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Abstract 

In the event of a tunnel fire, the emergency ventilation system is often brought in action 
to create a safe route upstream clear of smoke for evacuation and fire fighting. The 
"critical ventilation velocity" is used to represent the value of the ventilation velocity 
which is just able to force the smoke moving in one direction. This value has become 
one of the important criteria for the design of the tunnel ventilation systems. 

This study reviewed current knowledge on the critical ventilation velocity and studies of 
tunnel fires . The literature review showed that the critical ventilation data are limited in 
number. The influence of fire power on the critical ventilation velocity remains uncertain 
and in addition, the most important issue which is the effect of tunnel geometry on the 
critical ventilation velocity has not been studied yet. 

To establish better model prediction of the critical ventilation velocity, the present work 
systematically investigated the effect of tunnel geometries on the critical ventilation 
velocity on five small scale model tunnels which have approximately the same height but 
different widths. Three dimensional Computer Fluid Dynamics (CFD) simulations were 
also carried out to investigate the flow behaviour and compare the modelling results with 
the experimental results. 

The present work found that cross-sectional geometry did affect the critical ventilation 
velocity. The critical ventilation velocity has been related to the distribution of the fire 
plume inside the tunnel at critical ventilation conditions. The present work also explored 
the new dimensionless of the critical ventilation velocity and the heat release rate and 
suggests that the mean hydraulic tunnel height (H) should be used as the characteristic 

length for the buoyant forces in the dimensionless analysis instead of tunnel height (H). A 
simple one dimensional relationship has been derived based on the new dimensionless 
analysis for predicting the critical ventilation velocity for large scale tunnels in any cross
sectional geometry. 

Finally, the scaling problem was resolved by comparing the present results with the large 
scale results obtained in the literature review, expressed in the new dimensionless 
analysis. The results showed that the present results agreed with most of the large scale 
experimental results. This suggests that the present results can be used with high degree 
of confidence to predict the critical ventilation velocity for larger scale tunnels in any 
cross-sectional geometry. 
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Chapter 1 

Introduction 

Tunnel fire can be considered as a rare event, however the experience of the most recent 

incidents, Mont Blanc in France (1999) where 34 people were killed, Alpine Tunnel in 

Austria (1999) where 4 people were killed, 67 people injured and other incidents such as 

Channel Tunnel fire (1996) and the Nihonzaka tunnel fire in Japan (1979) has shown us 

that such fires could be devastating and deadly. 

The probability of vehicle fires, considered among the most dangerous of all hazards in 

tunnel is about one fire per 107 vehicle kilometres (Touvinen et al, 1996). One fire/ l07 

is reported for the Elbe tunnel in Germany and 1.3/107 for cars and 4.5/107 for trucks are 

reported on the entire English road network (Heselden, 1978). 

In the last 30 years there has been a great improvement in the understanding of tunnel 

fires and the knowledge of the methods to control them. The main objectives of fire and 

smoke control in road tunnels were to protect the users and make fire-fighting operations 

possible. However, the objectives had to be complemented by a number of work 

hypotheses and clarified for each case depending on tunnel length, traffic, ventilation 

system, environment and others. 

The evolution of the tunnel fire research started from the real tests to the most recent 

technology, Computational Fluid Dynamics. The real phenomenon of tunnel fires can 

only be achieved by performing the fires in the full scale tunnel such as Ofnegg tunnel 

(Haerter, 1965), Zwenberg tunnel (Feizlmayr, 1976), Memorial tunnel (Kennedy, 1997). 

However, there are several drawbacks such as the operating cost is enormous and the , 

test can only be performed in one tunnel shape. In addition, it is difficult to control since 

the geometry is large. As a consequence, in recent years, more tests on tunnel fires were 

performed in small scale experiments (Hwang et al, 1976; Chaiken et al, 1979; Lee et al, 
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1979; Vantelon et aI, 1991 ; Oka & Atkinson, 1995; Hwang & Wargo, 1986; Atkinson & 

Wu, 1996; Xue et aI, 1993; Kwack et al, 1990; Apte et aI, 1991 ; Bettis, 1993, 1994). 

The most recent technique is the use of Computer Fluid Dynamics to study and 

understand the behaviour of tunnel fires . There are several computer codes which have 

been used such as the CFX written by AEA Technology, JASMINE code from Fire 

Research Station and multi purpose FLUENT code from FLUENT Europe Ltd. The 

capability of CFD to predict the qualitative features of tunnel fires has been examined by 

several workers (Fletcher, 1994; Lea, 1995; Woodburn & Britter, 1996). However, 

further research is required especially obtaining the quantitative values for example the 

prediction of the critical ventilation velocity as well as the validation of the experimental 

results. 

One of the major research areas is the utility of ventilation system to control the smoke 

flow. Extensive research results have been obtained world-wide in the case of road 

tunnels ventilation in case of fires. However new knowledge is still needed. A few 

uncertainties such as the effects of various parameters (tunnel slopes, fire locations and 

tunnel geometry) on the ventilation velocity and scaling procedures from small scale to 

large scale require further investigation to be organised into a consistent methodology to 

be efficiently implemented by designers and operators. 

Figure 1.1 illustrates the movement of the smoke during a tunnel fire under natural 

ventilation where the smoke will travel at both upstream and downstream from the fire 

seat. Once a fire takes place a plume of hot smoke will rise to the ceiling of the tunnel, 

entraining air as it rises, thus increasing the volume of smoke but reducing its 

temperature. The smoke spreads out underneath the tunnel roof, and as more smoke is 

produced air convection currents are created. The stratified smoke layer may become 

fully mixed and would then act as an obstacle. This presents a major problem for the 

victims to escape and makes difficult for rescue and fire fighting. 

In the event of tunnel fire, the emergency ventilation system is often brought in action to 

create a safe route for evacuation and fire fighting. In practice, there are three type of 

ventilation systems; longitudinal, transverse and semi-transverse. 
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"Longitudinal ventilation" is characterised by an airflow at the same speed over the 

whole tunnel length, or over successive sections separated by extraction and! or injection 

devices. An example of longitudinal ventilation fan is shown in Figure 1.2. 

"Transverse ventilation" describes a cross-ventilation system in which air flows across 

the tunnel section, with both inflow and outflow at either the tunnel bed, sides or ceiling. 

"Semi-transverse ventilation" is a hybrid of the above two types in which inflow is 

typically spaced at intervals along the tunnel and outflow is longitudinal, with flow 

direction often being reversed in the event of fire. 

The main interest of the present study is the use of longitudinal ventilation to control the 

smoke flow during tunnel fires. With the utility of longitudinal ventilation system, the 

smoke and the combustion products will be forced to move in the direction of the air 

flow. i.e. 'downstream', hence keeping the 'upstream' from the fire seat clear. However, 

at low ventilation velocity, the hot products can still travel in the 'upstream' direction 

against the direction of the air. This flow of the products is defined as 'backlayering' as 

described in Figure 1.3 . The minimum ventilation velocity which can just prevent the 

movement of the 'backlayering' is defined as the 'critical ventilation velocity', shown in 

Figure 1.4. This value has become one of the prime criteria for the design of the tunnel 

ventilation system. The desired value of the critical velocity is necessary to make sure 

that all the combustion products have been driven downstream and also to avoid over

estimation of the ventilation velocity. 

Current methods to predict the critical ventilation velocity for tunnel emergency 

ventilation systems are based on the sets of equations derived by applying Froude 

number preservation combining with some experimental data based on the works of 

Heselden (1978) and Danziger & Kennedy (1982) which were incorporated in the US 

Department of Transport Subway Environment Simulation Program. These models 

suggested that the critical velocity for the horizontal tunnel varies with the one third 

power of the heat release rate (HRR) from the fire. 
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Recent results from the Gallery tunnel tests in Buxton (Bettis et ai, 1993,1994) also 

suggested that the critical velocity does vary as the one third power of the HRR, but 

only at lower HRRs. However, at higher HRR, the critical velocity was nearly 

independent of heat output over a wide range of fire sizes. Their conclusions were 

supported by Lea (1995) in his CFD work on the same Gallery tunnel and by Oka and 

Atkinson (1995) who performed experiment on 1110 scale model of the Gallery tunnel. 

The new findings had led some uncertainties on the existing models mainly the capability 

of the existing empirical models to predict the desired critical ventilation velocity, 

particularly at higher HRRs. The mechanisms for this phenomenon need to be addressed. 

This thesis describes the research work conducted to investigate the effect of tunnel 

geometry or aspect ratio on the critical ventilation velocity. Five reduced scale model 

tunnels which have the same height and different cross - sectional geometries were used 

in order to systematically measure the critical ventilation velocity. In addition to the 

experimental works, three dimensional modellings were performed to predict the critical 

ventilation velocity for the model tunnels and examine the flow behaviour inside the 

tunnels. 

The next chapter discusses the review of the literature of various aspects of tunnel fires, 

giving particular emphasises to the critical ventilation velocity. Chapter 3 discusses the 

scaling issues. Chapter 4 describes the objectives and approaches in the present study. 

Chapter 5 discusses experimental investigation, followed by Chapter 6, the experimental 

results. Then Chapter 7 gives the discussion of the experimental results. After that 

Chapter 8 discusses the three dimensional modellings using FLUENT package which is 

available in the University of Sheffield together with the comprehensive comparisons of 

the experimental and CFD results. Chapter 9 proposes dimensional analysis to the critical 

ventilation velocity and HRR and finally Chapter 10 gives the overall conclusions and 

suggestions for future works. 
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Chapter J: Introduction 

Upstream Downstream 

Smoke Flow 

Fire Seat 

Figure 1.1: Illustration of a tunnel fire under natural ventilation 

Figure 1.2: Longitudinal ventilation fan [Woods Technology, Display in 9th International 

Symposium on Aerodynamic of Vehicle and Tunnel Ventilation, Italy, 1997) 
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Chapter 1.' Introduction 

Backlavering 

Ventilation 
Flow 

Downstream 

Smoke Flow 

Fire Seat 

Figure 1.3: Illustration of a tunnel fire underventilated causing backlayering 

Ventilation 
Flow at Uc 
Critical Ventilation Rate 

Downstream 

Smoke Flow 

Fire Seat 

Figure 1.4: Illustration of a tunnel fire sufficiently ventilated to prevent 

backlayering 

6 
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Chapter 2 

Literature Review 

The motivation to study tunnel fires began in the early 1970s, initiated from the coal 

mining industry. Since then, more works have been done especially the ways to control 

the flow of the smoke. Earlier works focused on the experimental and theoretical fields 

which involved the studies on the general aspects of the combustion in fire, based on 

both reduced and large scales. Several comprehensive measurements were made such as 

the depth of the smoke layer in the tunnel; the rate of the flow of smoke and air; the 

velocities and temperatures distributions of the smoke across the tunnel and finally the 

critical ventilation velocities to prevent the smoke backlayering. 

2.1 Experimental Study of Tunnel Fires 

2.1.1 Large Scale Experimental Tests 

There are several major experimental tests that have been carried out in tunnel fire 

studies. 

Glasgow tunnel: Glasgow tunnel tests were carried out in 1970 by the Fire Research 

Station which was reported by Heselden and Hinkley (1970). The tests were carried out 

in a horse shoe shaped cross-section tunnel some 5.2 m high, 7.6 m wide and 600 m 

long. 4 tests were carried out with kerosene pool fires between 2 MW to 8 MW and 

using only natural ventilation. The pool fire was placed in an increasing number of 1.2 m 

square trays. The progress of the smoke was observed and the average velocity was 

taken. Some of the uncertainties from this experiment were that the heat output rate was 

slightly inaccurate since the fires were 'spread' and no account were taken on the 

reduced temper~tures involved. The other problem was that the duration of the fire was 

short, as a result it was unclear if a steady state heat output was achieved. 

7 



Chapter 2: Literature Review 

Ofnegg tunnel: Ofnegg tunnel tests were done in 1965 and was reviewed by Haerter 

(1965). The tunnel has a horse shoe shaped cross-section with dimensions of 6 m high, 

4 m wide and 190 m long. Altogether, 11 tests were carried out with three petrol pool 

fire sizes ( 100 litre, 6.6 m2; 500 litre, 47.5 m2; 1000 litre, 95 m2). Unfortunately, the 

fire sizes were not measured. Again, the burning times were reported to be short. The 

ventilation rates were in the range of 2-3 mls. The objectives of the tests were to 

investigate factors such as visibility, temperature distribution, gas concentrations and 

critical zones for survival. 

Zwenberg tunnel: Zwenberg tunnel tests were carried out in Austria and was reported 

by F eizlmayr (1976). 23 tests were carried in approximately rectangular shaped tunnel 

some 4 m high, 5 m wide and 390 m long. The fire sources were 200 litre and 400 litre 

petrol placed at approximately 108 m from the South portal which was closed 

throughout the test. Longitudinal ventilation from the South to North portal was 

available from a further fan at the South portal supplying up 7 mls in the tunnel. The 

objectives of the tests were to determine the effects on human being, structures, and 

possibility of controlling products of combustion by the use of ventilation system. 

Temperature, velocity, gas sampling and smoke density instrumentation were spaced at 

intervals down the tunnel. A major uncertainty was that the HRRs from the fires were 

not measured. 

EUREKA Programme : The EUREKA tests were performed in Norway and were 

reported by Haack (1995). 21 fire tests were performed which included 5 tests directly 

concerning road vehicles. The research programme was intended above all to provide 

information on several aspects of tunnel fires which includes fire phenomena, escape, 

rescue and fire - extinguishing, the effect of the surrounding structural parts on the fire. 

Memorial tunnf!l: The Memorial test programmes were carried out in the Memorial 

tunnel, West Virginia, USA during 1993 to 1995 in a 850 m long disused two lane road 

tunnel. The programme consisted of over 100 trials to investigate relevant parameters 
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such as tunnel ventilation and configurations of such systems, air velocity, temperature 

and gas concentrations. 

Newman et al (1983, 1984) studied stratification in a ventilated duct fire. The 

experiments were performed in large scale duct of2.4 m x 2.4 m x 61 m long. The heat 

releases rate from various fire sources examined ranged between 10 kW and 20 MW. 

The ventilation velocity was varied between 0.5 mls to 4.0 mls. The fire sources in the 

experiment were heptane, coal with kerosene, and neoprene with coal and with 

methanol. Gas temperature measurements were made. 

Kwack et al (1990) performed a series of tests to study the flow of smoke through 

aircraft cabin interior. The model was 1/3 rd of the scale model with the dimensions of 

0.76 m high and 0.52 m wide and 9.2 m long. There is uncertainty into the actual shape 

of the model. The work involved a series of 4 tests with Turbojet A fuel which produced 

fire sizes from 246 kW to 335 kW. The ventilation velocities range from 0.58 mls to 

0.87 mls. Temperature and velocity measurements were reported. 

Apte et al (1991) studied on the effect of ventilation flow towards the backlayering flow 

in a mine roadway of 5.4 wide x 2.4 m high. The purpose of the experiment was for 

model validation of the stratification flow for both upstream and downstream of the 

tunnel. Octane pool fires were used with the heat output varying from 0.5 MW to 12 

MW and the ventilation velocity from 0.2 mls to 2 mls. The temperature measurements 

were made. 

, 
Recent series of tests which provide the most comprehensive data set available to date 

were done in Health and Safety Laboratory, Buxton (Bettis et al, 1993,1994). The tests 

were carried out in a 2.56 m high arch-shaped tunnel some 366m long. Kerosene pools 

of sizes from 0.3 MW to 20 MW were used and the ventilation velocities from 0.5 mls to 

4 mls. Several measurements were made such as time varying temperature distributions, 
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smoke and gas concentrations (02, CO2 and CO ), counter-flow layer lengths and multi

point velocities. 

2.1.2 Small Scale Tests 

Hwang and Wargo (1986) made the most detailed study of the movement of 

backlayering flow layers in a small scale tunnel. The tunnel was 4.9 m long with a 

uniform cross-section 0.4 m wide by 0.3 m high. The tunnel can be tilted up to ± 180 

from the horizontal, so that a ventilation current can be either ascending and descending. 

Natural gas was burned with an air - fuel ratio of 10: 1. The HRR was not reported. The 

ventilation velocity was between 0.202 mls to 0.309 mis, produced by a blower. The 

temperature and velocity distributions inside the tunnel were measured at various 

positions. The effect of tunnel slope on the hot layer movement was also investigated. 

Grant et al (1988) performed a series of small scale experiments. The wind tunnel 

consisted of several sections of smooth plastic tube, (nominal internal diameter 150 mm). 

The total length of the tunnel was approximately 15 m. The fire source used in the 

experiments consisted of a pool burning mineralised methylated spirit. The HRRs varied 

from 0.07 kW to 1.783 kW. The ventilation velocity ranged between 0.96 mls to 6.72 

mls. Temperature and velocity distributions in the tunnel were reported. 

Xue et al (1993) performed a small scale experimental tests in a circular duct of 0.25 m 

radius and 8.45 m long. Two tests were performed using ventilation velocities of 0.46 

mls and 0.92 mis, both were at heat output of 3 kW by a pre-mixed gas burner. For 

both cases, the downstream temperatures profiles were measured. 

Chaiken et al (1979) carried out coal fire experiments in a tunnel of a 9m long, 0.27m x 

. 0.27m square ~ross-section. The entrance of the tunnel was open to the atmosphere 

while an exhaust fan was fixed at the downstream end of the tunnel. The HRR was not 

reported. The main objective was to investigate the backlayering layers and validated the 

result with a mathematical model. 
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Lee et al (1979a) used the same experimental facility as Chaiken et al (1979) to perform 

further experiments to investigate the interaction between duct fires and the ventilation. 

The tunnel walls and roof were lined with wood along the entire duct length and about 1 

m of the initial length was ignited to produce the fire. 4 tests were performed. Lee et al 

(1979b) also performed another experiment in a model tunnel of 0.4 m high x 0.3 m 

width x 5 m long to investigate the stratification of the backlayering flow inside the 

tunnel. A gas burner was used to generate hot plume backing up against a longitudinal 

ventilation. Gas volumetric flow rate and air to gas ratio of the burners were varied for 

various fire sizes. The range offire sizes and ventilation velocity were not reported. 

Vantelon et al (1991) used a laser light to investigation the smoke backlayering in the 

1/30 scale which consisted of a 0.15 m radius semi-circular tunnel of 3 m long. 5 fire 

sizes were used in the range between 0.325 kW to 0.800 kW by using a flat burner. The 

velocity of ventilation was between 0.195 mls to 0.225 mls· Correlation between the 

smoke backlayering with two main parameters; the ventilation speed and rate of HRR 

was established. 

Oka and Atkinson (1995) investigated the critical ventilation velocity in an arch shaped 

tunnel (244 mm high x 274 mm wide, 15 m long) which was 1/10 of the HSL Colliery 

arch tunnel. The fire was produced by burning propane gas in air. The critical 

ventilation velocity for the range ofHRRs from 0.45 kW to 29 kW which correspond to 

approximately 2 to 150 MW in a tunnel with a diameter around 5m was systematically 

determined. Oka and Atkinson also studied the effect of fire locations and burner 

geometries towards controlling the backlayering flow. 

Atkinson and Wu (1996) further used the experimental facility as Oka and Atkinson to 

systematically measured the critical ventilation velocity for the tunnel with downhill slope 

between 0
0 

and 100
• Correlation to calculate the critical ventilation velocity for a sloping 

tunnel was derived. 
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The extensive reviews on tunnel fires was done by Lea (1993, 1994). Table 2.1 

summarises the details of the experimental tunnel fire tests for both reduced and large 

scales tests. 

2.2 Aspects of Tunnel Fires 

Before further discussions on the aspect of tunnel fires, it is important to define several 

related terms that are commonly used in tunnel fires study. 

(1) BackJayering 

Backlayering flow is defined as the layer of hot products which travel against the air 

flow. Some of the authors in section 2.1 used different terms such as reversed - flow and 

back-up-Iayer. In the present works, the term backlayering flow will be used through out 

the thesis. 

(2) Critical ventilation velocity 

Critical ventilation velocity is defined as the minimum ventilation velocity at which the 

backlayering flow is suppressed completely. The unit for critical ventilation velocity is 

mls. 

(3) Fire power 

Fire power is defined as the heat release rate (HRR) by the combustion during the fire. 

The unit ofHRR is either kilowatt (kW) or megawatt (MW) 

(4) Fire Seat 

Fire seat is defined as the position where the fire originated in the tunnel. 
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2.2.1 Fire power 

Fire power is the main parameter which is considered to design ventilation system in the 

tunnel. Unfortunately, there are very few test programmes have included real vehicles in 

tunnel. 

In the EUREKA 'Firetun' programme, 21 fire tests were performed, but only 5 tests 

directly concerned road vehicles. The rail car fires mostly amounted to between 15 and 

20 MW. The burning of the heavy good vehicle was measured more than 100 MW. In 

another experiment, Malhotra (1995) reported that the magnitude of HRR for a single 

heavy good vehicle (HGV) carrying furniture was in excess of 100 MW. 

Most of the ventilation designs are based on the fire power from Heselden (1978). 

Heselden gave values of 3 MW for an ordinary car, 10 MW for a van, 20 MW for a 

lorry or coach, 50 MW-I00 MW for petrol spill. World Road Association (PIARC) 

recommended that for a passenger car the HRR is approximately 5 MW. For a 

BuslTruck and petrol tanker, the HHRs are 20 MW and 30 - 100 MW, respectively. 

The HRR for the HGV is considered as the upper limit for fire power in designing the 

ventilation velocity. Thus, any ventilation system which is going to be used must take the 

consideration to be able to control the smoke given by HRR approximately 100 MW. 

The summary of the fire power from Eureka tests and PIARC are shown in Tables 2.2 

and 2.3, respectively. 

2.2.2 Behaviour of the Fire 

The spread of a fire inside a tunnel is different from in an open place. Flames from a 

substantial fire reaching the tunnel ceiling can no longer travel upwards and must 

therefore travel' horizontally. Since they are very hot and therefore light gases, they 

travel under the ceiling and in this situation they can elongate to a surprising extent, as 

much as 5-10 times of an open fire (He selden, 1978). This elongation arises because the 

13 



Chapter 2: Literature Review 

mixing of air into the flame under the ceiling is by a much slower process than when the 

flame is travelling vertically, so that in order for enough air to be entrained to bum all the 

volatile fuel, the horizontal flame has to be much longer. A stable situation of a light gas 

above a heavier one is created, so that the turbulent eddies are damped down by 

buoyancy forces and the rate of air mixing is very much reduced. In addition, mixing 

into horizontal flame can only take place over one side of the flame. 

In the presence of the longitudinal ventilation system, the air flow forced 'torch like' 

flame over the edge of the fuel through where the flaming region is generally inclined at 

certain angle from the vertical (Haerter, 1965; Bettis et al, 1993, 1994; Apte et al, 1991). 

The duration of the fires fluctuated considerably depending on external circumstances 

and could last between 30 minutes and several hours. The fire flash-over point was 

reckoned to occur after some 7 to 10 minutes (Haack, 1992). With petrol fire, the peak 

temperature was reached 1 to 2 minutes after ignition and remained during 2 to 15. 

minutes. The highest temperatures at the site of the fire was approximately 1400 °C. 

With rail road and car fires, there was a fast development during 10 to 15 minutes. The 

temperatures during most of the rail car and bus fires reached maximum values of about 

800 to 900°C. The maximum fire durations for both cases were 128 minutes and 75 

minutes, respectively. The fire duration for maximum temperature were 42-46 minutes 

for rail car and 20-25 minutes for the bus (Haack, 1992, 1995). 

2.2.3 Behaviour of Smoke Flow 

The general movement of the smoke inside the tunnel during the fire has been illustrated 

in Chapter 1. It has been pointed out that during the fire, the smoke moves under the 

influence of forces due to pressure gradients within the bulk of the fluid (Drysdale, 

1985). The forces are created by: 
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1. Buoyancy ansmg from differences between internal and external ambient 

temperatures. As long as the smoke is at higher temperature than the surrounding air, 

it will rise, the buoyancy for per unit volume being given by the product g(po - p). 

2. Buoyancy created directly by the fire. Burning in a compartment or tunnel generates 

high temperatures which produce the buoyancy for hot gases. 

A detailed discussion on the movement of smoke was done by Heselden (1978). Later, 

Liew et al (1988) briefly discussed the problems of the movement of the smoke and 

devised the solutions to control the movement. 

(1) Smoke Generated in Tunnel Fires 

With regard to the smoke flow, it was found that during tunnel fires a large quantity of 

smoke was generated (Heselden & Hinkley, 1970, Haerter,1965). Under natural 

ventilation, the layer was initially 1-2 m thick depending on the size of the fire, reaching 

3 -4 m deep for the largest fire after 10 minutes. The velocity of the advance layer was 

in the region of 1 - 1.5 rn/ s. The smoke 'nose' travelled 414 m from the fire and the layer 

was .then quite define even though it would have been some 50 C above the air beneath. 

A layer or plug of smoke reaching to the ground level was often formed at the tunnel 

entrance. 

With a longitudinal ventilation system, the smoke stratification was rapidly destroyed and 

lead to a quick development of a steep smoke front which filled the total traffic space. 

The smoke spread approximately with the same velocity as the longitudinal flow on the 

exhaust air side. Even if the fumes were highly diluted, the visibility in the smoke area 

was extremely low or lacking completely. 

Hinkley (1970) ~ proposed equations (2.1) and (2.2) to calculate the production of the 

smoke during the fires. M is the smoke production rate and d is the depth of the smoke. 

(2.1) 
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(2.2) 

g is gravity, P is the perimeter of the fire, H is the height of the tunnel, Ps is the smoke 

density, Vs is the velocity ofthe smoke and W is the width of the tunnel. 

Table 2.2 also gives the measured smoke flowrates produced by various HRRs in the 

Eureka tests. The measured smoke flowrate for a plastic car (5 MW) was estimated to 

be 30 m3/s. For a 40 seaters bus and a HGV loading, the smoke flow rates of 60 m3/s 

and 50 m3 Is were estimated, respectively. However, the predicted smoke flowrates from 

PIARe shown in Table 2.3 gives slightly lower smoke flowrate for 5 MW fire (20 m3/s). 

For petrol tanker (100 MW), the smoke flowrate was in the range of 100 - 200 m3/s. 

(2) Backlayering Flow and its Interaction with Ventilation 

The majority of the experimental programmes in Section 2.1.1 concerned with the 

backlayering flow. It has been established that the backlayering flow of the smoke 

occurred when the ventilation velocity in the tunnel was low. The backlayering was 

characterised stratified in nature, created due to different temperatures between the hot 

and cold layers. The driving force of these layers was the buoyancy forces due to 

different densities. 

The temperature of the layers decrease as the backlayering flow moves upstream (Hwang 

& Wargo, 1986). Furthermore, the layer of thickness of the backlayering remains 

approximately constant until the end, where the layer disappears abruptly. The depth of 

the layer also decreases with increasing ventilation speed. Further investigation from 

Kwack et al (1990) also showed that a strong backlayering flow ceiling jets of hot gases 

were detected well upstream of the fire for all tests. The thickness of the backlayering 

flow ceiling jet and smoke layer remain relatively constant in the test which was similar 

smoke layers shapes observed by Hwang and Wargo (1986). 
I 

16 



Chapter 2: Literature Review 

The mixing between layers was found to be characterised by a dimensionless number 

which known as Richardson number (Ellison and Turner, 1959). The Richardson number 

is the ratio of the buoyancy forces to the inertial forces, 

glMT 
(2.3) 

where g is the gravitational acceleration, H is tunnel height, 11 T is the temperature 

difference, T is the smoke temperature, V is the smoke velocity and Vo is the initial 

smoke velocity. 

It was reported that when this number is large, that is for deep, hot smoke layers, then 

the mixing of the hot layers with the fresh air is very slight. Mixing only occurs when 

Richardson number falls below a critical value of about 0.8. 

(3) Incipient Conditions for Backlayering 

One of the main criteria of the ventilation design is to set the correct ventilation flow in 

order to suppress the backlayering from moving upstream for evacuation during tunnel 

fire. In order to do this, the critical conditions at which the incipient smoke backlayering 

occurred has to be investigated and determined. 

Thomas (1968) studied the effect of the ventilation velocity on fire plume and defined the 

modified Froude Number in equation (2.4). Thomas considered the only forces in the 

fluid are buoyancy, the viscous and the Reynolds stresses due to turbulent mixing. If the 

molecular diffusion, viscosity, heat loss and friction at the walls are neglected, the flow 

pattern can only be function of the ratio of buoyancy and inertial force over a cross

section of the tunnel. This ratio could be described by a global parameter having the form 

of a modified Froude number, Frm 

(2.4) 
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where U is the ventilation velocity. From equation (2.4), Thomas considered the 

buoyancy head as glMTIT and the velocity head as U2/g. Thomas assumed that the 

critical condition occurs when Frm is equal to 1. At this condition, the magnitude of 

pressure head and velocity head is the same, thus the backlayering does not occur. 

Lee et al (1979a) further defined modified Froude number, Frm which important as a 

criterion for the occurrence of backlayering flow. The relationship was similar to 

Thomas, but instead of using temperature, Lee et al considered the density difference in 

the equation. 

Frm =( gIMP ] 
U 2po 

(2.5) 

where L\p is the density difference, po is the ambient density. 

Lee et al found that Frm equal to 4.5 for incipient smoke backlayering. Lee et al also 

found that the critical Frm for the smoke backing up at specified distance from the fire, is 

independent of the length of the fire zone and the fan, only depends on the local 

interactions between the buoyant flow of hot gases upstream and the forced ventilation 

flow,U. For longer duct or tunnel, where fire related pressure drops are less significant 

when compared to the total pressure drop, U will approach the cold ventilation velocity. 

In their further experiments on the stratified backlayering flow (Lee et al 1979b), Lee et 

al defined two further modified Froude numbers to characteristic the backing up 

phenomenon replacing U by Uv which is a velocity immediately upstream from the fire, 

(2.6) 

The second modified Froude number shown in equation (2.7) was based on tunnel 

height(H) and v~ntilation velocity(U), proposed as a more practical modified Froude 

number than Frm, being more easily determined from experimental data. 
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(2.7) 

Frm was found to be approximately unity and Frm(a) was found to be approximately 10 

when bacldayering flow in the small scale experiments occurred. 

Ris (1970) proposed another modified Froude number based on Prandtl's mixing length 

hypothesis to explain the separation between hot and cold layers in the interaction of 

ventilation flow in duct fire. The resulting equation is as below: 

LlpgH w'2 H 
--<--
pU2 - U2 .e 

(2.8) 

where H is the mean flow width, w' is the characteristic vertical velocity and I is the 

characteristic vertical length. It was found that the turbulent mixing is completely 

Suppressed when ~pgH!(pU2) ~ 0.8. 

The magnitude of the modified Froude' number for the incipient occurrence of the 

bacldayering flow remains debatable and these values vary with each authors. These 

differences arise because the experimental measurements, on which they are based, 

derived from a wide variety of tunnel shapes, sizes and fire scenario. The modified 

Froude number from Lee et al for example, was based on several aspects. The most 

Important are: 

• The fire was not a discrete floor source, but emanated from 3 elongated 

surfaces forming the roof and side walls of the duct. 

• A relatively high rate of mass injection from the fuel was recorded, giving 

mtlma = 1. 

However, Thomas imposes the following restrictions upon the applicability of this 

criterion: 

• Molecular diffusion and viscous stresses are neglected for a fire source on 

the floor of the duct. 
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• The fire is assumed to produce a low mass injection rate such as that mt/lIla 

= 10-3• 

• The temperature rise in the hot gas remains small, so that (Tr-Ta)/Ta« 1. 

The conditions of the assumptions used in Thomas (1968) was further verified by Grant 

et al (1988) in their small scale experiment. 

2.2.4 Throttling Effect 

As a fire develops in the tunnel, it interacts with ventilation air flow and generates 

aerodynamic disturbances in the ventilation flow. The interaction and disturbance may 

lead disturbances such as throttling of the air flow which result an overall increase in the 

flow resistance in the tunnel. When the ventilation velocity was throttled down, 

backlayering flows tends to occur in the tunnel. 

Hwang and Chaiken (1978) produced a simple one dimensional quasi-steady 

mathematical model for simulating the throttling effect on longitudinal ventilation. Their 

model was tailored to a specific experimental facility which had a short duct length 

between the fire and exhaust fan. The model correctly predicted the throttling effect for 

a constant volumetric flowrate at the fan. Application of this model is only useful when 

the fire seat is close to an exhaust fan. 

Chaiken et al (1979) performed experimental works to study the throttling effects in 

tunnel fire. Data from these experiments on flow throttling down to the point where flow 

reversal and substantial smoke backlayering occurs, was found to be in broad agreement 

with the model developed by Hwang and Chaiken (1978). It was found that the flow 

resistance in the fire zone was increased by a factor of 6, and upstream and downstream 

of fire by approximately 1.5. The ventilation air velocity was thus throttled to less than 

half of its initial yalue before the fire. 
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2.3 Critical Ventilation Velocity 

2.3.1 Critical Ventilation Velocity Relationship 

Thomas (1968) then proposed the relationship between the ventilation velocity and the 

HRR. From the modified Frm (equation 2.4), Thomas deduced a critical ventilation which 

at the bacldayering flow is just suppressed by assuming that. at equilibrium, the two 

forces will be equal. He then substituted the expression that relate ~ T and Q, the HRR 

(convective component only, into (2.4), becomes: 

( 
gQ' )}j 

U c = k ----=--'--
PoCpT 

(2.9) 

where Dc is the critical ventilation velocity, Q' is HRR per unit width of the tunnel W, po 

is the ambient air density, Cp is the specific heat capacity, k is a constant of order unity 

and T is the smoke temperature. The value of k can be found from suitable experiments 

by assuming that a representative value for T can be identified. 

Hinkley (1970) derived another formula for calculating the velocity of hot gases 

travelling along the roof of a shopping mall. Hinkley used the same theory as Thomas to 

give the velocity of these gases as in equations (2.10). The magnitude of this velocity 

was assumed similar to the magnitude of the ventilation velocity. 

Uc=K' gQT ( J
}j 

CpPoTo2W 
(2.10) 

The value of K' was found to be 0.8, taken from experimental data on the movement of 

the hot gas layers in relatively short corridors, without forced ventilation. The velocity 

of 'nose' or 'smoke front' is given by a similar relationship. He includes an algebraic 

function of the depth of the layer and the height of the mall, noted by "K". 

Uc=CK gQT ( J
}j 

CpPoTo2W 
(2.11) 
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where C is a constant equal to 0.82. 

Based on Hinkley's theory, Heselden (1978) derived another formula for calculating the 

critical ventilation velocity. 

Uc=CK gQT [ J

}j 
CpPoTo2W 

(2.12) 

Heselden assumes that K is equal to unity and fixes Cat 0.8. Both values were obtained 

by experiments in a disused rail tunnel (Heselden and Hinkley, 1970). The heat output 

and the critical ventilation velocity were estimated. The value of C was determined by 

taking just three sets of experimental data. 

In 1982, The Subway Environment System (SES) derived a simple model, to calculate 

the critical ventilation velocity devised by Danziger and Kennedy (1982). The critical 

ventilation velocity is given by, Uc 

Uc = Kgk[ gQ. J}j 
CpPoT W 

(2.13) 

(2.14) 

The value ofk is set to 0.61, calculated based on modified Froude number equal to 4.5, 

obtained by Lee et al (1979). 

The most recent models derived to calculate the critical ventilation velocity were from 

Oka and Atkinson (1995) based on their small scale experimental results. The following 

general expression were reported for the critical ventilation velocity in the model: 
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~ *J~ Uc=v* gH ~ 
0.12 

for Q*<0.12 (2.15) 

Uc=V*~gH for Q*>0.12 (2.16) 

where Q* and V* are the dimensionless HRR and dimensionless critical ventilation 

velocity obtained in equation (2.17 and 2. 1 S), respectively. 

Q 
Q* = ----=--:---::-

1 5 

V*-~ 
- ~gH 

(2.17) 

(2.1S) 

The values of V* are between 0.22 and O.3S depending on various burners in the 

smaller models. 

It should be noted that the above models are derived based on data at which the 

backlayering will not occur. They cannot be extended to be used to predict the 

ventilation velocity at which the backlayering propagating at certain distance from fire 

SOurce. 

2.3.2 Measured and Predicted Critical Ventilation Velocity 

Table 2.4 summarises the critical ventilation velocity for large scale tunnels based on 

experimental tests and predictions. There were still lack of critical ventilation 

measurements in large scale tunnels. The critical ventilation data were limited to only 

one or two HRRs and scattered especially at higher HRRs. 

It was difficult to justify the exact value of the critical ventilation velocity for a specific 

lIRR due to insufficient data. However, for the worst possible scenario in tunnel fire, 

lIRR of 100 MW should be considered as the upper limit. Indeed, the overall data in 

Table 2.4 shows that PIARe gave a wide range of critical ventilation velocities, from 5 
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mls to 8 mis, for 100 MW fire. However, the predicted value from Heselden (equation 

2.12), suggested lower velocity for a fire of this size (6.7 mls). Above all, the measured 

values from Eureka and Memorial tunnel tests for HRR 100 MW were much lower, 

approximately 2.8 mls and between 2.5 mls to 3.0 mis, respectively. 

2.3.3 Parametric Analysis of Critical Ventilation Velocity 

(1) Effect of Fire Sizes 

The empirical models derived by Thomas (1968), Hinkley (1970) and Heselden (1978) 

suggested the value of the critical ventilation velocity for the horizontal tunnel varies 

with the one third power of the heat output from fire. The present of variable T in the 

numerator of equation (2.13) in the SES model shows that at large heat outputs the 

critical ventilation velocity tends to an asymptote of near-constant velocity. 

Through experiments, the most valuable results were from Memorial tests and Gallery 

tests (Bettis et al, 1993, 1994). Both results showed that the critical ventilation velocity 

varied with one third power of HRR. However, the above variations were only limited 

to lower heat release in the Gallery tests. Instead, the critical ventilation velocity was 

found to be nearly independent of heat output over a wide range of fire sizes. These 

behaviour has been confirmed by Oka and Atkinson (1995) in their small scale 

experiments. 

Kennedy (1997) made further comparison between SES program and Memorial test 

results. The variations of the critical ventilation velocity with fire HRR was in a good 

agreement. However, it reported that SES overpredicted the required air velocity by 4 

to 20 percent for large fires. SES also underpredicted the critical ventilation velocity for 

a small fire. 
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(2) The Effect of Tunnel Slope 

When the fire seat is located in the low part of the tunnel, buoyant plume of combustion 

products, smoke and hot gases resulted from the fire will rise and impinge the tunnel 

roof, then spreading of the hot smoke along the roof will take form of a gravity current 

which has the characteristic features of a deep head at the leading edge, followed behind 

by a shallower layer. 

The magnitude of the ventilation velocity and the inclination angle of the tunnel greatly 

influence the orientation and location of the leading edge of the plume (Hwang and 

Wargo, 1986). The backlayering layers are stable but their appearance and disappearance 

is very sensitive to the magnitude of the ventilation velocity and the inclination angle of 

the tunnel. The layer maintains its thickness almost to the end, where the thickness 

decreases rapidly. 

Atkinson and Wu (1996) found that the effect of slope on critical ventilation velocity to 

control the smoke flow was modest. The magnitudes of the critical ventilation velocities 

were found to be very sensitive for the downhill slope between 00 to 40
• The critical 

ventilation velocities were the!1 became independent of the slope when the downhill slope 

greater than 40
• Correlations to obtain critical ventilation velocity for a sloping tunnel 

were then suggested as in equations (2.19) and (2.20). 

UC=[gH]1/2 xV:mx x[ Q* ]X[1+0.0080] 
0.12 

Uc = [gH]1/2 x V:mx x [1 + 0.0080] 

for Q* ~ 0.12 (2.19) 

for Q* ~ 0.12 (2.20) 

where e is the tunnel slope expressed in percentage. The grade correction factor 

recommended in the U.S. department of Transport Subway Environment Simulation 

(SES) Program to predict the critical ventilation velocity in slopings tunnels is: 

(2.21) 
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(3) The Effect of Fire Geometry and Locations 

The vehicles that occupy the tunnel can present the blockage in the tunnel. Oka and 

Atkinson (1995) found in their experimental tunnel that a solid blockage produced 

sizeable decreases in the critical ventilation velocity. In a tunnel of the experimental 

shape (Colliery Arch), a vehicle with a height around half the tunnel height occupying 

around 12% of the tunnel cross section should cause a decrease of around 15% in the 

critical ventilation velocity. Oka and Atkinson gave further example to state that if the 

vehicle occupies 32% of the tunnel cross section the critical ventilation velocity should 

be reduced by 40-45%. They also found that the fire geometry has a relatively minor 

effect on the critical ventilation velocity. 

However, both findings were limited to only small scale model. Further studies in larger 

experimental test facilities are required to confirm the above variations. 

(4) The Effect of Tunnel Aspect Ratio 

The effect of tunnel aspect ratio (cross-section) have not been studied in detail. Most of 

the previous experimental data obtained by performing tests on one tunnel geometry. 

2.4 Tunnel Fire Study by Computational Fluid Dynamics 

2.4.1 CFD Simulations 

The most recent technique to study the behaviour of tunnel fires is by usmg 

Computational Fluid Dynamics (CFD). This approach is capable of modelling multi

dimensional, time-dependent nature of fire in both obstructed and un-obstructed tunnel 

of ~bitrary geometry. This approach is based on equations for the conservation of mass, 

momentum and energy. CFD models are built based on many complex interactive 

processes such as convection, buoyancy, radiation, three-dimensional effects and 

combustion. The perfomiances of CFD simulations depend on the accuracy of the 

physical models to describe turbulence, heat transfer, combustion process and smoke 

transportation. 
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Table 2.5 summarises some of published CFD works that obtained from the literature. 

2.4.2 Aspects of Tunnel Fires Studied by CFD 

Although CFD is at the earlier stage in tunnel fire studies, there are several aspects that 

have been investigated by several researchers listed in Table 2.5. 

(1) Validation of the computer codes 

The first hurdle in CFD modelling is to study the flow problem and the combustion 

model. Much of work has been done in these fields. The use of the two - equations k - E 

model has been shown to be quite valid. However, the current turbulence model was 

reported can only produce the accuracy of about 15 - 20 percent in the prediction of 

smoke velocities and temperature (Rhode, 1995). 

The present combustion models are not matured enough to simulate the fire. 

Alternatively, some of CFD publications used heat source to represent the fire inside the 

tunnel. However, despite the limitations, all authors in Table 2.5 successfully simulated 

the qualitative behaviours of tunnel fire similar to the experimental observations. 

Kumar and Cox (1987) reported that the qualitative features of the forced-ventilated 

Zwenberg fire trial were successfully captured such as the absence of any backlayering 

flow against the longitudinal ventilation was correctly mimicked. In addition, the 

measured average downstream velocity of the hot gas layer was accurately simulated and 

the t~mperature field was adequately predicted except very close to the fire. 

Woodburn and· Britter (J996) found that the inclusion. of the buoyancy-related 

modifications in standard k-E turbulence model strongly affected the extent of upstream 

propagation of the backlayering against the ventilation. They also found that with the 

eXclusion of radiati~e model, the length of an upstr~am propagating smoke layer was 
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"very sensitive to the ventilation velocity. This was in agreement with experimental 

results. 

Fletcher et al (1994) also found similar findings as Woodburn and Britter. With the 

inclusion of the buoyancy-related modifications in standard k-e turbulence model, the 

hot layer extent double the length which was in a close agreement with experimental 

data. In addition, the amount of backlayering flow calculated using the model was found 

to be relatively insensitive to the radiation model. 

Fletcher et al also studied the flow behaviour in the fire zone. They found that flow 

within the fire zone was dominated by three-dimensional which confined within 2 metres 

upstream and 5 metres downstream. The flame tilt angle appeared to be well captured. 

However, the temperatures downstream from the fire in Fletcher's simulation was over

predicted and Fletcher et al were not able to find the reason for this. However, the heat 

output from these fires was estimated from measured fuel mass loss rate, so this is one 

Possible source for the discrepancy. The effect of varying the prescribed soot fraction 

Was found to be small on both the downstream temperature field and backup layer 

length. One of the main findings was that the observed stratification in the downstream 

temperatures field was only captured if the buoyancy modifications were incorporated in 

the standard k-e turbulent model. When these modifications were removed, the 

stratifications were also greatly reduced. 

Lea (1995) found that the upstream flow was very sensitive to small changes in velocity 

which was consistent with the behaviour found in both the Phase 1 and 2 HSE-Buxton 

tunnel fire trial (Bettis et aI, 1993 & 1994). The plume of the hot combustion products 

was"inclined at a large angle to the vertical. The simulated tilt angle was nearer 75°. A 

similar patterns were observed in the HSE-Buxton Phase 1 fire trials. Lea reasoned that 

the large tilt angles was nGt due to the differential rates of entrainment on the upwind 

and downwind sides of the plume. The large tilt angles was claimed found due to local 

accelerations of the incoming air around the fire plume. 
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In the following simulation on a one-third scale model of Channel tunnel heavy goods 

vehicle shuttle Lea (1997) found that the extent of a hot layer 'backlayering' against 

imposed longitudinal ventilation was adequately captured. However, the simulation did 

not adequately measure temperatures closer to the fire, in particular immediately 

downstream from the fuel tray. The simulated velocity around the locomotive and 

amenity coach was also over- predicted. However, the qualitative behaviour (negative 

velocity) above the loader wagon was reported to be correctly captured - indicating the 

presence of a hot layer. 

Other CFD publications related to tunnel fires have been published in Bennardo et al 

(1997), Bettis (1995), Brandies et al (1983) and Van de Leur et al (1989). 

(2) Prediction of Critical Ventilation Velocity 

There has been very little publications concerned with the prediction of critical 

ventilation velocity. The first simulation was performed by Kumar and Cox (1987) for 

Zwenberg model tunnel. Others simulations were from Gaffuey and Kynaston (1992), 

Woodburn and Britter (1996) and finally Lea (1995) who gave the most comprehensive 

prediction for HRRs between 1 MW to 15 MW for the Gallery tunnel, Buxton. 

(3) Sensitivity Analysis on the Critical Ventilation Velocity. 

The empirical models, discussed in Section 2.3 show that the critical ventilation velocity 

depends on several parameters such as fire size, tunnel slope and tunnel geometry. 

Simulations to investigate the sensitivity analysis of the critical ventilation relationship 

have been made. 
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(a) Effect of Fire Sizes 

Tuovinen et al (1996) indicated that the bigger the fire size, the bigger the hazardous 

region. The pattern of the variation of the critical ventilation velocity however could not 

be justified since in their simulations, only two fire sizes were considered. Similarly, 

Lacroix (1997) reported that the critical velocities greatly depend on the fire sizes. 

However, its variation was also not reported. 

Lea (1995) correctly predicted the critical ventilation velocity pattern similar to the 

established empirical models. However, he found that the critical ventilation velocity 

was essentially independent of HRR at larger HRR, a similar results obtained the 

experimental tests for the Gallery tunnel, in Buxton. 

(b) Effect Tunnel Slope 

Britter and Linden (1980) showed that the travelling speed of the current front was 

sensitive to small changes in the slope angle when the slope was less than 5°. However, 

the front speed was much less dependent on the slope when the slope was greater than 

5°. These findings were in a good agreement with the simulated results from Kawabata 

et al (1991) who showed that at certain ventilation velocity, there was no backlayering 

regardless of the grade of the tunnel. 

