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Abstract

Maximum Ceiling Temperature in a tunnel fire

This report focuses on the maximum excess gas temperature beneath the ceiling, and its
position relative to the centre, in a tunnel fire. Effects of different ventilation systems and
ventilation velocities, heat release rates, tunnel geometries and fire sources are analysed.
Numerous model scale tests and most of the large scale tunnel fire tests that have been
performed worldwide to date are presented.

Maximum excess gas temperature data from both model scale and large scale tests are
used and analysed. Correlations for the calculation of the maximum ceiling excess gas
temperature in the vicinity of the fire source, and its location relative to the centre of the
fire source, are proposed for low and high ventilated tunnels. The data indicate two
regions, depending on the dimensionless ventilation velocity. Each can be subdivided into
two regions. The first region exhibits linear increase which transits into a constant period,
depending on the fire size and ventilation.

The maximum excess gas temperature is found to be 1350 °C. Analysis of the inclination
of the flame resulted in a definition and correlation for a critical flame angle. Based on
these results, a correlation was obtained to calculate the position of the maximum gas
temperature beneath the ceiling.

Key words: maximum temperature, position, flame angle, model scale, large scale, heat
release rate, ventilation velocity, effective tunnel height
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Summary

An analysis of the maximum excess gas temperature and its position in a tunnel fire was
carried out. Large amounts of data from model scale tests and large scale tests were used
to verify and improve the proposed correlations. These correlations are unique, and the
need for this type of engineering correlations has been eagerly awaited.

Results of both theoretical analysis and experimental data show that the maximum
temperature can be divided into two regions according to the dimensionless ventilation
velocity. The dimensionless ventilation velocity is defined as the ratio of the longitudinal
ventilation velocity and the characteristic plume velocity. The main parameters taken into
account in the theoretical analysis include the heat release rate, the ventilation velocity,
the effective tunnel height and the geometry of the fire source. For a small fire in a tunnel,
the maximum excess gas temperature beneath the tunnel ceiling increases linearly with
the heat release rate and decreases linearly with the longitudinal ventilation velocity when
the dimensionless ventilation velocity exceeds 0.19. When the dimensionless ventilation
velocity is < 0.19, the maximum gas excess temperature beneath the tunnel ceiling varies
as two-thirds the power of the heat release rate, independent of the longitudinal
ventilation velocity. In both regions, the maximum gas excess temperature varies as a -
5/3 power law of the effective tunnel height, i.e. the distance between the bottom of the
fire source and the tunnel ceiling.

For a large fire in a tunnel, i.e. one where the flame impinges on the ceiling and extends
along the tunnel ceiling, it is found that the maximum excess temperature beneath the
ceiling approaches a constant value, regardless of the ventilation velocity. However, the
thermal properties of the tunnel structure, the influence of the water dripped and flowed
from cracks in blasted rock tunnels, the duration of the high temperature (for example
high heat release rate and low ventilation velocity) and the fuel type are all parameters
that can influence the specific value of the maximum temperature in any given tunnel for
any given scenario. This means that the maximum temperature in the constant regions is
not a universal constant, but dependent on the specific conditions for a given tunnel fire.

Based on a theoretical model and analysis of the experimental data, a correlation for the
maximum temperature beneath the tunnel ceiling is proposed. The correlation is valid up
to a maximum excess gas temperature of 1350 °C. This value was found to be the upper
limit for the maximum temperature obtained from large scale tunnel tests. It is, however,
clear that the levels of maximum gas temperatures depend mainly on the heat release rate,
the effective tunnel height (i.e. the height between the ceiling and the bottom of the
burning object if the fire source is elevated from the road surface), and the ventilation
type and velocity. Other factors that are less dominating but nonetheless important when
determining the level of the maximum ceiling temperature are the type of tunnel linings
or tunnel construction (i.e., rock, concrete, cracked and leaky blasted rock) and the fuel
type. The width of the tunnel was not found to be an important parameter, and therefore
not included in the correlations. The correlations are mainly based on test data from
rectangular shape cross-sections, but there are also other types included. When using the
correlations in tunnels that do not have rectangular shape cross-section the height at
respective location should be applied.

The fuel type can be divided into vehicles, solid fuels or liquid fuels. Open solid fuels
with no coverage or open liquid fires, are found to yield the highest maximum ceiling gas
temperatures if the heat release rates are high enough. In the case of vehicles, the
different types of exterior body types, such as steel, aluminum or glass fibre, may affect
the amount of convective and radiant heat transported towards the ceiling. This, in turn,
may affect the final value of the maximum ceiling gas temperature for the same level of



heat release rates. Finally it was found that the gas temperatures in model scale tests do
not result in values higher than 1100 °C. This is related to the specific test conditions and
thermal exchange between the fire and the material used in these model scale tests.

