much higher than the corresponding 

flammability limit of 14 % - 12 % when the fire is in Tunnel B. This indicates that in 

the inclined access tunnel (closed at the lower end), when the equivalence ratio 

exceeds 0.28, the mass flow rate of air into tunnel does not much depend on the 

mechanical ventilation through the pipe, but the induced natural ventilation at the 

tunnel portal (see Section 6.3.3.2 for details). However, in Test 28 with the 

equivalence ratio being 0.08 (i.e. highest ventilation rate of 0.00356 m3/s), the 

mechanical ventilation plays a more important role than the natural ventilation. As a 

result, the O2 volume fraction reaches about 20 % and keeps stable during the whole 

burning process. By comparing Tests 1-5 with Test 28, it is also noticed that the O2 

volume fraction has an increasing trend in all the natural ventilation-dominated tests. 

This indicates that the strength of natural ventilation increases with time, which is 

related to the increase of temperature of the smoke flowing out of the tunnel portal. In 

Test 36, the tunnel is horizontal and the mechanical ventilation rate is 0 m3/s. It is 

observed that the fire self-extinguishes when the lowest O2 volume fraction reaches 

13 %, which is basically consistent with the results for the fire in Tunnel B. In Test 27, 

the lower end of the inclined access tunnel is open and the O2 volume fraction is found 

to approach 21 %. This is because the fully open inclined tunnel forms a certain stack 

Test 
Tunnel 

geometry 

Heat release 

rate (kW) 
Fire position 

Ventilation 

(m3/s) 

Self- 

extinguished 

Equivalent 

ratio 

28 A 1 End of Tunnel A 0.00356 No 0.08 

3 A 1 End of Tunnel A 0.001 No 0.28 

5 A 1 End of Tunnel A 0.001 No 0.28 

4 A 1 End of Tunnel A 0.0002 No 1.38 

2 A 1 End of Tunnel A 0.0001 No 2.77 

1 A 1 End of Tunnel A 0 No ∞ 

27 A 1 End of Tunnel A 0 No ∞ 

36 a A 1 End of Tunnel A 0 Yes ∞ 
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effect and then induces plenty of fresh air to flow from the lower portal to the higher 

portal. The lowest O2 volume faction in the inclined tunnel (Test 1-5) is much higher 

than that in the horizontal tunnel (Test 36). This seems to support to the conclusion 

from Ip and Luo[186] and Ji et al.[64] that the smoke layer interface at upstream direction 

(lower end) is almost parallel to the horizontal level. In other words, a relatively clean 

space without vitiation under the smoke layer is formed behind the fire (i.e. between 

the fire source and closed end wall) in the inclined access tunnel and it may aid the 

combustion. The detailed characteristics of smoke spread are introduced in Section 

6.3.3. 
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 Figure 6.12 The history of O2 volume fraction of gas burner tests in Tunnel A. 

Table 6.9 compares the lowest O2 volume fraction between current study in 

Tunnel A and previous study from Zhang et al.[187]. The tunnel in previous study is 

an inclined tunnel with one end close and the other end open (without ventilation). 

The slope of inclined tunnel changes from -10° (higher end is closed) to 10° (higher 

end is open) to the horizontal. It is found that the O2 volume fraction trends to 

increase with the increase of slope, which is consistent with our result. However, it is 

also noted that the corresponding O2 volume fraction in current study is much lower 

than that from previous study. This is mainly because in current study the probe was 

placed 0.187 m from the closed end of tunnel, while in the previous study the probe 

was placed 0.2 m from the open end of tunnel. 
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Table 6.9 Comparison of lowest O2 volume fraction between current study in Tunnel A and 

previous study from Zhang et al.[187]. 

   -10°   -5° 0° 5° 10° 

Current study - - 13.0 % (Test 36) - 16.1 % (Test 1) 

Study from Zhang et 

al.[187] 

13.5 % 17.6 % 19.4 % 19.7 % 20.1 % 

Figure 6.13 shows the typical flame shapes in four representative fire scenarios in 

Tunnel A. In Test 27 (open at the lower end), the flame inclines significantly towards 

the higher end of the tunnel and this further confirms the occurrence of stack effect. In 

Test 36, before self-extinguishment, the flame is observed to burn partly outside the 

burner and it starts to flutter above the burner. This would be a similar phenomenon as 

described by Foote[171] as a “ghosting fire”. In Test 1 (closed at the lower end and 

without mechanical ventilation), the flame inclines slightly towards the closed end of 

the tunnel. This results from the asymmetrical pressure difference on both sides of fire 

source, which have been analyzed in Chapter 3. In Test 28 (closed at the lower end and 

with the highest mechanical ventilation rate of 0.00356 m3/s), it is interesting to find 

out that the flame inclines towards the higher end of the tunnel, which is the opposite 

direction of the incoming air flow from the ventilation pipe. Because of the strong 

inertia force of air flow coming out of the ventilation pipe beneath the ceiling and the 

decreasing component of gravity acceleration in the direction perpendicular to the 

tunnel ceiling, the incoming air is not mixed evenly before reaching the flame. 