Woodburn and Britter (1996) indicated that the backlayering flow behaves as gravity 

current when the length of the flow was greater than 5 times of the. tunnel height. When 

the flow was less than 5 times of the tunnel height, the flow was strongly influenced by 

the impingement and deflection at th~ tunnel roof 

Tuovinen et. al (1996) also compared the progress of smoke between 3 slope angles of 

0°, 2.5° and 5°. The tesuIts showed that the hazardous smoke region began to move 

very rapidly in the upward direction, for slope 2.5° and 5.0°. The larger the slope, the 

faster the movement of the zones. 
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(c) Effect of Tunnel Width (Aspect Ratio) 

With regard to the effects of tunnel width on the critical ventilation velocity, Lea (1995) 

found that for a given fire HRR, as the tunnel width increases the critical ventilation 

velocity also increases. This was in direct contradiction to the trend~ suggested by any 

of the simple models for critical ventilation velocity in section 2.3, which indicate that the 

critical ventilation velocity should decrease in these circumstances. 

To test on the effect of tunnel width Tuovinen et. al (1996) performed 6 cases for fire 

growth ex. = 0.1, 1.54, and 3.5 kW/S2 on both 6 m and 12 m wide tunnels. The results 

showed that hazardous regions moved faster in 6 m wide tunnel than in 12 m wide tunnel 

for the small fires with the same HRR. For larger fire (3.5 kW/s2), the model predicted 

the hazardous regions moved faster in the 12 m wide tunnel. 

However, there is no experimental data to verify these findings from Lea and Tuovinen 

et a!. 

2.5 Conclusions 

There were a number of major experimental tests and reduced scale tests in tunnel fires. 

However, the majority of the data were not adequate. In most cases, the HRR produced 

by the fire was not measured. This was one of the major discrepancies. The duration of 

the fire also was reported to be short. Thus it cannot be ensured that steady state 

conditions has reached. There were also limited studies in tunnel fire tests which involved 

real vehicles. As consequences, the actual data of HRRs from the real vehicle have to 

be estimated. 

The flow behaviour of the backlayering has been theoretically modelled. The relationship 

between the critical ventilation velocity to prevent smoke backlayering flow has been 

derived by several workers. However, the critical ventilation velocity data were limited 
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in numbers and scattered, especially at higher HRR. Some of the values obtained from 

large scale experiments were in doubt because it was unclear whether the smoke layer 

was controlled exactly at the leading edge of the fire. In the real case, it was very 

difficult to control the layer at exactly the critical conditions. This lead to the 

uncertainties on the value of the critical ventilation velocity. 

The influence of fire HRR on the critical ventilation velocity has also been studied. The 

empirical models suggest that the critical ventilation velocity varies with the one third to 

the power of the HRR. This relationship was confirmed in the experimental tests. 

However, uncertainty arises from to the most recent results from HSL, Buxton. The 

critical ventilation velocities at higher HRRs appeared to be less dependence on the 

HRRs. Thus, in future, it is necessary to confirm the findings by carrying out further 

experiments in different tunnel geometries and provides the information for 

understanding the behaviour. 

There are limited studies on the effect of tunnel slope on the critical ventilation velocity. 

Furthermore, the literature showed that no studies were carried out on the effect of 

tunnel geometry on the critical ventilation velocity and yet this is very important issue . 

. ' In the present empirical models, the critical ventilation velocity was calculated based on 

the fire HRR per tunnel width. However, the shapes of the tunnels are not considered. 

CFD simulations on tunnel fire are at the initial stage. The field model approach, 

however, has not yet reached the stage of describing complete air flow in a tunnel fire. 

The buoyancy effect in turbulence model is the most focused issue in CFD simulations. 

The hot plume induced by a local fire, its interaction with the ventilated air flow, and the 

secondary flow in cross-sections have significant influence on flow turbulence 

distribution. These effects have to be taken into account in the turbulence model. Further 

studies on the flow behaviour and computer validations are urgently required. Finally, the 

combustion and radiation models are not mature enough to be used effectively in the 
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simulation of tunnel fire. Some of the published CFD works used heat source to 

represent the combustion rather than to model real combustion. Due to its complexity, 

under some circumstances most of the researchers try to avoid radiation models in their 

simulations. 
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Table 2.1: Summary of selected experimental tunnel fire tests 

§.«............... ..LiX){ •• ·i .X .. ·.W;)X t<.:;p··-:;;;i> 7 i ... "·· .· •..• //i/ .. Tunnel.\f»<;;·< 1·.; •. ;;i·(2/!·!WdyrR~D()rtf!d~.;>·······················}>Xii} 
r ~~~~rs~\i?;\?\U(jj'j/( ··········:\</32 L7van, ..••.•..••.••. ....... ········>~xi<,y;/< ~I~~~ H' h W'dth<;:},~~ ~;t I!~illpi . i I';i~i' ~~ li;\( ')iii ....... i.;£I.lEi~~.;/;i;i;)3j!;ii .i.~·:; n;~= ,. -r< elg t 1 '8tT rilit Umax Umtu. ..... 

·X (rn) (m) Ire I (m/s) (ritls) i( I' ii/ } 1 <is./ ......... .............. 'UX L ........................... 

Heselden &Hinckely (1970) ., - 5.2 7.6 (1) 8MW 2MW 1.5 1.0 
., - ., 

Haerter (1965) ., - 6.0 4.0 (1) not reported 1.7 1.7 
., - ., 

Feizlmayr (1976) ., 3.9 4.0 5.0 (2) not re ported 7.0 - ., - -
Ventalon et aI (1991) ., - radius = 0.15m (3) 800W 325W 0.225 0.19 

., - -, 
Kwack, E.Y (1990) ., - 0.76 1.52 (5) 335kW 246kW 0.78 0.58 - - -
Xue, Hihara(1993) ., - radius = 0.25m (3) 3kW 3kW 0.92 0.46 

., ., 
Hwang & Wargo (1980) ., 

+18 0.3 0.4 (2) not reported 0.309 0.202 
., ., 

Oka & Atkinson (1995) ., - 0.244 0.274 (4) 28.1kW 2.8kW 0.10 0.60 - ., -
Atkinson & Wu (1996) ., 

0-10 0.244 0.274 (4) 14.lkW 2.8kW 0.10 0.60 
., ., -

Bettis et aI (1993, 1994) ., - 2.44 2.74 (4) 20MW O.3MW 4.0 0.50 
., ., ., 

Newman et aI ( 1993,1994) ., - 2.4 2.4 (2) 20MW 10kW 4.0 0.5 
., ., ., 

Grant et al (1988) 
., radius = 0.15 m (3) 1.783 kW 0.07kW 6.72 0.96 

., ., 
Apte et al (1991) ., - 2.4 5.4 (2) 12MW 0.5MW 2.0 0.5 

., ., ., 
Chaiken et al (1979) ., - 0.27 0.27 (2) not reported not reported 

., ., ., 
Lee et al (1979) 

., - 0.40 0.30 (2) not reported not reported 
., ., ., 

Keynotes: (1) Horse shoe (2) Rectangular (3) Circular (4) Arch (5)The shape is uncertain 
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Table 2.2: Measured fire powers obtained from Eureka tests iliaack, 19951 

Test No Fire Source Release Ventilation HRR Smoke Flow 

Energy 
(m3/s) iMW) Ratelm3/s} 

Cll Metal car 6GJ 0.3 - -
C21 Plastic car 7GJ 0.5 5 30 

Bll Bus( 40seats) 48 GJ 0.3 25 60 

LFI HGVloading 65 GJ 0.7 15 50 

HFI LoadedHGV 87GJ 6/0.5/3 40-150 -

T bl a e 2.3: Proposed fire powers by PIARC in 1987 i1.acroix, 1997) 

Cause of fire Equivalent gasoline Heat Release Smoke Flow 

pool (m2
) Rate{M}Yl Ratelm3/s) 

I- Passenger car 2 ~5 20 

BuslTruck 8 ~20 60 

b. Petrol tanker 30-100 ~ 100 100-200 
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T able 2. 4: Measured and III ..I:. ~pci critical ventilation velocity based on larger scales 
I}{>··· ······Autho;~··· •• ·••·•···· •...•••. >. . <Methods··· 

.......•........... :: ...•. 

·;i;I.~~~~;;i~: /xTunnel.!i 

~;:~ >.·.·.·.·.i .... 
....... .>.> . .......C< ..... : .... < •• »\\. 

.• >.......> i .. ........ . ........ · .. ·.·.·.i > .. : (mls) 
< <ii .:' •• 

.. : .................. . .... : .. 

Fei7.1mllyr (1976) measured Z '5 2.0 20 

Haack (1995) mesured Repparfjord 2.8 100 

Lacroix (1997) measured Memorial 2.5 - 3.0 10 - 100 

Ja~o;er (1996) measured Gallery 1.6 5.4 

Lacroix (1997) measured Puymorens 2.0,3.0 2-3,4-5 

Lacroix (1997) measured Grand Mere 2.0,2.5-3.0, 5, 10,20 
3.5 -4.0 

Kennedy et al predicted Mount Lebanon 2.5 - 11.0 not stated 
(1988) 

Heselden (1978) predicted hypothetical 5.3 ,6.7 50, 100 
tunnel 

Kennedy et al predicted Glenwood 2.8 50 
f- (1982) 

Chow & Leung predicted Zwenberg 2.5 14.45 - 20 
~ (1988) 

tlones et. al (1988) i" 
..I: tp.ci Dartford 3.0 not stated 

Lowndes et.al predicted Route 5 5.0 not stated 
I- (1988) 

~e et al (1988) 1-" _ 
..I:, fp.ci Great Belt 5.0 not stated 

_ W.Qod, D (1993) 
J..I' 

,,1:, fp.ci Limehouse 4.0 50MW 

Mizuno etal predicted Tokyo Bay 2.0 - 3.0 not stated 

- (l992) 

_Berner (1992) ..I: ,,1 Gottard 5.0 - 8.0 100 III 

W orId Congress guideline 1.0-2.0,2.0-3.0, 5,20,100 
too-- (1987) 5.0-8.0 

!:". PIARC (1987) Pl1icip.linp. 3.0 - 6.0 not stated 
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Table 2.5: S - -- ------- -,f selected CFD simul . -------

I::I:::'~ « ...•••••••••••••••••••••••••.. Tunnel ".." .... ',', .... ',.,,'/.'. <i.'. CFDsub2models ..•.. , .. , , .. Xi .. ,.' .. " ., ..... , .. " .. , .. , .ii< ", ..... ,,' .,., ., .. , 

>':).<.""." .. "'.'//"'.' Reported Values' ,., ............... 

, .. , .. ~,,' ........ ' •..•.•..•.•••.•••.•.•••••••.•••••••••.•.•. ,... >, .. ...................... , .............. , Model 
...,. ' ... 

• Shclpe .·.'.·Flow •···• •• ·.·Fire· Qmiri) QlIl<l~. Urnax Height Width Radiation Urnin 

Kumar & Cox Jasmine 3D Zwenberg 4.0 5.0 (2) k-s Comb. ./ 14.45 20.25MW 2 4 
(1987) MW 

Fletcher et al (1994) Furnace 3D 2.4 5.4 (2) k-s Comb ./ 0.5 2.0 

Woodburn & Britter FLOW3D 3D Gallery 2.44 2.74 (4) k-s Comb ./ 1.5MW 2.3MW 1.72 1.85 
(1996) 

Lea (1994,1991) FLOW3D 3D Gallery 2.44 2.74 (4) k-s Comb ./ IMW 15MW 1.15 1.3 

Tuovinen et al Jasmine 3D Ofnegg 6.0 4.0 (1) k-s Comb ./ not reported not reported 
(1996) 

Brandies et al IDC 2D Caldecott 7.64 L= (2) not Comb not not reported 2.0 2.0 
(1983) 100 

reported 
report 

Chow & Leung Simpler 3D Ofnegg 4.0 5.0 (2) k-s Comb not report 14.45 20.25MW 2.5 4.0 
(1988) MW 

Kawabata et al not 2D model 6.9 L= (2) k-s Comb not report 2MW 2MW 2.0 4.5 
(1991) reported 8.31 

Bennardo et al FLUENT 3D model 0.1 0.2 (2) k-s Heat not report lOMW 12MW not reported 
(1997) source 

1.42 x lOS (W/m2) 
i 

Xue et al (1993) SIMPLER 3D model radius = 0.25 (3) k-s Heat not report 0.46 0.92 
source 

Apte et al (1991) Furnace 3D model 2.4 5.4 (2) k-s Comb not report not reported 0.5 2.0 

-

Keynotes: (1) Horse shoe (2) Rectangular (3) Circular (.f) Arch Comb = combustion 
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Chapter 3 

Scaling 

Many engineering problems have been resolved satisfactorily by applying modelling 

procedures. These procedures permit full scale behaviour to be predicted from the result 

of small scale tests. Scaling the models is achieved by identifying the important 

parameter of the system and expressing these in the form of relevant dimensionless 

parameter of the system. 

Of Course, the real and exact experimental data can only be obtained in a large scale 

tests. However to organise full scale tests to study fires in tunnels is very expensive and 

requires much time. In addition, it will be very difficult to control the experimental 

parameters since the geometry is quite large. The reduced scale experiments are far less 

costly than full size tests in special facilities. They are also more flexible and allow to test 

a great number of situations. Visualisation is generally better than in an actual site, 

measurements are easier and principally more reproducible, since the laboratory 

conditions enable to monitor all parameters. 

The only rigorous method in the scaling technique is to use similarity laws that define the 

scale ratio for all physical and chemical quantities. Fluid dynamics similarity is possible 

because the equations which govern heat transfer in tunnel air on the one part and 

transportation of a second fluids in the model on the other part are identical under an 

nan-dimensional form. However, there are some restrictions since the detailed structures 

of the flow such as turbulent scale and intensity and the energy exchange such as flame 

radiation, may not comp~able between a small and a large scale. Hence this restriction 

leads to partial scaling techniques. 
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Table 3.1 summarises capabilities and limitations of real tunnel tests with full size fire test 

in specialised facilities (Lacroix,1995). Table 3.2 summarises the comparisons of two 

types of reduced scale model (Lacroix, 1995). 

3.1 Froude Scaling 

The relationship in the scaling laws in fire studies were published in details by Emori et al 

(1983) and Quintiere (1989) who solved the governing equations of momentum, energy 

and species. There are more than 28 dimensionless groups were derived. 

Regarding a tunnel fire, there are two non-dimensional groups that are important because 

they determine flow dynamics in forced convection to which the air movements inside 

the tunnel at certain distance from the fire can be assimilated. 

(1) Reynolds number Re = YD = inertia forces 
v viscosity forces 

(3.1) 

where V and D respectively characteristic values of speeds and length, and v the 

kinematic viscosity of the fluid. This number characterises the laminar or turbulent 

regime of the flow. 

(2) Froude number 
y2 inertia forces 

Fr=- = 
gD gravity forces 

(3.2) 

This number characterises the effects of gravity and is therefore very important to take 

into account the lower density of hot gases. It may sometimes be combined with relative 

differ~nce of the smoke density (.1p/p) to investigate its stratification. It is then called 

the Richardson number. Most authors in Chapter 2 defined as modified Froude number. 

(3.3) 
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Many other non-dimensional groups must be considered due to many physical 

phenomena involved, such as thermal transfers, including radiation and chemistry. In 

practice it is never possible to preserve the totality of similarities at a scale other that full 

size. 

For essentially all steady state-burning fire problems, reaction are fast enough to bum all 

the oxygen before it reaches the fuel surface. Thus, combustion rate can be regarded as 

independent of (fast) chemical kinetics and all dimensionless groups related to chemical 

kinetics, such as activation energy number can be ignored. 

In a fire situation when turbulent conditions prevail and the Reynolds number is 

sufficiently large, there is no need for R., number to be equal in full scale and reduced 

scale models The Reynolds number must be kept beyond a critical value warranting a 

well-established turbulent regime, at least 10000 to 20000 (Lacroix, 1995). 

Radiation effects, if considered important, can only be included in this scaling approach 

as a constant fraction of convective heat release rate. Under such circumstance, the fluid 

dynamics of the convection dominated fires can be modelled by Froude number. 

3.1.1 Dimensionless Heat Release Rate and the Critical Ventilation Velocity in 

Fronde Scaling 

Comparisons between two different scales are always in the form of dimensionless forms. 

For tunnel fire study, the dimensionless forms are expressed in the terms of dimensionless 

heat release rate and velocity based on Froude modelling by Thomas, (1968) as follows: 

(1) Dimensionless velocity 

V*=~ 
~gH 

(3.4) 
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(2) Dimensionless heat release rate 

(3.5) 

Alternatively, the dimensionless groups can be derived from the critical ventilation 

velocity relationship shown in equation 3.6. A simple dimensionless technique namely, 

Buckingham technique to obtain dimensionless groups can be used as follows: 

(3.6) 

In equation (3.6), there are 8 variables identified: Uc, g, Q, p, Cp, H, T and AT 

The dimensional unit for each variable: [LTI], [LT2], [~.1I}T3], [ML-3], [L2T2e-I], [L], 

[e] and [L2], respectively. 

The general form in the Buckingham I1 Theorem is, 

Equating exponents of each dimension, 

ForM b+d=O 

ForL 1 + a +2b + c -3d + 2e + 2g = 0 

ForT -1 - 2a -3b - 2e = 0 

Fore -e + f= 0 

(3.8) 

(3.9) 

(3.10) 

(3.11) 
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By solving d, e, f and g in tenn of a, b, and c 

d=-b (3.12) 

e = -112 -a -3/2b (3.13) 

f= -112 -a - 3/2b (3.l4) 

g = 1I2a - b - 1I2c (3.15) 

[Uc] [gr [Qt [Ht [prb [Cp] -112-a-312b [Trll2-a-3I2b [AT] 1/2a-b-ll2c (3.16) 

Thus, the dimensional group can be expressed in tenn of II, 

By combining III and II4 obtained 

represents the dimensionless critical ventilation velocity. 

Combining II2, II4 and II5, obtained 

represents the dimensionless heat release rate. 
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3.1.2 Scaling Relationship for Tunnel Fire 

Froude number scaling has been used extensively to simulate aerodynamics effects of 

tunnel fires (Oka and Atkinson ,1995 ; Wu et aI, 1997, Bakar et al , 1999; Lee et al, 

1979; Vantalon et al, 1991). 

The fundamental of Froude scaling involves maintaining .the same Froude number at 

each of scaled involved. To preserve the Froude number both heat release rate and air 

velocity need to be altered if the geometry is scaled linearly. In order to achieve this 

requirement the following expressions must be kept constant. 

(Q/fl2) = constant, in order to maintain similar flame shapes and temperatures 

(v/(gl)i12
= constant 

where I is the characteristic length, is the height of the tunnel. 

Oka and Atkinson (1995) further derived heat release and velocity scaling relationship 

by using Froude model. For the heat release scaling, it is established by Thomas that 

heat release, Q is scaled to H5/2. Thus the relationship becomes, 

[ ]

5/2 
Qmod el = Hmod el 

Qfullsca1e Hfullsca1e 
(3.17) 

where H is the tunnel height 

For critical ventilation relationship, 

mod el = mod el (for large or small Q) [V] [H ]1/2 
V fuIIscale H fulIscale 

(3.18) 
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3.2 Problems Arising in Froude Scaling 

In the established scaling law, the characteristic length of the buoyant flow is taken as the 

height of the tunnel. However, there are some uncertainties arises from this technique. 

First, the validity of the established technique might be only for the tunnels which have 

the same cross - sectional area. Since the characteristic length in equations (3.18) is 

taken as the tunnel height, it would be expected that the same critical ventilation velocity 

will be predicted for tunnels having the same height but different cross-sectional 

geometries. 

A good example of the validation of the current established technique was when Oka and 

Atkinson (1995) compared the small scale results with the Gallery tunnel (which has the 

same cross-sectional shape). The results showed a good agreement between the two 

scale tunnels. However, when the small scale results were compared with the Memorial 

tunnel results (vaulted cross-sectional with 60 m2 area and 7.86 m maximum height) by 

Lacroix (1997), the results did not completely fit the derived models obtained by Oka 

and Atkinson. The critical ventilation velocity for the Memorial tests kept on slowly 

growing with the high heat release rates, above the reported Q* = 0.12 limit. However 

there was no strong disagreement in the critical ventilation velocity when V* values 

around 0.35 were used. 

A plausible answer for the difference is that the cross-sectional area of the Memorial 

tunnel is not exactly the same as the model of Oka and Atkinson and hence further 

investigation on the characteristic length in the scaling relationship which includes the 

cross-sectional shape of the tunnel is required. 

The use of characteristi~ length varies from many authors. Most authors (Chapter 2) 

Used tunnel height as the characteristic length. However, in the work ofRis (1970), the 

characteristic length was taken as the mean hydraulic tunnel height. In this work, this 

researcher thinks that the use of hydraulic tunnel height is more accurate than tunnel 

height. The dynamic flow of air inside the tunnel is more to a function of the hydraulic 

AA 



Chapter 3: Scaling 

diameter of the duct which also include the effect of tunnel width, rather than depend 

Solely on the height of the tunnel. 

The preliminary results of the effect of cross-sectional shape on the critical ventilation 

velocity from the present study were published in Wu et al (1997) and Bakar et al 

(1999). In the papers, it was found that there are variations of the critical ventilation 

velocity for the tunnels which have the same height but diff~rent width. To some extent, 

these results proved that the current scaling law which uses H as characteristic length 

may not be valid to predict the heat output and critical ventilation velocity for large 

tunnel which have the same height but different cross-sectional shapes. It was suggested 

through the preliminary study that the mean hydraulic tunnel height should be used in the 

analysis of the experimental data to be plotted in the dimensionless forms of heat release 

rate and dimensionless critical ventilation velocity for the model tunnels. To prove the 

arguments, the calculated dimensionless heat release rate and critical ventilation velocity 

obtained by different tunnel shapes must follow approximately the same variation. This 

IS one of the investigations carried out in the present works. 
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Table 3.1: Capabilities and limitations of real tunnel tests with full size fire tests in 
specialised facilities(Lacroix, 1995) 

In Real Tunnel In Experimental Facility 

Advantages: Advantages: 

- very demonstrative - any type of fire 

- rather easy organisation - excellent instrumentation 

- indisputable data 

Limitations: Limitations: 

- limited power - heavy organisation 

- imperfect instrumentation - unique geometry 

- unchecked boundary conditions 

Case for use: Case for use: 

- qualitative data - quantitative data 

- checking the installation - characterisation of fires 

- personnel training - validation of other methods 

Tb a Ie 3.2: Comparison of two types of reduced scale model (Lacroix, 1995) 

Reduced Scale Tests 

Actual Fires At Medium Scale ActuaVAdiabatic Models At Small Scale 

(>1:3) «1:10) 

Advantages: Advantages: 

-cost much lower than full size -cost lower than medium scale 

-reproducible and high-quality measurements -reproducible and high-quality measurements 

-several possible layouts -numerous possible layouts 

Limitations: Limitations: 

-no real thermal siIhilarity, -imperfect similarity 

J:herefore risky extrapolation - no thermal losses (Adiabatic) 

Case for use: . Case for use: 

:9..ualitative studies ," -qualitative or semi-quantitative studies 
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Chapter 4 

Objectives and Approaches of the Present Study 

The outcomes from the literature search show that the studies related to the critical 

ventilation velocity are still limited. There are three main areas which required further 

investigations. 

(1) The effects of tunnel cross sectional geometry on the critical ventilation velocity 

have not been studied yet by experiment. Furthermore, the recent results on the 

behaviour of weakly dependent of critical ventilation velocity on HRRs obtained from 

both large and small scale fire tests in Health and Safety Laboratory, Buxton should be 

further verified by performing fire tests in different tunnel shapes. 

(2) In the present scaling technique, the height of the tunnel is taken as the characteristic 

length in the relationship associated with buoyancy force. This means that the current 

scaling technique predicts the same critical ventilation velocity for tunnels which have 

same height but different cross-sectional areas. If the critical ventilation velocity does 

vary with the cross-sectional area, this presents an uncertainty in the technique. 

(3) The CFD modelling in tunnel fire is at an early stage. Although previous publications 

(Lea, 1995; Woodburn & Britter, 1996; Fletcher et al, 1994) have confirmed that CFD 

can capture the behaviour of tunnel fires, further validations against the real experimental 

results are urgently required. 

For these reasons, the main objectives of the present study are aimed at: a) verifying the 

effects of tunnel geometry or tunnel aspect ratio on the critical ventilation velocity, b) 

proposing new scaling techniques used in tunnel fires data analysis and finally, c) 

validating the CFD modelling results with the experimental results. 
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4.1 Approaches of the Present Study 

The investigations in the present study can be divided into two parts; experimental work 

and computational fluid dynamics modelling. 

(1) Experimental Investigation 

Small scale models were proposed to be used to measure the critical ventilation velocity. 

As a continuation to the previous works in Buxton from Oka and Atkinson (1995) and 

Atkinson and Wu (1996), it was decided to build the first model tunnel of the square 

cross - sectional geometry of height 250 mm and width 250 mm, approximately similar 

cross - sectional geometry to previous colliery arch model. Three more tunnel models 

which have the same height (250 mm) but different widths were built to investigate on 

the effect of tunnel aspect ratio. The widths of the other three tunnels were 125 mm, 

500 mm and 1000 mm, respectively. 

The utility of small scale models provide the ability for the observation, measurement and 

control of the experiment. 

Type of Fuel and its Flow Rate 

The type of fuel used in the present work was propane gas. This provides a good model 

comparisons with previous works. In addition, the combustion process could be simply 

simulated in CFD modelling in the second approach. 

The selections of propane flow rates were similar to Oka and Atkinson and Atkinson 

and Wu. In both works, propane flow rates between 0.1 to 20 litre per minute were 

estimated to produce fires between 2 MW to 150 MW in a large tunnel of diameter 5 

m when the scaling technique is applied. In the present work, with the range of propane 

flow rates, it were estimated to produce fires between 2.5 to 100 MW in a tunnel of 
,. 

diameter around 5.0 m. 
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Instrumentation 

Detection of smoke: K-type thermocouples were used to detect the smoke. It is 

expected that the upstream backlayering flow in the tunnel should be very sensitive to the 

ventilation flow. To detect the upstream flow, fine K type thermocouples were used. 

The temperature measurements in the other regions in the were made by using normal K 

type thermocouples. 

Velocity Profiles: Simultaneously, the Orifice plate and Hot Wire Anemometer were 

used to measure air velocity inside the tunnel. Laser Doppler Velocimetry (LDV) was 

used to measure the velocity profiles within the fire region. 

Data acquisition: A Windows based data logging system namely MicroLink was used to 

acquire the data from the experiment. This provides the advantage in the visualisation of 

the progress of the smoke, which was represented by the voltage difference 

Measurement Technique 

Critical ventilation velocity: To systematically measure the critical ventilation velocity, 

the ventilation velocity was measured at least 4 places upstream from the fire where the 

backlayering was controlled. Then extrapolation to obtain the critical ventilation velocity 

at zero tunnel height was made. The extrapolated value was then used back in the 

experiment for the confirmation. 

Temperature profiles: The temperature measurements were made in three main regions; 

fire region, upstream and do\wstream at least at two ventilation velocities. Special 

software was used to transform the temperature data into contours. 
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(2) Computational Fluid Dynamics 

The second approach of the present work was to use CFD package to predict the 

variations of the critical ventilation velocity with tunnel aspect ratio similar to the 

experimental model tunnels. The flow inside the tunnel were examined in detail. The 

simulations were performed in three dimensions by modelling propane combustion in air. 
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Chapter 5 

Experimental Investigation 

This chapter describes the experimental investigations carried out in the present work. 

The model tunnels have been built in the Health and Safety Laboratory since this project 

was supported by both the Health and Safety Executive and the Department of Chemical 

and Process, University of Sheffield. 

5.1 Experimental Rig 

The schematic front view and cross-section of the tunnel is shown in Figure 5. 1. The 

tunnel was mounted on a steel platform of approximately 15 metres long with a height of 

1 m and a width of 0.7 m (Figure 5.2). 

5.1.1 Model Tunnels 

A total of 5 model tunnels were used in this study. The dimensions of the tunnels are as 

follow: 

Tunnel Height (m) Width (mm) Aspect Ratio Cross-sectional area (m2
) 

(WIH) 

A 0.250 0.136 0.5 0.03125 

B 0.250 0.250 1 0.0625 

C 0.250 0.500 2 0.03125 

D 0.250 l.00 4 0.2500 

E 0.244 0.274 l.12 0.0569 

Each model tunnel was formed from Perspex (PMMA) with the thickness of 6.25 mm 

with the length of up to 5.5 m from the tunnel entrance. Beyond this point, the tunnel 

Was formed from 18 SWG (l.25 mm thick) stainless steel with the length of up to 10 m, 

including the burner section. The total length of the tunnel was around 15 m. Perspex 

wa~ used because not only it is less expensive but also provides the visualisation due to 
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its transparency. The length of each section made by Perspex was approximately 1.5 m. 

F or the stainless steel section, the length for each section was approximately 3.0 metres. 

Each section was joint to each other by using tape which can resist high temperature. 

5.1.2 Ventilation Supplier 

A straight PVC pipe of diameter 101.1 mm fitted with an orifice plate was used to 

channel the inlet flow. Orifice plate construction and inlet conditions were in accordance 

with BS 1042. The flow was driven by a jet of compressed air, acting as a momentum 

pump. Relatively coarse adjustments in the ventilation rate could be made by varying the 

compressed air supply. Fine adjustments in velocity by amounts as low as 0.3% were 

possible by using an iris, partially obstructing the inlet to the momentum pump. 

Orifice plate pressures were measured and recorded using two different techniques, a 

differential pressure transducer which was connected to the datalogger and an inclined 

spirit Manometer. The calibrations of the Manometer was traceable to a National 

Standard. Therefore it can provide the reading with a good degree of accuracy. The 

orifice plate provides a measure of the total volumetric flow. The velocities reported are 

calculated by dividing the volumetric flow by the model cross-sectional area. 

5.1.3 The Fire Source 

Propane gas was used as the fuel, metered through a rotameter to the burner. The gas 

Was supplied from the cylindrical bottle placed outside the laboratory. A porous bed 

burner of diameter 106 mm was used. The burner was filled with small glass beads in 

order to distribute propane gas. The top surface of the burner set flush with the tunnel 

floor. The burner was placed at approximately 5.75 m from tunnel entrance, in the 

stainless steel section. 

5.1.4 Instrument for Velocity Measurement 

Hot Wire Anemometer was used to measure the upstream velocity inside the tunnel 
I 

Without the presence of fire. The Hot Wire has been calibrated by Health and Safety 

Laboratory and required a power supply of 12 V. The output of the Hot Wire was 

directly coOO:ected to the datalogger. 
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The velocity profiles with the presence of the fire were measured by using Laser 

Doppler Velocimetry (LDV) facility performed by Allen et al (1999). 

5.1.5 Instrument for Temperature Measurement 

The upstream backlayering flow of hot gases was detected by using K-type stainless steel 

sheathed thermocouples of diameter 0.25 mm. Thermocouple·s were fixed 10 mm below 

the roof at distances equal to 1, 3, 5 and 10 times tunnel heights upstream of the centre 

of the fire. 

Three arrays of K type thermocouples of diameter 1.25 mm were built to measure the 

temperature in the fire region, downstream and upstream from fire seat. The distances 

Where each thermocouple was set in each array were 40 mm, 70 mm, 100 mm, 130 mm, 

160 mm, 190 mm, 220 mm and 240 mm above the tunnel floor. The arrays were 

attached to a long rod and inserted into the tunnel from the exhaust end. Various 

distances downstream from the burner were marked on the rod. 

5.1.6 Instrument for Data Collection 

Datalogging system called MicroLink 3000 which required a Windows based software, 

WINSPEED in the Health and Safety Laboratory was used to acquire the experimental 

data. The Microlink 3000 has 3 boards with the capacity of 16 channels each. The 

channels in the first board were set to differential pressure transducer, the Hot Wire 

Anemometer and four upstream thermocouples. The second and third boards were used 

for 24 thermocouples which measure the temperature in downstream and fire regions. 

The MicroLink was set to take 100 samples at the frequency of 1 Hertz for temperature 

and velocity profiles measur:ments. The voltage range for pressure transducer and Hot 

Wire Anemometer were set to 0 to 10 Volts. The voltage range of the thermocouple 

Was set to 0 to 20 mm Volts, according to the manual. 
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5.2 Experimental Procedure 

Before the experiments were carried out, there were certain safety rules and risk 

assessments which required to be followed. The lists of safety rules and risk assessments 

can be seen in Appendix A. Table 5.1 shows the summary of the experimental tests and 

conditions. 

5.2.1 Calculation of the Average Ventilation Velocity in the Tunnel 

The average ventilation velocity was measured by both Hot Wire Anemometer and 

orifice plate. The orifice plate enabled the volumetric rate of flow to be measured by 

using the pressure difference and the characteristics of the flowing fluid. The orifice 

plate in the 101.1 mm diameter PVC pipe causes a static pressure difference between the 

Upstream and downstream side of the plate. As stated earlier, the orifice plate was 

designed according to BS 1042: section 1.1 and thus the equations contained within the 

British Standard can be used with a degree of confidence. 

The mass flow is related to the pressure differential by equation 

where qm 

Cd 

E 

e 

do 

L\p 

p 

qm -= CdEs 1r do 2 ~2flp x P 
4 

= mass flow rate (kg/s) 

= discharge coefficient 

= velocity of approach factor 

= expansion factor = 1 for incompressible fluids 

= diameter of the orifice throat (mm) = 0.072 m (2.828 ") 

= differential pressure (Pa) 

= mass density of the fluid (kg/m3) 

The velocity of approach factor may be calculated by using equation 

D 2 42 
E = P = = 1.1546 
, ~Dp 4 -do 4 ~44 - 2.8284 

(5.2) 

The relationship between the mass flow rate and the average velocity as follow: 

(5.1) 
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(5.7) 

The calculated average velocity inside each tunnel are shown in Tables B 1 to B5 in 

AppendixB. 

5.2.2 Calculation of HRR from Fire 

The HRR corresponding to the propane flow rates was calculated using the heat of 

combustion of propane reacting in air. The stoichiometric reaction of propane considered 

as follows: 

C3HS + 5C02 => 3C02 + 4H20 

The heat of combustion of Propane (MIc) considered is 46.4 MJ/kg taken from Fire 

Protection Engineering Handbook (1995). The relative molecular weight is 44 kg/kmol. 

Calculation of propane HRR 

1 mol ofC3H8 occupy 22.4 litre at standard conditions (1 atmosphere, 273K) 

1 Vrnin propane = _1_ x 44.0 g/rnin 
22.4 

1 1 = -- x 44 x 46.4 x - kJ/s 
22.4 60 

= 1.50 kW 

Thus, 1 Vrnin of propane corresponds to approximately 1.50 kW ofHRR. 

5.2.3 Testing the Velocity Distributions in Tunnel 

(1) Velocity Distribution Without Fire 

Before the critical ventilation velocity measurements were made, it was necessary to 

measure the velocity profiles inside each tunnel in order to ensure uniform air flow 

distribution. As being discussed in section 5.1.2, the compressed air from the straight 4 

inch pipe was positioned at the central point of the tunnel entrance. As the tunnel 

becomes wider, it would be expected that the horizontal profiles were not uniform. Thus, 
, 

the installation of the flow straightener should be made. 

56 



Chapter 5: Experimental Investigation 

The measurements were performed at 10 tunnel heights upstream of the burner. A series 

of holes were drilled in the cross - sectional span on the tunnel roof at various distances 

from tunnel axis. The Hot Wire Anemometer was inserted from these holes at various 

points inside the tunnel. 

The measured values of the velocity distributions at 35 points of the cross - sectional 

span for tunnel A are presented in Table 5.2. The Manometer reading was set to 0.48 

kPa at the bottom scale. The velocity profiles are shown in Figure 5.3. It can be seen 

that the flow inside the tunnel was uniform, especially at the tunnel centreline as 

illustrated in Figure 5.3(c). The horizontal profiles at 125 mm above tunnel floor 

indicated in Figure 5.3(f) also shows that the flow was uniform. Hence, there was no 

need for the installation of the flow straigthener. The average velocity inside the tunnel 

measured by the Hot Wire Anemometer was calculated to be 0.56 mls. This value was in 

good agreement with the calculated average velocity using orifice (0.54 mls) presented in 

Table B1. 

The measured velocity distributions in tunnel B are shown in Table 5.3. The ventilation 

air flow was adjusted to give Manometer reading of 1.70 kPa, also at the bottom scale. 

Figure 5.4 shows the velocity profiles at 10 tunnel heights in the tunnel B. Again, the 

measured profiles show that the velocity inside the tunnel was uniform and the flow 

straigthener was not required. The average velocity given by the Hot Wire was 

calculated to be 0.58 mls compared to 0.53 mls calculated in Table B2. 

For the larger aspect ratio tunnels, the horizontal profiles are more important. Several 

modifications were made to obtain relatively uniform velocity. The ventilation air inlet 

pipe was replaced to the bigger one in order to supply more air. The horizontal velocity 

profiles were measured at 125 mm above tunnel floor. The Manometer scale was 

positioned at the top scale and the reading was set to 2.00 kPa which lead to the average 

air velocity inside the tunnel 0.57 mls. Figure 5.5(a) shows the velocity profiles inside 
, 

tunnel C without any modification. As expected the velocity was not uniform. The 

profiles at the both sides ofthe tunnel were lower. 
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To improve the profiles, a circular block was placed at 100 mm from the air inlet. The 

solid blockage was designed to split the core into two ways so that the flow from both 

cores gradually developed as the air flow further downstream. Figure 5.5(b) shows the 

new velocity profiles. It can be seen that the profiles on the left side were improved. In 

Figure 5.5(c), the inlet pipe was pushed to the left so that more air would flow to the 

right side. However, there was no significant changed to the profiles. Finally Figure 

5.5(d) shows the improved velocity profiles by using a flow straigthener that was placed 

at about 100 mm from the air inlet. A piece of wood of the same dimension of the tunnel 

cross-sectional was used and divided into 3 regions with both end sections were drilled 

with holes of 1 inch diameter. 

A bigger ventilation air flow rate was expected in tunnel D. To supply more air inside 

the tunnel, series of 1 inch holes were drilled at approximately 100 mm from the 

compressed air inlet pipe to withdraw the air from the surroundings. Figure 5.6(a) shows· 

the horizontal velocity profiles without the flow straightener It can be seen that the 

velocity profiles at the right side of the tunnel were the lowest. The flow straightener was 

then installed and the new profile is shown in Figure 5.6(b). However, more air flow in 

the left side of the tunnel. Figure 5. 6( c) shows the profiles when the pipe was pushed to 

the left and finally Figure 5.6(d) shows the profiles when 7 holes were blocked at the left 

sides. The profiles was almost uniform although the velocity at both ends of the tunnel 

were slightly low. Table 5.4 and 5.5 give the tabulated horizontal profiles along the mid 

- tunnel height for tunnels C and D, respectively. 

(2) Velocity Distribution With the Presence of Fire 

In the LDV techniques, the tunnel floor within the fire region (500 mm upstream and 500 

mm downstream from the burner) was replaced with a special glass which resisted to 

higher temperature. The laser facilities were setup below the tunnel. Four laser beams 

were used and the measurements were made at which the intersection of two 

corresponding beams. The intersection was carefully adjusted for the specified distance 
,. 

above tunnel floor. The measurements were made at least two times to obtain the 

average value. 
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5.2.4 Critical Ventilation Velocity Measurement 

Upstream flow of hot gases was detected using K type stainless steel sheathed 

thermocouples with a diameter of 0.25 mm. Thermocouples were fixed 10 mm below 

the roof at distances equal to 1, 3, 5 and 10 tunnel heights upstream from the fire. The 

progress of a hot layer upstream to engulf a thermocouple was obvious from temperature 

records. Convective heating of the thermocouples could in all cases be easily and 

unambiguously differentiated from radiative effects, which were small and did not vary 

significantly during small changes. The procedures for the critical ventilation velocity 

measurement were as follows: 

(1) The exhaust system (exhaust ventilation) was activated. 

(2) A small amount of air was passed through the tunnel in order to clear the tunnel from 

any accumulated gases. 

(3) The butane pilot flame was ignited and introduced into the tunnel just downstream of 

the burner through the burner hole while a small amount of propane gas was made 

available by opening the valve on the propane flow meter. The pilot flame was then 

removed and the burner was placed in its hole. 

(4) Cooling water was then applied to the stainless steel section to restrict the metal 

temperature. 

(5)The propane flow rate was set according to the required value 

(6) The initial air velocity can now be set to the required value. 

(7) After approximately 5 minutes of the burning time, the data logging software was 

then initiated. 

(8) The ventilation velocity for the smoke to reach 1, 3, 5 and 10 tunnel heights for each 

propane flow rate was determined. The air flow was reduced by gradually closing the 

iris plate. 

(9) Procedure (8) was repeated for propane flow rates 0.5, 1.0,2.0, 5.0, 7.0, 8.0, 10.0, 

15. ° and 20. ° litre/min propane. 

After each test described above, the result obtained by the datalogging was reviewed. If 

the satisfactory result was not achieved, another test was then repeated. The value of the 
, 

critical ventilation velocity which would prevent any 'back-Iayering',Jlow past the fire 

Was obtained by extrapolating the results to ° tunnel height. The~ the critical ventilation 
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velocity was applied in the tunnel to confirm that no backlayering existed in the upstream 

of the fire. 

It was found that the flame in the tunnel was not steady. The flame wandered from left 

to right. This behaviour to some extent affected the backlayering to move forward and 

backward. As a result, it was expected that there was some instability of the reading 

from the thermocouples. Because of the nature of the flame which has been discussed, 

the measurements of the critical ventilation velocity were performed more than one for 

the specific test in order to obtain an average value. 

The Cooling water in the fire region was assumed that it did not give great effect on the 

movement of the backlayering flow. The cooling water was used to protect the stainless 

steel walls especially when higher HRRs were used. The sprinkling system was specially 

designed such that the water did not accumulate on top of the tunnel and remove too 

much heat from the tunnel walls. 

Altogether there were 136 tests for the critical ventilation velocity measurements for 1, 

3, 5 and 10 tunnel heights of the smoke to travel upstream for HRRs between 1.50 kW 

to 30.0 kW. In addition to the determination from the thermocouples, some of the tests 

Were determined by visualisation especially for the backlayering to travel up to 5 and 10 

tunnel heights. 

5.2.5 Temperature Measurement 

Temperature measurements were performed m three mam reg1Ons; fire reg1On, 

downstream and upstream. 

(1) Fire Region 

The measurements were performed up to 400 mm downstream from the burner. The 

thermocouple arrays were pulled downstream from the mid point of the burner in a step 

of 25 mm. The measurements were made on three HRRs, 3.0 kW, 7.50 kWand 15.0 

kW. The ventilation were set at three conditions; critical ventilation velocity, twice of 
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the critical ventilation velocity and the velocity at which the bacldayering flow travelled 

at 10 tunnel heights upstream. Measurements were started after 5 minutes of fires. 

(2) Downstream Region 

The procedures employed were similar to fire region temperature measurement. A step 

of 250 mm was used starting from the mid-point of the burner. The measurements were 

made up to 4000 mm downstream from the burner. 

(3) Upstream Region 

In the upstream measurement, only one thermocouple array was used in both tunnels A 

and B. For tunnel D, three thermocouple arrays were used. The measurements were 

made in step of 100 mm starting from the burner centreline up to 1000 mm upstream. 

The ventilation velocity was set at with the smoke front reached 10 tunnel heights 

upstream from the burner. 

5.3 Data Processing 

Logging of all the measuring devices to the Microlink provides a convenient result was 

achieved. The datalogger recorded the voltage change from each measuring equipment 

(differential pressure transducer, Hot Wire Anemometer and thermocouples) and 

converted into standard reading such m/s and degree Celsius for velocity and 

temperature, respectively. All data were then saved in the form of ASCII files. 

(1) Critical ventilation velocity data 

Logging to the differential transducer provides a step changed when the ventilation 

velocity was systematically reduced. The interval when the critical ventilation velocity 

occurred can be determined when the corresponding thermocouple was engulfed by the 

smoke indicated by a sudden rise in the temperature. The corresponding reading from the 

Manometer can be obtained. 

A sample of the critical ventilation velocity determination for tunnel B for HRR 1.50 kW 

when the smoke bacldayering at 1, 3, 5 and 10 tunnel heights is shown in Figure 5.7. 

The plots of voltage output and temperature for various thermocouples were obtained by 
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the WINDSTREAM software. Initially, it can be seen that a high ventilation velocity 

was set. Then it was reduced systematically by the adjustment of the iris. This will 

correspond to the voltage change in the data logging. For each step, the Manometer 

reading was recorded so that the critical ventilation velocity reading can be determined. 

It can be seen in Figure 5.7(a) that at an output up to 4.20 V, the backlayering is 

intermittently reaching 1 tunnel height as the temperature is fluctuating. By reducing the 

output to 4.01V the temperature indicated at one tunnel height increases thus suggesting 

that the backlayering is engulfing the thermocouples. Thus, the critical ventilation 

velocity is estimated lies between the values of 4.20 V and 4.01 V. The corresponding 

Manometer reading is between 0.78 kPa and 0.74 kPa. The ventilation velocity is 

between 0.35 mls and 0.36 mls shown in Table B2. 

Figure 5.7(b) shows the voltage reading and the corresponding pressure reading for the 

backlayering to reach 3 tunnel heights. The critical ventilation velocity lies in between 

output 3.00V and 2.50V. The corresponding Manometer reading is between 0.48 kPa 

and 0.47 kPa, whilst the ventilation velocity is between 0.29 mls to 0.30 mls (Table B2). 

Figure 5.7(c) indicates the output data for the backlayering to reach 5 tunnel heights. 

The backlayering engulfs the thermocouples between output 2.16V and 2.02V. The 

corresponding Manometer reading is between 0.39 kPa and 0.36 kPa. The ventilation 

velocity is between 0.25 mls to 0.26 mls (Table B2). 

Finally Figure 5.7(d) shows the output data for the backlayering to reach 10 tunnel 

heights. Initially, the ventilation velocity is quite low. It can be seen that the 

thermocouples has already been engulfed by the smoke. Then, the ventilation velocity is 

increased at the output of 1.01 V and reduced systematically in steps by gradually closing 

the iris plate. The critical ventilation velocity is between the output ofO.95V and 0.92V. 

The corresponding Manometer reading is between 0.15 kPa to 0.14 kPa. The ventilation 

velocity is between 0.16 mls to 0.17 mls (Table B2). 
. . 
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The above procedure for analysing the results was repeated for all of the propane 

flowrates considered. However, for the larger aspect ratio tunnels (C and D), the 

procedure of identification of the interval steps of the reduction of the air flow was 

slightly changed. This is because the maximum limit of the differential transducer has 

reached due to higher air flow rates. Thus, to identify the step, a voltage supplier was 

connected to the datalogging. The voltage can be switched of! and off. For each step 

changed, the voltage was on and off for the following step. The typical diagram obtained 

by datalogging can be seen in Figure 5.8. 

(2) Temperature data 

A simple QBASIC programme was made to process the data in each file and assemble in 

certain format to be plotted (Appendix C). The temperature contours were plotted using 

a software called ORIGIN which is available in the Health and Safety Laboratory. 
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Table 5.1: Summary of ~}\V~l':' it tests and conditions 
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26 1000 ./ 

1000 IUmin 1.50 ./ 

1000 2Umin 3.0 ./ ./ 

1000 Sl/min 7.S0 ./ ./ 

1000 7Umin 10.50 ./ 

1000 8Urnin 12.0 ./ 

1000 101/min IS.0 ./ 

1000 ISUmin 22.S ./ 

34 274 

274 IUmin I.S0 ./ 

274 21/min 3.0 ./ 

274 SUrnin 7.S0 ./ 

274 lOUmin IS.0 ./ 

274 ISUmin 22.S ./ 

Keynotes: 

T - Temperature a - I tunnel height 

VP- Velocity Profile b - 3 tunnel heights 

CV- Critical ventilation velocity c - S tunnel heights 

d - 10 tunnel heights 
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Table 5.2: Velocity distributions at 10 tunnel heights upstream in tunnel A 

Distance below Velocity Distribution (mls) 

tunnel roof(mm) -42.5 mm -22.5 mm Centreline 22.5 mm 42.5 mm 

(Omm) 

32 0.48 0.57 0.58 0.57 0.50 

63 0.48 0.60 0.62 0.61 0.51 

94 0.42 0.62 0.64 0.63 0.52 

125 0.45 0.61 0.65 0.63 0.53 

158 0.45 0.61 0.64 0.63 0.53 

187 0.43 0.61 0.64 0.63 0.55 

219 0.40 0.61 0.63 0.61 0.48 

Table 5.3: Velocity distributions at 10 tunnel heights upstream in tunnel B 

Distance below Velocity Distribution (mls) 

tunnel roof (mm) -105 mm -70mm -35mm Centreline 35mm 70mm 105mm 

(Omm) 

32 0.51 0.54 0.55 0.56 0.58 0.53 0.53 

63 0.55 0.57 0.57 0.59 0.61 0.57 0.54 

94 0.57 0.59 0.59 0.61 0.61 0.59 0.57 

125 0.58 0.60 0.60 0.60 0.60 0.59 0.56 

158 0.59 0.60 0.61 0.61 0.61 0.59 0.55 

187 0.56 0.59 0.60 0.60 0.61 0.58 0.55 

219 0.54 ' 0.57 0.57 0.57 0.58 0.58 0.56 

74 



Chapter 5 : Experimental Investigation 

Table 5.4: Measured velocity distributions along the mid-tunnel height in tunnel C 

Modifications Velocity Distribution (m/s) 

-220 mm -125 mm Centreline 125 mm 220mm 

No modification 0.38 0.58 0.59 0.50 0.40 

Blockage: 100mm from 0.49 0.54 0.59 0.48 0.40 

inlet, 185mm from left, 

165 from right 

Blockage with pipe 0.45 0.55 0.60 0.45 0.35 

pushed to left 

Flow straigthener 0.45 0.57 0.61 0.52 0.41 

Table 5.5: Measured velocity distributions along the mid-tunnel height in tunnel D 

Modifications Velocity Distribution (m/s) 

-405 mm -250mm Centreline 250mm 405mm 

No modification 0.58 0.65 0.61 0.47 0.32 

Original flow straigthener 0.49 0.54 0.59 0.48 0.40 

Pipe pushed to left with 0.47 0.60 0.56 0.48 0.42 

flow straigthener 

7 holes bolcked at the left 0.45 0.59 0.61 0.57 0.44 

sides of flow straigthener 
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Experimental Results 

Chapter 6: Experimental Results 

This chapter presents the experimental results obtained from the model tunnels in three 

sections, namely the critical ventilation velocity, temperature distributions and velocity 

distributions. The majority of the experimental results concerned with tunnels A, B, C 

and D. However, as part of on going project, the additional results from tunnel E were 

also included in this thesis. 

6.1 Critical Ventilation Velocity 

The critical ventilation velocities have been systematically measured. The ventilation 

velocities required for the backlayering to travel up to 1,3, 5 and 10 times of the tunnel 

heights for tunnels A to D are shown Tables 6.1 to 6.4. The value of the ventilation 

velocity considered was taken from the average value between the upper and lower 

velocities corresponding to the Manometer readings. 

The plot of ventilation velocity against the HRR and the plot of ventilation velocity 

required to control the length of the back layering flow to 1, 3, 5 and 10 times of the 

tunnel heights for tunnels A to D are depicted in Figures 6.1 and 6.2, respectively. It can 

be seen in Figure 6.1 that the ventilation velocity to control the backlayering at each 

tunnel height, increasing with the increase of HRR from the fire. For each tunnel, the 

variations follow similar pattern, thus indicated the test consistency. 

The critical ventilation velocity for each HRR was obtained by extrapolating each plot in 

Figure 6.2. The value was reapplied in the experiments for the confirmations. Table 6.5 

presented the critical ventilation velocity for each HRR in each tunnel. The variations of 
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the plot of the critical ventilation velocity against HRR for the five tunnels are shown in 

Figure 6.3. 

The results in Figure 6.3 obviously show that there are variations of the critical 

ventilation results for tunnels A to D which have exactly the same height but different 

widths. It is shown that in tunnel A, the critical ventilation velocity increases with the 

HRR over the same range ofHRR, however when the HRR reaches about 7.5 kW, the 

critical ventilation velocity become nearly independent of heat output. A similar pattern 

is obtained in tunnel B. However, the behaviour of independent of HRR occurs at HRR 

10. 5 kW. On the contrary, this pattern has not been observed in tunnels C and D, the 

critical ventilation velocity still increases with the HRR up to 30 kW fire. 

Comparing the values of the critical ventilation velocity for the same HRR, it is shown 

that tunnel D requires the smallest critical ventilation velocity, followed by tunnels C and 

B when the HRRs are less than 15 kW. In contrast, tunnel A requires the greatest 

critical ventilation velocity only when the HRRs less than 3.0 kW. However, when the 

HRRs are greater than 3.0 kW, the critical ventilation velocity for tunnel A are kept 

constant below 0.48 mls. Whilst, in tunnel B, beyond HRRs 15.0 kW, the critical 

ventilation velocity are kept below 0.60 mls. The critical ventilation velocities for tunnels 

C and D exceed 0.60 mls and still increasing with fire HRR. 

It is also shown in Figure 6.3 that the critical ventilation velocity for tunnel E increases 

with the HRR up to 7.5 kW. Beyond this HRR, the critical ventilation velocity becomes 

constant. The critical ventilation velocity in tunnel E at lower HRR was slightly greater 

than the critical ventilation velocity in tunnels A, B, C and D below 10 kW. 

In summary, there are variations of the measured critical ventilation velocity for the five 

tunnels which have relatively the same height but different widths. 
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6.2 Temperature Distribution 

Extensive temperature measurements have been made in two tunnels, Band D, 

representing a lower and a higher tunnel aspect ratio. Additional temperature 

measurements have also been made in tunnel A. The temperature inside the tunnels are 

focused on three main regions as being outlined in the experimental investigation. The 

tabulated values show the temperature at each position inside the tunnel represented by 

co-ordinate x-y-z. Co-ordinate x is the axial direction in the tunnel with reference to the 

burner centreline. Co-ordinate y represents the distance above tunnel floor, whilst co

ordinate z represents the horizontal distance from tunnel centreline. The negative sign 

indicates the distance upstream from the fire seat while the positive sign indicates the 

distance downstream from the fire seat. The unit for the temperature is degree Celsius. 

Most of the temperature data have been analysed and plotted in the form of contours for 

better analysis. A contour interval of 50°C was set in each figure. The direction of the 

ventilation flow in all contours is to the right side. 

6.2.1 Temperature Distribution in Fire Region 

The measured temperature distributions in the fire region in both tunnels Band D are 

presented in Tables 6.6 to 6.17. Figure 6.4 shows the temperature contours in tunnel B 

at 3.0 kW fire at three ventilation velocities. In Figure 6.4(a), the ventilation velocity 

was set to 0.25 mis, the condition for the backlayering flow was controlled at 10 tunnel 

heights upstream from the fire. While in Figure 6.4(b), the ventilation velocity was 

increased to 0.48 mis, the critical ventilation velocity for this HRR. In Figure 6.4(c) the 

ventilation velocity was set to 0.96 mis, doubled the critical ventilation velocity. 

It can be seen in Figu~e 6.4 that with the presence of ventilation flow, the fire plume 

deflects at certain angle from the vertical. When the ventilation is low, the backlayering 

occurs, indicated by the contour 100°C on the left. When the ventilation velocity is 

increased~ the backlayeri?g flow is suppressed at the leading edge of the burner as shown 
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in Figure 6.4(b). Further increase in the ventilation velocity shown in Figure 6.4(c), the 

flame deflects at greater tilt angle from the vertical, resulting the majority of the HRR is 

released downstream from the burner. 

Figure 6.5 depicts the contours in tunnel B at three HRRs (3.0 kW, 7.5 kWand 15.0 

kW) at critical conditions. The critical ventilation velocities applied were 0.48 mis, 0.56 

mls and 0.60 mis, respectively. It can be observed that as the HRR increases, the fire 

inside the tunnel also grows in size. The maximum temperature recorded at 3.0 kW, 7.5 

kWand 15.0 kW were in the order of 586.36 °C, 679.26 °C and 746.92 °C, respectively. 

Figure 6.6 shows the contours in tunnel B with the presence ofbacklayering flow at 3.0 

kW, 7.5 kWand 15.0 kW. The ventilation velocities were 0.25 mis, 0.31 mls and 0.34 

mis, respectively. Under these conditions, the backlayering flow was controlled at 10 

tunnel heights upstream from the fire. It can be seen that as the HRR increases, the 

maximum temperature in the backlayering also increases. The contours at 200 mm 

above the floor for example is 100°C for 3.0 kW fire, then increases to 150°C at 7.5 

kW fire. The magnitude further increases between 250°C to 300 °C for 15.0 kW fire. 

Figure 6.7 shows the cross-sectional temperature contours in tunnel B at vanous 

distances from burner at 3.0 kW fire at critical conditions (0.48 mls). The temperature 

data in Table 6.6 show both centreline and second thermocouple arrays recorded higher 

temperature values. This suggests that the cross-sectional width of the flame at 3.0 kW 

Was approximately 55 mm from the centreline. The thermocouples in the third array 

only recorded the hot combustion gases. Whilst, figure 6.8 shows similar cross-sectional 

Contours at 15.0 kW fire. At this HRR, it can be seen that the flame was nearly reached 

the tunnel wall, judging by the high temperature contours near the wall. 
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Figure 6.9 depicts the contours in tunnel D at 3.0 kW fire at three ventilation velocities. 

The ventilation velocities were 0.18 mis, 0.40 mls and 0.50 mis, respectively. While 

Figure 6.10 shows the contours at 3.0 kW, 7.5 kW and 15.0 kW fires at critical 

ventilation conditions. The critical ventilation velocities were 0.40 mis, 0.50 mls and 

0.59 mis, respectively. Similar to Figure 6.5 (tunnel B), it can be seen that as the fire 

mcr.eases, the size of the plume also increases. The maximum temperature measured at 

each HRR were 580.54 °C, 729.01 °C and 768.66 °C, respectively. However, it can be 

observed that the flame in tunnel D is less deflected from the vertical than the flame in 

tunnel B. In addition, the observed flame length in tunnel D is also slightly shorter. 

Figure 6.11 depicts the contours in tunnel D at 3.0 kW, 7.5 kWand 15.0 kW with the 

presence of backlayering flow. The ventilation velocities were set to 0.18 mis, 0.28 mls 

and 0.33 mis, respectively. The backlayering was controlled at 10 tunnel heights 

Upstream from fire, similar to Figure 6.6 (tunnel B). Similarly, as the HRR increases, the 

contours show that the maximum temperature in the backlayering region increases. It can 

be also observed that the position of the first contour indicating the backlayering flow is 

at approximately 225 mm above tunnel floor, which is slightly higher than in tunnel B. 

This could suggest that the depth of the backlayering flow in tunnel D is slightly lower 

than in tunnel B. 

The cross-sectional temperature contours at various distances from the burner in tunnel 

D at 3.0 kWand 15.0 kW fires at critical ventilation velocity are shown in Figures 6.12 

and 6.l3. It can be seen that the pattern of the contours are slightly different from tunnel 

B. Once the smoke reached the ceiling, it spread away to the wall. The contours also 

,show that the wall did not give a significant effects on the flame geometry and smoke 

movement. The temperature data for 3.0 kW fire in Table 6.12 show that both second 

and third arrays recorded lower temperature value with the average temperature between 

20°C to 40°C. This s~ggests that the thermocouples in both arrays were only recorded 

the radiation or heated values. However at 15.0 kW fire, the second array recorded 
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higher temperature in the order of 250 °C. The highest temperature in the third array 

was in the order of 165 °C which suggests the temperature of the hot combustion gases. 

Figure 6.14 shows the additional temperature contours measured in tunnel A at the 

critical ventilation velocities for HRR 3.0 kW, 7.50 kW and 15.0 kW. The critical 

ventilation velocity for each HRR were 0.40 mis, 0.48 mls and 0.48 mis, respectively. 

Since the burner occupied the majority of the cross-sectional width, it would be expected 

that in this tunnel the fire would reach the tunnel walls. Therefore, it was decided to 

measure the temperature distributions only at tunnel centreline. 

In conclusion, the present results clearly show the shapes and the sizes of the plume 

inside the tunnels. Further justifications on the fire plume such as the interaction 

between the plume with the ventilation flow and plume tilt angles will be discussed in 

the following chapter. 

6.2.2 Temperature Distribution in the Upstream 

The temperature distributions in the upstream region have been measured at 3.0 kW, 7.5 

kWand 15.0 kW fires starting from the burner centreline up to 1000 mm upstream from 

the burner. The ventilation velocity was set at which the backlayering was controlled up 

to 10 tunnel heights upstream from the burner. In this region, the temperature 

tneasurements in tunnel A were used for lower aspect ratio tunnel. 

The measured temperatures in tunnel A at 3.0 kW and 7.50 kW are shown in Tables 

6.18 and 6.19, respectively. The temperature contours at both HRRs are shown in 

,Figure 6.15. It can be seen that the backlayering flows are stratified and the maximum 

temperature decreases as the backlayering flow in the upstream. It can be also observed 

that the thickness of the backlayering flow is approximately the same regardless of the 

fire HRR for the sam~ tunnel. The photograph of the backlayering flow in tunnel A at 

lIRR 7.5 kW shown in Figure 6.16 further shows that the smoke thickness is 
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approximately half of the height of the tunnel with the end of the layer formed a sharp 

edge. 

Tables 6.20 to 6.22 show the measured temperatures in tunnel D at 3.0 kW, 7.5 kWand 

15.0 kW fires, respectively. Figure 6.17 shows the temperature contours for 3.0 kWand 

7.5 kW fires. Similarly, the thickness of the backlayering flow is approximately the same 

for both fires in tunnel D. 

Comparing the temperature contours in Figures 6.15(a) and 6.17(a), it can be observed 

that the depth of the backlayering flow was greater in tunnel A than in tunnel D. Further 

temperature comparisons at various distances upstream from fire seat for tunnel A and D 

at 3.0 kW in Figure 6.18 also confirmed the backlayering flow patterns. 

6.2.3 Temperature Distribution in the Downstream 

The measured temperature distributions in the downstream are presented in Tables E1 to 

E12 in Appendix E. The overall temperature distributions in downstream of the fire in 

tunnel B for 3.0 kW, 7.5 kWand 15.0 kWat critical ventilation velocity and velocity for 

the backlayering was controlled at 10 tunnel heights are shown in Figures 6.19 and 6.20. 

The measured temperature contours show that the downstream smoke flow is stratified. 

Figures 6.21 and 6.22 show similar temperature contours in tunnel D at the same 

conditions. 

6.3 Velocity Distribution 

The velocity distributions presented in this section have been measured in tunnel B by 

Allen et al. (1999) using Laser Doppler Velocimetry (LDA). Table 6.23 shows the 

average velocities for five HRRs (1.5 kW, 3.0 kW, 4.5 kW, 7.5 kWand 15.0 kW). The 

negative sign shows the direction of the backlayering flow. The velocity profiles for the 

five HRRs considered are shown in Figure 6.23. It can be seen that the ventilation 

velocity to control the backlayering flow up to 2.25 tunnel height increases with the 
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HRR up to 4.35 kW. Beyond this HRR, the ventilation velocities have becomes 

constant. Thus indicates the existence of the behaviour of the independent of the 

ventilation velocity on the HRR. 

Another significant observation is that the velocity profiles in the backlayering region 

are almost similar regardless of the HRRs. This further indicates that the depth of the 

backlayering flow is almost constant in that particular tunnel. 

Table 6.24 shows the velocity distributions at 3.0 kW when the ventilation velocity was 

set to 0.47 mls. The velocity profiles at various positions upstream from the fire are 

shown in Figure 6.24. It can be observed that at this condition the smoke front travelled 

between 1.5 to 2 tunnel heights, consistent with previous determination using 0.25 mm 

sheathed thermocouple. 
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Figure 6.12 : Measured cross-sectional temperature contours at various distances from the burner in tunnel D [ 0=3.0 kW, Uc = 0.40 m/s) 
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Figure 6.13 : Measured cross-sectional temperature contours at various distances from the burner in tunnel D [0=15.0 kW, Uc = 0.59 m/s) 
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Chapter 6: Experimental Results 

2a ITH 1.0 14.00 13.00 1.50 0.41 

2b 3TH 1.0 10.00 10.00 1.50 0.35 

2c 5TH 1.0 8.50 7.00 1.50 0.31 

2d 10TH 1.0 5.00 5.00 1.50 0.25 

3a ITH 2.0 15.75 15.75 3.00 0.43 

3b 3TH 2.0 12.00 10.75 3.00 0.37 

3c 5TH 2.0 10.50 9.00 3.00 0.34 

3d 10TH 2.0 5.00 5.00 3.00 0.25 

4a ITH 5.0 18.50 16.50 7.50 0.46 

4b 3TH 5.0 14.00 12.50 7.50 0.40 

4c 5TH 5.0 11.50 9.50 7.50 0.36 

4d 10TH 5.0 5.00 5.00 7.50 0.25 

5a ITH 7.0 17.00 17.00 10.50 0.45 

5b 3TH 7.0 14.00 13.00 10.50 0.40 

5c 5TH 7.0 12.00 10.50 10.50 0.37 

5d 10TH 7.0 5.00 5.00 10.50 0.25 

6a ITH 8.0 17.00 17.00 12.0 0.45 

6b 3TH 8.0 14.00 13.00 12.0 0.40 

6c 5TH 8.0 12.00 10.50 12.0 0.37 

6d 10TH 8.0 5.00 5.00 12.0 0.25 

7a ITH 10.0 17.00 17.00 15.0 0.45 

7b 3TH 10.0 14.75 12.50 15.0 0.40 

7c 5TH 10.0 11.25 ' 10.00 15.0 0.37 

7d 10TH 10.0 5.00 5.00 15.0 0.25 

8a ITH 15..0 17.25 16.50 22.50 0.45 

8b 3TH 15.0 14.75 12.50 22.50 0.40 

8c 5TH 15.0 11.25 10.00 22.50 0.37 

8d 10TH 15.0 5.00 5.00 22.50 0.25 
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Chapter 6: Experimental Results 

T bl 62 M d a e .. easure ventilation velocit for I, 3, 5 and 10 tunnel heights in tunnel B 

;:<it . ••.. Distance •. ' Propane True pressure ........ Heat Ventilation ..••.......•.• ... 

I·'. 
"::::::::,,:::;:,",::-:-::::-,,:-/::,::,,::-" ::.. Flowrate reading<p~) ••....•.•.. . .. ' velocity < .••..•.•.•.. ····backUp<·· output 

. (TH) (Umin) Upper Lower .... (kW) (m/s) 

lOa ITH 1.0 38.89 37.0 1.50 0.36 

lOb 3TH 1.0 24.0 23.5 1.50 0.29 

10c 5TH 1.0 19.5 18.0 1.50 0.26 

10d 10TH 1.0 7.5 7 1.50 0.17 

lla ITH 2.0 63.5 58.0 3.00 0.45 

llb 3TH 2.0 45.5 43.5 3.00 0.39 

Hc 5TH 2.0 36.0 34.8 3.00 0.35 

lld 10TH 2.0 17.3 16.5 3.00 0.25 

12a ITH 5.0 84.5 83.0 7.50 0.53 

12b 3TH 5.0 66.0 65.0 7.50 0.47 

12c 5TH 5.0 49.0 48.0 7.50 0.40 

12d 10TH 5.0 28.8 27.8 7.50 0.31 

l3a ITH 7.0 93.0 92 10.50 0.56 

l3b 3TH 7.0 71.0 70.5 10.50 0.49 . 

l3c 5TH 7.0 54.0 53.5 10.50 0.43 

l3d 10TH 7.0 31.0 30.5 10.50 0.33 

14a ITH 8.0 95.0 94.5 12.0 0.56 

14b 3TH 8.0 73.0 70.5 12.0 0.49 

14c 5TH 8.0 58.5 58.0 12.0 0.44 

14d 10TH 8.0 32.0 31.5 12.0 0.33 

15a ITH 10.0 97.0 96.3 15.0 0.57 

15b. 3TH 10.0 76.5 75.5 15.0 0.51 

15c 5TH 10.0 59.5 58.8 15.0 0.44 

15d 10TH 10.0 34.5 34.5 15.0 0.34 

-16a lTH 15.0 97.0 96.3 15.0 0.57 

16b 3TH 15.0 76.5 75.5 15.0 0.51 
.. ._. 

16c 5TH 15.0 59.5 58.8 15.0 0.44 
~ 

16d 10TH 15.0 34.5 34.5 15.0 0.34 
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Chapter 6: Experimental Results 

T bl a e 6.3: Measure d ventilation velocit: for 1, 3, 5 and 10 tunnel heights in tunnel C 

I!l!!~iilli 
LPistance » •. Propane ....•..•. Truepressure ..•.•... .<>.Heat Ventilation 

t~dt&~ ••• >· •.••• ••· 
Flowrate 

. .H>f~~Ji~~··a;a)·.·· •• •••••••· I output 
••• 

tel6dtY .>. .. . . 

. <Tm»?' .• ··(v~l~)···· ••• • ····L()~~r······ 
••••••• Upper (kW) (m/s) 

18a 1TH 1.0 140.0 136.0 1.50 0.34 

18b 3TH 1.0 97.0 94.0 1.50 0.28 

18c 5TH 1.0 75.0 72.0 1.50 0.25 

18d 10TH 1.0 37.0 34.0 1.50 0.18 

19a 1TH 2.0 212.0 208.0 3.00 0.42 

19b 3TH 2.0 150.0 147.0 3.00 0.35 

19c 5TH 2.0 114.0 110.0 3.00 0.31 

19d 10TH 2.0 53.0 51.0 3.00 0.21 

20a 1TH 5.0 315.0 313.0 7.50 0.51 

20b 3TH 5.0 249.0 246.0 7.50 0.45 

20c 5TH 5.0 193.0 191.0 7.50 0.40 

20d 10TH 5.0 98.0 96.0 7.50 0.29 

21a 1TH 7.0 360.0 353.0 10.50 0.54 

21a 3TH 7.0 278.0 278.0 10.50 0.47 

21c 5TH 7.0 219.0 215.0 10.50 0.42 

21d 10TH 7.0 120.0 118.0 10.50 0.32 

'. 22a ITH 8.0 379.0 379.0 12.0 0.56 

22b 3TH 8.0 296.0 294.0 12.0 0.50 

22c 5TH 8.0 235.0 230.0 12.0 0.43 

22d 10TH 8.0 130.0 128.0 12.0 0.33 

23a ITH 10.0 399.0 396.0 15.00 0.57 

23b 3TH 10.0 310.0 304.0 15.00 0.50 
f 

23c 5TH 10.0 242.0 239.0 15.00 0.44 

23d 10TH 10.0 142.0 139.0 15.00 0.34 

24a 1TH 15.0 438.0 424.0 22.50 0.59 

24b 3TH 15.0 354.0 348.0 22.50 0.53 

24c 5TH 15.0 - 280.0 278.0 22.50 0.48 

24d 10TH 15.0 176.0 170.0 22.50 0.38 

25a 1TH 20.0 467.0 460.0 30.0 0.61 

25b 3TH ., 20.0 373.0 366.0 '30.0 0.55 

25c 5TH 20.0 300.0 293.0 30.0 0.49 

25d 10TH 20.0 180.0 180.0 30.0 0.39 
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Chapter 6: Experimental Results 

Tb a Ie 6.4 : Measured ventilation velocity for 1, 3, 5 and 10 tunnel heights in tunnel D 

Test Distance Propane . True pressure« .": , .. Heat Ventilation .... 
':: ... , 

,.... . .. 

r~~~li~~ (pa»> ··:><)~~i~i~\ No 
/b~~~; : ... ,.,.,. Flowrate '()~tP~t 

(TH) (l/min) Upper Lower (kW) (mls) 

27a 1TH 1.0 480.0 460.0 1.50 0.31 

27b 3TH 1.0 335.0 310.0 1.50 0.26 

27c 5TH 1.0 304.0 290.0 1.50 0.24 

27d 10TH 1.0 139.0 133.0 1.50 0.16 

28a ITH 2.0 700.0 665.0 3.00 0.37 

28b 3TH 2.0 490.0 455.0 3.00 0.31 

28c 5TH 2.0 380.0 - 3.00 0.28 

28d 10TH 2.0 170.0 145.0 3.00 0.18 

29a ITH 5.0 1090.0 1050.0 7.50 0.46 

29b 3TH 5.0 850.0 805.0 7.50 0.41 

29c 5TH 5.0 610.0 575.0 7.50 0.35 

29d 10TH 5.0 390.0 360.0 7.50 0.28 

30a ITH 7.0 1280.0 1240.0 10.50 0.59 

30b 3TH 7.0 965.0 920.0 10.50 0.43 

30c 5TH 7.0 770.0 750.0 10.50 0.39 

- 30d 10TH 7.0 420.0 420.0 10.50 0.29 

31a ITH 8.0 1360.0 1300.0 12.0 0.52 

31b 3TH 8.0 1060.0 1020.0 12.0 0.45 

31c 5TH 8.0 810.0 770.0 12.0 0.40 

31d 10TH 8.0 450.0 450.0 12.0 0.30 

33a) ITH 10.0 1565.0 1500.0 15.00 0.55 

33b 3TH 10.0 1160.0 1110.0 15.00 0.48 

33c 5TH 10.0 910.0 870.0 15.00 0.42 
" 

33d 10TH " 10.0 560.0 560.0 15.00 0.33 

34a ITH 15.0 1900.0 1870.0 22.50 ,. 0.63 

34b 3TH 15.0 - 1270.0 1245.0 22.50 0.50 

34c 5TH 15.0 1070.0 1020.0 22.50 0.46 

34d 10TH 15,0 635.0 600.0 22.50 0.35 
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Chapter 6: Experimental Results 

Table 6.5: Critical Ventilation Velocit data for each tunnel 

2 A 1.0 1.50 0.43 

3 A 2.0 3.0 0.46 

4 A 5.0 7.50 0.48 

5 A 7.0 10.50 0.48 

6 A 8.0 12.0 0.48 

7 A 10.0 15.0 0.48 

8 A 15.0 22.50 0.48 

10 B 1.0 1.50 0.39 

11 B 2.0 3.0 0.48 

12 B 5.0 7.50 0.56 

13 B 7.0 10.50 0.59 

14 B 8.0 12.0 0.60 

15 B 10.0 15.0 0.60 

16 B 15.0 22.50 0.60 

18 C 1.0 1.50 0.37 

19 C 2.0 3.0 0.45 
, 

C 5.0 7.50 0.54 20 

21 C 7.0 10.50 0.57 

22 C 8.0 12.0 0.59 

23 C 10.0 15.0 0.60 

24 C 15.0 22.50 0.62 

25 C 20.0 30.00 0.65 
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Chapter 6: Experimental Results 

T bl 6 5 C" I V '1' V I . d fj h a e . a: ntica entI atlOn e OCIty ata or eac tunne 
. ..-: ............ :. .. -:-:.-:-:.> ..... . " .. ' ..... 

Test Tunnel Propane .. ··.··.·Heat·· Critical 

No width flowrate output .. ventilation velocitYi< 

(mm) (l/min) >(kW) .. (m/s) ...•.....•.• i .•.••••. ·•·.•·• •. 

27 D 1.0 1.50 0.34 

28 D 2.0 3.0 0.40 

29 D 5.0 7.50 0.50 

30 D 7.0 10.50 0.54 

31 D 8.0 12.0 0.56 

32 D 10.0 15.0 0.59 

33 D 15.0 22.50 0.65 

35 E 1.0 1.50 0.44 

36 E 2.0 3.0 0.54 

37 E 5.0 7.50 0.60 

38 E 10.0 15.0 0.60 

39 E 15.0 22.50 0.60 

,I 
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Table 6.6: Temperature data in the fire region in tunnel B (Q = 3 0 kW Uc = 0 48 m/s) I 

D - (Y,z) 
(40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

0 233.44 167.23 175.23 144.95 98.44 62.76 48.33 44.55 

25 326.40 101.55 88.96 74.67 60.10 46.58 39.96 33.83 

55 470.29 164.08 92.84 73.41 59.51 48.42 41.07 33.66 

75 530.07 270.77 126.41 84.39 66.15 53.16 44.01 36.17 

100 586.36 430.39 222.13 113.65 75.86 58.94 48.01 39.77 

125 500.21 468.17 310.42 157.07 85.61 63.47 51.54 42.96 

150 341.46 443.65 381.74 235.91 112.43 69.80 55.41 48.05 

175 219.17 357.77 360.44 264.65 138.52 77.61 60.13 58.30 

200 145.69 262.38 303.33 262.70 168.06 96.60 68.35 71.43 

225 108.28 193.94 243.53 251.74 196.12 120.26 84.05 91.53 

250 87.66 147.44 201.20 231.92 200.97 143.27 109.86 118.81 

275 74.82 117.55 162.11 197.43 193.41 150.46 124.92 129.91 

300 63.64 96.06 133.02 170.36 180.25 156.88 145.68 145.67 

325 54.78 78.80 112.79 146.87 162.00 147.66 148.84 151.04 

350 47.81 65.69 89.55 124.68 149.42 145.99 151.06 151.68 

375 43.54 55.80 71.95 102.54 131.46 139.95 149.56 151.85 

[j 
39.20 47.83 61.65 86.43 120.48 132.86 147.82 151.45 

(Y,z) 
(40,55) (70,55) (100,55) (130,55) (160,55) (190,55) (220,55) (240,55) 

r= 
0 176.98 49.64 152.61 105.13 66.59 51.86 43.25 43.87 

25 149.16 54.73 79.85 64.55 50.61 43.71 37.48 35.38 

55 234.71 50.72 76.39 62.87 51.03 45.41 38.31 35.3 

75 376.32 46.12 88.09 69.02 55.62 49.1 40.6 36.92 

100 369.31 44.19 113.48 79.66 62.41 54.06 44.09 40.51 

125 379.23 42.32 167.99 92.26 68.94 58.33 46.86 43.8 

150 344.06 40.09 227.14 120.59 74.76 61.28 50.4 49.04 

175 284.98 39.43 271.63 161.89 85.4 65.05 54.11 . 56.75 

200 235.03 38.48 257.77 172.73 96.97 72.03 60.97 69.81 

225 165.74 36.37 239.96 194.23 123.6 86.21 73.14 88.56 

250 123.44 31.93 217.57 188.7 137.69 104.54 95.02 114.27 

275 106.76 27.13 200.87 193.27 155.52 121.52 109.57 125.2 

300 87.27 28.7 187.46 178.8 152.85 132.18 126.85 139.46 

325 79.15 28.29 158.88 159.81 146.56 135.18 135.42 143.86 

350 63.86 26.88 136.93 142.39 137.97 133.45 138.1 144.64 

375 48.29 27.55 112.47 123.95 135.41 135.43 144.08 148.77 

400 44.24 
I' 

27.01 104.11 114.29 122.91 131.22 141.95 146.81 

D (Y,z) 

(40,110) (70,110) (100, 110) (130,110) (160,110) (190,110) (220, 110) (240, 110) 

0 58.83 62.12 58.58 54.41 46.11 36.69 38.19 33.57 

25 
.. 

49.52 51.73 49.2 46.42 41.02 33.2 33.22 30.81 

55 55.48 57.14 53.48 49.44 42.52 33.9 33.77 31 

75 64.3 66.01 60.58 54.77 45.75 35.69 , 35.62 32.04 

100 72.75 75.11 68.0~ 60.52 48.8 37.79 38.12 33.81 

125 80.7 84.08 74.21 66.19 52.18 40.24 40.9 35.56 

150 83.85 89.49 77.29 70.03 54.83 42.59 44.15 37.12 

175 82.06 93.77 81.44 74.83 57.45 44.72 47.1 38.61 

200 78.81 87.45 77.77 72.18 56.37 45.39 51.04 44.04 , 
225 71.5 84.68 .. 79.03 75.48 57.5 48.67 62.53 62.12 

250 66.19 91.04 87.75 78.02 58.49 55.09 85.74 88.13 

275 61.23 90.83 96.04 88.13 67.03 65.26 97.27 100.63 

300 57.84 83.93 86.42 83.28 67.47 79.35 112.87 113.78 

325 51.95 73.01 84.44 82.61 73.5 91.19 123.5 123.22 

350 47.36 65.41 76.73 77.77 75.33 .: 102.65 127.47 125.56 

375 41.09 61.46 73.98 81.76 89.11 114.78 131.32 128.72 

400 39.34 50.62 66.75 79.32 94.26 118.66 132.84 129.28 
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Table 6.7: Temperature data in the fire region in tunnel B (0 = 3 0 kW U = 0 25 m/s) I 

(Y,z) 
x (40,0) . (70,0) (100,0) (130,0) . (160,0) (190,0) (220,0) (240,0) 

0 332.12 130.70 91.83 77.03 72.44 84.24 143.30 141.79 

25 357.01 158.91 100.68 78.n 71.10 82.64 143.88 142.62 
55 470.86 204.67 116.04 89.88 78.69 87.28 145.81 144.97 
75 574.93 401.08 260.15 148.72 97.91 95.71 150.90 159.10 

100 610.79 . 455.52 315.90 201.23 120.26 109.27 156.93 163.17 

125 448.95 456.73 385.78 280.88 173.48 141.28 172.89 180.88 

150 184.60 289.00 318.18 297.39 247.43 206.21 203.40 205.11 

175 127.78 207.69 252.80 256.70 234.80 206.72 206.28 205.61 

200 104.19 153.79 193.85 219.52 223.15 203.96 202.88 205.10 

225 79.56 106.30 140.91 175.71 196.97 194.55 195.54 195.45 

250 71.54 90.81 110.96 141.74 174.55 181.58 188.89 191.98 

275 61.51 77.35 91.04 114.09 143.33 158.54 177.36 185.44 

300 50.72 62.35 72.00 84.75 110.59 128.42 154.18 172.84 

325 50.72 62.35 72.00 84.75 110.59 128.42 154.18 172.84 

350 48.01 57.96 65.37 77.58 98.37 118.54 147.43 169.10 

375 43.59 51.25 59.59 70.72 88.33 109.10 138.60 160.23 

400 41.89 49.45 56.02 64.74 82.28 102.15 133.41 153.59 

(Y,z) 
x (40,55) (70,55) (100,55) (130,55) (160,55) (190,55) (220,55) (240,55) 

0 173.86 45.58 79.65 70.68 68.04 82.01 142.79 143.29 

25 213.12 48.64 81.88 71.42 67.15 81.35 144.04 145.71 

55 331.88 51.21 93.78 77.61 71.55 84.21 144.55 145.06 

75 376.21 46.88 145.42 98.81 83.04 91.48 149.39 156.35 

100 426.28 45.88 191.84 126.44 95.82 103.67 154.94 159.65 

125 397.29 43.67 292.00 189.90 130.86 131.55 168.38 172.52 

150 230.84 39.94 285.78 233.57 184.58 177.37 186.76 192.28 

175 195.23 38.27 255.93 234.10 209.05 192.50 192.18 193.43 

200 147.16 36.39 224.39 213.51 199.19 187.38 184.79 189.47 

225 101.72 25.45 197.87 190.49 185.46 181.12 181.75 184.21 

250 79.85 24.48 161.79 166.14 177.73 176.55 179.34 184.19 

275 62.75 24.66 132.29 136.56 148.15 155.66 168.81 179.79 

300 52.80 24.72 97.49 102.57 115.20 126.27 151.18 167.79 

325 52.80 24.72 97.49 102.57 115.20 126.27 151.18 167.79 

350 49.51 25.94 85.75 93.09 106.51 117.30 144.36 162.90 

375 46.49 27.99 74.79 83.61 98.05 109.42 137.55 154.56 

400 43.99 28.97 65.72 73.84 88.41 102.75 132.42 147.41 

0 (Y,z) 
(40,110) (70, 110) ,(100,110) (130,110) (160,110) (190, 110) (220, 110) (240, 110) 

0 54.72 57.51 56.27 59.45 63.22 90.29 142.13 131.51 

25 . 58.75 61.35 58.90 60.92 63.11 96.85 146.60 133.68 
.. 

55 67.61 69.75 65.n 66.25 66.97 97.47 144.21 132.84 

75 80.87 84.21 78.44 76.54 74.35 111.68 149.10 141.19 

100 89.96 93.64 87.02 84.00 81.13 122.35 151.84 138.72 

125 97.n 105.29 98.(2 97.73 101.37 136.24 159.49 146.04 

150 88.11 102.49 107.65 111.99 125.92 151.23 166.89 158.01 

175 84.12 113.64 122.90 129.23 138.52 156.66 170.21 160.89 

200 79.01 110.58 130.30 138.82 141.30 152.21 163.89 154.97 

225 69.51 89.71 104.18 122.70 134.65 148.70 161.66 153.73 

250 64.97 89.20 .. 105.58 125.08 137.73 151.97 162.94 158.19 

275 58.89 75.63 92.46 116.66 130.30 143.08 160.06 157.71 

300 51.55 61.76 75.n 104.00 121.67 136.29 152.21 149.90 

325 51.55 61.76 75.n 104.00 121.67 136.29 152.21 149.90 

350 49.32 59.31 73.93 100.35 118.96 133.78 146.05 143.62 

375 46.14 56.60 72.41 94.42 111.58 . 127.40 140.89 137.65 

""..,400 43.82 53.68 71.57 93.59 110.78 123.60 135.73 131.78 
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Table 6.8 : Temperature data in the fire region in tunnel B (Q = 7 50 kW Uc = 0 56 m/s) , 

0 (Y,z) 
(40,0) (70,0) • (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

0 252.03 419.98 485.15 489.64 399.58 290.02 189.40 150.11 

25 349.98 513.27 563.85 501.44 362.33 240.74 146.12 111.90 

55 549.98 593.42 554.56 443.76 265.16 164.41 119.24 96.06 

75 192.76 349.71 446.09 467.93 402.30 305.64 222.60 191.87 

100 684.41 621.77 530.82 379.93 204.31 133.54 100.79 89.26 

125 147.78 261.46 366.03 429.69 416.77 351.73 290.08 254.41 

150 132.56 222.68 308.16 385.10 397.06 347.37 300.51 269.69 

175 679.26 586.66 482.59 310.12 151.99 108.64 88.05 74.33 

200 117.02 174.87 247.48 326.85 358.27 338.32 312.21 287.37 

225 107.44 154.34 218.40 304.57 354.60 340.39 329.42 303.70 

250 624.06 514.80 371.28 193.70 115.41 92.95 78.39 62.99 

275 97.09 135.50 189.45 270.71 321.57 323.70 324.73 306.00 

300 598.76 442.91 246.73 135.96 98.44 82.55 71.18 57.85 

325 547.42 315.01 157.38 108.81 84.36 72.87 64.72 52.80 

350 453.68 161.91 98.47 84.55 67.93 60.65 55.79 45.95 

375 361.30 110.65 79.03 70.62 57.45 52.37 48.96 41.14 

400 243.42 77.77 58.04 51.37 43.26 39.97 38.92 34.94 

0 (Y,z) 
(40,55) (70,55) (100,55) (130,55) (160,55) (190,55) (220,55) (240,55) 

0 315.12 470.14 491.66 406.14 295.43 227.79 142.09 136.99 

25 348.30 470.52 465.63 360.30 233.91 174.90 113.15 102.01 

55 401.40 485.51 423.20 293.38 167.44 125.06 93.09 89.09 

75 274.94 419.28 472.47 407.30 306.20 234.08 164.80 176.78 

100 465.46 480.63 372.23 236.22 138.97 111.27 85.52 88.86 

125 208.65 360.13 436.05 397.81 325.93 276.32 235.97 242.70 

150 187.68 336.42 413.50 407.37 360.25 310.34 259.80 261.69 

175 483.46 460.17 315.84 175.22 112.99 97.30 77.66 81.11 

200 152.48 287.90 365.26 372.13 349.69 316.13 285.43 280.06 

225 130.99 250.04 337.46 357.14 358.59 333.87 306.05 293.81 

250 506.24 393.80 214.98 126.23 96.32 85.07 70.50 65.71 

275 117.00 223.48 303.00 336.10 351.24 333.47 313.20 292.40 

300 443.34 268.21 136.39 101.49 84.27 76.68 66.05 60.74 

325 434.77 196.29 109.37 88.59 74.28 69.17 61.06 57.02 

350 308.03 110.59 85.85 73.34 62.30 59.75 54.46 51.56 

375 147.32 85.92 72.20 62.59 53.64 52.23 48.47 45.75 
? 

400 100.04 64.23 53.48 46.60 41.00 39.63 37.56 36.05 

C] (40,110) (70,110) (100,110) (130,110) (160, 110) (190,110) (220, 110) (240, 110) 

0 134.40 186.60 178.90 165.26 119.22 91.37 101.94 97.19 

25 133.82 164.07 151.79 143.28 107.25 82.37 84.60 72.52 

55 - 132.85 162.03 144.64 129.05 97.33 73.59 76.54 68.50 

75 130.19 187.64 189.27 177.14 127.20 103.30 128.90 125.28 

100 126.22 144.17 127.47 115.98 91.25 70.00 75.14 79.88 

125 125.59 180.47 178.70 175.90 135.29 134.35 
. 