Therefore, the incoming air flow probably hits the closed end of the tunnel and then 

returns, thus blowing the flame towards the opposite direction. However, it should be 

pointed out that when the fire occurs in the horizontal main tunnel, under the same 

ventilation rate (Test 35), the flame would incline towards the closed end of the tunnel, 

i.e. the same direction of incoming air flow from the ventilation pipe, as shown in Fig. 

6.14.  
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          (a) Test27                               (b) Test 36 

   

           (c) Test 1                              (d) Test 28 

      Figure 6.13 The typical fire shapes in Tunnel A. 

 

  Figure 6.14 The fire shape in Test 35 in Tunnel B. 

6.3.2.5  Other influencing factors 

In addition to the above factors, this study also compares the difference between 

using Tunnel A+B and Tunnel A+B+C. When a fire is in Tunnel B, under the same 

ventilation rate, the existence of Tunnel C will share half of the total air flow rate 

through its ventilation pipe and then reduces the effective ventilation quantity to the 
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fire in Tunnel B. Fig. 6.15 compares the burning time in related four tests between 

Tunnel A+B and Tunnel A+B+C. The fire self-extinguishes in all the four tests and 

therefore it is known that the existence of this branch tunnel doesn’t change the fact 

that the fire self-extinguishes. Besides, a further analysis indicates that under the same 

ventilation rate and heat release rate, the existence of the branch tunnel increases the 

burning time, and this is much obvious when the fire is located at the center of Tunnel 

B. This is because the existence of branch tunnel increases the total amount of oxygen 

inside the tunnel, which is more available for the flame when it is far away from the 

tunnel end. 
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      Figure 6.15 The comparison of burning time between Tunnel A+B and Tunnel A+B+C. 

Another focus here is the influence of a hole in the ventilation pipe on the fire 

development. The possibility that the pipe could rupture when a fire occurs under the 

pipe was considered. The hole was simulated by making the exit of pipe to be exactly 

above the fire source, as shown in Fig. 6.16. 

   

        (a) Without hole                           (b) With hole 

Figure 6.16 The design of ventilation pipe considering rupture above the fire. 
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Figure 6.17 compares the burning time in related four tests for the ventilation 

pipe with and without the hole. The fire was located at the center of Tunnel B (Position 

3). It is found that the existence of hole in the pipe doesn’t change that fact the fire 

self-extinguishes or not, compared to the tests without the hole. Besides, a further 

analysis indicates that under the same ventilation rate and heat release rate, the 

existence of hole in the pipe slightly increases the burning time in the tests that the fire 

self-extinguishes, while significantly decreases the burning time in the tests that the 

fire doesn’t self-extinguish. This is probably because the hole in the pipe shortens the 

distance between the fire source and exit of pipe, which makes the flames mix with 

oxygen more easily. It should be pointed out that the influence from the hole would 

have been larger if it had been combined with an obstruction of the ventilation pipe 

after the hole. This was, however, not tested during the test series. 
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        Figure 6.17 The comparison of burning time for the ventilation pipe with and without 

the hole above the fire. 

6.3.3  Smoke spread and descent 

In addition to self-extinguishment, another characteristic of tunnel fires during 

construction is the smoke spread and descent. In a tunnel during construction, the fire 

most likely occurs in the closed end of the tunnel, i.e. at the excavation face. This is 

because a majority of fuels are located there, for example mining tools, electronic 

equipment and diverse combustible materials. The stratification of the smoke could be 

destroyed after it hit the closed end of the tunnel, which probably further affects the 

spread of the smoke. In this Section, the characteristics of fire smoke spread and 

descent for the fire source at the vicinity of excavation face are in focus. The data from 

the heptane gas burner of 1 kW are analyzed because of the stability and sustainability 
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of the flame 