193.58 176.55 

150 120.02 184.04 193.47 190.45 144.36 160.25 218.35 199.07 

175 118.02 129.58 115.42 105.26 83.36 63.98 67.93 73.87 

200 112.59 177.55 190.94 194.75 164.88 197.10 241.93 217.66 

225 108.56 166.25 194.29 208.35 183.80 222.60 261.20 239.85 

250 101.90 109.99 99.98 91.20 73.92' 56.69 59.00 58.39 

275 101.48 162.39 191.77 208.95 205.33 237.58 271.03 253.46 

300 85.96 92.37 87.22 80.49 67.69 52.54 54.66 51.29 

325 75.31 80.41 77.07 71.46 61.30 48.11 50.67 45.87 

350 60.75 65.44 63.67 59.85 52.05 41.89 44.86 39.49 

375 51.10 55.14 53.90 50.83 44.51 36.84 39.84 34.97 
.; 

400 39.70 42.58 40.99 37.91 33.71 28.78 30.82 28.79 
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Table 6.9: Temperature data in the fire region in tunnel B (Q = 7 50 kW U = 31 m/s) , 

D (Y,z) 
(40,0) (70,0) - (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

0 313.28 131.10 104.98 97.56 89.02 111.84 239.40 238.81 

25 362.36 152.55 111.83 102.79 92.89 113.86 239.68 239.13 

55 475.10 225.89 134.15 114.56 100.30 118.38 239.55 237.92 

75 558.67 375.26 224.50 148.52 114.90 127.55 240.22 241.75 

100 649.73 516.71 374.97 227.78 142.40 138.88 239.37 249.34 

125 690.32 567.48 478.98 363.05 247.98 212.86 273.93 281.30 

150 622.87 611.46 562.56 460.53 322.88 268.98 303.14 303.04 

175 482.04 576.60 571.03 516.10 . 405.80 348.01 350.21 340.36 

200 330.79 475.17 521.58 525.64 464.99 413.73 395.26 369.50 

225 238.79 413.55 484.01 488.17 455.54 411.76 390.02 365.55 

250 163.04 282.06 373.15 423.61 440.28 416.04 396.68 374.13 

275 145.45 227.84 315.20 374.88 411.61 400.66 395.66 376.42 

300 120.66 161.67 220.54 299.45 360.95 3n.13 383.44 368.67 

325 111.94 144.46 190.31 259.58 324.98 348.30 362.80 356.94 

350 99.92 123.55 155.63 215.40 288.18 324.31 350.96 352.85 

375 88.17 104.58 128.19 175.41 241.77 291.36 331.67 338.94 

400 80.15 93.09 112.20 143.55 205.00 253.12 309.67 332.44 

(Y,z) 

x (40,55) (70,55) (100,55) (130,55) (160,55) (190,55) (220,55) (240,55) 

0 162.43 112.29 94 89.33 86.73 111.15 237.51 246.11 

25 1n.6 118.09 98.79 93.16 89.93 115.33 236.83 243.17 

55 330.91 156.43 110.93 101.13 95.96 119.64 236.13 240.38 

75 412.33 255.37 146.41 117.66 107.17 126.9 238.56 242.04 

100 448.49 346.14 211.53 143.05 119.52 133.33 242.51 247.23 

125 468.44 420.56 301.51 212.91 163.4 173.88 264.49 268.31 

150 453.3 491.96 413.99 306.35 219.46 230.25 292.27 289.2 

175 419.12 521.13 493.36 404.21 314.9 313.65 333.36 324.06 

200 343.34 468.65 482.1 418.35 355.35 356.97 362.21 352.15 

225 290.7 429.88 469.64 417.4 353.87 350.1 351.22 343.31 

250 231.28 374.25 449.17 435.78 407.61 391.25 375.32 354.99 

275 182.43 308.62 402.7 409.57 402.67 387.65 374.98 361.54 

300 143.74 245.52 329.69 366.74 395.76 392.19 379.11 360.98 

325 129.94 210.42 283.46 318.21 351.37 356.87 359.97 347.97 

350 115.09 188.2 250.78 288.38 326.18 334.51 346.28 345.24 

375 100.48 151.1 201.02 230.75 264.12 292.34 324.82 337.04 

400 89.54 126.36 \ 162.86 190.61 233.96 259.61 309.03 325.47 

0 (Y,z) 

(40,110) (70,110) (100,110) (130,110) {160, 110) {190, 110) (220, 110) (24O, 110) 

0 64.43 71.32 73.11 78.34 90.65 126.12 258.24 236.54 

25 67.63 74.54 76.55 81.47 94.42 130.9 253.82 229.75 

55 76.76 84.12 84.47 88.33 99.17 144 248.57 219.96 

75 91.66 99.78 98.15 101.32 107.45 157.35 247.44 216.4 
" 

100 106.4 115.72 110.55 111.27 109.65 156.61 246.65 214.67 

125 126.29 138.99 130.69 130.56 126.93 188.35 260.75 213.69 

150 138.26 158.6 150.73 149.83 150.6 220.53 283.89 210.3 

175 148.79 190.7 196.17 194.89 202.83 259.06 301.51 226.59 

200 147.24 184.7 197.03 205.86 227.97 281.08 319.27 253.83 

225 142.73 189.1!3 198.85 211.25 234.38 267.35 300.74 250.98 

250 133.88 178.96 209.38 243.79 267.91 302.7 327.35 2n.74 

275 127.95 189.25 230.77 274.93 288.58 312.31 330.09 285.64 

300 120.1 171.47 218.86 267.09 282.48 318.08 336.19 301.55 

325 110.93 151.94 197.62 245.12 263.78 302.87 322.52 ·294.88 

350 103.62 142.47 183.55 '239.53 258.41 oj 293.82 316.42 294.76 

375 94.53 124.88 156.28 212.19 239.43 2n.58 303.69 286.82 

400 85.13 111.41 141.9 193.6 224.37 262.12 293.55 280.88 
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Table 6 10' Temperature data in the fire region in tunnel B (Q = 15 a kW Uc = a 60 m/s) I 

D (Y,z) 
~ 

(4O,0) {70, 0) {100, 0) (130,0) (160,0) (190,0) (220,0) (24O,0) 

0 203.56 66.38 53.36 47.00 35.16 32.75 33.36 29.46 

25 426.33 111.38 74.60 67.34 49.60 44.75 45.57 36.91 

55 467.12 176.37 80.57 64.05 46.81 41.32 40.47 32.58 
75 567.48 367.20 156.74 100.31 70.94 60.92 59.42 46.85 

100 634.83 470.10 269.44 134.73 89.70 75.81 73.39 58.17 

125 626.19 535.48 408.59 204.95 80.67 63.17 59.23 45.83 

150 699.35 582.09 480.27 316.43 133.79 94.56 88.13 70.16 

175 734.65 642.82 561.42 399.98 185.07 120.14 107.91 90.93 

200 746.92 693.68 609.66 490.03 306.98 190.31 137.07 119.78 

225 674.25 661.11 602.68 513.73 348.59 217.45 125.16 94.57 

250 697.47 696.61 662.25 578.27 460.93 345.44 222.83 182.64 

275 597.18 659.44 675.18 614.75 531.69 429.58 328.44 288.45 

300 357.89 431.07 503.88 527.82 477.34 400.15 288.67 222.23 

325 359.76 473.77 555.33 594.22 562.57 494.31 426.11 365.74 

350 265.83 400.53 501.54 560.73 559.65 516.99 468.97 424.54 

375 234.21 353.92 477.84 553.44 557.63 519.33 484.54 442.54 

400 211.21 327.99 432.19 504.12 529.69 518.42 489.10 463.42 

D (Y,z) 
{40, 55) {70, 55) {100, 55) {130, 55) {160, 55) {190, 55) {220, 55) (24O,55) 

0 90.55 173.99 48.22 41.62 36.07 37.42 32.95 30.81 

25 178.19 285.04 69.24 60.75 51.51 52.69 46.36 42.06 

55 296.20 161.35 66.29 55.66 47.55 47.09 39.18 35.41 

75 462.77 222.10 102.94 85.21 70.98 69.72 58.53 52.39 

100 556.62 231.06 147.09 108.02 89.35 85.45 71.21 63.89 

125 542.46 142.83 218.48 105.09 74.86 70.89 55.39 48.92 

150 574.28 171.44 310.98 166.12 109.02 101.57 82.00 75.80 

175 564.15 167.09 404.87 234.32 138.18 123.04 99.01 102.35 

200 516.68 154.00 479.82 334.99 186.68 150.21 118.17 126.95 

225 427.71 105.37 498.39 382.76 208.16 151.68 96.10 91.25 

250 416.99 125.07 576.44 484.73 342.48 268.02 180.30 178.95 

275 380.04 121.49 577.04 511.40 407.15 335.35 260.81 266.89 

300 239.29 81.15 503.04 460.31 368.24 315.87 215.95 198.67 

325 290.15 102.12 571.27 547.48 471.51 430.93 360.85 344.65 

350 257.23 105.53 549.89 552.68 513.34 483.81 435.36 407.85 

375 243.97 101.02 , 544.05 557.42 516.40 491.27 456.06 427.43 

400 236.82 98.07 513.69 539.97 521.49 493.20 465.54 447.79 

D (Y,z) 

{40, 110) {70, 110) (100, 110) {130, 110) {160, 110) {190, 110) (220, 110) (24O, 110) 

0 42.01 41.34 37.98 34.82 31.82 27.14 29.74 25.99 

25 61.80 59.69 55.01 50.77 45.36 36.63 41.33 33.82 

55 59.68 57.76 51.95 46.32 39.87 31.75 34.54 27.51 

75 92.28 87.12 78.75 70.14 59.91 46.69 51.70 41.84 
;' 

100 117.75 110.32 98.03 86.27 72.69 55.49 61.52 52.66 

125 102.82 99.09 83.82 72.62 59.30 46.28 49.68 42.55 

150 148.80 141.62 119.15 105.42 86.29 65.53 71.47 64.33 

175 175.23 176.46 142.91 128.00 104.78 79.01 87.98 74.92 

200 195.56 205.80 173.90 149.48 120.10 90.40 102.64 78.87 

225 142.84 187.47 149.33 117.29 87.71' 69.47 76.67 67.32 

250 198.24 267.08 241.92 203.15 148.06 113.37 139.73 126.54 

275 210.22 294.60 277.23 251.88 186.56 149.53 214.84 186.94 

300 134.26 219.01 218.11 203.88 143.53 114.66 157.86 142.04 

325 189.37 289.56 298.89 291.33 223.16 215.36 285.32 '262.38 

350 205.36 321.89 342.69 353.19 304.93., 299.61 363.25 338.03 

375 208.32 308.92 340.00 354.64 320.70 344.56 397.38 360.54 

400 197.06 296.68 337.93 371.57 361.10 388.78 420.59 379.86 
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Table 6.11: Temperature data in the fire region in tunnel 8 (Q = 15.0 kW, U = 0.34 m/s) 

0 (Y,z) 
(40,0) (70,0) ~ (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

0 275.19 259.97 266.04 258.37 232.85 271.75 371.72 322.31 
25 377.19 167.04 144.73 144.65 144.65 169.32 303.56 296.87 
55 526.40 278.44 160.01 143.16 137.46 156.51 300.58 308.94 

75 568.46 411.10 242.50 171.42 151.11 165.60 310.50 303.21 

100 651.82 510.16 385.32 242.99 172.66 181.76 322.90 291.06 

125 696.27 570.76 467.85 318.40 206.69 208.70 345.05 320.17 
150 742.34 657.71 568.48 459.61 336.21 327.37 402.47 342.59 
175 739.84 712.13 626.40 536.00 417.65 387.04 421.52 393.55 
200 710.14 726.33 677.90 581.13 485.62 453.19 468.21 463.97 
225 648.34 717.85 711.63 632.01 556.74 522.53 529.62 519.78 
250 548.35 657.37 686.88 657.06 582.28 552.40 550.40 533.54 

275 410,51 562.17 655.46 663.92 616.85 589.12 582.76 559.35 

300 324.24 477.26 582.72 631.34 624.38 604.79 592.37 563.61 

325 242.88 356.87 455.76 542.55 599.72 598.23 597.34 577.88 

350 162.67 220.30 309.17 418.05 504.71 539.53 547.96 529.34 

375 160.94 202.73 268.54 378.39 474.71 525.39 557.93 552.24 
400 149.09 177.56 231.50 322.42 438.49 501.49 551.94 549.82 

0 (Y,z) 
(40,55) (70,55) (100,55) (130,55) (160,55) (190,55) (220,55) (240,55) 

0 229.44 188.53 258.89 256.01 115.76 279.50 246.01 71.28 

25 212.58 227.83 142.53 142.58 158.71 174.42 299.65 238.52 

55 357.21 242.07 139.03 133.78 181.38 162.61 304.44 308.69 

75 448.40 247.76 170.55 150.50 192.99 171.51 315.47 300.91 

100 493.24 233.92 234.01 177.89 195.28 187.83 327.14 272.74 

125 557.19 210.99 309.34 219.72 173.80 204.23 338.91 305.91 

150 555.88 178.90 416.29 312.43 177.73 295.63 393.50 311.73 

175 469.27 143.21 458.03 374.93 123.15 330.68 392.43 358.06 

200 425.38 125.64 530.54 455.57 62.06 392.17 435.69 443.49 

225 407.63 134.69 570.25 518.84 87.87 484.94 506.65 495.91 

250 362.40 135.81 585.42 550.23 105.41 525.54 530.59 508.26 

275 308.12 126.96 587.16 588.39 113.78 562.07 555.79 523.84 

300 290.41 124.88 583.78 593.80 115.10 580.45 568.99 544.26 

325 237.90 111.15 516.80 561.92 117.32 587.00 576.36 560.34 

350 198.58 74.66 442.07 502.43 52.38 534.90 526.74 515.55 

375 190.81 80.31 , 399.24 474.80 69.80 537.68 547.75 542.43 

400 172.29 78.74 362.07 432.08 77.88 516.19 542.46 539.65 

D (Y,z) 
(40,110) (70,110) (100,110) (130,110) (160,110) (190,110) (220, 110) (240, 110) 

0 134.81 155.30 177.09 209.41 239.99 272.70 359.83 206.02 

25 .. 97.34 103.37 110.63 121.48 128.26 173.78 315.89 214.17 

55 107.34 110.50 111.88 116.11 128.14 166.12 313.42 265.07 

75 127.95 129.38 127.61 127.17 140.08 176.77 318.07 247.23 

100 147.18 149.17 144.43 142.13 152.83 201.11 331.95 193.36 

125 164.37 170.35 158.16 152.59 157.36 235.02 350.84 192.76 

150 189.82 205.04 191.95 188.14 205.80 341.70 392.34 169.90 

175 165.72 193.38 180.26 176.99 189.75 309.62 377.69 173.56 

200 184.95 245.93 240.32 242.81 254.73 342.59 411.61 362.07 

225 212.42 269.41 289.42 305.38 339.59' 421.63 468.05 391.77 
" 

250 216.53 282.27 304.41 338.66 376.21 441.46 481.75 391.32 

275 215.60 288.56 335.27 391.94 426.44 483.65 501.06 417.77 

300 216.62 291.09 346.22 405.32 451.70 498.86 505.62 444.42 
325 211.37 287.02 346.46 420.23 464.56 506.37 506.38 480.58 

350 175.23 259.09 325.85 397.77 427.15 474.85 487.67 439.14 
.'. 

375 188.94 260.27 323.44 394.12 429.19 482.13 505.59 480.43 

~ 179.44 245.81 305.21 375.09 415.42 477.68 503.94 477.49 
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Table 6 12' Temperature data in the fire region in tunnel D (0 = 3 0 kW Uc = 040 m/s) , 
(Y,z) 

x (40,0) (70,0) ~ (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

0 169.52 78.88 52.17 43.22 38.72 33.84 32.51 32.42 

25 337.71 126.56 66.55 52.06 45.23 38.06 35.03 35.19 

55 494.40 246.59 107.41 68.12 54.98 44.05 38.80 39.12 

75 577.82 408.35 236.93 133.46 84.15 58.35 49.48 50.28 

100 580.54 514.23 372.08 208.73 104.21 65.16 51.78 54.10 

125 368.97 438.10 400.44 288.62 157.20 84.62 60.50 64.67 

150 188.64 339.81 400.13 369.76 260.11 143.05 98.41 108.03 

175 140.70 241.67 303.89 301.42 247.68 162.27 116.37 122.99 

200 108.20 182.20 251.50 285.38 256.09 187.98 142.30 143.36 

225 71.45 111.67 163.18 214.86 232.72 194.73 167.54 159.15 

250 57.10 76.07 110.30 155.41 188.62 181.37 165.29 155.47 

275 49.43 60.51 81.81 113.40 155.42 160.28 157.17 146.71 

300 45.35 47.75 59.85 80.34 117.46 139.63 152.40 139.84 

325 43.24 45.37 52.99 68.15 95.34 122.82 138.89 130.54 

350 37.45 37.93 42.19 51.36 74.27 101.86 121.23 116.20 

375 35.09 35.02 36.13 40.93 55.87 85.38 115.82 109.73 
400 33.17 33.09 34.19 36.96 47.05 70.58 102.99 97.89 

0 (Y,z) 
(40,250) (70,250) (100,250) (130,250) (160,250) (190,250) (220,250) (240,250) 

0 27.99 28.25 26.96 25.63 27.28 27.46 29.51 29.10 

25 30.93 31.30 29.62 27.75 29.87 29.95 31.02 30.37 

55 33.93 34.42 32.31 29.80 32.28 32.05 32.82 32.17 

75 37.37 38.09 35.40 32.30 34.59 35.06 38.09 40.29 

100 38.41 39.12 36.50 33.10 35.21 35.15 35.84 35.60 

125 39.45 40.38 37.36 34.12 35.61 35.96 36.63 38.55 

150 37.18 38.53 35.64 33.11 34.26 35.84 48.54 64.24 

175 37.75 39.32 36.15 33.61 34.82 35.93 50.75 66.40 

200 37.45 39.36 36.03 33.58 34.65 38.78 69.07 90.02 

225 35.92 38.38 34.82 32.92 33.70 40.77 88.77 109.86 

250 34.65 37.47 33.65 32.30 33.09 41.66 100.92 120.77 

275 32.95 35.75 32.21 31.04 31.98 44.62 107.20 125.27 

300 31.57 34.29 30.82 30.04 31.30 52.88 110.61 127.30 

325 31.59 34.06 30.87 31.11 32.81 60.43 116.57 134.54 

350 29.14 31.42 28.36 28.02 29.89 55.42 106.01 123.42 

375 27.84 29.95 , 27.31 27.00 29.10 60.22 104.79 119.98 

400 27.26 28.96 26.52 27.09 29.23 63.62 107.09 119.50 

0 (Y,z) 
(40,480) (70,480) (100,480) (130,480) (160,480) (190,480) (220,480) (240,480) 

0 26.33 21.70 21.84 22.01 22.20 21.68 21.67 21.63 

25 27.21 22.49 22.72 22.96 23.17 22.44 22.40 22.38 

55 29.03 24.36 24.56 24.85 25.03 24.07 24.08 24.24 

75 29.31 24.46 24.76 25.07 25.25 24.65 26.42 31.66 

100 29.56 24.67 24.93 25.28 25.37 24.06 
,. 

24.87 29.90 

125 30.96 26.01 2M2 26.65 26.71 25.37 26.54 30.14 

150 30.99 26.13 26.38 26.81 26.88 26.34 30.40 37.89 

175 31.19 26.35 26.61 27.02 27.11 25.85 28.18 34.44 

200 31.47 26.56 26.81 27.28 27.39 27.23 35.16 44.86 

225 31.57 26.69 26.90 27.41 27.45 27.05 36.09 48.74 

250 31.66 26.72 26.99 27.51 27.60 29.17 45.43 61.09 

275 31.49 26.60 26.83 27.27 27.48 31.56 51.07 69.02 

300 31.40 26.52 26.71 27.10 27.59 35.47 61.47 77.44 

325 31.29 26.36 26.61 26.88 '27.62 38.67 69.92 84.83 

350 30.90 25.96 26.11 .26.33 27.19 39.64 70.52 84.72 

375 30.54 25.65 25.76 25.93 27.93 
~ 

43.50 74.63 85.17 
400 30.28 25.37 25.51 25.64 28.40 44.65 78.04 84.79 
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Table 6.13: Temperature data in the fire region in tunnel 0 (Q = 3.0 kW, U = 0.18 m/s) 

~ 
(Y,z) 

)( (40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

0 236.64 147.71 108.28 88.02 68.26 65.59 78.59 140.66 

25 480.78 353.29 254.40 inn 101.10 89.19 109.58 176.n 
55 625.71 527.92 436.89 337.56 224.55 181.71 1n73 208.60 

75 448.23 466.74 449.28 388.27 300.70 238.68 207.48 221.n 
100 256.63 341.49 372.44 352.72 301.67 245.95 220.39 218.62 
125 149.36 216.83 263.03 290.97 304.16 267.n 246.77 237.09 

150 88.71 115.97 153.99 196.70 248.02 238.27 246.03 243.12 

175 69.95 80.46 94.20 120.05 1n86 199.86 235.13 236.27 

200 62.81 67.51 75.58 91.31 139.41 179.92 219.71 229.14 

225 56.10 58.72 62.26 68.71 99.90 140.30 192.34 216.08 

250 51.14 52.39 54.46 56.03 74.94 111.39 167.83 193.83 
275 46.31 47.06 48.48 47.73 56.16 84.69 140.78 178.91 

300 43.00 43.30 43.90 42.86 47.29 70.35 123.92 166.54 

325 40.23 40.68 40.94 40.17 43.89 62.99 113.44 153.14 

:350 36.76 37.43 37.80 36.84 38.76 54.04 99.95 133.89 

!~~ 
35.04 35.62 36.11 35.60 37.69 51.43 95.82 127.75 

34.58 34.94 35.22 34.83 36.21 46.85 86.01 121.14 

(Y,z) 
)( (40,250) (70,250) (100,250) (130,250) (160,250) (190,250) (220,250) (240,250) 

0 34.49 34.96 32.64 34.44 38.04 44.30 111.93 125.67 

25 38.60 39.04 35.80 37.90 41.61 48.45 117.00 133.30 

55 43.30 43.99 39.72 42.07 45.62 52.98 122.44 138.20 

75 44.97 46.11 41.21 43.78 47.98 55.49 122.72 139.82 

100 44.84 46.28 41.35 44.17 48.08 55.55 122.18 139.67 

125 44.35 46.18 41.18 44.11 48.19 54.84 125.86 142.50 

150 43.16 45.45 40.28 43.51 47.64 55.49 121.39 138.91 

175 41.38 43.82 38.88 42.25 46.41 55.08 122.16 139.18 

200 40.29 42.33 37.67 41.19 45.27 53.59 118.28 135.24 

225 38.76 41.01 36.48 40.01 44.30 52.03 115.39 133.64 

250 37.41 39.30 35.24 38.86 43.23 50.68 105.99 121.20 

275 35.85 37.61 33.71 36.93 41.01 47.96 98.51 114.27 

300 34.52 36.09 32.50 35.68 39.48 46.18 93.15 109.83 

325 33.00 34.47 31.30 34.33 38.14 43.47 91.05 106.64 

350 31.81 32.74 , 29.94 32.50 36.09 41.35 83.56 100.11 

375 30.92 31.87 29.43 31.76 35.03 40.45 80.56 93.25 
400 30.53 31.25 28.94 31.35 34.42 39.12 n06 90.79 

D (Y,z) 
(40,480) (70,480) (100,480) (130,480) (160,480) (190,480) (220,480) (240,480) 

0 28.81 23.83 24.42 26.04 28.73 58.n 88.80 90.37 

25 " 30.24 25.21 25.88 27.67 30.30 61.39 91.29 93.10 

55 32.01 26.92 27.61 29.81 33.19 70.36 92.36 91.78 

75 32.89 27.n 28.75 31.13 35.62 78.22 ., 95.07 93.49 

100 33.41 28.30 29.24 31.87 36.69 80.19 97.41 96.22 
125 34.n 29.52 30.62 33.45 38.59 82.33 99.79 99.64 

150 34.21 28.91 29.97 32.74 38.30 79.04 96.87 98.58 
175 34.02 28.78 29.66 32.24 38.11 n67 94.59 94.82 

200 33.79 28.65 29.48 31.90 37.n 75.43 92.87 94.11 

225 33.83 28.59. 29.28 31.n 37.74' 76.00 93.52 94.19 

250 33.79 28.58 29.37 31.78 37.69 76.90 90.37 90.91 

275 33.77 28.59 29.03 31.22 38.96 74.49 87.59 87.79 

300 33.61 28.42 28.81 30.98 37.41 73.56 88.94 88.51 
325 32.78 27.n 27.88 29.49 35.27 72.15 85.65 . 85.74 

350 32.42 27.30 27.54 29.16 36.24 71.30 83.n 82.85 
375 32.22 27.21 27.39 28.85 36.19 68.85 79.89 78.62 
400 31.73 26.65 27.10 28.63 36.09 68.00 78.34 n33 
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Table 6.14 : Temperature data in the fire region in tunnel D (Q = 7.50 kW, Uc = 0.50 m/s) 

0 (Y,z) 
(40,0) (70,0) . (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

0 129.81 103.99 96.39 102.44 109.77 102.06 99.54 104.44 
25 226.79 89.67 68.37 61.48 61.02 55.62 53.44 52.87 

55 480.51 214.12 92.05 71.76 63.09 55.42 51.17 46.39 

75 558.11 339.33 171.88 98.90 76.99 65.04 58.31 51.90 

100 686.51 508.34 355.35 194.28 107.73 82.64 69.27 62.29 

125 729.01 565.35 429.15 265.03 137.37 92.44 75.64 66.80 

150 681.21 616.77 529.46 402.13 226.91 129.42 95.12 92.73 

175 557.76 626.30 565.55 459.53 327.22 200.12 132.42 128.13 

200 359.43 492.29 532.31 490.29 395.75 271.24 193.94 184.09 

225 211.80 352.18 451.18 483.77 440.84 355.86 287.01 260.39 

250 142.48 250.94 345.59 404.25 418.49 365.08 312.54 283.20 

275 116.14 193.07 264.43 328.28 389.85 377.23 343.64 309.04 

300 88.69 122.38 171.76 236.16 313.38 335.44 338.48 316.96 

325 83.39 103.37 135.08 182.23 264.03 301.01 317.55 303.39 

350 72.50 85.17 107.18 145.55 217.44 266.53 285.23 275.50 

375 69.55 78.19 90.37 113.68 170.11 233.51 269.28 263.71 

400 62.89 70.69 82.08 102.62 145.58 204.61 247.35 251.32 

0 (Y,z) 
(40,250) (70,250) (100,250) (130,250) (160,250) (190,250) (220,250) (240,250) 

0 36.51 37.43 35.21 36.14 37.45 39.13 74.87 81.55 

25 36.62 37.52 35.81 36.68 38.05 39.44 49.87 50.88 

55 41.10 41.96 39.61 40.54 41.73 43.03 47.13 45.92 

75 46.06 46.66 43.59 44.33 45.14 46.51 49.13 47.24 

100 50.20 50.94 47.43 47.63 47.48 48.49 51.62 50.22 

125 53.34 54.35 50.08 50.13 49.69 50.53 53.59 52.29 

150 56.40 57.73 53.05 52.94 52.05 52.57 56.52 57.28 

175 59.12 60.88 55.93 55.53 54.00 54.24 64.95 72.73 

200 60.55 63.80 57.93 57.86 56.06 56.46 85.98 104.04 

225 59.27 63.53 57.13 57.58 55.65 55.35 92.70 121.83 

250 58.98 64.31 57.22 58.17 56.29 56.46 133.50 163.59 

275 57.34 64.27 56.22 57.80 55.99 56.85 166.40 193.47 

300 54.29 61.75 53.29 55.68 54.80 61.71 199.34 225.79 

325 53.24 60.93 52.19 55.27 54.99 74.45 218.21 242.40 

350 49.77 57.44 48.75 52.01 52.40 74.82 217.97 235.70 

375 47.95 55.49 , 
46.92 50.83 52.54 91.81 224.04 238.52 

400 45.77 52.44 44.31 48.12 51.26 96.85 220.43 232.46 

D (Y,z) 
(40,480) (70,480) (100,480) (130,480) (160,480) (190,480) (220,480) (240,480) 

0 32.57 27.43 28.20 28.72 28.96 28.41 34.61 41.67 

25 32.01 27.05 27.87 28.63 29.10 27.91 30.22 32.77 .. 
55 32.90 27.97 28.76 29.59 30.02 28.60 30.01 31.31 

75 34.16 29.10 29.88 30.73 31.14 29.51 30.72 32.27 

100 35.63 30.29 31.11 32.01 32.29 30.52 .' 35.20 43.56 

125 36.57 31.20 31.92 32.71 32.87 30.81 33.02 37.14 

150 37.80 32.34 33.06 33.87 34.04 31.92 36.36 45.28 

175 38.91 33.41 34.07 35.01 35.05 33.23 42.78 56.51 

200 40.08 34.58 35.33 36.23 36.28 33.98 44.94 61.42 

225 40.41 34.84 35.61 36.63 36.52, 34.11 43.91 60.74 

250 41.54 35.89 .. 36.63 37.70 37.28 36.17 48.64 68.68 

275 42.00 36.48 37.00 38.12 37.55 36.10 51.52 77.40 

300 42.36 36.63 37.23 38.17 37.97 39.96 72.20 100.85 

325 42.56 36.89 37.55 38.23 38.37 49.26 97.76 124.59 

350 42.15 36.61 37.11 37.85 38.21 51.75 103.43 134.09 

375 41.88 36.41 36.96 37.40 38.22 
~:, 

59.88 119.67 145.97 

400 41.17 35.74 36.27 36.54 38.21 64.05 127.85 151.32 
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T bl 615 T t d t . th f . t I D (Q 7 50 kW U 0 28 /) a e empera ure a a In e Ire region In unne = = ms , 

D (Y,z) 
(40,0) (70,0) • (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

0 229.84 97.99 68.53 60.93 56.68 59.52 95.92 120.83 

25 475.47 199.19 107.27 83.73 73.56 75.00 106.73 144.18 

55 605.69 403.13 246.32 154.82 106.22 97.73 118.42 162.14 

75 724.70 577.18 456.65 338.86 212.13 171.13 174.91 225.94 

100 663.29 631.27 556.40 481.30 382.40 319.12 285.83 304.42 

125 510.04 597.26 580.98 530.44 450.47 389.35 353.95 350.15 

150 369.58 482.71 513.29 506.54 468.70 420.00 381.16 365.45 

175 179.18 291.19 371.08 436.56 458.58 430.11 404.79 374.36 

200 143.88 209.13 281.75 355.75 403.48 408.24 418.57 391.09 

225 113.89 155.77 202.25 278.30 353.82 389.69 410.24 400.50 

250 105.09 128.16 152.06 192.87 272.70 337.10 388.39 377.23 

275 96.45 109.70 123.34 141.15 198.04 287.69 366.62 372.59 

300 86.95 96.20 105.36 112.94 152.17 218.47 309.42 336.65 

325 74.98 81.73 86.99 89.18 112.39 169.57 252.60 276.53 

350 70.51 75.59 79.61 80.44 95.12 144.00 235.98 266.88 

375 63.96 68.41 71.10 70.34 78.59 119.14 204.10 247.04 

400 59.15 62.81 65.06 63.98 70.02 102.54 178.69 222.03 

D (Y,z) 
(40,250) (70,250) (100,250) (130,250) (160,250) (190,250) (220,250) (240,250) 

0 38.49 38.84 36.26 38.42 43.86 54.27 136.84 156.68 

25 44.72 45.85 42.04 45.23 52.87 64.97 165.93 183.49 

55 50.37 52.11 47.18 50.83 59.22 72.20 174.39 186.44 

75 56.16 58.40 52.52 56.63 65.08 77.97 185.57 201.01 

100 63.30 66.40 59.24 64.14 72.51 86.70 213.26 228.39 

125 66.39 69.88 62.25 67.52 76.05 92.88 221.87 234.63 

150 68.36 72.77 64.05 70.16 79.29 96.33 222.73 244.76 

175 70.48 75.73 66.50 74.71 84.83 107.23 229.50 249.36 

200 70.23 76.08 66.01 74.66 84.79 109.85 231.13 252.95 

225 67.83 74.65 63.92 73.09 82.83 103.37 218.38 246.99 

250 66.10 72.90 62.76 72.56 83.12 108.85 223.89 245.43 

275 64.79 72.22 61.41 71.30 81.77 106.82 216.78 245.21 

300 61.17 67.75 57.51 67.39 78.28 103.15 205.42 231.74 

325 56.77 62.41 53.60 62.79 73.65 98.05 182.36 204.73 

350 54.54 59.52 51.03 59.38 69.88 94.61 174.96 193.51 

375 50.53 55.42 
, 

47.18 55.24 65.06 86.40 163.94 190.41 

400 48.22 52.50 44.94 52.78 62.11 81.13 150.32 175.69 

D (Y,z) 
(40,480) (70,480) (100,480) (130,480) (160,480) (190,480) (220,480) (240,480) 

0 32.06 26.92 27.80 30.38 34.55 63.88 119.52 124.46 

25 34.43 29.09 30.32 33.95 39.88 77.31 137.92 141.09 .. 
55 36.46 31.04 32.34 36.56 43.08 81.90 139.30 145.36 

75 38.63 32.97 34.20 38.89 45.61 86.90 141.67 144.92 

100 41.36 35.64 36.99 42.02 49.52 105.99 , 147.92 145.54 

125 42.95 37.16 38.64 43.53 52.03 113.61 147.24 144.82 

150 44.37 38.47 39.86 44.81 54.28 118.19 151.86 149.70 

175 47.50 41.08 42.58 48.51 58.86 125.04 157.04 159.74 

200 48.54 41.99 43.51 49.21 59.42 126.57 160.43 164.23 

225 49.00 42.31 43.89 49.64 60.00 124.10 156.64 161.55 , 
250 49.63 42.85 .. 44.48 50.08 61.69 127.26 160.25 162.77 

275 50.19 43.53 44.97 50.92 63.40 129.84 162.45 164.38 

300 50.35 43.37 44.47 50.08 62.16 130.67 161.35 164.28 

325 49.69 42.87 44.00 49.33 63.37 128.21 152.93 153.62 

350 47.98 41.35 42.10 46.68 60.10 126.94 150.04 149.59 

375 46.82 40.29 41.14 45.63 61.56 " 124.38 147.82 148.72 
400 45.77 39.53 40.47 44.65 60.18 119.26 141.70 143.49 
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Table 616· Temperature data in the fire region in tunnel 0 (0 =15 a kW Uc = 0.59 m/s) , 

(Y,z) 
x (40,0) (70,0) . (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

0 135.81 72.72 56.44 50.23 48.02 44.34 42.24 38.41 

25 291.05 107.17 72.91 63.30 59.84 53.98 50.96 45.96 

55 507.41 220.00 112.88 85.04 76.67 67.19 62.26 56.14 

75 577.16 347.60 176.52 113.08 95.42 81.08 74.85 67.78 

100 663.11 470.06 283.89 161.79 119.09 96.76 88.59 80.92 

125 718.28 570.81 422.73 272.69 160.98 120.29 104.01 94.92 

150 742.50 663.62 511.45 372.44 230.01 153.08 124.34 115.57 

175 768.66 726.71 570.53 447.32 317.56 229.16 177.56 157.88 

200 755.43 737.11 602.62 488.11 352.29 247.02 190.89 180.33 

225 740.14 750.87 704.17 573.24 459.22 359.48 266.28 252.55 

250 632.98 690.66 707.34 640.98 538.21 453.54 380.10 345.73 

275 476.71 603.88 658.66 645.79 573.59 489.29 427.84 401.03 

300 247.09 390.62 509.19 604.07 600.33 546.59 502.80 469.96 

325 198.88 318.03 421.08 528.38 564.24 544.90 514.32 488.61 

350 152.53 220.00 293.52 388.11 482.20 512.21 504.77 485.24 

375 125.17 165.75 228.69 300.31 413.05 472.29 492.15 484.48 

400 117.77 146.82 199.77 272.93 388.16 446.47 472.74 467.83 

0 (Y,z) 
(40,250) (70,250) (100,250) (130,250) (160,250) (190,250) (220,250) (240,250) 

0 39.50 39.18 38.25 39.00 41.32 44.35 46.22 43.02 

25 46.12 46.35 44.76 45.76 48.29 51.78 54.94 50.99 

55 53.55 53.55 51.31 52.65 55.24 59.28 63.20 58.80 

75 60.72 60.47 57.67 58.95 61.52 66.10 69.97 65.51 

100 67.82 67.50 63.64 64.39 66.33 71.13 76.20 71.58 

125 73.24 72.50 67.99 68.71 69.91 74.52 80.23 76.22 

150 81.20 79.29 74.88 74.00 74.42 79.19 87.26 85.40 

175 85.69 85.08 78.99 78.76 78.98 83.88 92.67· 94.62 

200 89.97 88.94 82.29 81.46 80.72 84.85 95.24 98.55 

225 94.26 94.24 86.53 85.58 84.43 88.68 106.85 116.66 

250 97.32 100.98 91.58 91.08 89.82 94.50 146.62 175.40 

275 98.92 103.84 93.97 93.93 93.33 99.15 182.09 216.33 

300 97.69 106.93 95.31 97.79 98.46 115.73 282.11 309.56 

325 92.64 103.20 89.96 93.64 93.89 107.39 269.92 304.36 

350 90.21 102.66 88.06 93.60 95.76 129.31 338.62 358.04 

375 86.55 99.98 i 85.50 94.42 98.57 159.06 358.95 377.77 

[j 
83.80 97.80 82.59 91.80 98.64 168.75 352.02 372.67 

(Y,z) 
(40,480) (70,480) (100,480) (130,480) (160,480) (190,480) (220,480) (240,480) 

0 35.87 30.49 32.04 33.08 32.92 32.24 34.18 33.72 

25 39.10 33.45 35.50 37.02 37.21 36.02 38.80 39.43 .. 
55 41.11 35.34 37.57 39.40 39.73 38.08 41.59 43.22 

75 43.01 37.15 39.48 41.37 41.74 40.20 43.74 46.08 

100 44.72 38.66 40.99 43.03 43.40 41.69 45.57 51.50 

125 45.95 39.67 41.87 43.63 43.96 42.13 46.42 53.95 

150 49.06 42.00 44.29 46.42 46.26 44.61 53.20 69.65 

175 50.29 43.49 45.64 47.61 47.58 45.76 52.31 71.23 

200 51.66 44.82 46.85 48.82 48.49 46.67 52.51 70.82 

225 53.92 46.67 48.54 50.53 50.00, 48.07 59.94 80.08 

250 56.59 49.10" 51.05 53.41 52.52 52.44 72.05 102.64 

275 58.58 50.78 52.67 55.23 54.53 55.60 80.55 112.56 

300 60.76 52.89 54.88 57.19 56.96 70.23 123.40 152.79 

325 60.83 53.23 54.95 57.34 56.85 61.77 114.75 149.48 

350 61.60 54.05 55.92 58.05 58.01 70.60 137.23 170.41 

375 61.74 54.67 56.63 58.08 59.05 < 88.11 170.43 198.02 

40C 61.64 54.81 56.61 57.90 59.28 96.24 181.47 209.35 
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Table 6 17' Temperature data in the fire region in tunnel D (Q = 15 a kW U = a 33 m/s) I 

0 (Y,z) 
(4O,0) (70,0) . {100, 0) (130,0) (160,0) (190,0) (220,0) (24O,0) 

0 295.61 116.29 90.69 84.20 93.00 105.92 162.95 202.91 

25 427.96 171.72 116.40 101.88 113.74 127.78 185.32 243.31 

55 562.89 362.91 212.06 143.47 139.23 146.93 201.15 265.67 

75 672.18 525.08 388.82 268.24 201.01 202.07 264.45 323.17 

100 707.87 607.18 520.55 415.86 317.26 308.19 347.70 384.97 

125 747.53 736.50 697.58 616.45 529.41 499.57 493.58 493.70 

150 626.35 658.80 676.54 646.66 594.10 563.28 549.62 533.69 

175 469.95 516.55 581.97 614.76 618.74 593.10 568.54 546.62 

200 389.89 453.90 523.91 554.51 579.29 567.48 557.18 537.16 

225 277.60 335.58 392.41 466.58 545.09 557.22 568.84 554.42 

250 179.58 228.57 283.48 355.51 461.43 510.89 549.96 549.91 

275 150.37 174.02 204.99 252.87 358.14 452.94 525.05 538.70 

300 152.00 170.45 200.60 237.68 337.68 433.52 515.48 527.13 

325 133.14 143.36 163.02 183.45 256.52 346.95 453.98 478.35 

350 124.54 132.34 147.04 158.90 212.53 298.12 417.65 459.68 

375 123.82 128.77 139.03 143.53 186.25 269.83 398.56 434.61 

~f 
111.52 116.31 124.04 125.72 157.94 223.31 346.83 390.68 

(Y,z) 
(70,250) (100,250) (130,250) (160,250) (190,250) (220,250) (240,250) 

57.12 58.00 54.45 60.05 72.13 93.99 252.26 265.56 

25 65.63 67.79 63.66 71.57 86.56 113.44 279.96 289.07 

55 72.62 75.25 70.20 79.73 95.94 126.40 294.54 300.34 

75 83.12 85.96 79.65 90.43 107.60 141.32 316.17 316.56 

100 92.18 95.08 87.88 99.57 116.12 154.69 341.00 347.23 

125 105.32 109.73 100.76 115.58 134.07 188.82 406.38 410.71 

150 113.07 119.28 108.44 124.89 144.02 204.93 413.87 420.80 

175 115.21 122.82 110.65 127.98 147.52 205.19 407.87 417.02 

200 117.36 126.88 113.48 131.75 152.37 224.16 420.85 426.84 

225 116.04 128.06 112.32 132.09 153.49 222.84 409.89 424.64 

250 112.84 125.67 109.51 129.55 151.74 210.85 402.77 430.30 

275 111.78 126.98 109.04 131.77 157.99 240.05 426.48 453.35 

300 108.02 122.28 104.18 125.63 150.64 227.11 402.12 422.02 

325 101.28 117.25 99.23 120.89 147.42 225.10 373.85 411.52 

350 96.77 111.26 93.13 114.06 141.19 209.83 353.70 393.89 

375 93.86 106.23 \ 87.93 106.36 133.62 196.00 330.68 369.19 

400 87.91 98.54 81.90 100.61 126.98 183.39 290.10 332.61 

D (Y,z) 
(40,480) (70,480) (100,480) (130,480) (160,480) (190,480) (220,480) (240,480) 

0 45.19 38.51 41.77 47.70 56.18 118.72 203.68 207.85 

25 49.55 42.40 46.32 53.85 64.71 142.46 220.94 217.90 

55 51.97 44.80 48.93 56.97 68.73 161.96 230.55 219.03 

75 54.95 47.58 51.66 60.05 72.55 174.46 238.68 220.58 

100 58.47 50.81 54.54 63.16 76.31 190.86 246.99 222.21 

125 63.88 55.57 59.58 68.60 83.82 201.68 245.56 229.19 

150 67.01 58.34 62.49 71.64 87.44 205.48 238.04 224.42 

175 69.13 60.16 63.52 72.49 89.47 199.04 232.86 222.95 

200 70.77 61.56 65.06 74.28 91.68 204.21 238.60 228.52 

225 72.45 63.01 66.00 74.86 94.08 198.01 240.56 236.05 

250 73.02 63.6El"' 66.19 74.97 92.03 195.62 245.98 244.54 

275 77.57 67.78 69.81 79.03 99.20 213.69 269.07 270.06 

300 76.55 66.82 69.15 77.47 96.76 208.76 258.66 259.23 

325 75.96 66.42 68.90 77.63 98.38 209.97 258.85 266.88 

350 75.22 65.72 67.24 .75.44 95.23 210.99 261.56 262.73 

375 74.45 65.04 65.84 73.61 
-;, 

98.48 212.25 250.51 249.52 

400 73.24 64.36 65.06 72.87 96.07 206.21 240.13 241.67 
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Table 6.18 : Temperature data in the upstream region in tunnel A (0 = 3 ° kW U = ° 25 m/s) , 

c=J (Y,z) 
(40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

-100 54.22 52.64 56.77 96.16 171.32 240.07 247.33 250.82 
-200 46.50 45.63 50.89 87.16 156.78 214.05 229.64 234.71 
-300 40.21 39.39 45.71 79.37 139.54 190.94 212.66 217.49 
-400 36.70 36.13 42.94 75.32 125.09 178.21 203.19 206.46 
-500 34.52 34.06 40.59 73.46 112.74 162.49 192.83 196.33 
-600 30.53 30.26 36.57 69.77 95.60 144.35 180.52 176.86 
-700 28.55 27.90 34.67 67.01 91.06 138.98 171.98 175.87 
-800 26.77 25.66 31.81 60.93 82.21 135.60 162.72 172.65 
-900 .25.78 24.57 29.78 56.72 74.26 132.44 155.25 164.13 
-1000 24.67 23.70 28.28 53.16 67.05 124.80 145.18 151.59 

T bl 619 T t d t . h I A (0 7 50 kW U ° 25 I) a e empera ure a a In t e upstream region In tunne = = ms , 

(Y,z) 
(240,oJI x (40,0) (70,0} (100,0) (130,0) (160,0) (190,0) (220,0) 

-100 111.01 99.30 93.97 108.61 159.34 277.58 335.72 361.33 
-200 61.52 62.78 64.09 82.30 128.15 237.13 285.35 313.09 
-300 51.33 52.08 55.82 75.58 122.61 217.62 262.85 281.88 
-400 44.06 44.86 50.02 75.01 116.06 190.45 241.07 252.79 
-500 44.06 44.86 50.02 75.01 116.06 190.45 241.07 252.79 
-600 39.10 40.07 45.67 71.34 107.83 170.32 221.65 220.30 
-700 35.00 34.71 41.38 68.86 100.58 159.90 201.48 211.16 
-800 32.54 30.90 37.02 64.13 91.98 155.16 189.80 201.18 
-900 30.83 28.75 34.02 59.58 84.09 152.06 182.16 193.29 
-1000 28.92 26.94 32.07 56.87 77.94 144.96 172.46 182.94 
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Table 6 20' Temperature data in the upstream region in tunnel D (0 =3 0 kW, U = 0.18 m/s) 

c=J (Y,z) 
(40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

-100 117.13 120.92 116.70 104.32 92.38 87.81 181.47 218.98 

-200 45.63 45.33 45.n 44.51 45.19 59.76 123.69 129.16 

-300 36.85 35.96 36.10 36.44 37.43 55.66 96.15 95.n 

-400 33.33 32.55 32.79 33.62 35.42 56.14 78.90 78.16 

-500 31.37 30.39 30.69 31.68 34.41 54.96 69.49 67.97 

-600 29.02 28.61 28.95 30.48 31.25 52.26 63.11 61.87 

-700 24.41 24.57 26.23 27.17 27.65 48.45 55.36 53.04 

-800 24.00 24.36 26.06 26.65 28.05 48.32 54.27 52.56 

-900 23.64 24.29 25.83 26.30 28.09 46.71 51.76 50.00 

-1000 23.32 24.20 25.70 25.91 27.04 43.51 48.70 46.76 

c=J (Y,z) 

(40,250) (70,250) (100,250) (130,250) (160,250) (190,250) (220,250) (240,250) 

-100 43.10 43.20 45.68 46.52 45.66 67.n 126.88 141.33 

-200 37.88 37.05 37.61 39.13 41.34 69.97 106.07 115.86 

-300 34.04 32.61 32.84 34.51 36.84 62.83 89.16 95.27 

-400 31.70 30.05 30.43 32.04 34.64 60.36 76.79 79.64 

-500 29.99 28.16 28.n 30.50 32.79 58.03 66.39 66.98 

-600 28.26 26.78 27.24 29.05 31.22 53.53 57.98 58.67 

-700 24.12 23.n 24.23 25.21 28.39 47.74 50.03 50.03 

-800 23.81 23.68 24.06 24.84 28.06 45.46 48.17 47.96 

-900 23.46 23.47 23.90 24.88 28.35 43.84 46.16 45.68 

-1000 23.21 23.31 23.73 24.82 28.02 40.98 43.73 43.60 

c=J (Y,z) 
(40,480) (70,480) (100,480) (130,480) (160,480) (190,480) (220,480) (240,480) 

-100 34.86 30.63 32.56 33.14 35.37 53.43 89.94 99.91 

-200 33.02 28.87 31.06 31.60 34.55 54.45 88.20 95.41 

-300 31.49 27.24 29.03 29.82 33.30 53.03 78.52 83.33 

-400 30.33 25.87 27.53 28.24 31.98 53.42 72.37 75.14 

-500 29.13 24.80 26.32 27.09 31.24 52.97 64.79 66.56 

-600 28.00 23.65 25.10 25.98 29.77 49.44 56.56 57.19 

-700 26.71 22.33 23.46 23.96 27.86 45.00 49.56 49.60 

-800 26.57 22.22 23.27 23.82 28.02 44.08 47.24 46.83 

-900 26.48 22.08 23.08 23.65 27.78 42.96 46.59 46.25 
-1000 26.41 22.05 22.91 23.55 27.06 40.58 43.61 43.43 
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Table 6 21· Temperature data in the upstream region in tunnel D (0 = 7 50 kW U = 0 28 m/s) I 

CJ (Y,z) 
(40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

-100 157.51 122.92 110.29 100.26 102.84 117.87 238.48 252.77 

-200 62.10 63.38 63.23 64.15 68.46 107.61 188.28 189.20 

-300 44.10 45.56 48.23 48.23 53.47 97.52 133.86 130.10 

-400 38.31 38.37 39.47 43.01 42.98 89.12 110.83 109.17 

-500 38.31 38.37 39.47 43.01 42.98 89.12 110.83 109.17 

-600 34.88 35.29 36.16 40.24 38.76 81.51 101.47 100.53 

-700 32.21 32.66 34.34 38.28 35.51 76.03 93.85 92.81 

-800 30.25 30.45 33.07 35.51 32.63 69.22 83.72 82.36 

-900 29.15 30.00 32.16 33.60 32.05 62.97 76.52 74.79 

-1000 28.67 29.47 31.35 32.54 31.25 57.97 72.51 70.70 

c=J (Y,z) 
(40,250) (70,250) (100,250) (130,250) (160,250) (190,250) (220,250) (240,250) 

-100 58.99 63.49 62.22 64.38 65.34 137.92 186.69 194.34 

-200 50.85 54.30 53.71 56.06 60.07 122.73 163.77 169.81 

-300 41.50 42.19 42.54 45.21 49.63 103.34 127.19 130.57 

-400 35.40 35.39 36.26 39.16 42.04 90.13 102.38 103.83 

-500 35.40 35.39 36.26 39.16 42.04 90.13 102.38 103.83 

-600 32.68 32.29 33.16 36.07 38.86 82.62 92.58 93.57 

-700 30.55 30.08 30.75 33.35 36.54 75.34 82.86 83.26 

-800 28.80 28.25 28.47 30.45 33.83 63.53 71.69 71.68 

-900 27.82 27.29 27.54 29.33 32.98 58.79 66.33 66.52 

-1000 27.23 26.72 26.86 28.66 32.55 56.36 63.49 63.72 

c=J (Y,z) 
(40,480) (70,480) (100,480) (130,480) (160,480) (190,480) (220,480) (240,480) 

-100 43.46 39.36 43.83 44.05 48.78 104.49 143.38 149.54 

-200 41.24 36.95 41.52 41.50 46.94 99.87 133.82 138.15 

-300 37.78 33.02 36.91 36.86 43.18 90.31 113.24 113.73 

-400 33.56 28.83 32.44 33.13 39.26 81.96 96.52 97.85 

-500 33.56 28.83 32.44 33.13 39.26 81.96 96.52 97.85 

-600 31.62 26.98 30.18 31.14 36.73 74.71 87.96 89.35 

-700 30.16 25.65 28.31 29.24 34.67 67.71 79.44 80.21 

-800 29.05 24.54 26.62 27.47 32.54 60.48 69.02 69.68 

-900 28.70 24.16 25.95 26.72 31.49 57.04 65.45 65.77 
-1000 28.48 23.91 25.62 26.35 30.67 54.48 62.76 63.60 
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Table 6 22' Temperature data in the upstream region in tunnel D (Q =15 0 kW U = 0 33 m/s) , 

c=J (Y,z) 
(40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

·100 182.23 148.18 137.75 129.76 130.37 172.50 348.15 345.85 

·200 86.78 88.82 90.02 93.48 98.23 164.75 268.22 266.23 

·300 62.16 63.94 64.81 69.05 74.56 149.09 184.73 168.57 

·400 49.66 50.62 51.42 56.58 55.72 128.02 154.32 145.75 
·500 49.66 50.62 51.42 56.58 55.72 128.02 154.32 145.75 

·600 43.87 45.12 45.73 52.14 49.37 113.53 140.09 135.25 

·700 38.89 40.03 41.89 47.50 43.23 99.62 125.10 121.63 

·800 36.39 36.88 39.50 42.39 39.57 91.39 112.52 107.92 

·900 35.14 35.76 37.59 39.85 37.85 83.57 105.11 101.26 

·1000 33.67 34.74 36.39 38.63 37.50 76.02 97.28 94.24 

CJ (Y,z) 
(40,250) (70,250) (100,250) (130,250) (160,250) (190,250) (220,250) (240,250) 

·100 85.88 94.35 90.13 96.94 98.01 213.62 269.87 283.18 

·200 73.16 79.76 76.70 82.28 86.29 189.11 229.40 233.01 

·300 56.75 58.60 58.11 63.40 69.48 151.76 174.90 175.10 

·400 44.55 45.48 46.31 50.47 55.89 130.70 145.53 145.73 

·500 44.55 45.48 46.31 50.47 55.89 130.70 145.53 145.73 

·600 40.33 40.46 41.50 45.56 51.03 116.25 129.95 129.63 

·700 36.24 35.72 36.38 39.84 45.41 102.61 114.81 114.60 

·800 33.70 32.99 32.95 35.39 41.95 86.76 98.04 97.74 

·900 32.28 31.86 31.58 33.81 40.20 81.07 92.00 91.67 

LJ 
31.34 30.58 30.36 32.57 38.87 75.89 86.90' 86.95 

(Y,z) 
(40,480) (70,480) (100,480) (130,480) (160,480) (190,480) (220,480) (240,480) 

·100 59.42 55.43 64.87 65.36 74.68 165.36 214.73 223.41 

·200 55.55 50.81 59.50 59.56 69.64 151.95 197.95 201.23 

·300 47.38 42.12 48.54 48.31 58.39 131.33 164.43 164.13 

·400 41.17 35.64 41.79 42.58 51.72 119.00 146.26 147.57 

·500 41.17 35.64 41.79 42.58 51.72 119.00 146.26 147.57 

·600 36.48 31.33 36.76 37.70 46.75 105.73 128.27 130.05 

·700 34.70 29.82 34.42 35.40 43.81 96.54 117.06 118.23 

·800 31.47 26.72 29.98 30.84 38.70 83.06 99.41 100.91 

·900 30.72 25.98 28.90 29.95 37.40 78.61 94.65 96.49 

·1000 30.11 25.46 28.04 29.06 35.79 74.84 90.80 92.28 
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Chapter 6: Experimental Results 

Table 6.23: Velocity distributions measured in tunnel Busing LDV at 1.25 tunnel 
height from the burner when the backlayering flow was controlled at 2.25 tunnel height 
upstream (Allen et aI, 1999). 

Distance above Velocity (mls) 

tunnel floor (mm) 1.50 kW 3.0kW 4.50kW 7.50kW 15.0 kW 

10 0.574 0.592 0.748 0.737 0.758 

20 0.594 0.638 0.779 0.753 0.765 

30 0.604 0.659 0.802 0.780 0.765 

40 0.622 0.669 0.805 0.783 0.788 

50 0.655 0.680 0.819 0.806 0.805 

60 0.637 0.691 0.829 0.815 0.805 

70 0.648 0.694 0.834 0.819 0.846 

80 0.633 0.693 0.827 0.829 0.823 

90 0.656 0.712 0.825 0.819 0.838 

100 0.666 0.710 0.834 0.831 0.816 

110 0.665 0.726 0.813 0.836 0.825 

'. 120 0.662 0.724 0.809 0.832 0.839 

130 0.657 0.716 0.813 0.847 0.836 

140 0.652 0.723 0.804 0.834 0.831 

150 0.640 0.723 0.791 0.818 0.835 

160 0.566 0.698 0.737 0.785 0.752 

170 0.442 0.610 0.653 0.698 0.644 

180 0.302 0.462 0.560 0.493 0.386 
.. 
190 0.188 0.291 0.417 0.194 0.181 

200 0.050 0.138 0.249 0 0.018 

210 -0.052 -0.089 -0.015 -0.112 -0.113 

220 -0.128 -0.158 -0.133 -0.136 -0.185 

230 -0.162 -0.179 -0.151 -0.149 -0.208 
.. 

240 -0.024 -0.034 -0.247 -0.026 -0.137 

245 0.010 0 -0.078 0.002 0.005 
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Chapter 6: Experimental Results 

Table 6.24: Velocity distributions measured in tunnel Busing LDV at various distances 
from the burner when the bacldayering flow was controlled at 2.25 tunnel height 
upstream [Q = 3.0 kW, U = 0.47 mls] (Allen et aI, 1999). 

Distance above Velocity (mls) 

tunnel floor 1I2TH ITH 3/2TH 2TH 5/2TH 5/4TH 
.(mm) 

430 0.819 0.793 0.736 0.605 0.576 0.659 

480 0.835 0.792 0.749 0.626 0.581 0.693 

530 0.692 0.723 0.726 0.597 0.559 0.716 

580 -0.111 -0.011 0.063 0.500 0.516 0.462 

630 -0.222 -0.193 -0.185 0.253 0.415 -0.179 

131 



Chapter 7: Data Analysis and Discussion of Experimental Results 

Chapter 7 

Data Analysis and Discussion of 

Experimental Results 

In this chapter, the experimental results will be analysed and discussed. Firstly, the 

behaviour of the smoke flow is discussed in three aspects namely, the fire plume, 

backlayering flow and downstream smoke flow. The present study found the fire plume 

distribution in the tunnels is important in discussion of the variations of the critical 

ventilation velocity. Therefore detailed discussions on the fire plume distribution have 

been carried out. MacCaffrey's plume theory is extended in tunnel fire situations. 

The main concern of the discussion is the critical ventilation velocity. The variation of 

.. the critical ventilation velocity is discussed in relation with fire power and tunnel cross

sectional geometry. 

7.1 Fire Plume 

The fire produced in the tunnels using 106 mm diameter porous bed burner in the present 

work was a turbulent diffusion flame. Figure 7.1 shows a photograph of a fire in tunnel 

Eat 15.0 kW. There are two distinguished regions that can be observed; the flame and 

the buoyant smoke flow. 

It can be observed that with the presence of longitudinal ventilation flow, the fire plume 

deflects at certain angle from the vertical, similar features as being found in the large 

scale experiments (Haerter, 1965; Bettis et al1993; Apte et alI991). 
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McCaffrey (1979) proposed fire plume theory by studying a fire plume above a 30 cm 

square porous burner. A free fire plume consists of three distinct regimes as illustrated 

in Figure 7.2. The three regimes are: 

(1) the near fire, above the burner, where there is persistent flame and accelerating 

flow of burning gas. 

(2) a region in which there is intermittent flaming and a near-constant flow velocity 

(the intermittent zone); and 

(3) the buoyant plume which is characterised by decreasing velocity and temperature 

with height 

In the tunnels, the fire plume was confined by the tunnel walls. The fire interacted with 

the tunnel side walls and ceiling. In addition, the longitudinal ventilation flow has 

strongly influenced the shapes of the fire plume. From the experimental observations, the 

present study extended McCaffrey's fire plume theory, to tunnel situations. The fire 

plume was considered to have the three regimes. The feature of each regime is the same 

as described by McCaffrey. However the fire plume shapes are completely different 

" from a free fire plume. 

Based on the measured temperature contours and experimental observations, at critical 

ventilation conditions, there are two different fire plume distributions in tunnel which are 

described in Figure 7.3 and Figure 7.4, respectively. 

The first fire plume distribution occurred when fire power was relatively small. 

Examples are shown in Figures 6.5(a), 6.1O(a) and 6.14(a) for tunnels B, D and A, 

respectively. In these tests, the fire plume was relatively small, the persistent and 

intermittent flame did not reach the tunnel ceiling. The fire plume was divided into three 

regimes as illustrated in Figure 7.3 where two parameters are proposed to describe the 

feature of the fire plume. The first parameter is the flame height (FH) which takes into 

account of the vertical flame height of the intermittent regime above tunnel floor. Next 
, . 

parameter is the deflection angle of the fire plume from the vertical which is defined as a.. 
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In practice, it is quite difficult to define the temperature range with respect to the three 

regimes. This information is hardly found in the literature. To establish the basis for the 

discussion, the photograph in Figure 7.1 was compared with the measured temperature 

contours in Figure 6.S(c) for the tunnel B, at the same HRR. The present work 

considered that the temperature in the persistent flame regime is greater than SOO °C. 

The temperature in the intermittent regime is between 250°C to 500°C. The buoyant 

plume is considered to have temperature less than 2S0 °C. 

The second fire plume distribution occurred when the fire power was increased to 15.0 

kW. The measured temperature contours in Figures 6.S(c), 6.10(c) and 6.14(c) show 

that the intermittent flames have reached the ceiling. The fire plume was illustrated in 

Figure 7.4. However, upon increasing the fire power, the persistent flame elongated 

further downstream, from the fire seat. No experimental tests have demonstrated the 

persistent flame reached the ceiling when the ventilation velocity was set at critical 

conditions. Persistent flame did reach the ceiling when the ventilation velocity. was much 

_. lower than the critical ventilation velocity. 

7.1.1 Flame Height 

Unlike in an open fire, the flame heights inside the tunnel were observed depend greatly 

on the interaction between the fire plume with the compartment geometry and the 

ventilation flow. An attempt was made to illustrate the flame height with two main 

parameters; the HRR and ventilation velocity. Since the exact regimes associated with 

the fire plume were difficult to determine, both temperature values of2S0 °C and 3S0 °C 

were selected to justify the boundaries for the intermittent regimes, while the boundary 

for the persistent regime remains at SOO °C. 
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(1) Relationship of Flame Height and the HRR 

Figure 7.5 shows the variations of the flame height against HRRs in tunnels A, Band D 

at critical ventilation velocities. The results show that for a small fire (3.0 kW), both 

intermittent regimes indicated by 250°C and 350 °C are approximately at 125 mm 

above tunnel floor. Whilst, the persistent regimes in the three tunnels lay low. Both 

persistent and intermittent regimes are the highest in tunnel D, followed by tunnels Band 

A. 

However at 7.50 kW fire, the intermittent regimes indicated by the 250°C contours have 

definitely reached the ceiling, while the intermittent regimes indicated by 350 °C have 

nearly reached the ceiling for all tunnels. The persistent flame in the three tunnels are 

approximately at 125 mm above tunnel floor. 

Finally at 15.0 kW fire, both intermittent regimes have already reached the ceiling, while 

the persistent flame have not yet reached the ceiling. 

(2) Relationship of Flame Height with Ventilation Velocity 

Figure 7.6 shows the variations of flame height against ventilation velocity in tunnels A, 

Band D at 3.0 kW, 7.50 kW and 15.0 kW with reference to the temperature 250°C 

contours. Whilst, Figure 7.7 shows the same plot using 500°C for the persistent flame 

regime. In both figures, the ventilation velocities were set at three conditions; velocity at 

which the backlayering was controlled at ten tunnel height upstream from fire seat, 

critical conditions and at the velocity twice of the critical ventilation velocity. 

The results show that in all tunnels, the flame height decreases with the increase of 

ventilation velocity. It can be also observed that i~ both figures the flame heights in 

tunnel D are the highest, followed by tunnels Band A. 
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It is shown in Figure 7.& that at lower ventilation velocity (between 0.15 mls to 0.35 

mls), the intermittent regimes for a small fire (3.0 kW) have not yet reached tunnel 

ceiling for the three tunnels. However, when the fire HRRs increase to 7.50 kW and 

15.0 kW, the intermittent regimes have already reached tunnel ceiling. 

At the critical ventilation conditions ( 0.40 mls to 0.65 mls), the intermittent regimes at 

3.0 kW, further reduce their heights. However, the intermittent regimes for 7.50 kW 

and 15.0 kW fires still reach the ceiling. 

Similarly, it is shown in Figure 7.7 that at lower ventilation velocity (0.15 mls to 0.35 

mls), the persistent flames are less than one third of the tunnel height for 3.0 kW fire. 

When the fire HRR increases to 7.50 kW, the persistent flames are approximately half 

the height of the tunnel. Further increases in the HRR to 15.0 kW, the persistent flame 

regimes nearly reach tunnel ceiling. 

At the critical conditions (0.40 mls to 0.65 mls), the persistent flames for 3.0 kW fire are 

approximately the same height as in the previous condition. However, at 7.50 kW and 

15.0 kW fires, the persistent regimes further reduce their heights. 

7.1.2 Flame Angle (a) 

The measured flame tilt angles from the vertical for. three . HRRs at least at two 

ventilation velocities are shown in Table 7.l. For each HRR, the first velocity was 

correspond to the velocity at which the backlayering flow was controlled at ten tunnel 

heights upstream. The second velocity was the critical ventilation velocity while the third 

velocity was the additional test that was carried out. 

It was found that the deflection angles of the fire plumes in all tunnels were greater that 

45 0. The tilt angles agreed with the results from the Gallery tunnel in the Health and 
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Safety Laboratory, Buxton (Bettis, 1993, 1994) which also showed that the flaming 

region was generally inclined at an angle greater than 45 ° from the vertical. A similar 

feature of the pattern was observed in another large scale experiment performed by Apte 

et al (1991). The measured tilts angles were in the range 54 ° to 66 0, depending on the 

ventilation velocity. 

(1) The Relationship of Flame Angle with the HRR 

The results in Table 7.1 also show that in a particular tunnel, for example tunnel B, the 

fire plume tilt angle increases as the fire power increases. The tilt angle for 3.0 kW fire 

at the critical ventilation velocity (0.48 mls) was 70°. When the fire HRR was increased 

to 7.50 kW, the tilt angle at the critical ventilation velocity (0.56 mls) further increased 

to 73°. Finally at 15.0 kW, the tilt angle further increased to 76°. A similar pattern 

occurred in both tunnels A and D. 

(2)The Relationship of Flame Angle with the Ventilation Velocity 

In order to investigate the relationship of the plume angle with the ventilation velocity, a 

few tests have been carried out on a specific HRR at least two ventilation velocities. 

Examples of the effect of the ventilation velocity on the fire plume angle can be seen in 

Figure 6.4. It can be observed that at ventilation velocity 0.25 mis, the plume tilt angle 

was approximately 60°. When the ventilation velocity was increased to 0.48 mis, the 
, 

plume further deflected at approximately 70°. Finally, when the ventilation velocity was 

increased to 0.96 mis, the deflection angle was approximately 78°. 

(3) The Relationship of Flam~ Angle with Tunnel Aspect Ratio 

The measured fire plume tilt angles in Table 7.1 also show that at specific HRR, the tilt 

angle decreases as the tunnel aspect ratio increases. It can be seen that at 3.0 kW fire at 

critical ventilation velocity, the tilt angle in tunnel A is 75°. The plume tilt angle 

decreases to 70° in tunnel B. Finally, the plume tilt angle further decreases to 60° in 

tunnel D. 
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Figure 7.8 shows the variations of flame tilt angles against ventilation velocity in tunnel 

A, B, D at 3.0 kW, 7.50 kWand 15.0 kW. It can be seen that for all HRRs, the flames 

in tunnel D have the lowest tilt angles from the vertical, while the flames in tunnel A 

have the highest tilt angles from the vertical. 

7.1.3 Discussion of the Mechanisms for Fire Plume Distribution in Tunnels. 

Having discussed the behaviour of the fire plume inside the tunnels, the next step is to 

understand the mechanisms for its behaviour. In the present work, the mechanisms for 

the fire plume distributions in the tunnels can be discussed into two main areas. 

(1) Interaction Between Fire and Ventilation Flow 

It has been pointed earlier that in the presence of the ventilation flow, the fire plume 

deflected at certain angle from the vertical. One of the mechanisms which should be 

considered for the observed behaviour is the air entrainment. Theoretically, in order to 

.. complete the combustion, the fire has to entrain the air from its surroundings. However, 

in tunnel, due to the presence of the walls and ceiling, the behaviour of the air 

entrainment would not be similar to an open fire. 

In tunnel situation, since the fresh air is supplied through the ventilation in the upstream 

from the fire, it would be expected that there would be rapid air entrainment in the 

upstream positions compared to the downstream. This rapid air entrainment would 

cause local acceleration in the air velocity inside the tunnel. As a results, the air forced 

the fire to tilt at certain angle ~om the vertical. This phenomena would also explain the 

reason why the persistent flame was not observed to impinge the ceiling at the critical 

ventilation conditions, only elongated further downstream from the fire seat. 
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(2) Interaction Between Fire and Tunnel Walls. 

The second mechanism for the distribution of the fire plume is the interaction between 

the fire and tunnel walls. It would be expected that in a lower aspect ratio tunnels, the 

fire would reach the tunnel walls. The examples of the measured cross-sectional fire 

geometry in tunnels Band D at HRR 3.0 kWand 15.0 kW can be seen in Figures 6.11 to 

6.14, respectively. It can be observed that in tunnel B at 3.0 kW fire, the cross-sectional 

fire geometry at approximately closed to tunnel centreline. However, at 15.0 kW fire 

almost reached the walls. In contrast, in tunnel D, the fire cross-sectional geometry was 

confined near the centreline even at 15.0 kW fire. 

Comparing the measured temperature contours in both tunnels, it can be seen that the 

flow patterns in tunnel B were slightly different from the patterns in tunnel D. The 

patterns in tunnel B indicated that the hot walls induced the cold air into the fire plume. 

Referring back to the behaviour of air entrainment, due to the limited spaces at both 

sides, the flame has to elongate further downstream for the entrainment in a lower aspect 

ratio tunnel. In contrast, in the higher aspect ratio tunnels there are greater tendency for 

entrainment from both sides due to more spaces available. Therefore, it would be 

expected greater local acceleration near the fire seat. As a results, the fire would have 

less deflection angle from the vertical. 

In addition to entrainment, there is another factor which cause the deflection of the fire 

plume. This factor is the obstruction of the fire to the air flow. In this case, the fire could 

be represented as a solid hot ~ore which introduced the resistance to the air flow. It 

would be expected that in the lower aspect ratio tunnel, the deflection angle from the 

vertical would be grea~er than in the higher aspect ratio tunnels due to the limited spaces 

at both sides from the fire. To some eXtent, this variation has been confirmed by the 

experimental results. 
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To conclude, the air entrainment and flow acceleration around the fire determine the 

behaviour of the fire plume. It is hoped that CFD studies in the second part of the 

present work can examine the flow behaviours in the four tunnels in details. 

7.2 Bacldayering 

The majority of the previous works concerned with the studies on the behaviour of the 

backlayering flow. In the present work, although most of the tests were carried out to 

study the critical ventilation velocity, there were a few tests that have been carried out to 

examine the behaviour of the backlayering and further confirm the previous findings. 

The extensive backlayering temperature measurements were performed in both tunnels A 

and D. The measured backlayering temperature contours at 3.0 kW and 7.50 kW fires in 

tunnel A are shown in Figure 6.15. Whilst, the measured backlayering temperature 

contours for the same lllIRs in tunnel D are shown Figure 6.17. The backlayering flows 

were found to have several characteristics similar to what have been previously found by 

other researchers such as Kwack et at (1990) and Hwang et al (1980). It was found that: 

• The observed backlayering flows were stratified in nature. The maxImum 

temperature in the backlayering region decreases as the backlayering moved in the 

upstream direction. This behaviour can be seen in Figures 6.15 and 6.17. 

• The thickness of the backlayering layers remains approximately constant for the two 

HRRs in the same tunnel. The photograph in Figure 6.16 further shows that the 

smoke thickness in the backlayering was approximately half of the tunnel height with 

the end of the layer formed a sharp edge with the angle of inclination at 

approximately 25 - 30 0 of the tangent line to !he tunnel ceiling. Comparing the 
.. 

backlayering flow in the two tunnels,· it can be seen that the depth of the backlayering 

flows in tunnel A was greater than in tunnel D. This was expected due to different 

tunnel widths. The temperature plot in Figure 6.18 further confirmed the variations. 
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• The backlayering layers were very sensitive to the ventilation velocity. The critical 

results in Tables 6.1 to 6.4 clearly show that when a small changed in velocity, the 

backlayering length changed significantly from 1, 3, 5 and 10 tunnel heights. 

In addition to the above findings, the present works also found that the backlayering 

flows filled the whole tunnel width although the depth was approximately half of the 

height of the tunnel. The plot of the measured temperatures at three cross-sectional 

distances from tunnel centreline in Figure 7.9 clearly show that at certain height above 

the floor, the temperatures at this position were almost the same. 

7.3 Downstream Smoke Flow 

There were also a few tests carried out to check the behaviour of the smoke flow in the 

downstream region. The results obtained in the experiment shown in Figures 6.19 to 

6.22 indicate that the downstream smoke flow was stratified. When the fire was small 

(3.0 kW), the smoke only filled the top part of the tunnel. However, when the fire was 

large (15.0 kW), the smoke filled most of the tunnel. 

7.4 Critical Ventilation Velocity 

The most important from the experiment results in the present work are the measured 

critical ventilation velocities for various tunnel cross-sectional geometries. The results 

for the critical ventilation velocity between HRRs 1.50 kW to 30.0 kW fires are shown 

in Table 6.5. The variations of the critical ventilation velocity against HRR for the five 

tunnels are shown in Figure 6.3. The discussions on the critical ventilation velocity are 

discussed in relation to the tunnel cross-sectional geometry and fire power. 
\ 
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7.4.1 Effect of Tunnel Cross-sectional Geometry or Tunnel Aspect Ratio on the 

Critical Ventilation Velocity 

Most of the previous studies on tunnel fires considered that the buoyancy force in the 

backlayering was directly associated with tunnel height. This resulted that the same 

critical ventilation velocity was predicted for the tunnels having the same height, but 

different cross-sectional geometries. 

Some research (Lea, 1995 ; Touviven, 1996) considered the effect of the tunnel width. 

Lea (1995) in his CFD pointed out that the cross-sectional geometry may have effect on 

the critical ventilation velocity. The results in Figure 6.3 have shown that the cross

sectional tunnel geometry or tunnel aspect ratio did affect the magnitude of the critical 

ventilation velocity. 

The results in Figure 6.3 have also shown that the relationship between the critical 

ventilation velocity and the tunnel width has two trends depending on the HRR. The first 

trend, the critical ventilation velocity decrease with the increase of tunnel width when the 

.. HRR is below 10 kW. 

By taking tunnel A as a reference, the critical ventilation velocity at 1.5 kW fire in 

tunnel B was lower by approximately 9.3 percent. Likewise, the critical ventilation 

velocity for the same HRR reduced by 14.0 percent and 20.9 percent in tunnels C and D, 

respectively. 

At 3.0 kW fire, the critical ventilation velocity for tunnel A has started to weakly 

dependent on HRR, whilst the critical ventilation in tunnel B had already exceeded the 

value in tunnel A. On contrary, the critical ventilation velocity for tunnels C and D were 
>, 

still lower by 2.2 percent and 13.0 percent, respectively. 
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At 7.50 kW, the critical ventilation velocity for tunnels C and D further dropped by 2.7 

percent and 10.8 percent compared to tunnel B. The critical ventilation velocity further 

reduced consistently until HRR 10 kW. 

The second trend is that critical ventilation velocity increases with tunnel width when the 

HRR was set higher than 10 kW. This was completely contradictory with the empirical 

models. It can be seen that at HRR 15.0 kW, the critical ventilation velocity in tunnel C 

has already exceeded the critical ventilation velocity in tunnel B. Similarly, at 22.50 kW, 

the critical ventilation velocity in tunnel D exceeded the critical ventilation velocity in 

tunnel C. 

One of the most important observation was that the behaviour of near independent of the 

critical ventilation velocity occurred faster in the narrow tunnels than in the wider 

tunnels. 

7.4.2 Effect of Fire Power on the Critical Ventilation Velocity 

The relationship between Uc and Q will be easily applied and compared with different 

scales if plotted as the dimensionless variables suggested in Froude scaling as being 

discussed in Chapter 3. The relationships related to Q* and V* are shown in equations 

3.4 and 3.5, respectively. For the calculation ofV* and Q*, the values of the parameters 

are as follow: 

The ambient air density Po = 1.29 kg/m3
, 

The heat capacity, Cp = 1.0 kJ/Kmol.K 

The ambient temperature To = 298 K. 

Characteristic length, H =0.25 m 

The calculated values.ofV* and Q* for the five tunnels are presented in Table 7.2 and 

Table 7.3. The individual plot of V* and Q* for first four tunnels is shown in Figure 

7.10. The graph has been plotted in logarithmic scales (LOglO), so that the beh~viour of 

independent of critical ventilation velocity on HRR can be easily distinguished. 
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As expected that there are two distinguished regions in both tunnels A and B. In the first 

region V* increases with Q*. In the second region V* becomes nearly constant with the 

increases of Q*. For tunnel A, the weak dependence of critical ventilation velocity on 

HRR can be seen at the second point where Q* is equal to 0.21. For tunnel B, the 

behaviour exhibits at approximately Q* equal to 0.33. However, although the two 

regions were not seen tunnels C and D, the last few points at higher Q* indicated that 

V* has started to become less dependent on Q* (transition region). 

The points in the first region were linerised and the gradient gave the power law to the 

HRR in the critical relationship as discussed in Chapter 2. The values were 0.29, 0.33, 

0.28 and OJO for tunnels A, B, C and D, respectively, consistent with 113 power in the 

empirical models. 

The values ofV*max were 0.31,0.38,0.41 and 0.41 for tunnels A, B, C and D whilst 

the corresponding values of Q*max at which the weakly independent occurred were 

.', 0.21, OJ3, 0.40 and 0.60, respectively. The values ofV*max increases starting from the 

lowest tunnel aspect ratio and tends to become constant at higher tunnel aspect ratio. 

However, the value ofQ*max is still increasing with the increase of tunnel aspect ratio. 

Following to the determination of V*max and Q*max, the expresslons for critical 

ventilation velocity relationship for the four tunnels in the forms of dimensionless critical 

ventilation velocity and dimensionless HRR can be derived as below: 

• Tunnel A V* = 0.31 [0.21rl13 [Q*]I13 for Q* < 0.21 (7.1) 

V* = 0.31 for Q* > 0.21 (7.1 a) 

• TunnelB V* = 0.38 [O,33rl13 [Q*]I13 for Q* < 0.33 (7.2) 

V* = 0.38 for Q* > 0.33 (7.2a) 

• Tunnel C V* = 0.4 i [0.41 r l13 [Q*]I13 for Q* < 0.41 (7.3) 
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V* = 0.41 for Q* > 0.41 

• Tunnel D V* = 0.41 [0.60rl13 [Q*]113 for Q* < 0.60 

V* = 0.41 for Q* > 0.60 

(7.3a) 

(7.4) 

(7.4a) 

Figure 7.11 shows the assembly of plot V* against Q* for the five tunnels. It can be 

observed that there are variations of V* against Q* for the five tunnels similar to Figure 

6.3. The existing dimensionless analysis cannot correlate the experimental results into a 

simple form. 

The overall effect of the fire power showed that for a small fire, the critical ventilation 

velocity vary with one third power of HRR, consistent with the empirical models. 

However, at higher HRRs, the critical ventilation velocity was found near independent of 

HRR. This further confirmed the findings from Oka and Atkinson (1995) and Bettis et 

al (1993, 1994) in HSL, Buxton. 

'. 7.4.3 Critical Ventilation Velocity and Velocity Distribution in Smoke Flow 

Measured Using LDV 

The measured velocity distributions for five HRRs in tunnel B with the length of the 

backlayering was controlled at 2.25 tunnel heights are presented in Table 6.23. The 

LDV results in Figure 6.23 show that the magnitude of velocity inside the tunnel 

increases with the HRR when the HRR varied from 1.5 kW to 3.0 kW. However 

starting from 4.35 kW, the velocity profiles in the tunnel were similar. This directly 

showed the existence of the behaviour of independent of critical ventilation velocity on 

HRR. In addition, the velo~ity in the backlayering flow region was quite similar 

regardless the HRRs. 

The results shown in Figure 6.23 also show the effect of flow acceleration approach the 

fire. It can be observed that the magnitudes of the maximum velocity profiles varied 

from 0.60 m/s to 0.80 m/s for 1.50 kW to 15.0 kW. The actual ventilation velocity set in 
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the experiment shown in Table 6.2 indicated that a velocity between 0.29 to 0.36 mls 

was only required to control the backlayering up to 2 tunnel heights upstream for 1.50 

kW fire. For 15.0 kW fire, the actual ventilation velocity required was between 0.51 to 

0.57 mls. 

Thus, there are three important conclusions from the LDV measurements: 

• The phenomena of the critical ventilation velocity becoming independent of the HRR 

at high HRR in tunnel fires. This confirmed the finding obtained from the 

thermocouple measurements. 

• The velocity profiles showed that the velocity in the backlayering for all HRRs were 

similar. There were no significant difference in profiles between high and low HRRs. 

Thus, it can be concluded that studies on the backlayering flow itself could not 

explain the behaviour of weak dependence of the critical ventilation velocity on the 

HRR. 

• There was an acceleration in the air flow near the fire. The air flow velocity to some 

extent was increased by approximately more than 50 per cent from the original 

magnitude. 

7.4.4 Critical Ventilation Velocity and Flame Shape 

The second conclusion arises from the LDV measurement gives important information 

regarding to the control of smoke flow in tunnel fires. It suggested that discussion of the 

behaviour of the critical ventilation velocity on HRR should be focused on another area 

other than the backlayering. In the present work, the researcher has tried to establish the 

relationship between the critical ventilation velocity and the flame shape. 

The fire plume distribution inside the tunnel has been discussed in section 7.1. It was 

pointed out that there were two fire plume distribution patterns at critical ventilation 

condition according ·to the tunnel cross-sectional geometry and the fire power. 

Examination of the variations of the critical ventilation velocity with HRR against the fire 

plume distribution patterns has been carried out. It was found that there was strong link 
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between the change of the pattern in critical· ventilation velocity against HRR and the 

change of the fire plume distributions. 

It was suggested from the present work that when the HRR was relatively small, the 

flame laid low in the tunnel. Only buoyant plume reached the tunnel ceiling. In this case, 

the ventilation velocity is strongly affected by the HRR. The measured temperature 

contours for HRRs 3.0 kW in tunnels Band D in Figures 6.5(a) and 6.10(a) clearly 

shown that the fire plume at this HRR is relatively small. Under this conditions, it can be 

seen that the critical ventilation velocity for this HRR in Figure 6.3 is in the region of 

increasing with the power one third of the HRRs. 

However, when the HRR was increased to a certain level, the intermittent flame region 

approached the ceiling at the critical ventilation conditions, the critical velocity became 

insensitive to the HRR. This was demonstrated in the tests with 7.50 kW shown in 

Figure 7.5 that the intermittent region has nearly reached the ceiling, indicated by 

contour 350°C. At this HRR, the critical ventilation velocities in tunnels A, Band E 

.. were in the transition region, where they started to become weakly dependent of HRR. 

However, in tunnels C and D, although the intermittent flame approached the ceiling at 

7.50 kW and 15.0 kW fires, the critical ventilation velocity slowly increases with the 

HRRs. 

At very high HRR, the critical velocity became independent of the HRR. Again, this was 

demonstrated in the tests with 15.0 kW, shown in Figure 7.5, that the intermittent 

regimes have already reached the tunnel ceiling for all tunnels. At this condition, the 

critical ventilation velocities in tunnels A, Band E have become constant at 0.48 mis, 

0.60 mls and 0.60 mis, respectively. This situation has not been obtained in tunnels C 

and D. Tests with higher HRR should be carried out. Unfortunately, the present work 

did not carry out these tests due to simply the' disturbance in the laboratory re

arrangement in the HSL. It is suggested that these tests should be carried out in future 

study. 
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The findings from this work have suggested that the Uc is determined by the interactions 

of the flame with the ventilation air and the tunnel walls. These interactions were 

reflected in the fire plume distribution inside the tunnel which had features of a larger tilt 

angle from the vertical and elongated flame in downstream from the fire seat. The fire 

plume has a way of coping with the large HRR by extending its longitudinal length. 

Before the intermittent flame reaches the ceiling, the gases in the backlayering are mainly 

the buoyant smoke, the buoyancy force in the backlayering is determined by the smoke, 

therefore the value of the Uc is sensitive to the HRR. Once the intermittent flame 

reached the ceiling, the buoyancy force in the backlayering is mainly contributed by the 

intermittent flame which has almost constant velocity. Further increasing the HRR, will 

only results longer flame the nature of the intermittent flame under the ceiling does not 

change. Therefore the critical ventilation velocity becomes insensitive to the HRR. 

7.5 Comparison of Measured Critical Ventilation Velocity with 

Predictions from Correlations 

The critical ventilation velocities obtained in tunnels A, B, C and D in the present work 

were then compared with the three existing models [Heselden, 1978 (equation 2.12); 

Thomas, 1970 (equation 2.9); SES, 1982 (equations 2.13 & 2.14)]. In the calculations, 

the range ofHRR was maintained between 0 to 30 kW. The correlations from Heselden 

and Thomas required the value of gas temperatures at each HRR in their empirical 

equations. Since the exact value of gas temperature at critical condition was not 

measured in the experiment, it was calculated by using equation 2.14 derived by SES. 

Table 7.4 to Table 7.7 show the predicted critical velocities using the above correlations. 

Figure 7.12 illustrates the plot of the critical ventilation velocity with HRR for the four 

tunnels. It is clearly seen that the predicted critical ventilation velocities from Thomas 

and Heselden indicates that the critical ventilation velocity vary with the power of one 

third of the HRR at all HRRs. The correlation from SES predicted better match of the 
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critical ventilation velocity with the experiment. However the behaviour of weakly 

independent of critical ventilation velocity on the HRR was not predicted in tunnels A 

and B over the range of HRRs. 

It is shown in Figure 7.12 that the established models do not predict the behaviour of 

weakly dependent of critical ventilation velocity on the HRRs. This is one of the 

drawbacks of the current established empirical models. In this case the model can be 

expected to over-estimate the critical ventilation velocity at higher HRRs. 

The inability to predict the behaviour most probably due to the assumptions made in the 

empirical models that were quite simple, only taking consideration on the buoyant force 

in the backlayering as a function of the height of the tunnel. However, in real case, the 

phenomenon related to the fire plume is complex, and three dimensional in nature. 

In addition, the existing models do not take the consideration on the shape of the tunnel. 

The critical ventilation velocity has been predicted based on the gross sense through an 

effective width. Thus, in future, it is necessary to derive new formulations with include 

the cross- sectional of the tunnel to predict the critical ventilation velocity. 

7.6 Conclusions 

The critical ventilation velocity in the five model tunnels have been systematically 

measured. In addition, the temperature distributions have been studied in three 

dimensions. The following are the summary of findings obtained in the present study. 

• The critical ventilation velocity was found to vary with tunnel width in two trends. In 

the first trend, it decreases with the increase of tunnel width when HRR is below 

10.0 kW. In the second trend, it increases with tllnnel width when the HRR was set 

higher than 15.0 kW 

• The relationship between the critical ventilation velocity with HRR was varying with 

the power of one third of the fire power at low HRR. 
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• The behaviour of the critical ventilation velocity becoming independent on the HRR 

occurred in tunnel fires, at higher HRRs. 

• There were strong links between the change of the pattern in the critical ventilation 

velocity against HRR and the change of the fire plume distributions. 

• McCaffrey's fire plume theory has been extended to tunnel fire. The fire plume is 

considered to have the three regimes but the shapes are completely different from a 

free plume. The two fire plume distributions at critical ventilation conditions, shown 

in Figure 7.3 and Figure 7.4, respectively. 

• When the HRR was small, the flame laid low in the tunnel. Only buoyant plume 

reached the tunnel ceiling. In this case, the ventilation velocity is strongly affected by 

the HRR. However, when the HRR was increased to a certain level, the intermittent 

flame region approached the ceiling at the critical conditions, the critical ventilation 

velocity became insensitive to HRR. At higher HRR, when the intermittent flame 

definitely reached the ceiling, the critical ventilation velocity become totally 

independent on the HRR. 

• The flame deflection angles in all tunnels were greater than 45 0 which agreed with 

the previous larger scale results especially from the Gallery tunnel tests, Buxton. 

• The backlayering flow was found to be stratified in nature. The maximum 

temperature in the backlayering region decreases as the backlayering moved in the 

upstream direction. Another significant findings was that for a specific tunnel, the 

thickness of the backlayering flow was approximately the same regardless HRR. In 

two different tunnels, for a specific HRR, the depth of the backlayering in the higher 

aspect ratio tunnel was slightly lesser than in lower aspect ratio tunnel. 

• The backlayering flow also was found to fill whole tunnel width at the top part of the 

tunnel. This is a crucial finding for the suggestion of the proposed new characteristic 

length for the buoyant flow which will be discussed in details in Chapter 9. The 

backlayering flow was also found to be very sensitive to the ventilation flow. 
,-

• In the downstream region, the smoke flow was also found to be stratified in nature. 

When the fire was small, the smoke was less stratified. However, when the fire was 

larger, typically 15.0 kW, the smok~ filled most of the tunnel. 
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• The established empirical models predict the critical ventilation velocity increase one 

third of the power of HRR at all HRRs. However, they do not predict the behaviour 

of independent of critical velocity on the HRR. Thus, the models can be expected to 

over-estimate the critical ventilation velocity at higher HRR. Another major 

drawback is that the existing model do not also include the cross-sectional shape of 

the tunnel, only to consider the gross HRR per tunnel width. 

• During dimensionless analysis on HRR and critical ventilation velocity, using tunnel 

height as the characteristic length, it was found that the values of Q*max increases 

with the increases of tunnel aspect ratio. Whilst, the value of V*max increases from 

0.31 and becomes nearly constant at 0.41. Based on tunnel height, the critical 

ventilation results could not be co-ordinated into a single correlation. Thus, this 

emphasise the need to find a new characteristic length which takes into account the 

cross-sectional geometries of the tunnels. 

To conclude, the present study is the first one to relate the behaviour of the Uc to the 

fire plume distribution inside the tunnel. CFD simulations have been carried out to 

examine the details of air entrainment and acceleration in the fire plume. The results will 

be discussed in the next chapter. Further discussions of the results and dimensionless 

analysis to the critical ventilation velocity and the HRR will be carried out in Chapter 9. 
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Figure 7.1: Photograph of a tunnel fire (Health & Safety Laboratory, Buxton, UK) 
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Figure 7.2: Schematic diagram of the fire plume (McCaffrey, 1979) 
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Figure 7.3: Illustrations of fire plume for a small fire 
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Figure 7.4: Illustration of the fire plume for a larger fire 
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Figure 7.5 : Variations of flame height against heat release rate 
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T hI 71 M a e d I fI I t fIf Of easure plUme I t angl e a vanous yen I a Ion ve OCI les an dHRR s 

Tunnel B Tunnel D Tunnel A 

Q V a CO) Q V (m/s) a CO) Q(kW) V a CO) 
(kW) (m/s) (kW) (m/s) 

3.0 0.35 60 3.0 0.18 47 3.0 0.25 65 

0.48 70 0.40 60 0.46 75 

0.96 78 . 0.50 64 

7.50 0.31 68 7.50 0.28 57 7.50 0.25 70 

0.56 73 0.54 65 0.48 79 

15.0 0.34 73 15.0 0.35 60 - - -
0.60 76 0.65 70 - - -
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Table 7.2: Dimensionless heat release rate (Q*l 

Q Tunnel A Tunnel B Tunnel C Tunnel D Tunnel E 

(kW) Q* Q* Q* Q* Q* 

1.50 0.041 0.041 0.041 0.041 0.044 

3.00 0.082 0.082 0.082 0.082 0.087 

7.50 0.205 0.205 0.205 0.205 0.218 

10.50 0.288 0.288 0.288 0.288 0.306 

12.00 0.329 0.329 0.329 0.329 0.349 

15.00 0.411 0.411 0.411 0.411 0.436 

22.50 0.616 0.616 0.616 0.616 0.655 

30.00 0.822 0.822 0.822 0.822 0.873 

Table 7.3: Dimensionless critical ventilation velocity (V*) 

Tunnel A Tunnel B Tunnel C Tunnel D Tunnel E 

V(rnls) V* V(rnls) V* V(rnls) V* V(rnls) V* Virnls) V* 

0.43 0.275 0.39 0.248 0.37 0.233 0.34 0.215 0.44 0.288 

0.46 0.294 0.48 0.309 0.45 0.289 0.40 0.255 0.54 0.353 

0.48 0.307 0.56 0.354 0.54 0.343 0.50 0.319 0.60 0.393 

0.48 0.307 0.59 0.379 0.57 0.367 0.54 0.344 0.60 0.393 

0.48 0.307 0.60 0.382 0.59 0.374 0.56 0.358 0.60 0.393 

0.48 0.307 0.60 0.382 0.60 0.381 0.59 0.377 0.60 0.393 

0.48 0.307 0.60 0.382 0.62 0.395 0.65 0.415 0.60 0.393 

0.48 0.307 0.60 0.382 0.65 0.413 - 0.60 0.393 

V*=~ 
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T bl 74 M a e d d d' d .. I I .. £ t easure an pre Icte cntlca ve oCltles or unne IA 

Critical Velocities (m/s) 

Q(kW) Tf(K) Measured Thomas(l) Heselden(2) SES(3) 

1.50 373 0.43 0.65 0.45 0.52 

3.00 435 0.46 0.82 0.59 0.63 

7.50 635 0.48 1.11 0.91 0.79 

10.50 770 0.48 1.24 1.09 0.85 

12.00 837 0.48 1.29 1:17 0.87 

15.00 972 0.48 1.39 1.32 0.91 

22.50 1310 0.48 1.59 l.67 0.97 

30.00 1647 0.48 1.76 1.98 l.02 

T bl 75 M a e easure d d d' d .. I I .. £ an pre Icte cntIca ve oCltles or tunne IB 

Critical Velocities (m/sl 

Q(kW) Tf(K) Measured Thomas(l) Heselden(2) SES(3) 

l.50 340 0.39 0.53 0.35 0.43 

3.00 374 0.48 0.67 0.46 0.53 

7.50 453 0.56 0.90 0.67 0.68 

10.50 504 0.59 l.01 0.77 0.74 

12.00 533 0.60 l.06 0.82 0.76 

15.00 592 0.60 l.14 0.92 0.80 

22.50 740 0.60 1.30 1.13 0.87 

30.00 887 0.60 1.44 1.32 0.92 

[ ) ~ (2) Uc = CK gQT
2 

CpPoTo W 
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T bl 76 M a e d d d· d .. I I .. fi easure an pre Icte cntIca ve oCltles or tunne IC 

Critical Velocities (m/s) 

Q(kW) Tf(K) Measured Thomas(l) Heselden(2) SES(3) 

l.50 321 0.37 0.42 0.28 0.35 

3.00 337 0.45 0.53 0.35 0.43 

7.50 379 0.54 0.72 0.50 0.56 

10.50 404 0.57 0.80 0.57 0.62 

12.00 415 0.59 0.84 0.60 0.64 

15.00 443 0.60 0.90 0.66 0.68 

22.50 505 0.62 l.04 0.79 0.75 

30.00 566 0.65 l.14 0.90 0.80 

T bl 77 M a e d d d· t d ·f ·f fi t easure an pre IC e cn Ica ve OCI les or unne ID 

Critical Velocities (m/s) 

Q(kW) Tf(K) Measured Thomas(l) Heselden(2) SES(3) 

l.50 310 0.34 0.33 0.22 0.28 

3.00 319 0.40 0.42 0.27 0.35 

7.50 340 0.50 0.57 0.38 0.46 

10.50 353 0.54 0.64 0.43 0.51 

12.00 358 0.56 0.67 0.45 0.52 

15.00 371 0.59 0.72 0.49 0.56 

22.50 398 0.65 0.82 0.58 0.63 

~ 
(2) Uc = CK( gQT

2 
J 3 

CpPoTo W 
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Chapter 8 

Computational Fluid Dynamics Study 

of the Smoke Flow 

Chapter 8: CFD Simulations 

This chapter describes the three dimensional CFD simulations of the smoke flow in the 

tunnels. The main objectives are to study the flow behaviour in the tunnels and to 

investigate the dependence of the critical ventilation velocity on tunnel aspect ratio and 

the HRR. Detailed simulations have been carried out in the first four tunnels A to D, 

which have exactly the same height. The CFD simulations for the tunnel E were only 

performed during the initial stage where the fire was represented by heat source. The 

comprehensive comparisons between CFD results with experimental results have also 

been carried out. 

The three dimensional simulations have been systematically performed. These include the 

selections of the combustion models and the optimisation in the buoyancy related term in 

the standard k-£ turbulence model. Finally, the numerical error was reduced by 

performing grid sensitivity tests. 

8.1 Computational Models 

In general, both Finite Rate Formulation (FRT) and Mixture Fraction Approach (PDF) 

combustion models have been tested. The flow inside the tunnel was modelled using 

standard k - £ turbulence model with the buoyancy force modification. 
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The FLUENT V.4.5 package which is available in the University of Sheffield has been 

used to model the flow and the combustion inside the tunnels. The governing transport 

equations of mass, momentum, energy and chemical species as follows: 

(1) The Conservation of Mass 

(8.1) 

(2) The Conservation of Momentum 

(8.2) 

where: 

p is the fluid mixture density; t is time variable; Ui is the velocity component in the i

direction; Xi is co-ordinates with I = 1,2,3 corresponding to rectangular co-ordinates X, 

y, z; p is fluid pressure; g is the gravitational acceleration and Fj is momentum 

transferred from second phase. The left hand side of equation (8.2) represents the 

convection term, and the first term on the right hand side represents diffusion. The 

remaining terms represent pressure, body force such as gravity, and the momentum 

interaction between the two phases. 

(3) Standard k - E Model and Buoyancy Effect 

Standard k-E turbulence model was used to model the flow inside the tunnels due to its 

simplicity and effectiveness. The standard k-E turbulence model (Launder and Spalding, 

1974) includes basic modifications for buoyancy based on Ljuboja and Rodi (1980, 

1981) in the k-E equation. The standard k-E model is a two equations eddy viscosity 

turbulence model which transport equations for two variables: k the turbulence energy, 

and e the rate of viscous dissipation of turbulence energy. The turbulent effective 

viscosity, J-lt, is related to k and e, by a velocity scale (kll2) and a length scale (k312/e) by 

the expression: 
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(8.3) 

and the velocity and length scales are predicted at each point in the flow via the solution 

of transport equations for k and e: 

(8.4) 

and 

O( ) Op08 8 8
2 

- puB =---+C-(G +(I-C )G -Cp-& I &. &. 1 k k 3& b 2 k 
I I a& I 

(8.5) 

Turbulence is generated according to Gk, where: 

(8.6) 

and Gb is the generation due to buoyancy: 

(8.7) 

h . h Ptep Were O'h IS t e turbulent Prandtl number, --
kt 
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and Cl, C2, CIL, O'k and O's are empirical constants, with values, 1.44, 1.92, 0.09, 1.0 and 

1.3 respectively. The default value for C3s is 1.0. This implies that the buoyancy effects· 

go to zero in equation (8.5). 

Woodburn and Britters (1996) used C3s equal to 0.20 and showed that the inclusion of 

the modified buoyancy gave better predictions between the measured and predicted 

results. In Fletcher et al (1994), and Lea (1995), the values of C3s were not reported. 

The present work set the value of Cs3 in the k-e equations equal to 0.25. The decision to 

use this value will be discussed in Section 8.3.3. 

(4) Energy Conservation 

FLUENT solves the energy equation in the form of a transport equation for enthalpy, h. 

For steady state, the Convection of the Heat through local volume will be equal to the 

Diffusion of enthalpy minus the Diffusion of species with enthalpy minus Shear force, 

which gives the equation (8.8). 