6.3.3.1  Fire in the end of Tunnel B 

Figure 6.18 shows the vertical distribution of maximum gas temperature rise 

from thermocouple trees on both sides of the fire source when the fire source is located 

at the end of Tunnel B in Position 2 (except for the test with the highest ventilation rate 

of 0.00356 m3/s ). The thermocouple trees used here are at 0.187 m and 0.563 m from 

the end of Tunnel B, respectively (i.e. 0.188 m on both sides of fire source). It is found 

that: a) for both thermocouple trees, the highest gas temperature rise occurs at 13 mm 

beneath the ceiling and then the temperature rise decreases significantly with the 

decreasing height; b) For the Tests 6, 7, 8, 10 and 22 (ventilation rate varies from 0 

m3/s to 0.0002 m3/s and the fire self-extinguishes), the gas temperature rise is very 

close, but much lower than that in Test 9 (ventilation rate is 0.001 m3/s and the fire 

doesn’t self-extinguish), especially in the position near the tunnel floor. This is 

because in Test 9, the burning lasts for a longer period before turning off the fuel 

supply and this exacerbates the filling process of smoke and heat; and c) in 13 mm 

beneath the ceiling, the gas temperature rise at 0.563 m from the end of tunnel is 

higher than that at 0.187 m from the end of tunnel. On the contrary, for other heights, 

the gas temperature rise at 0.187 m from the end of tunnel is higher than that at 0.567 

m from the end of tunnel. This means that the main flame tends to incline towards the 

closed end of the tunnel under the limited ventilation rate due to the asymmetrical 

pressure difference on both sides of fire source. After the flame hits the tunnel ceiling, 

the ceiling flame or flamelets spread towards the exit of ventilation pipe, where more 

oxygen is available. 
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   Figure 6.18 The vertical distribution of maximum gas temperature rise at different locations in 

Tunnel B when ventilation rate varies from 0 to 0.001 m3/s. 
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For comparison, Fig. 6.19 shows the vertical distribution of maximum gas 

temperature rise from the same thermocouple trees in the test with the highest 

ventilation rate of 0.00356 m3/s (Test 35). It is found that when the height is more than 

50 mm from the floor, the gas temperature rise at 0.187 m from the end of tunnel is 

higher than that at 0.563 m from the end of tunnel. The flame shape has been displayed 

in Fig. 6.14, where the flame is observed to incline towards the closed end of the 

tunnel. This is contrary to the corresponding scenario (Test 28) for the fire source at 

the closed end of inclined Tunnel A, as shown in Fig. 6.13 (d). This difference could 

result from the different components of gravity acceleration in the direction 

perpendicular to the tunnel ceiling.  
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Figure 6.19 The vertical distribution of maximum gas temperature rise at different locations in 

Tunnel B when the ventilation rate is 0.00356 m3/s. 

Figure 6.20 compares the O2 volume fraction on both sides of fire source. The 

probes used here are at 0.187 m and 0.563 m from the closed end of Tunnel B, 

respectively. It is found that in the tests with self-extinguishment, the O2 volume 

fraction in the probe of 0.187 m from the end is slightly lower than that of 0.563 m 

from the end. While in the tests without self-extinguishment, the O2 volume fraction in 

the probe of 0.187 m from the end is much lower than that of 0.563 m from the end. 

Similar phenomenon could be observed in Fig. 6.10 (a) and Fig. 6.11 (a). When a fire 

occurs at the vicinity of the closed end of the tunnel, it creates a circulation behind the 

fire (i.e. between fire source and end wall). This in turn leads to a recirculation of 

vitiated fire products, consequently decreasing the O2 volume fraction significantly. 
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   Figure 6.20 The history of O2 volume fraction at different locations in Tunnel B 

Figure 6.21 shows the longitudinal distribution of maximum gas temperature rise 

at three heights (13, 75, and 125 mm from the ceiling) when the fire source is located 

at the end of Tunnel B (Position 2). These thermocouples were off-side of the tunnel 

due to the existence of ventilation pipe along the centerline. It is found that: a) the gas 

temperature rise decreases significantly with the increase of distance from the fire 

source. For Test 9 and Test 35 (ventilation rate varies from 0.001 m3/s to 0.00356 m3/s 

and the fires don’t self-extinguish), the smoke at 13 mm beneath the ceiling reaches 3 

m, i.e. another closed end of Tunnel B, where the temperature rise is about 20°C. 

While for other tests (ventilation rate varies from 0 to 0.0002 m3/s and the fires 

self-extinguish), the smoke at 13 mm beneath the ceiling stops in 2.375 m; and b) the 

gas temperature rise is greater than 0°C at the heights of 75 mm and 125 mm beneath 

the ceiling at 1.687 m from the end (the farthest thermocouples were positioned at 

1.687 m). This is more evident in the tests without the occurrence of 

self-extinguishment (Test 9 and Test 35). It indicates that the stratification of smoke is 

destroyed in such a confined tunnel. 