(8.8) 

where, 

k is the molecular conductivity; kt is the effective conductivity due to turbulent 

transport; hj is enthalpy of species j; Jji is flux of species j in the ith direction and Sh is 

the source term. (includes heat of reaction, radiation, any exchange of heat, and any 

other volumetric sources). 

Enthalpy is defined as the summation of the products mass fraction of species and the 

specific heat capacity of species at constant pressure, being described in equations (8.9) 

and (8.10): 

(8.9) 

where: 
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(8.10) 

~ is the mass fraction of species j; Cpj IS the specific heat capacity of species j at 

constant pressure. 

This enthalpy term can be used to rewrite the heat flux term in equation (S.ll): 

(8.11) 

where cp is the mixture heat capacity, cp = LjXjCpj. 

Equation (8.11) then is substituted into equation (S.8) and the result is modified due to 

the compressible flow, by solving for the total enthalpy, 110, defined as 110 = h + v2/2, and 

the result is shown below equation (S.12). 

(S.12) 
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(5) Combustion Models 

In the combustion modelling, propane gas has been used as the fuel. The combustion was 

considered as stoichiometric reaction shown in equation (8.13). 

(8.13) 

There are two alternative combustion models provided by FLUENT.' 

(a) Generalised Finite-Rate Formulation (FRF) 

This model incorporates both Arrhenius expression and eddy-dissipation concept of 

Magnussen and Hjertager (1976). The reaction rates are computed from Arrhenius rate 

expressions (equation 8.14). 

"k IT C'J exp(-Ek/RT) 
l' reac tan ts 

(8.14) 

where V\',k is the molar stoichiometric coefficient for species l' in reaction k (positive 

value for reactants, negative values for products); Mi' is the molecular weight of species 

l' (kglkmol); ~k is the temperature exponent (dimensionless); At is the pre-exponential 

factor (consistent unit); Cj' is the molar concentration of each reactant species j' 

(kmollm3
); Vj'k is the exponent on the concentration of reactant j' in reaction k and Ek is 

the activation energy for the reaction (J/kmol). 
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The inputs required for equation (8.14) are as follow: 

Physical constants 

Species 

Reaction constants 

Arrhenius constant (~) 

Activation Energy (Ek) 

Temperature exponent (~k) 

Rate exponent (C3Hs) 

Rate exponent (02) 

Molecular Weight (M) 

(kg/kmol) 

44.0 

32.0 

44.0 

18.0 

28.0 

l. 8 x 10 -5 kgm-2S-1 atm-1 

l. 8 x 10 -12 J/kmol 

0.0 

l.0 

l.0 
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Formation Enthalpy 

(J/kmol) 

-l.0468 x lOs 

0 

-3.937 x lOs 

.-2.419 x lOs 

0 

The influence of turbulence on the reaction rate is taken into account by employing the 

Magnussen and Hjertager model (1976). In t~s model, the rate of reaction ~',k is given 

by the smallest (i.e. limiting value) of the two expressions in equations (8.15) and (8.16). 

I & mR 
R" k = -V'I kM·,Ap---:-----=:c..:.....--

1, I, 1 k'M 
v R,k R 

(8.15) 

I & mR 
R-, k = -V'I kM"ABp 

I, I, 1 k'M 
v R,k R 

(8.16) 

where mp represents the mass fraction of any product species, P; mp represents the mass 

fraction of a particular reactant, R; R is the reactant species giving the smallest vales of 

Ri',k; A is an empiric~l constant equal to 4.0 and B is an empirical constant equal to 0.5. 
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(b) Mixture Fraction/ PDF Modelling Approach. 

In this model, the individual concentrations for the species of interest are derived from 

the predicted mixture fraction distribution, f. The reacting system is treated using 

either chemical equilibrium calculations or using infinitely fast chemistry (the flame sheet 

or mixed -is-burned approach). Physical properties of the chemical species and 

equilibrium data are obtained from a chemical database, eliminating the to define them. 

The mean mixture fraction is calculated using equation 8.17. 

( -J o - 0 - 0 Pt of -(PfJ+-(pu;fJ=- -- +Sm 
01 ox; ox; a t ox; 

(8.17) 

The source term, Sm, is due solely to transfer of mass into the gas phase from liquid fuel 

droplets or reacting particles (e.g., coal). In all other cases there are no sources off In 

addition to solving for the mean mixture fraction, FLUENT solves a conservation 

equation for mixture fraction variance, (2. 

( -] (-] o -:2 0 . -:2 0 P t of '2 0 f '2 E -:2 
7(Pf J +-(PUi f J =- ---. +CgPt -- -CdP-f (8.18) 
vI ox· ox· at ox· ox· k I I I I 

where the constant crt, Cg and Cd take the value 0.7, 2.86 and 2.0, respectively. The 

mixture fraction variance is used in the closure model describing turbulence-chemistry 

interaction. 

To model the combustion of propane in the PDF approach, the first stage was to create 

PDF file by using prePDF software. Initially, an Adiabatic case model with 

Stoichiometric Reaction was defined. Beta PDF was selected since it gave better 

prediction to the experimental results. The chemical species, C3Hg, O2, CO2, H20 and N2 

Were then added to the case model (single step reaction). The composition and 
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operating conditions of the inlet fuel (C3HS) and oxidiser stream (02 and N2) were then 

defined. The input file was then saved and adiabatic calculation was performed. The 

solution was then saved as the output file (PDF). The results of the adiabatic calculation 

were then examined in order to obtain insight into the system description that would be 

used for the non-adiabatic calculation. A look up table which consists of the 

temperature, density and species mole fractions were then generated and will be used to 

solve equations (8.17) and (8.18) in FLUENT. 

8.2 CFD Simulations 

Three dimensional simulations of the smoke flow in most of the model tunnels have been 

carried out in two stages. During the initial stage, the combustion was not modelled, the 

fire was represented by heat source. This involved only tunnels B, C and E. The main 

objective was to test parameters such as the k - 8 model and the buoyancy modified 

term, grid analysis, boundary conditions and physical properties. In the second stage, the 

detailed modellings were carried out on tunnels A, B, C. D which have exactly the same 

height but different widths. To save the computational time, the flow was assumed to be 

symmetrical at the tunnel axis, hence only one-half of the cross-section was modelled. 

The following sections discuss the detailed CFD simulations using combustion models. 

8.2.1 Set Up of Computational Domain 

The total simulated tunnel length was 8.1 metres with the exclusion of a downstream 

section of 3.0 m length. The longitudinal computational domain was divided into three 

segments. Segment 1 was the upstream section of length 5.0 m. Segment 2 was the 

burner section of length 0.1 m and segment 3 was the downstream section of length 3.0 

m. The first plane of the longitudinal domain was set to be inlet of the ventilation flow 

and the last plane was set as the output of the smoke flow to the exhaust. The wall of 

the tunnel was set to be a solid which contains 1 cell. 
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A non uniform grids distribution was made to avoid a very large number of 

computational cells while maintaining a sufficient degree of accuracy in the solution. 

The spacing between the adjacent grid lines was set according to the recommended 

guidelines which should not change by more than 20 percent or 30 percent from one grid 

line to the next. The expansion factors were kept between 0.7 and 1.3 and the aspect 

ratio of the most cells are less than 5: 1. The longitudinal and vertical grids were set at 

102 and 28 cells, respectively. The half cross-sectional cells varying from 8, 14, 28 and . 

38, dependent on tunnel widths. The total cells for simulated models are, 22848, 39984, 

79968 and 108528 for tunnels A, B, C and D, respectively. Figure 8.1 shows the 

longitudinal grid distribution for the tunnels. Figures 8.2 to 8.5 show the cross-sectional 

grids for each tunnel. 

Some of the simplifications that were made: 

(1) The circular burner was simulated as a square burner with the same burning area 

(0.008825 m2
). 

(2) The ventilation flow has been modelled by setting the flow of air at the tunnel inlet 

uniformly through out the whole cross-sectional area. 

(3) The tunnel wall was modelled as insulation wall therefore no heat loss was 

considered. 

8.2.2 Boundary Conditions 

Flow inlets boundary conditions was defined via velocity and temperature specifications. 

The velocity values are calculated from the known mass flow rate and the density. 

Stream 1 : Air inlet 

The inlet air velocity was first set according to the experimental value. The inlet 

temperature was set to 298K. The turbulence intensity for air stream was set between 5 

percent to 10 percent as recommended by FLUENT. The characteristic length varies 

. from 0.17, 0.25, 0.33 and 0.44 m for tunnels A, B, C and D, respectively. 
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Stream 2: Propane Inlet 

Stream 2 was set to be 100 percent mole fraction of C3HS at the temperature of 298K. 

The flow rate was converted from litre per min into the unit of mls. The turbulent 

intensity was kept around 1 percent. The characteristic length was set to 0.006. 

Calculation of propane velocity 

1 mol ofC3Hs gas occupy 22.4 litre (Himmelblau, 1982) 

Consider density ofC3Hs is 1.82 kg/m3 at 298 K (PPDS) 

Relative molecular weight = 44.0 kg/kmol 

Thus 1 litre/min = (1122.4) x 44 g/min 

= 3.274 x 10-5 kg/s 

Volumetric flow rate 
mass flowrate 3.274 x 10-5 

= = 
density 1.82 

= 1.7988 x 10-5 m3/s 

Velocity = volumetric flowrate 
burner area 

1.7988 x 10-5 
=----::--

8.825 x 10-3 

Velocity for 1 litre/min 
1.7988 x 10-5 

= mls 
8.825 x 10-3 

= 20.38 x 10-3 mls 

8.2.3 Physical Properties 

In Finite Rate Formulation, the physical properties of each reactant and product (density, 

viscosity, heat capacity and thermal conductivity) were expressed in term of polynomial 

up to second order. The value for each coefficient are listed in Table El in Appendix E. 

However, in PDF approach, all the properties are obtained from the look-up tables 

generated by prePDF. Therefore no input is needed in FLUENT. 
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8.3 Simulation Procedures 

The simulation cases and conditions are shown in Table 8.1. Only steady state 

combustion has been modelled. The radiation sub-model had not been included in the 

present work since previous CFD publications have shown although radiation effects are 

important in tunnel fire, it did not give the significant effects on the prediction of the 

smoke movement, especially, the extension of the backlayering flows. In addition, the 

combustion of propane in air was considered to be clean. The present works also 

avoided radiation modelling since it consumed a lot of computational time. 

The solutions were solved by using First Order Discretization. Conservation of mass 

was obtained by using SIMPLER pressure correction algorithm. All convection terms 

were discretised using hybrid differencing for stability. 

With the inclusion of body force and buoyancy term in standard k - E turbulence model, 

it would be expected that there would be a fluctuating in the solution residuals which 

results to the difficulties for the solutions to converge. A good strategy was to set the 

underrelex factors at lower values in the initial stage to maintain the solution stability. 

The underrelax factors for all parameters during the simulations are summarised in Table 

8.2. 

The convergence typically reached after approximately 2000 iterations for tunnels A and 

B if the simulation was started from scratch. However, for tunnels C and D, the 

convergence result reached after more than 2000 iterations. It was observed that at 

higher ventilation velocity (no backlayering flow), the solutions were easy to converge. 

However, when the ventilation velocity was set to lower value, at which the backlayering 

propagating to the upstream, the solutions were very difficult to converge. 

, A final total of 39 cases have been modelled in the present study. Each case took 

approximately one ,day for the convergence by using SUN Workstation version 5.4 
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(after the initial range of critical ventilation velocity was found). The critical ventilation 

velocity was achieved when the backup contour of 298 K reaches the leading edge of the 

burner. The initial value of the ventilation velocity was set according to the experimental 

results. If the critical ventilation velocity was not reached, new simulations were 

performed by reducing the ventilation velocity within 0.005 mls until the critical 

ventilation velocity reached. 

8.3.1 Selection of the Combustion Models 

To select the combustion model, 4 cases were modelled on tunnel B at HRRs 3.0 kW 

and 7.50 kW. 

Case SR2 and SR3 (FRF) : Initially, the propane and air mixture were difficult to burn 

and maintain at the burner surface. As the calculation progressed, the flame shifted away 

from the burner to the downstream. This behaviour might be due to lack of mixing 

between propane and air at the burner region. In the simulations, the calculated propane 

velocity was in order of 10-3 mis, whilst the velocity of the air was in the order of 0.3-0.6 

mls. As consequences, there might be a sudden change or sharp velocity gradient in the 

burner region. This problem was overcome by making a high density grid, particularly in 

the area just above the burner. The same number of grid was used vertically, but the 

compression ratio was increased at 1.5 times of the original value. 

Case SR4 and SR5 (PDF): Unlike Finite Rate Formulation, the combustion has been 

successfully modelled without any modifications of the grid. 

The critical ventilation velocities for SR2 and SR3 (FRF) were found to be 0.36 mls and 

0.40 mis, respectively. Whilst, the critical ventilation velocities for SR4 and SR5 (PDF) 

were 0.40 mls and 0.47 mis, respectively. The measured values from the experiment 

were 0.48 mls and 0.56 mis, respectively. 

_ The steady state temperature distributions at tunnel centreline for HRR 3.0 kW are 

shown in Figures 8.6a and 8.6b, respectively. Both figures show that the temperature 

distribution are almost identical for the two combustion models. The XY plots of the 

temperature profiles' at various distances from the burner in Figure 8.7 also confirmed 
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the variations. Both models predict the same pattern of temperature profiles, except 

closed to the fire. 

For further simulations, it has been decided that PDF approach should be used mainly for 

two main reasons. First, it predicts the critical ventilation velocity closed to the 

experimental results. Second, the simulations were more effective since the computing 

time was relatively shorter than Finite Rate. The availability of all the physical properties 

of the reactants and products in the computer databank give the additional advantage. 

8.3.2 Grid Sensitivity Test 

Solution in which truncation error or numerical diffusion are normally termed as grid 

independent. If the grid is refined until the solution no longer varies with additional grid 

refinement, then it can be said that a grid independent solution is achieved. Thus before 

further calculation, grid sensitivity tests have been made for the four tunnel models at 

3.0 kW fire. For each tunnel, three grids have been setup, starting from the coarse grid. 

The total cells in the three grid setup are summarised in Table 8.3. 

Figures 8.8 to 8.11 show the plot of velocity profiles for each tunnel at various distances 

for the burner for the three grids setup. It can be observed that the profiles for both 

grids 2 and 3 are quite similar. Thus, it can be concluded that grid 2 was adequate in the 

present study. 

8.3.3 Effect of InciusionlExciusion Buoyancy Term 

The inclusion of buoyancy term in the standard k-B turbulence model is crucial in tunnel 

modelling as pointed out by Fletcher (1994), Woodburn and Britter (1996) and 

Lea(1995). The basic modifications reduce turbulent mixing in the presence of a stable 

density gradient by returning locally-lowered values of turbulent viscosity, and vice-versa 

for unstable density gradients (Lea, 1995). In the bulk flow, buoyancy forces disturb the 

simple picture of iS0tropic turbulence assumed by the k-B model. Turbulent mixing in a 
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rising plume is enhanced by buoyancy whilst in a stable stratified ceiling layer it will be 

inhibited. 

As stated in section S.l, the present work used a value 0.25 for the modified buoyancy 

term in the standard k - B turbulence model. This value was based on the optimisation 

performed on 5 cases using C3s equal to 0, 0.25, 0.5, 0.75 and 1.0. When C3s of 0.75 

and 1.0 were used, the observed flame features were completely different from the 

experimental result. The majority of the plumes were confined just above tunnel floor 

and the plume extended longer to the downstream. The temperatures in the fire region 

were almost constant. However, when C38 of 0, 0.25 and 0.5 were used, the plume 

started rising above tunnel floor, similar features obtained in the experiment. 

With reference to Woodburn & Britter who used C3s of 0.20, the present works decided 

to use the value of 0.25 for further simulations. Detailed optimisations on C38 were not 

performed since it was time consuming and this study was also beyond the scope of the 

present work. 

To investigate the effect of inclusion and exclusion of the buoyancy term, 6 more cases 

were modelled on tunnel B. 

Cases SR6 and SR 7 (C3B set to 0.25) : The critical ventilation velocities were found to 

be 0.50 mls and 0.50 mls. 

Cases SRS, SR9, SRIO and SRll (C3B set to 1.0) : The critical ventilation velocities for 

case SRS, SR9, SRIO and SRI 1 were 0.36 mis, 0.420 mis, 0.430 mls and 0.440 mis, 

respectively. 

With the inclusion of the buoyancy term, the backlayering flows move further upstream 

from the fire source. The magnitude of the critical ventilation velocity increases at 

approximately between 10 to 12 percent when the buoyancy term was included in the 

standard k - B turbulence model. 
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8.4 CFD Simulation Results and Discussions 

The results of the computer modelling are held in storage arrays of very large size and 

represent complicated three dimensional distribution. A lot of effort have to be made to 

analyse and extract the data. Thus, vector plots, contour lines and profiles graph have 

been employed to interpret the results. Further comparison between experimental results 

also have been made. 

8.4.1 Overall Flow 

Comparison of the velocity profiles predicted by CFD and experimental data shown in 

Figure 8.12 showed that the CFD simulations have modelled the velocity field very well. 

The example of the velocity vector field prediction at symmetrical plane in tunnel B at 

3.0 k W fire is shown in Figure 8. 13. The length and the size of the arrow head indicate 

the magnitude of the velocity. As would be expected, once the air reached the fire, the 

velocities were increased to the maximum values. The maximum velocity vector was in 

the order of l.5 m1s. Above the burner, it can be seen the vector directed opposite to the 

ventilation flow. This represents the movement ofbacklayering flow. 

The combined horizontal velocity profiles and temperature contours in tunnel B at 3.0 

kW fire shown in Figure 8.14 showed that the upstream flow inside the tunnel was fully 

developed. Upon reaching the fire, the velocity profiles changes in the shape since the 

flame has raised the velocity magnitude. The present of the backlayering flow can be 

seen by the negative profiles, directed to the left, just below tunnel ceiling. 

8.4.2 Fire Plume 

The examples of the predicted fire plume distributions inside each tunnel at 3.0 kWand 

15.0 k W fire at the symmetrical plane are shown in Figures 8. 15 to 8. 18. With the 

interaction between tunnel geometry and the ventilation flow, the fire plume rises above 

. the tunnel floor and deflects at certain angle from the vertical. The sizes and the shapes 

of the fire plumes can be clearly seen. 
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Comparisons of the centreline temperature distributions at HRR 3.0 kWand 15.0 kW 

in both tunnels B and D within the fire region shown in Figures 8.19 to 8.22, indicate 

that the CFD simulations have not produced matched temperature field for the fires. 

CFD predicted much higher temperature in the flame area. The maximum temperature 

reached 2200 K, which was too high for propane and air burner combustion. This is 

caused by the combustion models employed by the FLUENT. 

The turbulent combustion models are based on fast chemistry concepts, which 

overestimates the reaction rates. Therefore the temperature is over predicted in the 

flame area. This problem is well known by the CFD simulation community. Both the 

scientists and CFD commercial users have pointed out the needs of better turbulence 

models. However, this is not the scope of the present study. Therefore this problem will 

not be discussed further. 

Another limitation of the combustion models is that the combustion is directly 

determined by the present of the fuel, therefore the CFD simulation can only predict 

continuous flame. The intermittent flames existing in the real fire plumes could not be 

predicted by the CFD simulations. Although the combustion model can not predict the 

intermittent flame area directly, the CFD simulations have predicted good flow field for 

the tunnel flow, therefore the discussion of the fire plume distribution will be based on 

the velocity distribution from the CFD simulations using the definition given by 

McCaffiey. By the definitions, the persistent flame has the accelerating velocity, the 

intermittent flame has a near constant flow velocity and finally the buoyant plume has the 

decreases in flow velocity. 

Figure 8.23 shows the temperature contours at the symmetrical plane for 3.0 kW fire at 

the critical ventilation velocity in tunnel B, being divided into several slices starting from 

the burner centreline. The velocity profiles for slices B to G are shown in Figure 8.24. 
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There are three distinguished regions that can be seen. Beyond 150 mm above tunnel 

floor is the backlayering region. The constant velocity approximately between 75 mm to 

150 mm corresponds to the region between the backlayering flow and the fire plume. 

Finally, below 75 mm is the region of the fire plume. It can be seen that the maximum 

velocity increases from slices B to E, up to 1.25 mls. The maximum velocity remains 

approximately the same value until slice F. It then decreases slightly in slice G. Thus 

according to the definition, the persistent regime exist up to slice E. Between slice E and 

F, the regime is associated with the intermittent regime. Beyond thjs region is associated 

to the buoyant smoke flow with decreasing velocity. 

Figure 8.25 shows the temperature contours at the symmetrical plane for 7.50 kW fire 

also at the critical ventilation velocity. The velocity profiles for the slices are shown in 

Figure 8.26. Similarly, starting from the burner centreline, the maximum velocity 

increases up to 2.0 mls from slices A to F. The maximum velocity then decreases up to 

1.6 mls in slice G and remains at approximately 1.5 mls in slice H. It then further 

decreases to approximately 1.0 mls in slice I. Finally, Figure 8.27 shows the temperature 

contours for 15.0 kW fire at the critical ventilation velocity. The velocity profiles shown 

in Figure 8.28 indicate that the maximum velocity increases up to slice H, approximately 

2.25 mls. It then decreases to approximately 2.0 mls in slice I and remains approximately 

the same at 1.5 mls until slice K, suggesting the intermittent regime. 

To conclude, although much higher temperature for the fire plume have been predicted, 

the flow patterns have shown that McCaffrey's fire plume distribution can be applied. To 

avoid the problem caused by the combustion models, the velocity profiles were 

compared with the temperature contours, new temperature values were proposed to 

define the flame regimes. The intermittent flame regime had a temperature of 1100 -

1500 K. The persistent flame had a temperature of higher than 1500 K. 

183 



Chapter 8: CFD Simulations 

The fire plume will be discussed below in the aspects of flame height, flame deflection 

angles, air entrainment and acceleration. 

(1) Flame Height (FH) and Flame Width 

Based on the new temperature boundary for each regime as being defined in the previous 

section, the flame height in each tunnel was measured. The results showed that for a 

small fire (3.0 kW), the intermittent flame was approximately one third of the height of 

the tunnel. Further increased the HRR to 7.50 kW, the intermittent flame was 

approximately three quarter of the height of the tunnel. Finally at higher HRR (15.0 

kW), the intermittent flame already reached tunnel ceiling. 

The CFO results also showed that the persistent flame never reached the ceiling at 

critical condition even at higher HRR as shown in Figure 8.29 for 22.50 kW fire. The 

persistent flame (> 1500 K) only elongated further downstream. The variations of the 

flame heights predicted by CFO were almost similar to the experimental results, 

previously discussed in Section 7.1. 

The cross-sectional temperature contours in each tunnel at slice (I = 65), 100 mm 

downstream from the burner at 3.0 kW fire are shown in Figures 8.30 to 8.33. The width 

of the fire plume can be clearly seen. The flame in tunnel A is nearly reached the tunnel 

wall whereas the flame in tunnel B is approximately one third of the tunnel width. 

However, the flame in both tunnels C and D are confined near the centreline. The flame 

geometries are almost similar to the experimental results shown in Figures 6.7 and 6.12 

for tunnels Band D, respectively. 

(2) Deflection Angle (ex) 

The fire plumes deflection angles in Figures 8.15 to 8.l8 have been measured. The 

. comparisons between the measured and predicted fire plume tilt angles from the vertical 

are shown in Table 8.4. Similar to the experimental results, CFO predicted the increase 
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of fire plume tilt angles with the HRRs. In addition, CFD also predicted that the fire 

plume tilt angle decreases with the increase of tunnel aspect ratio. 

It can be observed in Table 8.4 that the plume in tunnel A has the highest deflection 

angle from the vertical. In contrast, the plume in tunnel D has the smallest deflection 

angle from the vertical. The deflection angles vary from 75° to 56° in tunnel A to tunnel 

D at 3.0 kW. The deflection angles at 15.0 kW fire vary from 87° to 60°. The overall 

comparison shows that at specific tunnel and HRR, the predicted plume tilts angle was 

slightly lesser than the experimental results. 

(3) Air Entrainment and Flow Acceleration 

It has been pointed earlier in Chapter 7, the mechanisms for the behaviour of the plume 

distribution are due to the interaction of the fire plume with the ventilation flow and the 

interaction of the fire plume with the tunnel walls. These mechanisms are reflected in the 

behaviour of air entrainment and local acceleration of the air around the fire plume. The 

illustration of the air entrainment in the fire plume for each tunnel are shown in Figures 

8.34 to 8.37. The general flow patterns in the four tunnels show that the fire induced the 

air from the tunnel floor, moving toward the fire plume. The fresh air from the top and 

side is entrained into the fire. 

The effect of tunnel width on the behaviour of the air entrainment can also clearly seen. 

It is shown in Figure 8.34 that since there is limited spaces and opportunity for the fire 

plume to entrain the air from the sides in tunnel A, most of the air entrainment takes 

place in the upwind. The different rates of the entrainment on the upwind and downwind 

sides of the plume leads to a pressure drop to which the plume responds. As a results, 

this could create a pressure gradient across the plume which tilts it towards the tunnel 

floor. 

As the tunnel becomes wider, there is opportunity for the entrainment from the sides. 
, 

The results for tunnel B as shown in Figure 8.35 clearly show that the air is entrained 
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from the side. As a result, it can be observed that the magnitude of the velocity vector 

especially at tunnel centreline increases up to 0.769 mls. A similar situation occurred in 

tunnel C shown in Figure 8.36 where the plume is getting higher and the maximum 

magnitude of the velocity vectors further increased to 0.785 mls. Finally, it is shown in 

Figure 8.37 that further increased in tunnel width, the interaction between the tunnel 

walls with the fire plume becomes less significant. The fire plume even inclined at higher 

angle from the floor. It can be observed that the magnitude of the maximum velocity 

vector increased up to 1.03 mls. 

Figures 8.38 to 8.39 show the contours of the pressure drop relative to absolute pressure 

in both tunnels A and D at 7.50 kW fire. It can be observed in tunnel A that the 

contours indicating maximum pressure drop are confined just below tunnel ceiling and 

further extend to the downstream. Similarly, the contours representing the lowest 

pressure drop just above tunnel floor further extend to the downstream. However, the 

distribution of the pressure contours in tunnel D shown in Figure 8.39 are slightly 

different. It can be seen that the contours, representing the highest pressure are shorter 

just below tunnel ceiling. In addition, the pressure downstream from the burner is 

relatively higher. 

The flow acceleration in the near flame area was clearly shown in the LDV 

measurements. Figure 8.40 shows the comparison between the velocity profiles 

measured by LDV and predicted by the CFD in tunnel B. The CFD results were in a 

good agreement with the experimental results. 

8.4.3 Bacldayering 

The examples of the interactions between ventilation flow and the bacldayering flows are 

shown in Figure 8.41 at 7.50 kW fire at three ventilation velocities in tunnel B. In 

Figure 8.4 1 (a), the ventilation flow was set to 0.44 mls. At this condition, the 

bacldayering flows occurred and travelled upstream against the ventilation current at 

approximately 2 tunnel heights. Figure 8.4l(b) shows that at critical condition (0.47 
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rn!s), the backlayering flows were suppressed and become stagnant at the leading edge of 

the burner. Further increased in the ventilation velocity as shown in Figure 8.4lCc) 

resulted that the flame further deflected to downstream, releasing the majority of heat in 

the downstream and the backlayering flow disappeared completely. The backlayering 

flows were found to be very sensitive to the ventilation flow. However, the details of 

sensitivity of the backlayering flow towards the ventilation velocity has not been studied 

since this parameter was not the primary concern in the present study. 

The comparison between CFD and experimental results in Figure 8.12 also show that 

CFD predicts matched flow field in the backlayering flow. The velocity results in Figure 

4.40 further justify the agreement in the flow pattern. It is shown that the thickness of 

the backlayering flow is almost constant regardless of the HRRs. 

The backlayering flow was also observed to fill the whole tunnel width at the top part of 

the tunnel, similar to the experimental observation. This behaviour can be seen in Figures 

8.42 to 8.45 in each tunnel when the backlayering flow was allowed to travel up to 2 

tunnel heights upstream. 

8.4.4 Downstream Smoke Flow 

The comparisons between the measured and predicted temperature distributions in the 

downstream region are shown in Figures 8.46 to 8.49 for 3.0 kWand 15.0 kW fires in 

both tunnels Band D. The results show that in tunnel B, the smoke fill most of the 

tunnel. However, in tunnel D, the downstream smoke only fill half of the tunnel. 
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8.4.5 Critical Ventilation Velocity 

The predicted critical ventilation velocities for each tunnel at HRRs between 3.0 kW to 

43.5 kW are shown in Table 8.5. The plot of the predicted and measured critical 

ventilation velocity against the HRRs for the four tunnels is shown in Figure 8.50. 

The most important finding was that CFD predicts the same patterns of the critical 

ventilation velocity to the experimental results for the four tunnels. However, the 

predicted values from CFD lower by approximately 15 to 20 percent. 

One important outcome of these results is that the near independent of the critical 

ventilation velocity on fire output at higher HRRs were obtained in all tunnels in CFD 

simulations. The behaviour was predicted to occur in tunnels A and Bat HRRs 7.50 kW 

and 15.0 kW, respectively, consistent with the experimental results. The near 

independent of critical velocity on HRRs were also predicted to occur in tunnels C and 

D at HRRs at 30.0 kW and 45.0 kW, respectively. 

The detailed study in the velocity profiles suggested that even though the HRR was 

increased, the region at approximately beyond 125 mm above tunnel floor has the similar 

conditions. The velocity profiles were almost the same. This behaviour can be seen in 

Figure 8.51 where the centreline velocity profiles for three HRRs (7.50 kW, 15.0 kW 

and 22.50 kW) at various distances from the burner in tunnel B are compared. Starting 

from Figure 8.51 ( e), a striking feature that can be observed is that the magnitude of the 

velocities above 125 mm from tunnel floor are quite similar, for both 15.0 kW and 22.50 

kW fires. Both 15.0 kW and 22.50 kW fires have the same critical ventilation velocity, 

0.50 mls. 

. Examination on the flame height showed that for 15.0 kW and 22.50 kW fires, the region 

. below the tunnel ceiling was dominated by the intermittent flame. Due to its behaviour of 

the near constant velocity, it would be expected that the critical ventilation velocity 
, 
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would be nearly constant. Thus, it showed that there is a strong link between the 

predicted critical ventilation velocity with fire plume distribution. 

8.5 Summary of the Conclusions 

The three dimensional simulations have been successfully performed. The behaviour of 

the backlayering, fire plume distribution and downstream smoke flow were correctly 

mimicked. The principal conclusions that can be made are as follows: 

• CFD simulations predicted velocity field matching with experimental measurement. 

However higher temperatures were especially in the fire plume due to the limitation 

of the combustion models. 

• Detailed investigations on the velocity profiles in the fire plume distribution 

suggested that McCaffreys' fire plume theory could be extended in CFD. The 

behaviour of the three regimes existing in the predicted fire plume were found. 

However, since the predicted temperature distributions were found to be much 

higher, the present work proposed new temperature values to define the flame 

regime in CFD simulated results. The intermittent flame regime had a temperature of 

1100 - 1500 K. The persistent flame had a temperature of higher than 1500 K. 

• The results of predicted flame heights showed that for 3.0 kW fire, the flame was 

approximately one third of the height of the tunnel. At higher HRR 7.50 kW, the 

flame was nearly reached the ceiling whilst at 15.0 kW, the intermittent flame was 

definitely reached the ceiling. The CFD results showed that the persistent flame never 

reached the ceiling even at higher at the critical ventilation velocity. This further 

confirmed the findings from the experiment. 

• CFD predicted the same variations of the flame tilt angles to the measured in the 

experiment. The tilt angle decreases with the increase of the tunnel width and 

increases with the increase of the HRR in the same tunnel. The overall comparison 

shows that at specific tunnel and HRR, the predicted plume tilts angle was slightly 

lesser than the experimental results. 
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• The mechanism for the distribution of the fire plume has been further investigated. 

To some extent CFD further confirmed that the fire plume air entrainment plays 

significant roles for the distribution of the fire plume such as the large tilt angle from 

the vertical. In addition, the local obstruction of the oncoming air to the fire also 

determine the fire plume distribution. 

• The presence of the backlayering flow were correctly mimicked by the CFD. Similar 

to the experimental observation, the backlayering flow was sensitive to the 

ventilation flow. The backlayering flow also was observed to· fill the whole tunnel 

width at the top part of the tunnel. 

• Further comparison between the backlayering velocity profiles from LDV showed 

that the flow patterns were correct but the predicted values were slightly lower. One 

of the most important finding was that both results showed that the velocity profiles 

in the backlayering flow were similar regardless ofHRRs. 

• The most important finding from the present works was that CFD predicted the same 

pattern of the variations of the critical ventilation velocity in the four tunnels with 

respect to tunnel cross-sectional geometries and HRRs. The present work found that 

the predicted critical ventilation velocity were lower between 15 to 20 percent. This 

indicates that CFD has the ability to predict the same flow patterns but lower value in 

the critical velocity. This suggests that· further works are required to validate the 

data, if the CFD is used in design the ventilation system for tunnels. 

• Another important outcome of these results is that the near-independence of critical 

ventilation velocity on fire heat output at higher HRR were obtained in all tunnels in 

CFD simulations. 

• Finally, detailed investigations in the predicted critical ventilation velocity also show 

that there is a strong link between the critical ventilation velocity with the fire plume 

distribution. F or a small fire, the critical ventilation velocity was found strongly 

affected by the HRR. However, once the intermittent flame reached the ceiling, the 

critical ventilation velocity started becomes insensitive to the HRR. This further 

confirmed the finding from the experiments. 
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Figure 8. 29 : Temperature di stribution at the symmetrical plane in tunnel B (Q = 22.50 kW, Uc = 0.50 m/s) 
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Figure 8.30 : Cross-sectional temperature distribution in tunnel A at 100 mm downstream from 
the burner (Q = 3.0 kW, Uc = 0.36 m/s) 
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Figure 8.31: Cross-sectional temperature distribution in tunnel B at 100 mm downstream from 
the burner (Q = 3.0 kW, Uc = 0.40 m/s) 
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Figure 8.32 :Cross-sectional temperature distribution in tunnel C at 100 mm downstream from 
the burner (Q = 3.0 kW, Uc = 0.385 m/s) 
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Figure 8.47 : Comparison of temperature distribution at the symmetrical plane in the downstream region in tunnel D 
at various distances from the burner at 3.0 kW[ Uc(exp) = 0.40 mIs, Uc(CFD) = 0.375 m/s] 
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Figure 8.48 : Comparison of temperature distributions at the symmetrical in the downstream region in tunnel B 
at various distances from the burner at 15.0 kW [U(exp) = 0.60 mIs, U(CFD) = 0.50 m/s] 
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Chapter 8: CFD Simulations 

T bI 8 1 S· ltd a e lfiU a e d· . cases, con ItlOns an d b· o )lectlves 

Case 

NR(l)a,b,c 

NR(2) 

NR(3) 

NR(4) 

NR(S) 

NR(6) 

SR(l)a,b,c 

SR(2) 

SR(3) 

SR(4) 

SR(S) 

SR(6) 

SR(7) 

SR(8) 

SR(9) 

SR (10) 

SR(11) 

MR(l)a,b,c 

MR(2) 

MR(3) 

MR(4) 

MR(S) 

MR(6) 

MR(7) 

WR(I),a,b,c 

WR(2) 

WR(3) 

WR(4) 

WR(S) 

WR(6) 

WR(7) 

Keynotes: 

Tunnel Q Simulation Objectives 

(kW) GS CM TM CV 

A 3.0 
., 

A 3.0 
., 

A 7.S0 
., 

A lS.O "./ ., 
A 22.S0 

., 
A 0.70S 

., 
B 3.0 

., 
B 3.0 

., ., 
B 7.S0 

., ., 
B 3.0 

., ., ., 
B 7.S0 

., ., ., 
B lS.O 

., ., 
B 22.S0 

., ., 
B 3.0 

., ., 
B 7.S0 

., ., 
B IS.0 

., 
B 22.S0 

C 3.0 
., 

C 3.0 
., 

C 7.S0 
., 

C IS.0 
., 

C 22.S0 
., 

C 30.0 
., 

C 43.S 
., 

D 3.0 
., 

D 3.0 
., 

D 7.S0 
., 

D IS.O 
., 

D 22.30 
., 

D 30.0 
., 

D 43.S 
., 

GS - Grid sensitivity, CM - Combustion model, TM - Turbulence model, 

CV-Critical ventilation, BL - Bacldayering , a - Grid 1, b-Grid 2, c-Grid 3 

BL 

., 

., 

., 

., 
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Chapter 8: CFD Simulations 

Table 8 2 . Values ofunderrelax factors 

Parameters Underrelax Factor 

Velocity 0.35 

Pressure 0.40 

Turbulence Kinetic 0.30 

Turbulence Dissipation 0.30 

Viscosity 0.30 

Buoyancy 0.30 

Temperature 0.60 

Enthalpy 0.65 

r- F-Mean 0.6 

.... F-Variance 0.6 

Tab} 83 T 
~ e . : b f ota num er 0 } 11 computatlona ce s 

Tunnel Grid 1 Grid 2 Grid 3 
I=:::." 

A 12240 22848 57120 -
B 12240 39984 81600 -
C 22950 79968 155040 --
D 30600 108528 209304 

........... 
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Chapter 8: CFD Simulations 

Table 8.4: Predicted fire plume tilt angles 

Heat Tunnel A Tunnel B Tunnel D 

releas rate 

(kW) Measured Predicted Measured Predicted Measured Predicted 

3.0 75° 75° 70° 65° 60° 56° 

15.0 79° 87° 73° 65° 70° 60° 

Table 8.5 : The calculate resu t or t e cntIca venti atlOn ve OCIty d 1 fi h ., 1 'I ' 1 ' 

Heat Release Tunnel A Tunnel B Tunnel C Tunnel D 

Rate (kW) 

3.0 0.360 0.400 0.385 0.375 

7.50 0.375 0.470 0.470 0.460 

15.0 0.360 0.500 0.530 0.535 

22.5 0.355 0.500 0.550 0.575 

30.0 0.355 0.500 0.570 0.595 

45.0 0.355 0.500 0.580 0.615 
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Chapter 9: Dimensionless Ana~vsis 

Chapter 9 

Dimensionless Analysis 

This chapter discusses the proposed dimensionless analysis for HRR and the critical 

ventilation velocity. The main objectives are to find a scaling criterion for the 

experimental results obtained in small scale tunnels to be extended to larger scale tunnels 

and to find a simple way to co-ordinate all experimental results. 

The two objectives are aimed due to two main limitations of the old dimensionless 

analysis methods. The first one is that buoyant force in the backlayering was considered 

as a function of tunnel height. Therefore the effect of the cross-sectional geometry is not 

considered. The second one is that the existing methods cannot co-ordinate the 

experimental results into simple forms. 

To include the effect of the cross-sectional geometry in the variation of the critical 

ventilation velocity, the present work proposed to use the hydraulic tunnel height to 

replace the tunnel height as the characteristic length in the dimensionless analysis. The 

hydraulic tunnel height is defined as the ratio of 4 times the cross-sectional area to the 

tunnel wetted perimeter. This suggestion are based on two findings: 

• The backlayering adopts the shape of the tunnel. The backlayering occupIes 

approximately top half of the tunnel. 

• The experimental and CFD studies showed that the critical ventilation velocity is 

determined by the interaction of the fire with the tunnel walls and the fresh 

ventilation flow. Therefore flow behaviours should be studied in three dimensions. 

The buoyant force in the backlayering is contributed by the whole fire plume. This 

problem can not be treated as a fire plume impinging the ceiling, in which the flow 

can be treated as two-dimensional problems. This was how the previous researchers 
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Chapter 9: Dimensionless Analysis 

treated the tunnel fire problems. However, examination on the flow and temperature 

distribution at the symmetrical plane, the tunnel fire at critical conditions can be 

simplified as a one dimensional problem with the three regimes as duct flow. This 

will be examined in the dimensional analysis. 

9.1 Dimensionless Heat Release Rate & Critical Ventilation Velocity 

Based on Hydraulic Tunnel Height 

To differentiate the mean hydraulic tunnel height with the tunnel height, in the present 

work, the hydraulic tunnel height was defined as H. Thus, the dimensionless critical 

ventilation velocity and dimensionless HRR becomes: 

V"=~ and 
~gH 

where Po is ambient air density, Cp is heat capacity of the flow and To is ambient 

temperature. The value for each parameter is similar to Section 7.4.2. 

The calculated hydraulic tunnel heights for the tunnels A, B, C, D and E are 117 mm, 

250 mm, 333 mm, 444 mm and 238 mm, respectively. The calculated values of V" and 

Q" are shown in the Tables 9.1 and Table 9.2. The plot of V" against Q" using the 

hydraulic tunnel height is shown in Figure 9.1 

It is clearly. seen in Figure 9.1 that after using the H, all experimental results can be 

correlated into a single form. This suggests that a new correlation for predicting the 

critical ventilation velocity for tunnels having the same height but different widths can be 

derived. The results also show that V" value becomes independent on the Q", 

approaching 0~4, when the Q" is greater than approximately 0.2. 
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Based on the new characteristic length H, the present work proposed a simple one 

dimensional correlation to predict the critical ventilation velocity for tunnel having the 

same height but different cross-sectional geometries. The suggested equations are: 

V" = 0.40 [0.20r1!3 [Q,,]l!3 for Q"< 0.20 (9.1) 

V" = 0.40 for Q"> 0.20 (9.1a) 

In the derivations, there are two main considerations that have been emphasised. First, 

the curve must follow the one third power of the dimensionless HRR. This value is 

represented by the slope of the points which exhibit the straight line. Second, the value 

of V" max must be set equal to 0.40. By using these two restrictions, the value of Q" max 

which fit the curve is 0.20. 

The above equations suggest that the critical ventilation velocity for tunnels having the 

same height but different widths increases with the HRR to the power of 113 up to Q" 

equal to 0.20. Beyond this value, the critical ventilation velocity is weakly dependent on 

HRR and becomes constant at V" equal to 0.40. 

Figure 9.2 shows the comparison between the measured and predicted critical ventilation 

velocity expressed in the new dimensionless forms. It can be observed that both results 

follows the same pattern. There are two distinguished regions that can be seen, V" 

increases with Q" and the near independent of V" on Q". Although the predicted critical 

ventilation velocities are slightly lower, the most important finding is that both results 

show V" is increasing with Q" up to Q" between 0.2 to 0.30. Beyond Q" between 0.20 

to 0.30, the value of V" has become nearly constant. 

In addition to the present results, Figure 9.2 also shows several published results 

especially from Lea (1995) and Chow (1988) and Kawabata et al (1991). It can be seen 
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that there was a good agreement in the pattern of the variations. However, the previous 

values were slightly lower than the present results. The difference arises due to several 

reasons such as the type of the combustion models used and the nature of the fire , 

whether being generated by the combustion model or represented by heat source. In 

addition, the fuel type should also be taken into consideration. 

9.2 Comparison of the Result Obtained in This Work with Results 

from Larger Scale Tests 

The only limitation of the present results is that the critical results were obtained from 

small scale tunnel models. As being discussed in Chapter 3, extrapolating the small scale 

results to larger scale is still remain risky. In the present work, the experimental data 

were further compared with small and large scales data, gathered from the literature. 

One of the problems that has been encountered in this section was that the reported 

values of the critical velocities with HRRs limited to only one or two data. As a result, it 

would be expected that there will be some difficulties to predict the variation of the 

critical ventilation velocity. Among the established data, only the results Bettis et al 

(1993,1994), Gonzalez (1988), Heselden (1978), PIARC and World Associations to 

some extend reported more than one data. 

The dimensionless HRR and dimensionless critical velocities were calculated using the 

same parameters as in Section 7.4.2. However the values of the hydraulic tunnel height 

H and the initial ambient temperatures varied with authors. The initial ambient 

temperature were between 288 K to 300 K. The comparisons were divided into 3 

sections; the real experimental results (blue in colour), predicted results based on larger 

scales (red in colour) and the values obtained from guideline (green in colour). 

The calculated values of V" and Q" are shown in Table 9.3 and Table 9.3a. It is shown 
,-

in Figure 9.3 that although the critical data are scattered, especially at higher HRRs, the 
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present results show a good agreement. Comparing with the real large scale experiments 

(blue colour), it can be observed that the present data correlate very well with the 

Gallery, Memorial and Eureka results. Most of the Gallery data fit the present results in 

the region where V" increases with Q". A similar pattern is seen for the most recent data 

from the Memorial test of 10 MW fire (V" = 0.287, Q" = 0.051). 

Comparing with the critical data at higher HRRs, it can be seen that the present results 

also fit with the Memorial and Eureka data for 100 MW fires which are also the most 

recent and accurate results. The results from Memorial (V" = 0.344, Q" = 0.513) and 

Eureka (V" = 0.364, Q" = 0.964 ; V" = 0.34, Q" = 1.32) indicates that they lies in the 

region where V" independent of Q", consistent with the present results of V"max equal 

to 0.40. 

Comparing with the predicted and guideline results (red and green), it can be observed 

that there are no strong disagreement when V" value less that 0.40. However, above this 

value, the critical ventilation velocity can be regarded as over predicted. 

9.3 Conclusions 

New dimensionless analysis techniques were proposed. The hydraulic tunnel height was 

used to replace the tunnel height as the characteristic length. The new data analysis 

showed that the results from the five tunnels were well co-ordinated and followed the 

same pattern. The dimensionless critical velocity becomes independent on the 

dimensionless HRR, approaching 0.4 when the dimensionless HRR greater than 0.2. 

Correlations to predict the critical ventilation velocity based on dimensionless HRR and 

dimensionless critical velocity have been derived based on the five tunnels. 

The present small scale results have been compared with the measured and predicted 

results from larg~r scale tunnels and the predicted from CFD. The comparisons showed 

that the present results were in a good agreement with the larger scale results. Therefore 
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the present results can be used for prediction of the critical ventilation velocity for large 

scale tunnel in any cross-sectional geometry. 
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Figure 9.1: Plot of dimensionless critical velocity against dimensionless 
heat release rate 
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Table 9.1: Dimensionless heat release rate (Q") 

Q Tunnel A Tunnel B Tunnel C Tunnel D 

(kW) Q" Q" Q" Q" 

1.50 0.108 0.041 0.021 0.010 

3.00 0.216 0.082 0.041 0.020 

7.50 0.539 0.205 0.103 0.050 

10.50 0.754 0.288 0.144 0.070 

12.00 0.862 0.329 0.164 0.080 

15.00 1.078 0.411 0.205 0.100 

22.50 1.616 0.616 0.308 0.150 

30.00 2.155 0.822 0.410 -

Table 9.2: Dimensionless critical ventilation velocity (V") 

Tunnel A Tunnel B Tunnel C Tunnel D 

V(rnls) V" V(rnls) V" V(rnls) 

0.43 0.333 0.39 0.248 0.37 

0.46 0.356 0.48 0.309 0.45 

0.48 0.372 0.56 0.354 0.54 

0.48 0.372 0.59 0.379 0.57 

0.48 0.372 0.60 0.382 0.59 

0.48 0.372 0.60 0.382 0.60 

0.48 0.372 0.60 0.382 0.62 

0.48 0.372 0.60 0.382 0.65 

V" V(rnls) 

0.203 

0.251 

0.298 

0.319 

0.325 

0.332 

0.344 

0.359 

V"=~ 
~gH 

0.34 

0.40 

0.50 

0.54 

0.56 

0.59 

0.65 

-

V" 

0.162 

0.192 

0.241 

0.259 

0.270 

0.284 

0.313 

-

Tunnel E 

Q" 

0.046 

0.0.93 

0.232 

0.325 

0.372 

0.465 

0.670 

0.929 

Tunnel E 

V(rnls) V" 

0.44 0.288 

0.54 0.353 

0.60 0.393 

0.60 0.393 

0.60 0.393 

0.60 0.393 

0.60 0.393 

0.60 0.393 
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Table 9.3: Dimensionless heat release rate and dimensionless critical velocity for various 
tunnels 

~~;;;;:;;:;:.:;; 

.'" 