0 1 2 3 4

0

100

200

300

400

500

600

 Test-06

 Test-07

 Test-08

 Test-09

 Test-10

 Test-22

 Test-35

T
em

p
er

at
u
re

 r
is

e 
(

C
)

Distance fron the end of Tunnel B (m)  
0.0 0.5 1.0 1.5 2.0

0

50

100

150

T
em

p
er

at
u
re

 r
is

e 
(

C
)

Distance fron the end of Tunnel B (m)

 Test-06

 Test-07

 Test-08

 Test-09

 Test-10

 Test-22

 Test-35

    

 (a) 13 mm from the ceiling                    (b) 75 mm from the ceiling                                                                     



Chapter 6 The critical conditions for the occurrence of self-extinguishment and influencing factors 

in tunnel fires 

134 

    
0.0 0.5 1.0 1.5 2.0

0

50

100

150

T
em

p
er

at
u
re

 r
is

e 
(

C
)

Distance fron the end of Tunnel B (m)

 Test-06

 Test-07

 Test-08

 Test-09

 Test-10

 Test-22

 Test-35

 

                             (c) 125 mm from the ceiling                                                                      

       Figure 6.21 The longitudinal distribution of maximum gas temperature rise at different 

heights in Tunnel B. 

Figure 6.22 further shows the time required for the smoke spreading to a certain 

longitudinal position and thereby the approximate velocity can be known. The arrival 

of smoke front can be determined by a sudden temperature increase at the 

corresponding position. It is found that: a) at 13 mm beneath the ceiling, the smoke 

spread velocity in Test 6 (ventilation rate is 0 m3/s) is about 0.1 m/s, and the smoke 

spread velocity in Test 9 (ventilation rate is 0.001 m3/s) is about 0.13 m/s and the 

smoke spread velocity in Test 35 (ventilation rate is 0.00356 m3/s) is about 0.38 m/s. 

The corresponding velocities in full-scale are 0.63 m/s, 0.82 m/s and 2.4 m/s, 

respectively. The smoke spread velocity is found to be proportional to the ventilation 

rate. The ventilation rate in Test 35 is about 3.5 times that in Test 9 and the 

corresponding smoke spread velocity in Test 35 is about 3 times that in Test 9; b) the 

smoke spread velocity is basically consistent at three different heights. This indicates 

that the stratification of smoke is destroyed after hitting the closed end, and then the 

smoke seems to spread over the entire cross section of the tunnel. This is totally 

different from the characteristics of smoke spread and descent in a normal tunnel 

under operation (open at both tunnel portals), where there is a clear interface between 

upper hot smoke and lower cold air at the early stage of a fire. Therefore, a fire in a 

tunnel during construction could be more severe in terms of smoke spread and descent, 

especially when the fire burns for a long time without self-extinguishment in a 

relatively good ventilation condition. It should be pointed out that that the possible 

errors in calculating the smoke spread velocity are mainly caused by the different 

layouts of thermocouples, where the numbers of thermocouples at the heights of 75 

mm and 125 mm beneath the ceiling are not as many as that at the height of 13 mm 
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beneath the ceiling. Besides, it also needs to be noted that because of the limited 

smoke produced during the tests, the smoke movement pattern is mainly analyzed 

indirectly according to the results from thermocouples and gas probes, therefore the 

conclusions need to be further verified and conformed by conducting middle and even 

large-scale tests for better visual observation. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0

5

10

15

20

25
V=0 m

3
/s

v=0.1 m/s

0.001 m
3
/s

v=0.13 m/s

V=0.00356 m
3
/s

v=0.38 m/sT
im

e 
o
f 

sm
o
k
e 

ar
ri

v
in

g
 (

s)

Distance from the end of Tunnel B (m)

 Test-06

 Test-09

 Test-35

Fire Source

 
0.0 0.5 1.0 1.5 2.0

0

5

10

15

20

25

Fire Source

T
im

e 
o
f 

sm
o
k
e 

ar
ri

v
in

g
 (

s)

Distance from the end of Tunnel B (m)

 Test-06

 Test-09

 Test-35

V=0 m
3
/s

v=0.12 m/s

0.001 m
3
/s

v=0.12 m/s

V=0.00356 m
3
/s

v=0.37 m/s

    

          (a) 13 mm from the ceiling                  (b) 75 mm from the ceiling 

0.0 0.5 1.0 1.5 2.0

0

5

10

15

20

25

V=0.00356 m
3
/s

v=0.28 m/s

V=0.001 m
3
/s

v=0.12 m/s

V=0 m
3
/s

v=0.11 m/s

Fire Source

T
im

e 
o
f 

sm
o
k
e 

ar
ri

v
in

g
 (

s)

Distance from the end of Tunnel B (m)

 Test-06

 Test-09

 Test-35

 

                          (c) 125 mm from the ceiling 

Figure 6.22 The smoke spread velocity at different heights in Tunnel B. 