Oka et al 0.274 0.244 0.238 1.50 0.463 0.045 0.303 

3.00 0.570 0.090 0.373 

7.50 0.621 0.225 0.406 

10.50 0.621 0.314 0.406 

12.00 0.621 0.359 0.406 

15.00 0.621 0.449 0.406 

22.50 0.621 0.634 0.406 

30.00 0.621 0.898 0.406 

Bettis et al 2.44 2.74 2.38 204 0.908 0.019 0.188 

«3TH) 606 1.438 0.056 0.298 

1040 1.363 0.096 0.282 

1290 1.400 0.119 0.290 

570 1.037 0.052 0.215 

1230 1.387 0.113 0.287 

204 0.757 0.019 0.157 

Bettis et al 204 0.757 0.019 0.157 

(> 5TH) 953 1.302 0.088 0.269 

490 1.022 0.045 0.212 

4.0 5.0 4.4 14500 2.0 0.298 0.303 

2.44 2.74 2.38 5400 1.6 0.497 0.327 

7.86 7.6 7.75 10000 2.5 0.051 0.287 

100000 3.0 0.513 0.344 

2.4 5.4 3.32 1650 2.0 0.068 0.350 

Haack 4.8-6.5 5-11.6 5.0 100000 2.8 1.521 0.340 

Haack 4.8-6.5 5-11.6 6.0 100000 2.8 0.964 0.365 

Hammerfast 5.0 6.6 5.68 100000 2.8 1.067 0.375 

Gonzalez 6.6 6.4 6.49 5000 1.6 0.040 0.201 

20000 2.32 0.158 0.291 

100000 3.17 0.792 0.397 

Chowet al 4.0 5.0 4.4 14500 2.5 0.304 0.381 
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Table 9.3a: Dimensionless heat release rate and dimensionless critical velocity for various 
tunnels 

;;;;;;;:::;;;;;;;::: 

Lacroix 7.0 2000 - 2 0.0131 - 0.241 
3000 0.0196 

7.0 3000 - 3 0.0196 - 0.362 

5000 0.0327 

Lacroix 7.0 5000 2.0 0.0327 0.241 

10000 2.5 - 0.0656 0.302 -

3.0 0.362 

20000 3.5 - 0.1311 0.422 -

4.0 0.483 

D 6.6 6.4 6.49 50000 4 0.396 0.501 

Haselden 5.0 10.0 6.66 3000 1.3 0.022 0.161 

20000 3.0 0.149 0.371 

100000 6.7 0.745 0.828 

Lea 6.6 6.4 6.49 20000 2.4 0.158 0.301 

100000 3.2 0.792 0.401 

6.6 6.4 6.49 50000 2.8 0.399 0.351 

7.89 50000 5.0 0.245 0.568 

6.4 100000 5.0 0.826 0.631 

Mizuno 11.2 500000 2 -3 0.102 0.1908 -

0.2862 

Jones 5.53 50000 3.0 0.059 0.4073 

18 World 6.6 6.4 6.49 5000 1-2 0.0399 0.125 -

0.251 

20000 2-3 0.l60 0.251-

0.376 

100000 5-8 0.798 0.627 -

1.002 

254 



Chapter 10: Conclusions and Suggestions for Future Works 

Chapter 10 

Conclusions and Suggestions for Future Work 

Finally this chapter briefly concludes the overall conclusions in the present study. The 

detailed conclusions related to the present study have been previously outlined at the end 

of each chapter in this thesis. 

10.1 Conclusions 

The bulk of the present works concerns with the critical ventilation velocity. An 

extensive experimental programmes were carried out to measure the critical ventilation 

velocity for five model tunnels. Measurements of the velocity and temperature 

distribution in the tunnels were made. Three dimensional CFD modellings were also 

carried out to verify the experimental results. Following are the summary of the principal 

conclusions: 

• The critical ventilation velocity has been reviewed m relation with two mam 

parameters: a) tunnel aspect ratio, and b) fire power 

• The critical ventilation velocity did vary for tunnels which have the same height but 

different widths. 

• The critical ventilation velocity strongly depends on the one third of the power of the 

HRR at lower HRRs. However 1 it is becoming independent on the HRR at higher 

HRRs. 
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• The variations of critical ventilation velocity have been related to the distribution of 

the fire plume inside the tunnels. McCaffrey (1979) fire plume theory has been 

extended and used in analysing the variations of the critical ventilation velocity. 

• The behaviour of the air entrainment near the fire and the flow acceleration approach 

the fire have been identified as the mechanisms for the distribution of the fire plume 

inside the tunnels. 

• CFD simulations have successfully supported the experimental results in: a) flow 

behaviour, b) identifying the mechanisms of the distribution of the fire plume inside 

the tunnel , c) behaviour of the backlayering and finally prediction of the variations of 

the critical ventilation velocity. 

• New characteristic length for buoyant flow which is the hydraulic tunnel height has 

been used to replace the· tunnel height in the dimensionless analysis of the critical 

ventilation velocity and the HRR. The experimental results have been correlated into 

a simple form when the hydraulic tunnel height was used. 

• The scaling problems have been resolved by comparing the present results with the 

large scale experimental data. The results showed that there was a good agreement. 

Thus, the present results can be used with high degree of confidence for the reference 

to design the tunnel ventilation velocity. 

10.2 Suggestions for Future Works 

Much of works in the experimental investigations are still required in the tunnel fire 

studies. Thus in future, the present work can be extended to further investigate 

• The effect of the tunnel slopes on the critical ventilation velocity for the set of tunnels 

which have the same height but different cross-sectional geometries. 
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Chapter 10: Conclusions and Suggestions for Future Works 

• In the present work, the critical ventilation velocity were measured based on the fire 

at tunnel axis. In the real situation, for example petrol spillage, most of the fuel will 

be in the drain. Thus, it is necessary to further investigate the critical ventilation for 

the fire being placed other than at tunnel axis. 

• The present experimental setup also can be used to investigate the effect of the 

blockage inside the tunnel. 

• The present work found that the fire plume could affect the critical ventilation inside 

the tunnel. The behaviour of the independent of the critical ventilation velocity on the 

HRR should be further investigated. The outcome from the LDV measurements 

showed that the backlayering flow was almost constant regardless on heat release 

rate. Thus, the behaviour of independent of the critical ventilation velocity on the 

heat release rate should be further focused on the flame itself Therefore in future, 

new techniques such as the real thermal image or using advanced method to capture 

the fire plume are required. 

• The most recent technology to study tunnel fires is using Computational Fluids 

Dynamics. It should be bear in mind that CFD technique is a new approach. In the 

present works, the CFD that have been performed were based on simple approach. 

However, the results were promising since CFD were capable to predict the same 

variation of the critical ventilation velocity compared to the experimental result. The 

percentage different obtained in the present work was up to 20 percent. Therefore in 

future, it is necessary to optimise the CFD codes especially the study on the flow 

behaviour. The buoyancy related term for example should be further optimised in 

future in order to find the desired value for tunnel fire. In general, further 

investigation and validation of computer code are necessary. It has been pointed 

earlier that the combustion models are not matured enough to represent the fire. 
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Appendix A 

Safety Rules and Risk Assessment 

These rules must be read in conjunction with HSL and Sectio~ Safety Rules and must be 

complied with at all times. 

Safety Rules 

• Effective fume extraction must be continued throughout the tests. 

• A carbon dioxide fire extinguisher should be immediately available at the air inlet end 

of the tunnel. 

• Ancillary equipment should not be obstruct access to any fire exits. 

• All fuel gas piping should be checked for leaks and gas supplies should be turned off 

at the cylinder before the laboratory is vacated. 

• Large gas cylinders should be stored outside 

Risk Assessment 

• Propane gas is used to create the fires in the stainless steel section of the tunnel. Any 

uncontrolled release of propane and the resulting ignition is obviously a hazard. The 

consequences of such an event could result in damage to the tunnel and surrounding 

laboratory and possible injury to near by personal. However this event is unlikely to 

occur as all gas piping is checked periodically and gas cylinders are closed when the 

laboratory is unoccupied. 

• Butane gas is used to create a pilot flame in order to ignite the propane gas. The 

butane gas is stored in a gas cylinder on the trolley and is placed outside when not in 

use. The hazards and consequences of the butane gas are as above and the same 

precautions .are adopted to remove the risk. 
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• The fumes from the burnt propane may cause a hazard to near by personnel if not 

dealt with correctly. However an extraction system is in place throughout any tests 

and the fumes are fed directly into the system. 
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Appendix B 

Calculated Velocity Data for Each Tunnel 
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Table 81 . Velocity data for tunnel A 

Ave. vel Reynold No Discharge Calculated Manometer Vel in tunnel 
in pipe (-) Coeff (-) Differential Differential m/s (136x250) 
(m/s) Press (Pa) Press (kPa) 

0.10 625.0 0.91 0.02 0.00 0.02 
0.15 937.5 0.83 0.06 0.00 0.04 
0.20 1250.0 0.78 0.13 0.00 0.05 
0.25 1562.5 0.75 0.21 0.00 0.06 
0.30 1875.0 0.73 0.32 0.01 0.07 
0.35 2187.5 0.72 0.46 0.01 0.08 
0.40 2500.0 0.71 0.62 0.01 0.10 
0.45 2812.5 0.70 0.80 0.02 0.11 
0.50 3125.0 0.69 1.01 0.02 0.12 
0.55 3437.5 0.69 1.25 0.02 0.13 
0.60 3750.0 0.68 1.51 0.03 0.14 
0.65 4062.5 0.68 1.79 0.04 0.16 
0.70 4375.0 0.67 2.11 0.04 0.17 
0.75 4687.5 0.67 2.44 0.05 0.18 
0.80 5000.0 0.66 2.81 0.06 0.19 
0.85 5312.5 0.66 3.20 0.06 0.20 
0.90 5625.0 0.66 3.61 0.07 0.21 
0.95 5937.5 0.66 4.06 0.08 0.23 
1.00 6250.0 0.65 4.52 0.09 0.24 
1.05 6562.5 0.65 5.02 0.10 0.25 
1.10 6875.0 0.65 5.54 0.11 0.26 
1.15 7187.5 0.65 6.08 0.12 0.27 
1.20 7500.0 0.65 6.66 0.13 0.29 
1.25 7812.5 0.65 7.25 0.15 0.30 
1.30 8125.0 0.64 7.88 0.16 0.31 
1.35 8437.5 0.64 8.53 0.17 0.32 
1.40 8750.0 0.64 9.21 0.18 0.33 
1.45 9062.5 0.64 9.91 0.20 0.35 
1.50 9375.0 0.64 10.64 0.21 0.36 
1.55 9687.5 0.64 11.40 0.23 0.37 
1.60 10000.0 0.64 12.18 0.24 0.38 
1.65 10312.5 0.64 12.99 0.26 0.39 
1.70 10625.0 0.64 13.82 0.28 0.41 
1.75 10937.5 0.64 14.68 0.29 0.42 
1.80 11250.0 0.63 15.57 0.31 0.43 
1.85 11562.5 0.63 16.49 0.33 0.44 
1.90 11875.0 0.63 17.43 0.35 0.45 
1.95 12187.5 0.63 18.39 0.37 0.47 
2.00 12500.0 0.63 19.39 0.39 0.48 
2.05 12812.5 0.63 20.41 0.41 0.49 
2.10 13125.0 0.63 21.45 0.43 0.50 
2.15 13437.5 0.63 22.53 0.45 0.51 
2.20 13750.0 0.63 23.63 0.47 0.53 
2.25 14062.5 0.63 24.75 0.50 0.54 
2.30 14375.0 0.63 25.91 0.52 0.55 
2.35 14687.5 0.63 27.08 0.54 0.56 
2.40 15000.0 0.63 28.29 0.57 0.57 
2.45 15312.5 0.63 29.52 0.59 0.58 
2.50 15625.0 0.63 30.78 0.62 0.60 
2.55 15937.5 0.63 32.07 0.64 0.61 
2.60 16250.0 0.63 33.38 0.67 0.62 
2.65 16562.5 0.63 34.72 0.69 0.63 
2.70 16875.0 0.63 36.08 0.72 0.64 
2.75 17187.5 0.63 37.47 0.75 0.66 
2.80 17500.0 0.62 38.89 0.78 0.67 
3.00· 18750.0 0.62 44.83 0.90 0.72 
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Table 82 : Velocity data for tunnel 8 

Ave. Vel Reynold No Discharge Calculated Manometer Vel in tunnel 
in pipe (m/s) (-) Coeff (-) Differential Differential mls (250x250) 

Press (Pa) Press (kPa) 
0.40 2500.0 0.71 0.62 0.01 0.05 
0.50 3125.0 0.69 1.01 0.02 0.06 
0.60 3750.0 0.68 1.51 0.03 0.08 
0.70 4375.0 0.67 2.11 0.04 0.09 
0.80 5000.0 0.66 2.81 0.06 0.10 
0.90 5625.0 0.66 3.61 0.07 0.12 
1.00 6250.0 0.65 4.52 0.09 0.13 
1.10 6875.0 0.65 5.54 0.11 0.14 
1.20 7500.0 0.65 6.66 0.13 0.16 
1.30 8125.0 0.64 7.88 0.16 0.17 
1.40 8750.0 0.64 9.21 0.18 0.18 
1.50 9375.0 0.64 10.64 0.21 0.19 
1.60 10000.0 0.64 12.18 0.24 0.21 
1.70 10625.0 0.64 13.82 0.28 0.22 
1.80 11250.0 0.63 15.57 0.31 0.23 
1.90 11875.0 0.63 17.43 0.35 0.25 
2.00 12500.0 0.63 19.39 0.39 0.26 
2.10 13125.0 0.63 21.45 0.43 0.27 
2.20 13750.0 0.63 23.63 0.47 0.29 
2.30 14375.0 0.63 25.91 0.52 0.30 
2.40 15000.0 0.63 28.29 0.57 0.31 
2.50 15625.0 0.63 30.78 0.62 0.32 
2.60 16250.0 0.63 33.38 0.67 0.34 
2.70 16875.0 0.63 36.08 0.72 0.35 
2.80 17500.0 0.62 38.89 0.78 0.36 
2.90 18125.0 0.62 41.81 0.84 0.38 
3.00 18750.0 0.62 44.83 0.90 0.39 
3.10 19375.0 0.62 47.96 0.96 0.40 
3.20 20000.0 0.62 51.19 1.02 0.42 
3.30 20625.0 0.62 54.53 1.09 0.43 
3.40 21250.0 0.62 57.98 1.16 0.44 
3.50 21875.0 0.62 61.53 1.23 0.45 
3.60 22500.0 0.62 65.19 1.30 0.47 
3.70 23125.0 0.62 68.96 1.38 0.48 
3.80 23750.0 0.62 72.83 1.46 0.49 
3.90 24375.0 0.62 76.81 1.54 0.51 
4.00 25000.0 0.62 80.90 1.62 0.52 
4.10 25625.0 0.62 85.09 1.70 0.53 
4.20 26250.0 0.62 89.39 1.79 0.55 
4.30 26875.0 0.62 93.80 1.88 0.56 
4.40 27500.0 0.62 98.31 1.97 0.57 
4.50 28125.0 0.62 102.93 2.06 0.58 
4.60 28750.0 0.62 107.66 2.15 0.60 
4.70 29375.0 0.62 112.49 2.25 0.61 
4.80 30000.0 0.62 117.43 2.35 0.62 
4.90 30625.0 0.62 122.48 2.45 0.64 
5.00 31250.0 0.62 127.64 2.55 0.65 
5.10 31875.0 0.62 132.90 2.66 0.66 
5.20 32500.0 0.62 138.26 2.77 0.68 
5.30 33125.0 0.62 143.74 2.87 0.69 
5.40 33750.0 0.61 149.32 2.99 0.70 
5.50 34375.0 0.61 155.01 3.10 0.71 
5.60 35000.0 0.61 160.80 3.22 0.73 
5.70 35625.0 0.61 166.71 3.33 0.74 
5.80 36250.0 0.61 172.71 3.45 0.75 
5.90 36875.0 0.61 178.83 3.58 0.77 
6.00 37500.0 0.61 185.05 3.70 0.78 
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Table 83 . Velocity data for tunnel C 

Ave. Vel Reynold No Discharge Calculated Manometer Vel in tunnel 
in pipe (m/s) (-) Coeff (-) Differential Differential m/s (500x250) 

Press (Pa) Press (kPa) 

1.0 6250.0 0.65 4.52 0.02 0.06 
1.1 6875.0 0.65 5.54 0.03 0.07 
1.2 7500.0 0.65 6.66 0.03 0.08 
1.3 8125.0 0.64 7.88 0.04 0.08 
1.4 8750.0 0.64 9.21 0.05 0.09 
1.5 9375.0 0.64 10.64 0.05 0.10 
1.6 10000.0 0.64 12.18 0.06 0.10 
1.7 10625.0 0.64 13.82 0.07 0.11 
1.8 11250.0 0.63 15.57 0.08 0.12 
1.9 11875.0 0.63 17.43 0.09 0.12 
2.0 12500.0 0.63 19.39 0.10 0.13 
2.1 13125.0 0.63 21.45 0.11 0.14 
2.2 13750.0 0.63 23.63 0.12 0.14 
2.3 14375.0 0.63 25.91 0.13 0.15 
2.4 15000.0 0.63 28.29 0.14 0.16 
2.5 15625.0 0.63 30.78 0.15 0.16 
2.6 16250.0 0.63 33.38 0.17 0.17 
2.7 16875.0 0.63 36.08 0.18 0.18 
2.8 17500.0 0.62 38.89 0.19 0.18 
2.9 18125.0 0.62 41.81 0.21 0.19 
3.0 18750.0 0.62 44.83 0.22 0.19 
3.1 19375.0 0.62 47.96 0.24 0.20 
3.2 20000.0 0.62 51.19 0.26 0.21 
3.3 20625.0 0.62 54.53 0.27 0.21 
3.4 21250.0 0.62 57.98 0.29 0.22 
3.5 21875.0 0.62 61.53 0.31 0.23 
3.6 22500.0 0.62 65.19 0.33 0.23 
3.7 23125.0 0.62 68.96 0.34 0.24 
3.8 23750.0 0.62 72.83 0.36 0.25 
3.9 24375.0 0.62 76.81 0.38 0.25 
4.0 25000.0 0.62 80.90 0.40 0.26 
4.1 25625.0 0.62 85.09 0.43 0.27 
4.2 26250.0 0.62 89.39 0.45 0.27 
4.3 26875.0 0.62 93.80 0.47 0.28 
4.4 27500.0 0.62 98.31 0.49 0.29 
4.5 28125.0 0.62 102.93 0.51 0.29 
4.6 28750.0 0.62 107.66 0.54 0.30 
4.7 29375.0 0.62 112.49 0.56 0.31 
4.8 30000.0 0.62 117.43 0.59 0.31 
4.9 30625.0 0.62 122.48 0.61 0.32 
5.0 31250.0 0.62 127.64 0.64 0.32 
5.1 31875.0 0.62 132.90 0.66 0.33 
5.2 32500.0 0.62 138.26 0.69 0.34 
5.3 33125.0 0.62 143.74 0.72 0.34 
5.4 33750.0 0.61 149.32 0.75 0.35 
5.5 34375.0 0.61 155.01 0.78 0.36 
5.6 35000.0 0.61 160.80 0.80 0.36 
5.7 35625.0 0.61 166.71 0.83 0.37 
5.8 36250.0 0.61 172.71 0.86 0.38 
5.9 36875.0 0.61 178.83 0.89 0.38 
6.0 37500.0 0.61 185.05 0.93 0.39 
6.1 38125.0 0.61 191.38 0.96 0.40 
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Table 83 continue 

6.2 38750.0 0.61 197.82 0.99 0.40 
6.3 39375.0 0.61 204.36 1.02 0.41 
6.4 40000.0 0.61 211.01 1.06 0.42 
6.5 40625.0 0.61 217.77 1.09 0.42 
6.6 41250.0 0.61 224.64 1.12 0.43 
6.7 41875.0 0.61 231.61 1.16 0.43 
6.8 42500.0 0.61 238.69 1.19 0.44 
6.9 43125.0 0.61 245.87 1.23 0.45 
7.0 43750.0 0.61 253.16 1.27 0.45 
7.1 44375.0 0.61 260.56 1:30 0.46 
7.2 45000.0 0.61 268.07 1.34 0.47 
7.3 45625.0 0.61 . 275.68 1.38 0.47 
7.4 46250.0 0.61 283.40 1.42 0.48 
7.5 46875.0 0.61 291.23 1.46 0.49 
7.6 47500.0 0.61 299.17 1.50 0.49 
7.7 48125.0 0.61 307.21 1.54 0.50 
7.8 48750.0 0.61 315.36 1.58 0.51 
7.9 49375.0 0.61 323.61 1.62 0.51 
8.0 50000.0 0.61 331.98 1.66 0.52 
8.1 50625.0 0.61 340.45 1.70 0.53 
8.2 51250.0 0.61 349.03 1.75 0.53 
8.3 51875.0 0.61 357.71 1.79 0.54 
8.4 52500.0 0.61 366.50 1.83 0.55 
8.5 53125.0 0.61 375.40' 1.88 0.55 
8.6 53750.0 0.61 384.41 1.92 0.56 
8.7 54375.0 0.61 393.52 1.97 0.56 
8.8 55000.0 0.61 402.74 2.01 0.57 
8.9 55625.0 0.61 412.07 2.06 0.58 
9.0 56250.0 0.61 421.50 2.11 0.58 
9.1 56875.0 0.61 431.05 2.16 0.59 
9.2 57500.0 0.61 440.69 2.20 0.60 
9.3 58125.0 0.61 450.45 2.25 0.60 
9.4 58750.0 0.61 460.31 2.30 0.61 
9.5 59375.0 0.61 470.28 2.35 0.62 
9.6 60000.0 0.61 480.36 2.40 0.62 
9.7 60625.0 0.61 490.55 2.45 0.63 
9.8 61250.0 0.61 500.84 2.50 0.64 
9.9 61875.0 0.61 511.24 2.56 0.64 

10.0 62500.0 0.61 521.75 2.61 0.65 
10.1 63125.0 0.61 532.36 2.66 0.66 
10.2 63750.0 0.61 543.08 2.72 0.66 
10.3 64375.0 0.61 553.91 2.77 0.67 
10.4 65000.0 0.61 564.84 2.82 0.68 
10.5 65625.0 0.61 575.89 2.88 0.68 
10.6 66250.0 0.61 587.04 2.94 0.69 
10.7 66875.0 0.61 598.29 2.99 0.69 
10.8 67500.0 0.61 609.66 3.05 0.70 
10.9 68125.0 0.61 621.13 3.11 0.71 
11.0 68750.0 0.61 632.71 3.16 0.71 
11.1 69375.0 0.61 644.39 3.22 0.72 
11.2 70000.0 0.61 656.19 3.28 0.73 
11.3 70625.0 0.61 668.09 3.34 0.73 
11.4 71250.0 0.61 680.10 3.40 0.74 
11.5 71875.0 0.61 692.21 3.46 0.75 
11.6 72500.0 0.61 704.43 3.52 0.75 
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Table 84 : Velocity data for tunnel D 

Ave. Vel Reynold No Discharge Calculated Manometer Vel in tunnel 
in pipe (m/s) (-) Coeff (-) Differential Differential m/s (1000x250) 

Press (Pa) Press (kPa) 
2.0 12500.0 0.63 19.39 0.019 0.06 
2.5 15625.0 0.63 30.78 0.031 0.08 
3.0 18750.0 0.62 44.83 0.045 0.10 
3.5 21875.0 0.62 61.53 0.062 0.11 
4.0 25000.0 0.62 80.90 0.081 0.13 
4.5 . 28125.0 0.62 102.93 0.103 0.15 
5.0 31250.0 0.62 127.64 0.128 0.16 
5.5 34375.0 0.61 155.01 0.155 0.18 
6.0 37500.0 0.61 185.05 0.185 0.19 
6.5 40625.0 0.61 217.77 0.218 0.21 
7.0 43750.0 0.61 253.16 0.253 0.23 
7.5 46875.0 0.61 291.23 0.291 0.24 
8.0 50000.0 0.61 331.98 0.332 0.26 
8.5 53125.0 0.61 375.40 0.375 0.28 
9.0 56250.0 0.61 421.50 0.422 0.29 
9.5 59375.0 0.61 470.28 0.470 0.31 
10.0 62500.0 0.61 521.75 0.522 0.32 
10.5 65625.0 0.61 575.89 0.576 0.34 
11.0 68750.0 0.61 632.71 0.633 0.36 
11.5 71875.0 0.61 692.21 0.692 0.37 
12.0 75000.0 0.61 754.40 0.754 0.39 
12.5 78125.0 0.61 819.26 0.819 0.41 
13.0 81250.0 0.61 886.81 0.887 0.42 
13.5 84375.0 0.61 957.05 0.957 0.44 
14.0 87500.0 0.61 1029.96 1.030 0.45 
14.5 90625.0 0.61 1105.56 1.106 0.47 
15.0 93750.0 0.61 1183.84 1.184 0.49 
15.5 96875.0 0.61 1264.81 1.265 0.50 
16.0 100000.0 0.61 1348.46 1.348 0.52 
16.5 103125.0 0.61 1434.80 1.435 0.54 
17.0 106250.0 0.61 1523.82 1.524 0.55 
17.5 109375.0 0.61 1615.52 1.616 0.57 
18.0 112500.0 0.61 1709.91 1.710 0.58 
18.5 115625.0 0.61 1806.99 1.807 0.60 
19.0 118750.0 0.61 1906.75 1.907 0.62 
19.5 121875.0 0.61 2009.20 2.009 0.63 
20.0 125000.0 0.61 2114.33 2.114 0.65 
20.5 128125.0 0.61 2222.15 2.222 0.67 
21.0 131250.0 0.61 2332.65 2.333 0.68 
21.5 134375.0 0.60 2445.85 2.446 0.70 
22.0 137500.0 0.60 2561.72 2.562 0.71 
22.5 140625.0 0.60 2680.29 2.680 0.73 
23.0 143750.0 0.60 2801.54 2.802 0.75 
23.5 146875.0 0.60 2925.48 2.925 0.76 
24.0 150000.0 0.60 3052.10 3.052 0.78 
24.5 153125.0 0.60 3181.42 3.181 0.80 
30.0 187500.0 0.60 4781.23 4.781 0.97 
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Table 85 : Velocity data for tunnel E 
Ave. Vel Reynold No Discharge Calculated Manometer Vel in tunnel 

in pipe (m/s) (-) Coeff (-) Differential Differential m/s(274 x 244) 
Press (Pa) Press (kPa) 

0.4 2500.0 0.71 0.62 0.01 0.06 
0.5 3125.0 0.69 1.01 0.02 0.07 
0.6 3750.0 0.68 1.51 0.03 0.09 
0.7 4375.0 0.67 2.11 0.04 0.10 
0.8 5000.0 0.66 2.81 0.06 0.11 
0.9 5625.0 0.66 3.61 0.07 0.13 
1.0 6250.0 0.65 4.52 0.09 0.14 
1.1 6875.0 0.65 5.54 0.11 0.16 
1.2 7500.0 0.65 6.66 0.13 0.17 
1.3 8125.0 0.64 7.88 0.16 0.19 
1.4 8750.0 0.64 9.21 0.18 0.20 
1.5 9375.0 0.64 10.64 0.21 0.21 
1.6 10000.0 0.64 12.18 0.24 0.23 
1.7 10625.0 0.64 13.82 0.28 0.24 
1.8 11250.0 0.63 15.57 0.31 0.26 
1.9 11875.0 0.63 17.43 0.35 0.27 
2.0 12500.0 0.63 19.39 0.39 0.29 
2.1 13125.0 0.63 21.45 0.43 0.30 
2.2 13750.0 0.63 23.63 0.47 0.31 
2.3 14375.0 0.63 25.91 0.52 0.33 
2.4 15000.0 0.63 28.29 0.57 0.34 
2.5 15625.0 0.63 30.78 0.62 0.36 
2.6 16250.0 0.63 33.38 0.67 0.37 
2.7 16875.0 0.63 36.08 0.72 0.39 
2.8 17500.0 0.62 38.89 0.78 0.40 
2.9 18125.0 0.62 41.81 0.84 0.41 
3.0 18750.0 0.62 44.83 0.90 0.43 
3.1 19375.0 0.62 47.96 0.96 0.44 
3.2 20000.0 0.62 51.19 1.02 0.46 
3.3 20625.0 0.62 54.53 1.09 0.47 
3.4 21250.0 0.62 57.98 1.16 0.48 
3.5 21875.0 0.62 61.53 1.23 0.50 
3.6 22500.0 0.62 65.19 1.30 0.51 
3.7 23125.0 0.62 68.96 1.38 0.53 
3.8 23750.0 0.62 72.83 1.46 0.54 
3.9 24375.0 0.62 76.81 1.54 0.56 
4.0 25000.0 0.62 80.90 1.62 0.57 
4.1 25625.0 0.62 85.09 1.70 0.58 
4.2 26250.0 0.62 89.39 1.79 0.60 
4.3 26875.0 0.62 93.80 1.88 0.61 
4.4 27500.0 0.62 98.31 1.97 0.63 
4.5 28125.0 0.62 102.93 2.06 0.64 
4.6 28750.0 0.62 107.66 2.15 0.66 
4.7 29375.0 0.62 112.49 2.25 0.67 
4.8 30000.0 0.62 117.43 2.35 0.68 
4.9 30625.0 0.62 122.48 2.45 0.70 
5.0 31250.0 0.62 . 127.64 2.55 0.71 
5.1 31875.0 0.62 132.90 2.66 0.73 
5.2 32500.0 0.62 138.26 2.77 0.74 
5.3 33125.0 0.62 143.74 2.87 0.76 
5.4 33750.0 0.61 149.32 2.99 0.77 
5.5 34375.0 0.61 155.01 3.10 0.78 
5.6 35000.0 0.61 160.80 3.22 0.80 
5.7 35625.0 0.61 166.71 3.33 0.81 
5.8 36250.0 0.61 172.71 3.45 0.83 
5.9 36875.0 0.61 178.83 3.58 0.84 
6.0 37500.0 0.61 185.05 3.70 0.86 
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Appendix C 
Simple Qbasic Programming for Analysis and Arrangement the 
Temperature Data Obtained in the Experiment 

DIM store(20, 40) 

PRINT lIinput data directory name II; 

INPUT stem$ 

, max number of tunnel heights downstream is 17 

thmax = 17 

FORth = 1 TO 9 

ntot = 31 

FORtc= 1 TO 9 

PRINT th; II II; tc 

OPEN IIc:\tunl000\dataext\1I + stem$ + 11\11 + CHR$(48 + th) + "h\tc_d" + CHR$(48 + tc) + ".asc" FOR 
INPUT AS #1 

av=O 

FOR n = 1 TO ntot 

INPUT #1, x 

av=av+x 

NEXTn 

store(th, tc) = av I ntot 

CLOSE 

NEXTtc 

FORtc=O TO 9 

OPEN "c:\tunl000\dataext\1I + stem$ + "\" + CHR$(48 + th) + "h\tc_dl" + CHR$(48 + tc) + ".asc" FOR 
INPUT AS #1 

av=O 

FOR n = 1 TO ntot 

INPUT #1, x 

av=av+x 

NEXTn 

store(th, tc + 10) = av I ntot 

CLOSE 

NEXTtc 

FOR tc=O T04 
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OPEN "c:\tunl000\dataext\" + stemS + "\" + CHR$(48 + th) + "h\tc_d2" + CHR$(48 + tc) + ".asc" FOR 
INPUT AS #1 

av=O 

FOR n = 1 TO ntot 

INPUT #1, x 

av=av+x 

NEXTn 

store(th, tc + 20) = av / ntot 

CLOSE 

NEXTtc 

FORtc= 1 T05 

OPEN "c:\tunlOOO\dataext\" + stemS + "\" + CHR$(48 + th) + "h\tc" + CHR$(48 + tc) + ".asc" FOR 
INPUT AS #1 

av=O 

FOR n = 1 TO ntot 

INPUT #1, x 

av=av+x 

NEXTn 

store(th, tc + 24) = av / ntot 

CLOSE 

NEXTtc 

OPEN "c:\tunlOOO\dataext\" + stemS + "\" + CHR$(48 + th) + "h\pressure.asc" FOR INPUT AS #1 

av=O 

FOR n = 1 TO ntot 

INPUT #1, x 

av=av+x 

NEXTn 

store(th, 30) = av / ntot 

CLOSE 

NEXTth 

FORth=OT07 

ntot = 31 

FORtc= 1 TO 9 

PRINT th;" "; tc 

OPEN "c:\tunIOOO\dataext\" + stemS + "\1" + CHR$(48 + th) + "h\tc_d" + CHR$(48 + tc) + ".asc" FOR 
INPUT AS #1 

av=O 

FOR n = 1 TO ntet 

INPUT #1, x 
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av=av+x 

NEXTn 

store(th + 10, tc) = av / ntot 

CLOSE 

NEXTtc 

FOR tc=O TO 9 

OPEN "c:\tun1000\dataext\" + stemS + "\1" + CHR$(48 + th) + "h\tc_dI" + CHR$(48 + tc) + ".asc" 
FOR INPUT AS #1 . 

av=O 

FOR n = 1 TO ntot 

INPUT #1, x 

av=av+x 

NEXTn 

store(th + 10, tc + 10) = av / ntot 

CLOSE 

NEXTtc 

FOR tc=OT04 

OPEN "c:\tun1000\dataext\" + stemS + "\1" + CHR$(48 + th) + "h\tc_d2" + CHR$(48 + tc) + ".asc" 
FOR INPUT AS # 1 

av=O 

FOR n = 1 TO ntot 

INPUT #1, x 

av=av+x 

NEXTn 

store(th + 10, tc + 20) = av / ntot 

CLOSE 

NEXTtc 

FORtc= 1 T05 

OPEN "c:\tun1000\dataext\" + stemS + "\1" + CHR$(48 + th) + "h\tc" + CHR$(48 + tc) + ".asc" FOR 
INPUT AS #1 

av=O 

FOR n = 1 TO ntot 

INPUT #1, x . 

av=av+x 

NEXTn 

store(th + 10, tc + 24) = av / ntot 

CLOSE 

NEXTtc 

OPEN "c:\tun1000\dataext\" + stemS + "\1" + CHR$(48 + th) + "h\pressure.asc" FOR INPUT AS #1 
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av=O 

FOR n = 1 TO ntot 

INPUT #1, x 

av=av+x 

NEXTn 

store(th + 10, 30) = av I ntot 

CLOSE 

NEXTth 

OPEN "C:\tunl000\dataext\" + stem$ + "\data3.pm" FOR OUTPUT AS #1 

FOR th = 1 TO thmax 

PRINT #1,25>1< (th - 1); ","; 40; ","; store(th, 1); ","; store(th, 9); ","; store(th, 17) 

PRINT #1,25>1< (th - 1); ","; 70; ","; store(th, 2); ","; store(th, 10); ","; store(th, 18) 

PRINT #1,25>1< (th -1); ","; 100; ","; store(th, 3); ","; store(th, 11); ","; store(th, 19) 

PRINT #1,25 >I< (th - 1); ","; 130; "."; store(th, 4); ","; store(th, 12); ","; store(th, 20) 

PRINT #1,25>1< (th - 1); ","; 160; ","; store(th, 5); ","; store(th, 13); ","; store(th, 21) 

PRINT #1, 25>1< (th - 1); ","; 190; ","; store(th, 6); ","; store(th, 14); ","; store(th, 22) 

PRINT #1,25 >I< (th - 1); ","; 220; ","; store(th, 7); ","; store(th, 15); ","; store(th, 23) 

PRINT #1, 25 >I< (th - 1); ", "; 240; ", "; store(th, 8); ", "; store(th, 16); ", "; store(th, 24) 

NEXTth 

CLOSE 
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Appendix D 

Coefficient of Polynomial for Physical Properties in Finite Rate 
Formulation 

Property = AX2 + BX + C 

T bI D1 C ffi' f I . I a e oe lClent 0 POI' nomla 

.",,,.,'A i •.. :.,. ..' B C 

Densitv 

C3Hs 4 x 10-6 - 0.0067 3.3996 

O2 3 x 10-6 - 0.0046 2.3782 

CO2 4 x 10-6 - 0.0064 3.2921 

H2O 1 x 10-6 - 0.0022 1.2199 

N2 3 x 10-6 - 0.0041 2.0808 

Viscosity 

C3Hs -4 x 10-12 . 3 X 10-8 9 X 10-8 

O2 -2 X 10-11 6 X 10-8 3 X 10-6 

CO2 -2 X 10-11 6 X 10-8 - 6 X 10-6 

H2O 3 X 10-12 4 X 10-8 - 1 X 10-6 

N2 -2 X 10-11 5 X 10-8 T 4 X 10-6 

Heat Capacity 

C3Hs -0.0021 5.9466 94.237 

O2 1 x 10-5 0.2635 837.02 

CO2 -0.0005 1.2197 531.9 

H2O 0.0007 - 0.2293 1921.5 

N2 0.0002 - 0.0975 1045.1 

Thermal Conductivity 

C3Hs 5 x 10-8 8 x 10-5 - 0.0125 

O2 ~1 x lO-s 9 x 10-5 0.0011 

CCh -1 x 10-8 9 x 10-5 - 0.0093 

H2O 7 x 10-8 3 x 10-5 0.006 

N2 -1 x 10-8 7 x 10-5 0.0045 
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Appendix E 

Temperature Data in the Downstream Region 
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Table E1: Temperature data in the downstream in tunnel B (0 = 3 a kW Uc = a 48 m/s) , 

CJ (Y,z) 
(40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

250 53.56 84.86 130.13 169.56 166.81 120.22 87.40 85.01 
500 27.43 31.44 36.35 50.73 78.47 99.70 121.00 128.76 
750 24.49 29.78 35.09 45.99 68.10 85.22 104.07 112.79 

1000 23.68 29.24 34.49 43.60 59.21 74.13 88.55 94.40 
1250 23.63 29.80 35.68 44.97 58.85 71.44 81.98 83.83 

1500 23.50 29.67 35.42 44.04 57.28 68.56 76.84 77.25 

1750 23.41 29.50 34.66 42.71 54.89 65.78 73.08 72.38 

2000 22.82 28.70 33.80 41.39 53.31 64.73 71.10 70.59 

2250 23.12 28.89 34.19 41.63 53.24 64.28 70.05 69.71 

2500 22.88 28.68 34.01 41.41 52.54 63.30 68.94 68.83 

2750 23.11 28.78 33.94 40.87 51.03 61.14 66.63 66.24 
3000 23.12 28.44 33.17 39.81 49.45 59.67 65.09 64.82 

3250 23.28 28.34 32.88 39.21 48.72 58.39 63.28 62.84 
3500 23.23 27.99 32.23 38.34 47.50 57.09 61.97 61.75 

c=J (Y,z) 
(40,55) (70,55) (100,55) (130,55) (160,55) (190,55) (220,55) (240,55) 

250 80.82 27.40 169.80 153.64 108.93 84.94 70.54 82.07 

500 28.71 25.45 64.21 76.99 94.75 107.64 125.02 129.39 

750 27.18 24.73 54.30 63.78 78.36 91.83 108.50 112.50 

1000 25.54 25.48 44.05 52.52 65.37 78.21 92.53 95.57 

1250 23.87 25.86 38.97 47.28 58.83 72.31 84.19 84.46 

1500 23.17 25.83 36.79 44.05 54.76 68.31 78.45 n.88 

1750 23.06 26.06 35.63 42.83 53.29 65.95 74.20 72.96 

2000 22.96 26.07 35.35 42.48 52.57 65.11 72.25 71.38 

2250 23.34 26.27 35.90 43.07 52.88 64.89 71.04 70.54 

2500 23.20 25.96 35.48 42.57 51.93 63.77 69.77 69.11 

2750 23.63 26.23 35.20 41.71 50.25 61.52 67.54 66.76 

3000 23.63 25.96 34.70 41.05 49.31 60.20 66.19 65.35 

3250 23.72 26.15 34.25 40.35 48.24 58.88 64.37 63.23 

LJ 
23.73 25.91 33.36 39.19 46.73 57.19 62.90 62.20 

(Y,z) 
(40, 110) (70,110) (100,110) (130,110) (160,110) (190,110) (220, 110) (240, 110) 

250 39.24 61.49 62.91 54.87 40.09 41.29 61.31 64.55 

500 29.81 50.86 68.38 86.88 102.46 116.88 123.65 123.06 

750 27.11 42.95 60.30 75.22 91.24 104.36 109.18 108.50 

1000 25.23 36.64 48.73 62.33 75.92 89.89 93.98 91.86 

1250 23.95 31.05 39.12 49.71 62.96 78.28 83.70 80.03 

1500 22.94 28.44 35.16 44.46 57.56 72.30 n.42 74.11 

1750 22.92 28.51 35.21 44.01 55.97 69.12 73.37 69.81 

2000 23.37 29.14 35.81 44.51 55.52 67.64 71.40 69.00 

2250 23.78 29.11 35.73 44.46 55.65 66.90 70.11 68.61 

2500 23.48 28.34 34.63· 43.51 54.65 65.53 68.49 67.00 

2750 23.52 28.33 34.35 42.46 52.92 63.73 66.43 64.73 

3000 23.57 27.81 33.47 41.23 51.23 62.37 65.46 64.24 

3250 23.61 27.73 33.18 40.63 50.22 60.61 63.36 61.52 

!=-.. 3500 23.50 27.36 32.40 39.08 48.05 58.60 62.00 60.51 
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Table E2: Temperature data in the downstream in tunnel B (0 = 3 a kW U = a 25 m/s) . 
CJ (Y,z) 

(40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

250 56.17 72.59 86.86 113.31 154.59 164.63 170.50 171.45 

500 46.88 64.56 75.26 92.61 123.72 132.36 148.30 158.40 

750 31.97 38.39 44.53 54.34 74.49 90.90 112.67 124.48 

1000 26.42 29.56 34.31 44.62 65.55 84.59 100.10 103.96 

1250 22.87 25.04 28.25 37.39 56.66 78.24 90.96 90.81 

1500 21.81 24.14 26.92 36.34 54.48 73.29 83.59 83.09 

1750 20.55 23.02 25.68 34.07 50.03 67.90 77.89 77.57 

2000 19.99 23.10 26.06 34.60 49.16 66.05 74.38 73.88 

2250 20.32 23.51 26.99 35.52 49.16 64.51 71.81 71.78 

2500 20.63 23.91 27.74 35.93 48.52 63.18 69.79 69.66 

2750 20.77 23.90 27.71 35.48 47.51 60.82 67.26 67.32 

3000 20.86 23.91 27.59 35.18 46.17 58.39 64.66 64.88 

3250 21.25 24.38 28.37 35.58 45.46 57.04 62.79 62.75 

3500 21.04 23.99 27.65 34.29 43.37 54.42 60.24 60.34 

c:J (Y,z) 
(40,55) (70,55) (100,55) (130,55) (160,55) (190,55) (220,55) (240,55) 

250 72.50 27.52 132.48 140.63 154.72 163.93 167.02 171.84 

500 55.05 27.12 106.68 112.45 124.23 128.37 146.58 158.17 

750 34.74 25.49 54.14 62.60 79.71 93.85 115.15 123.52 

1000 26.36 24.09 38.31 49.01 67.43 86.53 102.13 104.64 

1250 22.11 22.60 29.87 39.57 57.34 78.82 92.62 92.17 

1500 21.20 22.25 28.43 38.28 54.54 74.34 85.11 83.23 

1750 20.52 21.81 27.08 35.54 49.94 69.33 79.47 78.37 

2000 20.41 21.87 27.27 35.77 49.08 66.95 75.71 74.66 

2250 20.75 22.33 28.48 36.87 49.00 65.23 72.81 72.17 

2500 21.10 22.45 29.13 37.40 49.07 64.16 70.74 70.64 

2750 21.26 22.28 28.92 37.00 47.85 61.91 68.29 67.80 

3000 21.38 22.26 28.93 36.55 46.27 59.21 65.75 65.12 

3250 21.82 22.79 29.70 36.86 45.68 57.90 63.57 62.65 

[j 
21.65 22.39 28.77 35.26 43.38 54.88 61.14 60.83 

(Y,z) 

(40,110) (70,110) (100,110) (130,110) (160,110) (190,110) (220,110) (240, 110) 

250 44.84 56.72 71.15 95.93 117.20 136.49 152.46 150.06 

500 43.14 58.76 76.03 100.03 121.30 135.37 144.64 142.27 

750 32.01 40.38 52.03 71.89 93.86 110.59 118.84 116.89 

1000 25.82 30.12 38.13 54.82 75.96 95.74 103.72 101.31 

1250 22.07 24.52 29.65 43.00 64.31 83.53 91.20 87.84 

1500 21.31 23.70 29.51 41.87 60.62 78.18 83.10 79.43 

1750 20.46 22.60 27.36 37.85 54.98 73.07 77.58 73.69 

2000 20.30 23.01 28.20 38.28 53.10 69.87 74.75 73.21 

2250 20.78 23.55 28.63 38.98 53.08 68.08 72.34 71.46 

2500 20.85 23.73 28.81 39.00 52.56 66.64 69.79 68.37 

2750 20.79 23.78 29.13 38.52 50.96 64.24 67.29 65.82 

3000 20.81 23.84 29.28 37.80 49.37 61.59 64.54 63.00 

3250 21.22 24.59 30.15 37.96 48.31 59.55 62.67 61.09 

!:::.. 3500 21.16 24.02 28.93 . 36.09 45.68 56.42 60.41 59.19 
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Table E3: Temperature data in the downstream in tunnel B (0 = 7 50 kW Uc = a 56 m/s) , 

c=J (Y,z) 
(40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

250 147.71 267.27 397.12 423.08 359.97 237.78 143.09 109.54 

500 66.19 72.54 85.18 131.53 203.22 250.98 282.07 284.94 .. 
750 38.10 48.55 58.40 76.n 107.01 139.17 171.24 180.54 

1000 30.18 35.56 41.08 52.44 70.20 89.73 107.01 110.40 

1250 36.67 48.20 58.94 75.81 103.15 126.96 148.00 152.44 

1500 35.71 47.36 57.63 73.35 98.06 121.09 140.35 142.44 

1750 34.83 45.49 55.11 69.00 91.75 115.42 133.29 133.86 

2000 32.82 43.00 51.95 65.03 87.15 111.42 129.12 131.30 

2250 30.39 38.n 46.86 58.41 79.03 100.64 113.58 112.93 

2500 34.11 43.06 52.14 64.n 84.96 106.09 121.27 122.25 

2750 33.47 41.98 50.71 62.88 82.13 103.07 118.36 119.34 

3000 23.23 26.95 31.05 36.65 47.97 60.13 66.n 64.80 

3250 27.42 33.51 39.89 49.13 66.01 84.68 95.48 94.09 

Cj 
28.48 35.05 42.00 51.89 68.91 88.16 99.98 99.53 

(Y,z) 
(40,55) (70,55) (100,55) (130,55) (160,55) (190,55) (220,55) (240,55) 