It should be noticed that in the tests with the occurrence of self-extinguishment 

(Tests 6, 7, 8, 10 and 22), the smoke stops at the position of 2.375 m in Tunnel B and 

hence does not spread into Tunnel A. While in the tests without the occurrence of 

self-extinguishment (Test 9 and 35), the smoke spreads into Tunnel A immediately 

after reaching 3 m in Tunnel B and then fill the whole space of Tunnel A within 

several seconds. This is extremely obvious in Test 35, where the highest ventilation 

rate of 0.00356 m3/s was provided. 
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6.3.3.2  Fire in the end of Tunnel A 

The characteristics of smoke spread and descent in the inclined access Tunnel A 

could be different from those in the horizontal main Tunnel B. Fig. 6.23 shows the 

longitudinal distribution of maximum gas temperature rise at the height of 13 mm 

beneath the ceiling when the fire source is located at the end of Tunnel A (Position 1). 

In Test 36, the tunnel was positioned horizontally for comparison. In Test 27, the 

lower end of tunnel is open for comparison. It is observed that the gas temperature rise 

differs a lot, much dependent on the flame shape under different ventilation conditions. 

In the far-fire region, the gas temperature rise in all the tests (ventilation rate varies 

from 0 m3/s to 0.00356 m3/s) in the inclined access tunnel is very similar and reaches 

50°C close to the tunnel portal. Besides, in Test 36 (ventilation rate is 0 m3/s and the 

tunnel is horizontal), the fire self-extinguishes and the smoke stops at the position of 

2.375 m, the same as in the corresponding scenario in Tunnel B. In the inclined access 

tunnel, the high-temperature smoke flowing out of the tunnel portal may induce more 

ambient air flowing into the tunnel at the low layer (natural ventilation) as a result of 

mass conservation. The natural ventilation maintains a higher O2 volume fraction in 

the vicinity of fire source, even for the tests with a less ventilation rate, as shown in 

Fig. 6.12. 
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        Figure 6.23 The longitudinal distribution of maximum as temperature rise in Tunnel A. 

Figure 6.24 further shows the time required for the smoke spreading to a certain 

longitudinal position in Tunnel A and thereby the approximate velocity can be known. 

It is found that: a) in Test 36 (ventilation rate is 0 m3/s and the tunnel was adjusted to 

be horizontal), the smoke spread velocity is about 0.1 m/s, which is consistent with the 
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corresponding scenario in Tunnel B; b) in the inclined access tunnel, when the 

ventilation rate varies from 0 m3/s to 0.001 m3/s (Test 1-5), no obvious correlation 

between the ventilation rate and smoke spread velocity is observed, and the average 

smoke spread velocity is about 0.2 m/s; and c) when the ventilation rate is 0.00356 

m3/s (Test 28), the smoke spread velocity is about 0.42 m/s, which is similar to this 

result in Test 27 (open also at the lower end) where the stack effect is formed. 

Furthermore, compared with Fig. 6.22(a), it is found that the smoke spread velocity in 

the inclined access Tunnel A is higher than that in the horizontal main Tunnel B. This 

is probably related to the increasing component of buoyancy in the longitudinal 

direction for the inclined access tunnel. Together with the less significant vitiation 

behind the fire, these two characteristics of the inclined access tunnel fires increase the 

temperature of smoke flowing out of the tunnel portal and in turn promote the natural 

ventilation. 
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     Figure 6.24 The smoke spread velocity in Tunnel A. 

Table 6.10 compares the smoke spread velocity between current study in Tunnel 

A and previous study from Chow et al.[65]. The tunnel in previous study is an inclined 

tunnel with dimension being 8 m (length)  1.5 m (width)  1 m (height). The 

slope of inclined tunnel is 0°, 3°, 6°and 9°to the horizontal. The results from slopes 

of 0° and 9° are used to compare with the results from slopes of 0° and 10° in current 

study. The data in the second and third columns are experimental data in current 

study; the data in the fourth and fifth columns are the results scaled by Froude 

scaling based on the hydraulic diameter, which can be compared with the study from 

Chow et al.[65] in the sixth column. For the horizontal tunnel with one end closed 
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(Test 36), it is found that the smoke spread velocity (0.28 m/s) is much lower than 

that without closed end (0.6 m/s). This is probably related to this fact that the fire 

self-extinguished at the early stage in current study. Another possible reason is that 

under such confined conditions, the destroyed stratification of smoke after hitting the 

closed end decreases the smoke spread velocity to some extent. Besides, for the 

inclined tunnel with lower end closed (Test 1), the smoke spread velocity (0.57 m/s) 

is also much lower than that without closed end (1.3 m/s). This is because in the 

inclined tunnel without closed end, the stack effect has been formed and the smoke 

spread velocity is accelerated. However, when the lower end of the inclined tunnel is 

open (Test 27), the smoke spread velocity (1.19 m/s) in current study is similar to 

this corresponding result (1.3 m/s) from Chow et al. 

Table 10. Comparison of smoke spread velocity between current study in Tunnel A and previous 

study from Chow et al.[65]. 

 Experiment results 

 (m/s) 

Scaled by Froude scaling 

(m/s) 

Study from Chow 

et al.[65] (m/s) 

Boundary 

conditions 

  Closed at   

lower end 

Open at  

lower end 

Closed at 

 lower end 

Open at  

lower end 

Open at  

lower end 

0° 0.1 - 0.28 - 0.60 

10°(9°) 0.2 0.42 0.57 1.19 1.30 

6.4  Summary 

This chapter studies the typical characteristics of tunnel fires during 

construction in a model-scale tunnel. As a further extension of under-ventilated 

tunnel fires from Chapter 5, the critical conditions for the occurrence of 

self-extinguishment and influencing factors as well as the characteristics of smoke 

spread in tunnels are of main concern. The tunnel consists of an inclined access 

tunnel and a horizontal main tunnel during construction. The main tunnel has two 

dead ends (excavation face) and the only opening is from one side of the access tunnel. 

A ventilation system was provided through a ventilation pipe beneath the ceiling. 

Propane gas burner and the fibre board soaked with the heptane were used as fuels. In 

the following main conclusions from this chapter are given: 

(a) In the horizontal main tunnel, the critical equivalence ratio for the 

occurrence of self-extinguishment is within 0.28 - 1.38 for the propane gas burner 

and 1.11 - 3.6 for the fibre board soaked with heptane. The difference is related to 
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the nature of different fuels. For the fibre board soaked with heptane, when the O2 

volume fraction around the fire is low, the burning rate tends to decrease. While for 

the gas burner, tthe fuel supply rate is constant during the test. Besides, the critical 

O2 volume fraction for the occurrence of self-extinguishment varies from 12 % - 15 % 

for both types of fuels.  

(b) The fire location in the horizontal main tunnel has a significant influence on 

the fire development. For the fire board soaked with heptane, a well-ventilated fire at 

the center of the tunnel becomes under-ventilated due to vitiation when it is located 

at the closed end of the tunnel (i.e. excavation face).  

(c) For a typical tunnel fire that occurs at the closed end of the horizontal main 

tunnel (i.e. excavation faces), the stratification of smoke is destroyed after hitting the 

closed end, and then the smoke seems to spread over the entire cross section of the 

tunnel, and the smoke spread velocity is proportional to the ventilation rate. Further, 

for the fire with the occurrence of self-extinguishment, the smoke stops after 

spreading over a distance and hence doesn’t reach the access tunnel. While for the 

fire without the occurrence of self-extinguishment, the smoke spreads into the access 

tunnel immediately after passing through the main tunnel and then fills the access 

tunnel quickly.  

(d) However, when a fire occurs at the closed end of the inclined access tunnel 

(lower end), the fire does not self-extinguish even when the ventilation rate is 0 m3/s. 

Moreover, the smoke spread velocity is higher than that in the horizontal main tunnel. 

This is probably related to the increasing component of buoyancy in the longitudinal 

direction in the inclined access tunnel. Together with the insignificant vitiation 

behind the fire, these two characteristics in the inclined access tunnel increase the 

temperature of smoke flowing out of the tunnel portal and in turn promote the 

natural ventilation. 
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Chapter 7 Conclusions and future works 

7.1  Conclusions 

The previous studies about tunnel fire dynamics and mitigation measures are 

mostly based on good ventilation conditions in tunnels, such as longitudinal 

ventilation and natural ventilation with the premise that a tunnel has two open portals. 

However, in some special fire scenarios in tunnels or channels, such as fires in a 

subway train, a building corridor, an underground utility tunnel, a mining tunnel, a 

tunnel during construction and the application of sealing tunnel portals for fighting 

large tunnel fires, etc, both of the tunnel portals may be in an incomplete or even 

completely closed or blocked state, which will significantly limit the ventilation 

inside the tunnel. The studies about tunnel fires under confined portal boundaries are 

rare. The knowledge of tunnel fire dynamics for tunnels under good ventilation 

conditions is probably not applicable to the scenarios of tunnel fires under confined 

portal boundaries. Therefore, by combining model/medium-scale tunnel experiments 

and theoretical analyses, this thesis studies the fire behaviors and smoke transportation 

law of tunnel fires under confined portal boundaries. The outcomings are of great 

importance for improving the understanding of tunnel fires under confined portal 

boundaries and developing fire mitigation measures. The main research contents and 

conclusions include: 

1. As a further extension of tunnel fire similarity theory, the scaling effects of 

pool fires (well-ventilated) are studied by combining a large amount of 

experimental data collected with theoretical analysis. Specifically, the 

coupling effects of wind velocity, pool diameter and tunnel environment on 

the MLRPUA of pool fires are revealed.  