250 232.66 384.72 425.20 354.59 248.36 175.99 101.73 99.62 

500 67.33 116.80 165.67 202.35 246.47 263.81 280.92 280.19 

750 46.27 58.52 74.11 91.35 117.01 144.79 175.07 180.49 

1000 30.55 36.n 46.36 57.81 71.98 93.50 109.24 112.69 

1250 36.43 46.50 61.64 n.32 99.65 127.34 152.15 153.33 

1500 34.16 44.34 59.04 73.65 93.75 121.02 144.39 143.73 

1750 33.73 43.17 56.86 70.79 90.87 115.72 136.74 134.90 

2000 32.73 41.40 54.90 68.61 87.53 112.17 132.95 132.9<1 

2250 30.61 37.50 49.87 61.60 78.37 102.07 115.72 114.94 

2500 34.21 42.12 54.82 66.79 83.52 105.79 123.63 122.84 

2750 33.73 41.36 52.85 64.88 81.42 103.55 120.40 120.11 

3000 23.22 26.30 33.42 39.03 46.79 62.16 67.57 67.59 

3250 27.61 32.74 43.03 51.90 65.34 86.25 97.92 96.47 

"'" 3500 28.51 34.06 44.44 54.11 68.10 89.42 102.85 101.24 

(Y,z) 

::"". )( (40,110) (70,110) (100,110) (130,110) (160,110) (190,110) (220, 110) (240, 110) 

250 78.98 130.91 137.68 112.70 74.74 56.51 68.92 74.66 

500 67.89 106.29 149.53 195.13 228.13 260.07 267.88 255.37 

750 45.61 70.90 89.80 111.25 134.20 168.62 179.02 169.97 

1000 30.58 40.87 51.09 63.66 78.72 107.99 115.51 103.71 

1250 36.31 47.71 61.69 79.50 104.91 138.07 152.05 144.60 

1500 34.28 44.87 57.18 74.63 98.88 131.20 143.54 134.58 

1750 33.55 43.85 56.70 74.27 96.47 125.18 135.60 127.24 

2000 33.21 42.64 54.82 72.25 93.51 120.57 131.90 128.15 

2250 31.09 39.53 49.82 63.51 81.49 107.83 115.82 111.00 

2500 35.01 43.49 53.95 68.01 87.58 111.92 122.54 118.81 

2750 34.41 41.89 51.51 65.64 84.97 109.25 119.28 114.41 

3000 23.00 27.63 32.63 39.24 47.39 66.30 69.98 64.03 

3250 27.59 34.03 42.15 52.36 66.99 91.89 98.03 91.96 

i:::::::::,.. 3500 28.74 35.26 43.72 54.30 69.99 94.59 102.48 98.19 
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Table E4: Temperature data in the downstream in tunnel B (0 = 7.50 kW, U = 0.31 m/s) 

CJ (Y,z) 
(40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

250 146.80 226.53 320.90 406.65 429.30 399.65 372.76 343.96 
500 98.74 139.42 181.57 224.29 251.64 257.41 282.89 294.85 

750 53.65 64.29 77.63 96.82 129.35 162.59 200.95 221.40 

1000 39.12 45.70 54.79 75.85 116.07 150.53 176.13 180.53 

1250 33.25 38.64 46.15 64.93 99.81 138.25 160.56 160.31 

1500 30.41 35.25 41.62 57.52 88.61 127.40 150.54 149.48 

1750 30.04 34.64 40.78 56.30 86.01 122.43 142.70 140.71 

2000 30.17 35.01 41.36 56.n 83.99 116.67 135.09 134.09 

2250 30.49 35.71 42.69 57.88 82.66 112.30 128.82 129.20 

2500 30.73 35.72 42.44 56.91 81.42 109.n 125.35 125.45 

2750 22.98 26.50 31.41 42.05 61.90 89.46 107.31 106.75 

3000 24.02 27.99 33.37 44.62 64.97 91.10 106.96 106.92 

3250 25.05 29.31 34.79 46.47 65.74 89.86 103.93 103.76 

3500 25.44 29.41 34.70 45.96 64.24 86.89 100.23 100.31 

CJ (Y,z) 

(40,55) (70,55) (100,55) (130,55) (160,55) (190,55) (220,55) (240,55) 

250 197.46 339.10 425.14 415.23 376.55 367.73 335.15 320.65 

500 124.51 193.76 225.68 229.99 241.28 245.43 278.59 286.48 

750 57.45 76.39 90.49 106.04 135.46 165.12 205.66 219.46 

1000 39.88 49.41 60.16 80.51 112.99 150.91 179.80 179.61 

1250 32.76 38.80 48.30 68.66 100.51 137.34 163.58 161.65 

1500 30.11 34.85 43.27 60.52 88.75 127.29 152.71 151.43 

1750 29.80 34.35 42.94 59.86 85.12 121.90 144.21 141.24 

2000 29.62 34.47 43.03 58.93 82.74 117.15 137.10 135.70 

2250 30.19 35.29 44.61 60.64 83.27 113.91 131.09 130.86 

2500 30.55 35.47 44.45 59.80 82.07 111.44 127.56 127.40 

2750 23.23 26.73 33.61 44.60 63.30 92.77 108.50 107.57 

3000 24.30 28.21 35.90 47.25 65.78 94.38 108.60 108.24 

3250 25.30 29.47 37.33 49.11 66.48 93.00 105.60 104.42 

Cj 
25.61 29.67 37.01 48.22 64.45 88.65 101.81 101.85 

(Y,z) 

(40,110) (70,110) (100,110) (130,110) (160,110) (190,110) (220, 110) (240,110) 

250 111.65 169.22 203.48 221.49 227.27 266.76 292.60 244.83 

500 92.52 126.90 158.04 196.80 223.42 248.27 264.45 245.62 

750 55.63 70.13 88.20 122.14 163.12 198.27 213.59 205.32 

1000 39.91 47.66 61.00 88.21 128.39 168.47 179.41 164.15 

1250 32.72 37.46 48.47 75.36 112.69 148.35 161.43 152.31 

1500 30.54 34.54 43.46 65.28 99.88 136.89 150.59 143.78 

1.750 30.55 34.69 43.72 63.30 95.60 130.08 141.62 133.16 

2000 30.20 34.62 43.81 62.04 92.07 125.35 135.39 128.82 

2250 30.60 35.57 44.90 63.47 91.61 121.40 129.51 125.20 

2500 30.67 35.46 44.52 62.57 89.44 118.66 127.16 123.29 

2750 23.26 27.76 34.11 46.32 66.15 99.10 108.16 105.52 

3000 24.46 29.34 36.42 49.04 69.21 100.80 107.96 104.82 

3250 25.50 30.44 37.92 50.47 70.94 99.05 105.38 102.19 

~ 3500 25.95 30.54 37.67 49.n 67.67 93.44 101.38 98.90 
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Table E5· Temperature data in the downstream in tunnel 8 (Q = 15 0 kW Uc = 0 60 m/s) . 
CJ (Y,z) 

(40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

250 503.04 577.99 592.19 533.59 428.95 326.89 212.07 152.66 
500 83.87 96.27 120.18 179.33 265.81 336.08 367.59 360.82 
750 62.43 77.09 101.20 132.46 190.96 261.25 327.96 348.26 

1000 60.29 75.87 97.11 129.17 185.06 239.97 290.90 302.76 
1250 41.14 52.64 62.34 81.18 109.31 141.04 162.79 165.39 
1500 48.18 69.09 85.64 112.02 150.52 187.52 219.10 221.86 

1750 35.43 45.54 51.84 65.15 89.92 118.16 140.38 139.61 

2000 34.09 42.78 49.94 62.08 84.61 11'1.57 128.42 126.87 

2250 38.36 49.50 59.93 75.63 101.74 130.39 148.26 148.64 

2500 31.58 39.14 45.41 57.14 80.58 106.85 120.17 116.66 

2750 37.52 49.67 60.66 78.87 109.51 141.84 161.69 157.99 

3000 40.49 53.06 65.76 83.87 114.00 145.43 165.50 164.12 

3250 41.02 54.03 66.50 83.88 113.13 143.66 163.10 162.12 
3500 42.15 55.12 67.53 84.65 112.39 142.43 160.46 159.46 

CJ (Y,z) 
(40,55) (70,55) (100,55) (130,55) (160,55) (190,55) (220,55) (240,55) 

250 325.43 82.14 485.12 420.53 314.89 245.43 150.12 126.98 

500 94.98 47.84 223.14 287.80 330.80 368.07 366.69 351.45 

750 93.69 56.10 145.28 174.02 221.52 273.70 329.17 341.30 

1000 80.30 60.55 124.56 154.17 198.08 245.52 293.95 298.55 

1250 38.47 44.63 63.28 80.68 101.75 143.60 165.99 169.79 

1500 46.13 52.28 85.11 108.15 139.55 186.94 223.91 224.61 

1750 32.25 38.72 54.98 69.58 89.80 126.00 142.43 143.50 

2000 32.85 38.40 53.43 67.05 84.60 116.27 128.68 129.80 

2250 38.52 43.26 63.48 79.03 99.36 132.18 148.20 149.23 

2500 29.20 36.18 48.33 59.96· 76.78 109.22 120.79 121.07 

2750 37.14 44.50 65.19 81.97 106.84 145.43 163.71 160.43 

3000 40.45 47.82 70.50 87.79 113.57 150.39 168.21 165.11 

3250 41.45 48.40 70.95 88.48 113.50 148.17 166.12 162.21 

3500 42.99 49.15 71.40 87.80 111.85 145.50 163.71 161.46 

I I 

CJ (Y,z) 
(40,110) (70,110) (100,110) (130,110) (160,110) (190,110) (220, 110) (240,110) 

250 134.11 208.53 193.03 169.89 113.02 95.65 106.66 94.31 

500 95.60 175.41 217.51 266.47 283.58 330.69 343.64 297.19 

750 90.82 149.53 190.57 226.67 261.70 307.96 324.65 305.07 

1000 80.50 120.56 150.86 184.44 222.52 270.80 285.98 262.17 

1250 38.41 52.95 63.89 80.44 108.34 162.94 173.89 157.93 

1500 46.33 61.47 80.03 105.35 145.93 205.46 223.12 210.50 

1750 34.23 47.36 59.99 77.44 98.75 144.37 149.15 134.37 

2000 34.48 46.38 57.56 72.33 88.94 126.64 133.68 127.46 

2250 38.68 51.68 64.12 81.44 102.64 139.10 149.15 145.36 

2500 29.96 41.01 50.95 63.52 78.62 116.04 123.58 116.27 

2750 38.33 51.68 65.91 83.62 109.47 152.53 161.81 156.45 

3000 41.22 54.58 69.08 . 88.55 116.32 157.14 163.88 157.69 

3250 41.91 54.55 68.96 89.04 117.61 156.92 162.12 155.24 
I 

3500 42.20 53.69 68.01 86.50 114.03 152.52 159.66 155.21 
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T able E6: Temperature data in the downstream in tunnel 8 (0 = 15.0 kW, U = 0.34 m/s) 

CJ (y,z) 
(40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

250 216.90 329.89 349.76 368.99 381.77 431.16 477.99 387.65 
500 173.97 238.61 276.84 325.16 369.77 425.33 450.65 383.86 
750 45.84 57.90 78.08 114.49 168.38 240.21 261.77 248.40 

. 1000 50.81 63.58 84.85 123.72 183.29 257.06 279.32 257.52 
1250 46.52 56.99 77.62 113.66 167.95 231.87 252.03 233.67 
1500 43.98 53.17 69.48 102.13 154.26 213.76 231.93 217.54 
1750 35.95 43.50 55.22 77.09 115.84 175.13 193.96 180.65 
2000 39.35 48.34 60.25 82.88 124.11 179.39 197.68 188.89 
2250 24.11 30.19 37,62 51,10 75.02 127.50 141.06 133.11 
2500 30.16 36.61 45.68 62.91 95.70 151.31 165.43 160.47 
2750 32,31 38.46 48.38 67.08 97.93 150.90 163.65 160.14 
3000 34.58 40.70 51.60 71.11 99.42 147.71 158.96 155.41 
3250 34.50 41.38 52.42 71.42 98.73 141.74 154.34 150.25 
3500 35.88 42.70 53.16 71.20 96.27 135.87 148.82 144.30 

CJ (Y,z) 
(40,55) (70,55) (100,55) (130,55) (160,55) (190,55) (220,55) (240,55) 

250 333.65 77.82 600.53 578.33 546,13 547.02 537.46 501.46 
500 229.96 64.24 372.10 375.41 398.68 429.04 474.65 466.67 
750 46.97 37.39 70.37 97,23 134.34 196.70 251.65 266.79 

1000 52.18 44.68 81.61 113.18 160.60 226.91 280.42 284.37 
1250 47.31 46.00 75.57 105.34 153.11 213.62 259,19 254.44 
1500 44.13 45.63 70.13 96.86 140.20 198.64 238.75 232.21 
1750 35.26 38.76 53.22 72.22 105.01 162.74 197.70 191.90 
2000 38.54 41,91 58.28 78.44 112.77 169.55 203.57 198.82 
2250 24.47 27.56 35.61 47,71 70.04 115.53 139.96 137.94 
2500 29.60 32.55 44.37 60.36 88.72 139.39 168.80 165.35 
2750 32.73 36.13 48.55 65.28 93.95 140.56 169.14 165.88 
3000 34.07 37.38 50.51 68.23 95.90 138.68 163.81 160.94 
3250 35.06 38.76 51,95 69.34 95.29 134.06 158.66 156.44 
3500 35.52 39.12 52.06 68.69 92.54 127.84 152.60 151.90 

CJ (Y,z) 
(40,110) (70, 110) (100,110) (130,110) (160,110) (190,110) (220, 110) (240, 110) 

250 216.90 329.89 349.76 368.99 381.77 431.16 477.99 387.65 
500 173.97 238.61 276.84 325.16 369.77 425.33 450.65 383.86 
750 45.84 57.90 78.08 114.49 168.38 240.21 261.77 248.40 

1000 50.81 63.58 84.85 123.72 183.29 257.06 279.32 257.52 
1250 46.52 56.99 77.62 113.66 167.95 231.87 252.03 233.67 
1500 43.98 53.17 69.48 102.13 154.26 213.76 231.93 217.54 
1750 35.95 43.50 55.22 77.09 115.84 175.13 193.96 180.65 
2000 39.35 48.34 60.25 82.88 124.11 179.39 197.68 188.89 
2250 24.11 30.19 37.62 51.10 75.02 127.50 141.06 133.11 
2500 30.16 36.61 45.68 62.91 95.70 151.31 165.43 160.47 
2750 32.31 38.46 48.38 67.08 97.93 150.90 163.65 160.14 
3000 34.58 40.70 51.60 71.11 99.42 147.71 158.96 155.41 
3250 34.50 41.38 52.42 71.42 98.73 141.74 154.34 150.25 
3500 35.88 42.70 53.16 71.20 96.27 135.87 148.82 144.30 
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Table E7' Temperature data in the downstream in tunnel 0 (0 = 3 0 kW Uc = 0 40 m/s) , 

CJ (Y,z) 
(40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

250 60.073 79.365 104.388 147.015 179.699 166.190 156.785 146.035 

500 38.310 45.148 54.563 61.794 69.675 78.877 96.676 105.437 

750 25.213 25.581 25.958 26.137 27.906 34.337 52.856 62.860 

1000 24.230 24.497 24.696 24.756 26.137 31.883 49.209 58.695 

1250 23.524 23.733 23.822 23.902 25.014 30.223 43.939 51.840 

1500 22.996 23.284 23.403 23.683 25.452· 31.704 43.294 48.477 

1750 22.689 23.115 23.413 24.626 29.169 37.668 46.041 48.584 

2000 22.580 22.937 23.554 26.565 33.513 42.081 47.439 48.447 

2250 22.450 22.937 24.091 29.139 37.797 44.477 47.684 48.016 

2500 22.361 22.828 23.892 28.950 37.319 44.056 46.853 47.253 

2750 22.381 22.530 22.977 24.587 30.620 39.743 45.084 45.895 

3000 22.530 22.470 22.669 23.643 27.559 36.117 43.450 44.546 

3250 22.440 22.411 22.639 23.165 25.829 33.940 42.491 43.714 
3500 22.351 22.182 22.341 22.778 25.263 33.563 41.456 42.179 

CJ (Y,z) 

(40,250) (70,250) (100,250) (130,250) (160,250) (190,250) (220,250) (240,250) 

250 33.085 35.163 31.724 32.956 33.334 36.146 101.705 117.745 

500 28.344 30.441 27.758 28.662 32.072 48.525 94.676 104.640 

750 23.184 23.554 23.294 26.565 33.582 46.511 65.538 71.393 

1000 22.659 22.798 22.748 25.987 33.214 43.832 58.812 63.609 

1250 22.192 22.252 22.728 25.631 31.158 38.870 50.217 54.206 

1500 22.043 22.113 22.868 25.630 30.998 38.851 47.322 49.503 

1750 22.063 22.311 22.927 25.283 30.421 38.930 47.449 48.535 

2000 21.944 22.192 22.758 24.636 29.167 37.916 47.567 48.506 

2250 21.944 22.242 23.006 25.004 29.337 38.433 46.363 46.804 

2500 21.834 22.291 23.273 25.482 30.351 40.028 45.396 45.387 

2750 21.785 22.113 22.907 25.223 30.431 40.057 44.741 44.761 

3000 21.755 22.083 22.798 24.864 29.925 38.890 43.840 43.889 
3250 21.765 22.033 22.758 24.785 29.278 37.458 43.284 43.274 

cJ 
21.735 21.824 22.550 23.991 27.548 34.327 41.808 42.091 

(Y,z) 
(40,480) (70,480) (100,480) (130,480) (160,480) (190,480) (220,480) (240,480) 

250 30.88 25.90 26.26 27.08 28.70 32.07 47.10 62.48 

500 29.82 24.87 25.11 25.74 29.57 45.16 70.27 77.62 

750 26.85 21.98 22.73 25.62 33.81 58.37 70.06 68.67 

1000 26.16 21.39 22.84 26.26 36.62 58.56 66.01 63.33 

1250 25.54 21.05 22.54 26.22 37.04 55.19 59.67 56.71 
1500 25.30 20.82 22.23 25.44 33.82 49.45 54.06 52.98 
1750 25.25 20.68 21.94 24.73 30.69 42.81 50.35 50.73 

2000 25.26 20.53 21.43 23.61 27.82 37.46 47.35 49.48 

2250 25.26 20.54 21.35 23.32 26.92 34.89 44.59 46.96 

2500 25.22 20.66 21.80 23.62 27.10 35.22 43.06 44.35 , 
2750 25.15 20.78 21.98 24.04 28.09 37.89 42.75 42.30 

3000 25.14 20.90 22.52 25.25 30.25 39.27 42.13 41.48 

3250 25.24 21.31 23.27 26.96 33.02 40.18 41.72 40.68 
3500 25.16 21.11 22.98 26.16 32.49 39.73 40.88 39.89 
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Table E8: Temperature data in the downstream in tunnel 0 {Q = 3.0 kW, U = 0.18 m/s} 

CJ (Y,z) 
(40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

250 39.74 40.39 41.26 41.15 48.52 78.54 143.19 182.71 

500 33.65 34.77 35.46 34.56 37.77 52.08 93.27 125.04 

750 27.77 28.51 28.94 28.62 29.46 32.70 52.66 79.18 

1000 25.35 25.92 26.30 26.37 27.00 30.76 47.97 64.17 

1250 24.11 24.62 24.91 25.22 26.20 35.53 49.59 55.59 

1500 23.79 24.24 24.74 25.07 26.19 37.79 49.59 52.68 

1750 23.60 24.07 24.50 24.60 25.90 . 40.30 48.66 49.87 

2000 23.54 23.86 24.21 24.79 26.61 42.99 48.04 48.29 

2250 23.41 23.67 24.11 24.56 27.09 41.86 46.55 46.63 

2500 23.48 23.63 24.07 24.83 26.79 38.73 44.25 45.41 

2750 23.54 23.63 24.00 25.36 30.50 37.27 41.76 43.23 

3000 23.57 23.60 23.95 25.61 30.64 36.50 40.65 41.77 

3250 23.48 23.62 24.01 25.61 30.05 35.66 39.54 40.25 

3500 23.42 23.51 23.76 25.02 28.80 34.08 36.22 38.73 

CJ (Y,z) 
(40,55) (70,55) (100,55) (130,55) (160,55) (190,55) (220,55) (240,55) 

250 33.36 35.10 31.79 34.42 37.58 42.59 95.39 115.51 

500 30.24 31.79 29.53 31.16 34.16 38.74 79.76 91.06 

750 26.38 27.15 26.33 27.30 29.36 35.62 66.12 73.15 

1000 24.42 24.92 24.93 25.65 26.78 35.44 59.96 62.02 

1250 23.53 23.98 24.22 24.63 25.31 31.30 54.80 56.02 

1500 23.25 23.79 24.13 24.59 25.44. 33.39 51.13 52.41 

1750 23.26 23.77 24.13 24.74 26.25 36.27 49.16 49.31 

2000 23.19 23.69 24.16 24.75 . 27.19 38.60 46.75 47.05 

2250 23.22 23.63 24.16 25.08 28.71 37.02 45.16 45.99 

2500 23.33 23.61 24.02 24.98 28.46 35.92 43.98 44.64 

2750 23.40 23.58 23.99 25.10 28.61 36.42 42.75 43.01 

3000 23.37 23.60 24.13 25.52 28.79 36.40 41.54 41.77 

3250 23.39 23.62 24.35 26.24 29.25 35.54 40.25 40.39 

cJ 
23.30 23.55 24.17 25.92 28.86 34.45 39.06 39.12 

(Y,z) 
(40,480) (70,480) (100,480) (130,480) (160,480) (190,480) (220,480) (240,480) 

250 33.55 28.49 29.07 30.67 35.90 71.61 87.79 88.70 

500 31.62 26.76 27.24 26.58 34.16 66.75 76.58 79.09 

750 29.65 24.89 25.07 26.01 31.05 59.42 69.48 69.22 

1000 28.00 23.41 23.60 24.21 28.19 52.63 61.31 59.12 

1250 27.80 23.38 23.67 24.21 26.96 44.08 55.04 53.86 

1500 27.50 23.15 23.51 24.20 26.76 39.27 50.44 50.98 
1750 26.65 22.43 23.24 24.57 27.50 38.21 46.44 46.76 

2000 26.74 22.76 23.79 25.09 26.16 39.11 44.13 43.98 

2250 27.75 23.66 24.78 25.95 29.30 40.33 44.04 43.52 

2500 27.66 23.87 24.71 25.77 29.20 39.78 42.81 42.36 

2750 26.91 22.82 23.63 24.53 27.79 37.64 40.26 39.61 

3000 27.86 23.79 24.56 25.50 29.05 38.25 40.15 39.75 

3250 27.90 23.76 24.48 25.74 30.49 38.06 39.57 38.74 

3500 27.78 23.54 24.18 25.15 28.97 37.12 36.73 37.92 



Table E8: Temperature data in the downstream in tunnel 0 (Q = 3.0 kW, U = 0.18 m/s) 

CJ (Y,z) 

(40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

250 39.74 40.39 41.26 41.15 48.52 78.54 143.19 182.71 

500 33.65 34.77 35.46 34.56 37.77 52.08 93.27 125.04 

750 27.77 28.51 28.94 28.62 29.46 32.70 52.66 79.18 

1000 25.35 25.92 26.30 26.37 27.00 30.76 47.97 64.17 

1250 24.11 24.62 24.91 25.22 26.20. 35.53 49.59 55.59 

1500 23.79 24.24 24.74 25.07 26.19 37.79 49.59 52.68 

1750 23.60 24.07 24.50 24.80 25.90 . 40.30 48.66 49.87 

2000 23.54 23.86 24.21 24.79 26.61 42.99 48.04 48.29 

2250 23.41 23.67 24.11 24.56 27.09 41.86 46.55 46.63 

2500 23.48 23.63 24.07 24.83 28.79 38.73 44.25 45.41 

2750 23.54 23.63 24.00 25.36 30.50 37.27 41.78 43.23 

3000 23.57 23.60 23.95 25.61 30.64 36.50 40.65 41.77 

3250 23.48 23.62 24.01 25.61 30.05 35.66 39.54 40.25 

3500 23.42 23.51 23.76 25.02 28.80 34.08 38.22 38.73 

LJ (Y,z) 
(40,55) (70,55) (100,55) (130,55) (160,55) (190,55) (220,55) (240,55) 

250 33.36 35.10 31.79 34.42 37.58 42.59 95.39 115.51 

500 30.24 31.79 29.53 31.18 34.16 38.74 79.76 91.06 

750 26.38 27.15 26.33 27.30 29.36 35.62 66.12 73.15 

1000 24.42 24.92 24.93 25.65 26.78 35.44 59.96 62.02 

1250 23.53 23.98 24.22 24.63 25.31 31.30 54.80 56.02 

1500 23.25 23.79 24.13 24.59 25.44. 33.39 51.13 52.41 

1750 23.26 23.77 24.13 24.74 26.25 38.27 49.16 49.31 

2000 23.19 23.69 24.16 24.75 27.19 38.60 46.75 47.05 

2250 23.22 23.63 24.16 25.08 28.71 37.02 45.16 45.99 
2500 23.33 23.61 24.02 24.98 28.46 35.92 43.98 44.64 
2750 23.40 23.58 23.99 25.10 28.61 36.42 42.75 43.01 

3000 23.37 23.60 24.13 25.52 28.79 36.40 41.54 41.77 
3250 23.39 23.62 24.35 . 26.24 29.25 35.54 40.25 40.39 
3500 23.30 23.55 24.17 25.92 28.86 34.45 39.06 39.12 

CJ (Y,z) 
(40,480) (70,480) (100,480) (130,480) (160,480) (190,480) (220,480) (240,480) 

250 33.55 28.49 29.07 30.67 35.90 71.61 87.79 88.70 

500 31.62 26.76 27.24 28.58 34.16 66.75 78.58 79.09 

750 29.65 24.89 25.07 26.01 31.05 59.42 69.48 69.22 
1000 28.00 23.41 23.60 24.21 28.19 52.63 61.31 59.12 
1250 27.80 23.38 23.67 24.21 26.96 44.08 55.04 53.86 
1500 27.50 23.15 23.51 24.20 26.76 39.27 50.44 50.98 

1750 26.65 22.43 23.24 24.57 27.50 38.21 46.44 46.76 
2000 26.74 22.76 23.79 25.09 28.16 39.11 44.13 43.98 
2250 27.75 23.86 24.78 25.95 29.30 40.33 44.04 43.52 

2500 27.86 23.87 24.71 25.77 29.20 39.78 42.81 42.36 

2750 26.91 22.82 23.63 24.53 27.79 37.64 40.26 39.61 

3000 27.86 23.79 24.56 25.50 29.05 38.25 40.15 39.75 
3250 27.90 23.76 24.48 25.74 30.49 38.06 39.57 38.74 
3500 27.78 23.54 24.18 25.15 28.97 37.12 38.73 37.92 
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Table E9: Temperature data in the downstream in tunnel D (0 = 7.50 kW, Uc = 0.50 m/s) 

c=J (Y,z) 
(40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

250 124.43 201.98 285.20 343.63 363.96 321.46 284.35 261.38 

500 90.79 153.47 190.97 202.06 204.20 195.90 204.96 211.94 

750 34.53 38.55 41.46 40.03 43.66 55.18 85.96 109.12 

1000 30.79 32.79 33.71 32.90 35.03 45.55 75.16 96.88 

1250 28.35 29.60 29.86 29.50 31.41 39.94 62.25 79.52 

1500 27.10 28.29 28.43 28.50 30.90 41.86 60.93 72.18 

1750 26.30 27.43 27.64 28.57 34.36 50.67 65.77 72.54 

2000 25.78 26.77 27.34 31.56 42.94 ·59.93 68.83 71.50 

2250 25.17 26.25 27.49 35.67 50.76 63.77 68.67 69.58 

2500 24.65 25.48 26.67 33.01 47.70 61.78 66.38 66.92 

2750 24.63 25.15 26.14 29.93 41.56 57.35 64.53 65.79 

3000 24.62 24.96 25.34 26.79 33.00 47.74 60.70 63.45 

3250 24.44 24.78 24.99 25.83 29.48 42.24 58.26 61.42 

3500 24.19 24.50 24.78 25.31 28.78 42.53 57.30 59.80 

CJ (Y,z) 
(40,250) (70,250) (100,250) (130,250) (160,250) (190,250) (220,250) (240,250) 

250 51.35 55.57 48.64 51.22 51.96 69.17 161.69 186.42 

500 47.01 52.64 44.98 48.13 54.22 84.52 164.41 182.76 

750 30.08 32.01 28.90 34.42 48.74 76.95 116.21 127.13 

1000 27.61 28.47 26.81 32.28 44.30 66.82 95.96 104.60 

1250 26.01 26.21 25.99 30.95 41.09 57.05 77.78 84.24 

1500 25.02 25.18 25.81 30.14 38.30 53.44 72.06 76.37 

1750 24.84 24.92 25.18 28.70 36.60 52.37 72.06 75.09 

2000 24.64 24.77 24.86 27.54 34.24 49.28 70.87 74.54 

2250 24.24 24.44 24.65 27.71 34.51 49.72 68.37 71.02 

2500 23.82 24.05 24.63 28.26 36.21 54.06 65.50 65.99 

2750 23.72 24.13 24.85 28.71 37.27 53.44 64.28 64.96 

3000 23.58 23.92 24.77 28.38 36.23 51.76 62.51 62.92 

3250 23.47 23.71 24.51 27.48 34.43 47.76 61.18 61.61 

U 
23.44 23.64 24.33 26.93 33.19 46.01 59.43 59.85 

(Y,z) 
(40,480) (70,480) (100,480) (130,480) (160,480) (190,480) (220,480) (240,480) 

250 40.90 35.41 35.80 36.32 37.99 50.61 86.46 106.78 

500 40.21 34.69 35.22 35.54 39.39 62.95 105.00 116.40 

750 33.82 28.70 29.42 33.21 45.94 91.95 121.43 120.01 

1000 31.64 26.58 27.60 32.38 49.99 95.25 111.09 107.39 

1250 29.72 25.09 26.81 32.75 50.37 86.53 96.58 93.04 

1500 28.60 23.98 26.01 31.52 45.61 75.35 87.05 86.56 

1750 28.29 23.49 25.06 29.63 39.66 63.30 80.38 82.94 

2000 28.09 23.14 24.40 27.67 34.46 50.95 72.31 79.63 

2250 27.87 22.97 24.36 26.94 32.62 46.07 65.69 73.42 

2500 27.62 22.87 24.40 27.26 32.75 46.30 61.99 65.49 

2750 27.66 23.17 24.90 27.98 33.88 49.08 61.46 63.33 

3000 27.59 23.52 25.87 30.23 38.63 54.67 61.97 61.51 

3250 27.49 23.62 26.42 32.20 43.54 57.94 61.83 61.00 

::". 3500 27.41 23.55 26.42 32.19 43.63 56.53 59.81 58.97 
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Table E10: Temperature data in the downstream in tunnel 0 (0 =7.50 kW, U = 0.28 m/s) 

c=J (Y,z) 
(40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) 

250 78.01 85.59 95.19 110.03 156.67 222.81 310.80 

500 64.97 74.99 83.90 93.62 123.97 160.52 215.81 

750 40.25 43.69 46.31 46.16 51.64 60.98 94.08 

1000 34.58 36.67 38.12 37.58 40.10 46.60 74.75 

1250 30.55 31.81 32.44 32.81 34.98 48.87 71.84 

1500 31.01 32.22 32.92 33.47 36.85 55.23 74.43 

1750 29.51 30.67 31.28 31.91 35.86 56.64 72.82 

2000 28.94 29.93 30.61 30.93 33.56 56.71 71.44 

2250 29.40 30.08 30.74 31.21 35.25 59.60 71.32 

2500 27.65 28.28 28.80 29.39 33.90 56.82 66.31 

2750 27.63 28.20 28.52 29.32 35.76 54.09 64.05 

3000 27.46 27.95 28.33 29.41 37.25 51.12 60.36 

3250 28.25 28.60 29.08 30.49 39.36 50.69 58.79 

3500 27.85 28.30 28.70 29.77 37.09 48.57 57.17 

c=J (Y,z) 
(40,250) (70,250) (100,250) (130,250) (160,250) (190,250) (220,250) 

250 55.23 59.51 51.16 59.85 69.59 94.12 201.42 

500 50.86 54.85 47.00 54.23 63.81 82.15 161.94 

750 36.60 37.95 35.06 39.33 46.02 58.24 101.54 

1000 32.37 33.06 31.49 34.05 38.11 53.01 91.56 

1250 28.67 29.16 28.60 29.77 31.41 40.08 77.39 

1500 29.42 29.85 29.49 30.54 32.07 43.51 76.85 

1750 27.98 28.61 28.48 29.56 32.24 50.02 73.48 

2000 27.47 28.30 28.25 29.53 33.29 51.86 70.68 

2250 28.28 28.77 28.87 30.51 36.42 51.72 68.72 

2500 26.89 27.32 27.52 29.10 35.15 48.56 63.58 

2750 26.84 27.25 27.33 28.83 34.93 50.10 62.41 

3000 26.76 27.08 27.19 28.60 34.37 49.56 60.68 

3250 27.64 27.82 28.07 30.17 36.38 50.21 59.54 

Cj 
27.48 27.67 27.99 30.33 36.28 47.36 57.72 

(Y,z) 
(40,480) (70,480) (100,480) (130,480) (160,480) (190,480) (220,480) 

250 46.89 40.41 41.57 46.15 59.60 123.55 151.90 

500 45.54 39.40 40.19 44.68 58.23 119.49 140.95 

750 38.82 33.19 34.08 37.56 51.18 96.89 109.20 
1000 35.57 30.35 30.95 33.44 44.92 85.78 99.47 

1250 32.07 27.29 27.78 29.08 33.63 57.38 81.16 

1500 31.67 26.95 27.61 28.93 33.35 54.86 75.82 
1750 31.29 26.72 27.59 29.24 34.27 54.47 71.78 
2000 31.05 26.60 27.72 30.04 36.78 57.45 68.67 

2250 30.77 26.34 27.57 29.94 36.56 57.16 65.90 

2500 30.54 26.24 
, 

27.60 29.76 35.82 55.52 61.33 

2750 30.53 26.20 27.60 29.67 36.11 54.91 60.31 
3000 30.57 26.37 27.69 29.55 35.92 53.39 58.21 
3250 30.56 26.47 27.80 29.73 36.44 53.16 56.36 

~ 3500 30.48 26.39 27.46 29.03 34.95 52.00 55.46 

l 
1 

1 

1 

1 
(240,0) 

325.81 

242.45 

119.42 

99.86 

82.75 

81.28 

74.38 

73.33 

70.81 

67.33 

63.90 

62.42 

60.47 

58.47 

(240,250) 

227.31 

179.10 

112.37 

98.65 

81.22 

79.41 

73.09 

71.41 

68.57 

64.32 

61.89 

61.11 

59.82 

58.47 

(240,480) 

150.97 

142.10 

108.32 

94.53 

82.90 

79.87 

74.14 

69.88 

65.97 

60.70 

59.65 

57.88 

55.38 

54.18 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 



Table E10' Temperature data in the downstream in tunnel D (0 =7 50 kW U = 0 28 m/s) I 

CJ (Y,z) 
(40,0) {70, 0) {100, 0) (130,0) (160,0) (190,0) (220,0) (240,0) 

250 78.01 85.59 95.19 110.03 156.67 222.81 310.80 325.81 

500 64.97 74.99 83.90 93.62 123.97 160.52 215.81 242.45 

750 40.25 43.69 46.31 46.16 51.64 60.98 94.08 119.42 

1000 34.58 36.67 38.12 37.58 40.10 46.60 74.75 99.86 

1250 30.55 31.81 32.44 32.81 34.98 48.87 71.84 82.75 

1500 31.01 32.22 32.92 33.47 36.85 55.23 74.43 81.28 

1750 29.51 30.67 31.28 31.91 35.86 56.64 72.82 74.38 

2000 28.94 29.93 30.61 30.93 33.56 56.71 71.44 73.33 

2250 29.40 30.08 30.74 31.21 35.25 59.60 71.32 70.81 

2500 27.65 28.28 28.80 29.39 33.90 56.82 66.31 67.33 

2750 27.63 28.20 28.52 29.32 35.76 54.09 64.05 63.90 

3000 27.46 27.95 28.33 29.41 37.25 51.12 60.36 62.42 

3250 28.25 28.60 29.08 30.49 39.36 50.69 58.79 60.47 

3500 27.85 28.30 28.70 29.77 37.09 48.57 57.17 58.47 

CJ (Y,z) 
(40,250) (70,250) {100, 250) {130, 250) {160, 250) (190,250) {220, 250) (240,250) 

250 55.23 59.51 51.16 59.85 69.59 94.12 201.42 227.31 

500 50.86 54.85 47.00 54.23 63.81 82.15 161.94 179.10 

750 36.80 37.95 35.06 39.33 46.02 58.24 101.54 112.37 

1000 32.37 33.06 31.49 34.05 38.11 53.01 91.56 98.65 

1250 28.67 29.16 28.60 29.77 31.41 40.08 77.39 81.22 

1500 29.42 29.85 29.49 30.54 32.07 43.51 76.85 79.41 

1750 27.98 28.61 28.48 29.56 32.24 50.02 73.48 73.09 

2000 27.47 28.30 28.25 29.53 33.29 51.86 70.68 71.41 

2250 28.28 28.77 28.87 30.51 36.42 51.72 68.72 68.57 

2500 26.89 27.32 27.52 29.10 35.15 48.56 63.58 64.32 

2750 26.84 27.25 27.33 28.83 34.93 50.10 62.41 61.89 

3000 26.76 27.08 27.19 28.60 34.37 49.56 60.68 61.11 

3250 27.64 27.82 28.07 30.17 36.38 50.21 59.54 59.82 

3500 27.48 27.67 27.99 30.33 36.28 47.38 57.72 58.47 

CJ (Y,z) 
(40,480) (70,480) (100,480) (130,480) (160,480) (190,480) (220,480) (240,480) 

250 46.89 40.41 41.57 46.15 59.60 123.55 151.90 150.97 

500 45.54 39.40 40.19 44.68 58.23 119.49 140.95 142.10 

750 38.82 33.19 34.08 37.56 51.18 96.89 109.20 108.32 

1000 35.57 30.35 30.95 33.44 44.92 85.78 99.47 94.53 

1250 32.07 27.29 27.78 29.08 33.63 57.38 81.16 82.90 

1500 31.67 26.95 27.61 28.93 33.35 54.86 76.82 79.87 

1750 31.29 26.72 27.59 29.24 34.27 54.47 71.78 74.14 

2000 31.05 26.60 27.72 30.04 36.78 57.45 68.67 69.88 

2250 30.77 26.34 27.57 29.94 36.56 57.16 65.90 65.97 

2500 30.54 26.24 27.60 29.76 35.82 55.52 61.33 60.70 

2750 30.53 26.20 27.60 29.67 36.11 54.91 60.31 59.65 

3000 30.57 26.37 27.69 29.55 35.92 53.39 58.21 57.88 

3250 30.56 26.47 27.80· 29.73 36.44 53.16 56.36 55.38 

3500 30.48 26.39 27.46 29.03 34.95 52.00 55.46 54.18 
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Table E11: Temperature data in the downstream in tunnel D (0 = 15.0 kW, Uc = 0.59 m/s) 

c=J (Y,z) 
(40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

250 562.20 650.68 685.00 638.52 539.14 439.65 361.93 325.32 

500 199.41 264.89 291.35 2n.59 316.36 327.16 356.51 359.34 

750 55.27 64.51 74.60 73.37 102.96 127.72 181.93 218.50 

1000 40.11 43.37 46.93 45.82 57.08 73.03 127.32 164.16 

1250 33.24 35.30 37.08 37.09 43.36 57.85 98.56 128.83 

1500 30.69 32.39 33.47 33.81 40.27 58.91 92.52 114.74 

1750 29.10 30.30 31.15 33.87 47.17 73.n 97.48 108.63 

2000 28.12 29.51 31.05 40.15 59.82 85.78 100.97 105.71 

2250 27.21 28.61 31.25 43.85 70.18 92.06 99.70 101.17 

2500 27.07 28.08 30.18 39.62 63.90 86.75 96.44 98.72 

2750 26.96 27.63 28.69 31.97 47.02 71.39 90.38 95.15 

3000 26.73 27.24 27.87 29.27 37.74 59.21 84.07 91.35 

3250 26.34 26.72 27.26 28.28 35.02 55.44 81.55 88.40 

3500 27.13 27.57 28.11 29.31 37.09 61.69 83.22 86.50 

c=J (Y,z) 
(40,250) (70,250) (100,250) (130,250) (160,250) (190,250) (220,250) (240,250) 

250 84.41 86.32 n.53 79.26 79.71 87.14 135.55 159.94 

500 76.91 88.17 74.28 82.13 95.81 159.07 273.80 300.44 

750 47.61 54.94 46.97 62.n 92.18 138.89 207.29 226.94 

1000 36.30 39.53 37.43 51.46 76.11 103.13 149.37 165.96 

1250 30.51 32.26 34.05 47.84 64.46 79.60 112.02 124.36 

1500 28.14 29.32 32.32 41.85 54.88 72.48 99.90 108.31 

1750 27.06 27.67 29.69 36.54 49.13 72.34 99.92 104.53 

2000 26.83 27.34 28.67 34.93 46.98 72.20 97.46 100.61 

2250 26.16 26.78 27.85 33.43 45.53 73.63 94.47 95.62 

2500 25.90 26.57 27.48 33.05 45.96 74.29 94.24 95.00 

2750 25.54 26.30 27.68 33.37 46.30 72.37 91.90 92.66 

3000 25.43 26.21 27.65 32.79 44.95 68.84 88.75 89.95 

3250 25.38 25.92 27.26 32.23 43.11 64.30 86.50 87.65 

3500 26.24 26.n 28.22 32.91 43.53 63.11 84.98 85.71 

c=J (Y,z) 
(40,480) (70,480) (100,480) (130,480) (160,480) (190,480) (220,480) (240,480) 

250 50.65 43.76 45.02 46.09 44.80 45.23 67.13 94.96 

500 55.60 48.63 50.41 51.42 55.13 94.46 163.48 180.05 

750 48.03 41.34 43.09 48.19 65.48 143.81 195.85 192.89 

1000 40.85 34.60 36.72 44.54 73.93 145.26 169.27 163.26 

1250 34.85 29.99 34.34 44.38 74.49 128.93 141.12 136.31 

1500 31.80 27.18 31.53 41.53 66.43 111.89 126.78 125.39 

1750 30.45 25.50 29.06 36.34 51.45 84.13 110.22 114.65 

2000 30.08 25.06 28.28 34.29 45.52 69.90 97.51 106.91 

2250 29.59 25.03 28.05 33.35 42.56 62.51 86.95 96.17 

2500 29.44 25.11 28.53 33.88 43.57 66.61 88.07 92.63 

2750 29.43 25.95 30.24 37.13 49.73 75.50 88.44 88.34 

3000 29.56 26.63 31.78 40.63 54.84 n.83 86.46 86.02 

3250 29.57 26.87 32.79 42.89 58.94 79.57 85.14 83.07 

3500 29.23 26.10 30.71 38.57 52.56 76.70 83.21 82.05 
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Table E12: Temperature data in the downstream in tunnel D (Q =15.0 kW, U = 0.33 m/s) 

(Y,z) 

x (40,0) (70,0) (100,0) (130,0) (160,0) (190,0) (220,0) (240,0) 

250 198.53 233.62 284.45 368.96 479.52 517.94 555.49 550.15 

500 123.71 147.86 172.65 198.60 248.71 288.10 354.95 386.79 

750 67.46 73.49 79.17 78.72 93.01 113.15 174.05 214.88 

1000 49.11 52.38 54.48 53.59 59.65 72.36 122.18 161.18 

1250 40.76 43.22 44.29 44.68 49.31 64.40 105.36 132.56 

1500 38.16 40.59 41.88 42.99 52.13 n30 106.96 121.66 

1750 37.71 39.74 41.07 42.11 52.05 85.78 110.27 118.10 

2000 35.68 37.18 38.13 38.72 44.62 79.69 104.71 109.44 

2250 35.91 37.17 37.98 38.54 43.99 82.26 103.29 106.19 

2500 34.43 35.29 36.15 36.n 42.79 82.84 99.94 101.57 

2750 33.72 34.73 35.31 36.17 44.29 nos 94.25 96.84 

3000 33.02 34.03 34.66 36.66 48.40 72.52 88.66 92.25 

3250 32.57 33.35 33.98 36.51 51.26 70.69 84.72 88.21 

3500 32.87 33.63 34.16 35.68 47.50 67.08 80.62 83.39 

CJ (Y,z) 
(40,250) (70,250) (100,250) (130,250) (160,250) (190,250) (220,250) (240,250) 

250 107.16 118.65 102.60 122.57 145.39 202.76 393.69 418.30 
500 89.40 100.91 84.82 100.81 124.86 167.03 283.89 312.39 
750 60.29 64.73 56.28 65.55 81.62 98.98 168.70 194.69 

1000 46.05 47.42 43.48 48.84 58.53 80.37 137.29 148.64 
1250 38.54 39.39 37.48 40.10 44.71 63.78 127.37 132.68 
1500 36.01 37.16 36.07 38.21 41.43 58.61 117.45 122.03 
1750 35.73 36.87 36.19 38.46 42.14 71.16 112.80 114.60 
2000 33.56 34.83 34.37 37.28 44.75 75.13 105.87 106.72 
2250 34.02 34.93 34.69 37.78 47.38 72.17 100.66 102.25 
2500 32.66 - 33.41 33.24 36.27 46.00 68.29 94.78 96.48 
2750 32.32 32.95 32.71 35.41 43.98 69.06 91.63 92.31 
3000 31.98 32.57 32.46 34.90 43.94 69.70 88.59 88.55 
3250 31.53 32.05 32.09 35.07 44.82 69.03 85,74 85.92 
3500 32.24 32.74 32.84 35.69 45.18 64.93 82.03 83.04 

(Y,z) 
, 0) (70,480) (100,480) (130,480) (160,480) (190,480) (220,480) (240,480) 

250 73.03 63.47 65.61 73.34 92.62 194.22 242.36 237.95 

500 70.39 62.02 63.69 71.43 94.66 195.88 232.33 232.42 

750 57.71 50.36 51.25 58.50 87.51 164.55 185.36 184.46 
1000 46.99 41.03 42.40 48.21 72.94 137.61 156.14 149.21 
1250 40.72 35.27 36.59 40.59 52.95 98.83 136.47 137.71 

1500 38.14 33.20 34.73 38.41 46.96 81.74 118.09 123.74 

1750 37.07 32.47 34.30 37.84 46.11 n66 108.93 114.02 

2000 36.46 31.97 34.01 37.75 48.69 84.98 104.20 105.28 

2250 36.01 31.60 33.74 37.78 48.65 85.20 99.51 99.67 

2500 35.67 31.44 33.59 37.39 47.39 81.23 94.74 94.06 

2750 35.47 31.27 33.43 36.89 46.65 n98 89.66 88.63 

3000 35.32 31.25 33.49 36.79 46.96 76.44 86.08 85.84 

3250 34.99 30.93 33.12 36.23 46.51 76.61 82.88 81.21 

3500 34.69 30.78 32.54 34.97 42.46 71.27 79.28 n81 
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