When a small-scale pool fire (D<1 m, especially for pools with D<0.2 m) occurs 

in the open, the ventilation significantly increases the conductive and convective heat 

feedbacks, which are the leading heat feedback mode. As a result, increasing wind 

velocity tends to increase the MLRPUA. But when small-scale pool fires occurs in 

tunnels, the radiative heat feedback from the tunnel ceiling is probably dominating if 

the distance between the pool surface and ceiling is shorter (Hef/D<3). This results in 
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a much higher MLRPUA than that in the free burn. At this point, when subjected to 

longitudinal flows, the MLRPUA decreases due to the reduced radiation from the 

tunnel ceiling. However, with a further increase in wind velocity (at a higher wind 

velocity level), the conductive and convective heat feedback probably become leading 

and therefore increase the MLRPUA. If the distance between the pool surface and 

ceiling is longer (Hef/D>4), the radiation from the ceiling is not significant and 

therefore the burning characteristics of pool fires in tunnels are similar to those in the 

open. With the increase of pool diameter, the influence of wind on the MLRPUA 

decreases gradually, no matter whether the pool occurs in the open or in a tunnel. 

Finally, when the pool diameter exceeds 1 m, the radiation from flame itself is 

probably predominant. The MLRPUA is not affected significantly by increasing wind 

velocity and most likely fluctuates within 30% for a wide range of wind velocities 

based on the test data collected, which is far less than previous conclusions obtained 

solely from small-scale pool fire experiments. 

2. The flame behaviors and maximum gas temperature rise beneath the ceiling 

in an enclosed tunnel are studied using a model-scale tunnel. A prediction 

model of maximum gas temperature rise is finally developed. 

The flame characteristics in an enclosed tunnel are different from those in a 

normal tunnel (small fire, i.e. the continuous flame doesn’t reach the tunnel ceiling). 

When a fire is not located at the tunnel center, there is a temperature (pressure) 

difference on both sides of the flame resulted from the asymmetric flow field. As a 

result, the flame inclines towards the closer tunnel end. When a fire is moving away 

from the tunnel center, in Region I (0≤ d  ≤0.64), the maximum gas temperature rise 

decreases with the increasing dimensionless fire distance ( d  ) due to the increasing 

flame inclination angle. While in Region II (0.64 d  1), the maximum gas 

temperature rise increases with the increasing dimensionless fire distance due to the 

heat feedback of returned hot smoke bounced from the end wall. By introducing a 

concept of equivalent ventilation velocity based on the flame inclination mechanism, 

a prediction model of maximum gas temperature rise beneath the ceiling in Region I 

is developed. Beyond that, an extra correction factor is proposed in Region II with a 

consideration of heat feedback of returned hot smoke. Besides, further dimensional 

analysis indicates that the normalized maximum gas temperature rise follows an 

exponential attenuation law with the dimensionless fire distance. 

Maximum gas temperature rise can be predicted by：    
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3. The application of sealing tunnel portals for fighting large tunnel fires is 

studied using a model-scale tunnel. The coupling control effects of sealing 

ratio and initial sealing time on the fire development are revealed. 

Sealing tunnel portals can control the fire growth in large tunnel fires, where the 

mass loss rate of fuel and the gas temperature decrease significantly. The earlier the 

initial sealing time is, the better the fire can be controlled, no matter whether the 

sealing is complete (100 +100 %) or incomplete (75 +75 % and 75 +100 %). At the 

same time, the incomplete sealing can increase the burning duration and induce to 

generate higher-concentration CO gas at tunnel portals. When the incomplete sealing 

occurs during the violent burning stage, the sealing not only does not limit the fire 

growth but also exacerbates the tunnel fire, producing an extremely high CO 

concentration over 1000 ppm at tunnel portals and a long ceiling flame jet. Moreover, 

the higher the sealing ratio is, the more obvious the phenomenon is, which is adverse 

to the rescue service in the vicinity of tunnel portals. Besides, as long as the tunnel 

portals are sealed incompletely, the smoke will not spread horizontally for some 

distance after leaving the tunnel portals under the action of inertial forces. In order to 

maintain the combustion of fuels inside the tunnel, the fresh air from external 

environment flows into the tunnel quickly and vigorously from the gap and thus 

uplifts the smoke out of the tunnel portals, causing an increase in temperature above 

the ceiling near the tunnel portals, which is also an important phenomenon for 

firefighters and needs to draw their attentions. 

 

4. The characteristics of under-ventilated tunnel fires are studied using both 
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model-scale and medium-scale tunnels. Based on the equivalence ratio, the 

critical conditions for the occurrence of under-ventilated tunnel fires are 

quantitatively analyzed and the conversion mechanisms from the 

insufficient combustion in early under-ventilated tunnel fires to sufficient 

combustion are revealed. 

The characteristics of under-ventilated tunnel fires are related to the pool scale. 

For a smaller pool fire (0.3 m), the flame size dramatically reduces with a lifted and 

fluttering flame and accompanies an oscillating MLRPUA. But this similar 

phenomenon doesn’t occur in the larger pool fire (0.65 m). In tunnel fires with 

confined portal boundaries, the fire gas is accumulated in the vicinity of the flame 

and vitiates the combustion environment by mixing the incoming air. Consequently, 

the vitiation reduces the O2 volume fraction. Therefore, the critical equivalence ratio 

for the occurrence of under-ventilated tunnel fires is found to be within 0.53 - 0.6, 

which is less than the theoretical value of 1. For under-ventilated tunnel fires, the 

low ventilation rate and vitiation result in a low O2 volume fraction around the flame. 

The MLRPUA starts to decrease with the decrease of O2 volume fraction. 

Consequently, the ventilation rate approaches and even reaches the amount required 

for sufficient combustion of vaporized fuel. This means that the insufficient 

combustion in early under-ventilated tunnel fires has converted to sufficient 

combustion (from the perspective of the change of equivalence ratio, the fire has 

converted from under-ventilated to well-ventilated). As a result, no significant 

increase in CO production in under-ventilated tunnel fires is observed in both test 

series. Besides, the CO production is related to the scaling effects of pool fires and 

fuel types. 

5. The typical characteristics of tunnel fires during construction are studied 

using a model-scale tunnel. As a further extension of under-ventilated tunnel 

fires, the critical conditions for the occurrence of self-extinguishment and 

influencing factors as well as the characteristics of smoke spread in tunnels 

are of main concern.  

When a fire occurs in the horizontal main tunnel (closed at both ends), the 

critical equivalence ratio for the occurrence of self-extinguishment is within 0.28 - 

1.38 for the propane gas burner and 1.11 - 3.6 for the fibre board soaked with 

heptane. The difference is related to the burning behavior of the different fuels used. 

Besides, the critical O2 volume fraction for the occurrence of self-extinguishment 
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varies within 12 % - 15 % for both types of fuels. When a fire occurs at the closed 

end of the horizontal main tunnel (i.e. excavation face), the stratification of smoke is 

destroyed after hitting the closed end and then the smoke seems to spread over the 

entire cross section of the tunnel. The smoke spread velocity is proportional to the 

ventilation rate. However, when a fire occurs at the closed end of the inclined access 

tunnel (lower end), the fire does not self-extinguish even when the ventilation rate is 

0 m3/s. Moreover, the smoke spread velocity is higher than that in the horizontal 

main tunnel. This is probably related to the increasing component of buoyancy in the 

longitudinal direction in the inclined access tunnel. Together with the insignificant 

vitiation behind the fire, these two characteristics in the inclined access tunnel 

increase the temperature of smoke flowing out of the tunnel portal and in turn 

promote the natural ventilation and increase the O2 volume fraction. 

7.2  Innovation points 

1. Analyze the coupling effects of wind velocity, pool diameter and tunnel 

environment on the MLRPUA of pool fires and reveal the scaling effects of mass 

loss rate per unit area of pool fires. 

2. Discover the phenomenon of flame inclination and the law of maximum gas 

temperature rise beneath the ceiling varying with longitudinal fire location in an 

enclosed tunnel. By introducing a concept of equivalent ventilation velocity 

based on the flame inclination mechanism, a prediction model of maximum gas 

temperature rise is developed. 

3. Explore the application of sealing tunnel portals for fighting large tunnel fires 

and reveal the coupling control effects of sealing ratio and initial sealing time on 

the fire development. Find out some dangerous phenomena which may threaten 

the rescue service. 

4. Analyze the characteristics of under-ventilated tunnel fires and 

self-extinguishment. Quantify the critical conditions for the occurrence of 

under-ventilated tunnel fires and self-extinguishment. Explain the conversion 

mechanisms from the insufficient combustion in early under-ventilated tunnel 

fires to sufficient combustion. 
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7.3  Future works 

1. The fourth chapter studies the application of sealing tunnel portals for 

fighting large tunnel fires. Unsealing the tunnel after the sealing process is the next 

step of the rescue service. Unreasonable unsealing may result in a re-ignition of the 

flame or even explosion. Therefore, the unsealing time and unsealing measures 

needs to be systematically studied in the future.  

2. The sixth chapter uses the equivalence ratio to quantify the critical conditions 

for the occurrence of self-extinguishment. But no specific value can be given as 

there are missing values within the measurement range. Besides, due to the 

limitation of experimental conditions, the calculation method of equivalence ratio is 

slightly different from that in the fifth chapter. Therefore, the results will be further 

optimized through experiments in the future. 
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