A formula for predicting the position of the maximum temperature beneath the ceiling
was proposed based on a theoretical analysis. A flame angle in a longitudinal flow was
defined from the position of the maximum temperature beneath the tunnel ceiling. The
flame angle defined here is also related to the dimensionless ventilation velocity. The
flame angle appears to be insensitive to the heat release rate for large tunnel fires. A
critical flame angle was found, which is defined as the flame angle at the critical
condition when the back-layering just disappears. This means that for a given tunnel and
fire source, the flame angles under critical condition are almost of the same, independent
of the heat release rate.

A comparison of the proposed formulae for the maximum temperature beneath the tunnel
ceiling with transient data from model scale tests and large scale tests shows a good
agreement. This means that the maximum temperature beneath the ceiling in a tunnel fire
can be estimated well if the heat release rate curve and the specific geometries of tunnel
and fire source are known. The good correlation, between the proposed formulae for the
maximum excess temperature beneath the ceiling and its position in a tunnel fire and the
data from model scale tests and large scale tests, confirm the validity of the theoretical
analysis.
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1 Introduction

The stability of the tunnel structure is a key design parameter when concerning the fire
safety design of tunnels. For example a tunnel may be the key transportation line between
two countries as in the case of the Mont Blanc fire or the St:Gotthard tunnel fire [1]. A
large fire can jeopardize the tunnel construction if the fire becomes too intense over a
long period of time. Our knowledge concerning the impact of thermal exposure of the fire
on the tunnel construction and how to calculate the stability of the structure is, therefore,
critical. Traditionally, heat exposure to a tunnel construction is based on the use of
standardized time-temperature curves. Indeed, standard fire temperature curve, such as
ISO 834 [2], the hydrocarbon curve (HC) [3] or the RWS curve [4], are widely used to
test the surface temperatures of the tunnel linings, see Figure 1.
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Figure 1 The most common standardized time-temperature curves for road
tunnel applications.

Other time-temperature curves that are used in specific applications include RABT/ZTV
[5], HCM [6] and EBA [7]. All these curves are derived in different ways and usually
based on large scale or small scale tests or by agreements of technical committees
working nationally or internationally in this field. When choosing different curves, there
is no single guideline document concerning how to choose one curve in relation to the
heat release rates, longitudinal ventilation velocity or the ceiling heights compared to
others.

Therefore there is a need to develop an alternative to standardized time-temperature
curves, i.e. engineering correlations to calculate the maximum gas temperature beneath
the ceiling of a tunnel. Traditionally tunnel engineers use the standardized time-
temperature curves to design the load bearing system of the tunnel construction. The
system is designed from an arbitrarily chosen standardized time-temperature curve that is
used as input for calculation of the temperature distribution inside the structure. The
temperature is converted into heat flux towards the construction and the temperature
inside the construction is calculated as a function of the distance from the outer surface of
the construction. In the case of a concrete tunnel construction, the temperatures in the
reinforced steel bars are calculated. When the temperature reaches a certain critical value
the time to collapse is determined. This method is accepted by most authorities around



the world and means that the analysis will be critically dependent on the choice of the
time-temperature curve.

There is, therefore, a need to develop an engineering tool based on theoretical analysis
that can predict the gas temperature as a function of the tunnel geometry, heat release rate
and ventilation conditions. Kurioka et al [8] proposed an empirical equation to predict the
maximum gas temperature rise below the tunnel ceiling and its position relative to the
centre of the fire. Hu et al [9] compared Kurioka’s equation with their full-scale data and
showed that there was a good agreement. However, the heat release rates of Hu’s full-
scale tests [9] were too small compared to the tunnel geometry. In the equation given by
Kurioka et. al. the maximum gas temperature rise below the ceiling approaches infinite,
when the ventilation velocity approaches zero. The consequence will be that the
maximum gas temperature rise below the ceiling cannot be predicted correctly when the
ventilation velocity is very low. Further, the maximum gas temperatures from Kurioka’s
experiments tends to be high, as the tunnel ceilings were lined with thick fireproof
blankets, similar to adiabatic boundaries, which could underestimate the heat loss near the
fire sources. The consequence may be that the maximum gas temperature rise under the
tunnel ceilings will be overestimated. Moreover, the proposed correlation was originally
obtained by empirical correlations and not based on theoretical analysis.

Li et al. conducted a theoretical analysis of the maximum gas temperature rise below the
ceiling based on an axisymmetric fire plume theory [10]. The necessary empirical
coefficients were obtained from experimental data. The proposed formulae for the
maximum excess gas temperature beneath the ceiling fit the data from both model scale
tests and large scale tests. A comparison of the proposed formulae with the Kurioka’s
equation was also made. The results showed that the formulae proposed by Li are better
able to predict the maximum gas temperature, especially when the ventilation velocity is
very small. However, the proposed formulae may not be valid if the heat release rate is so
large that the combustion zone reaches up to the tunnel ceiling. If this occurs, the
maximum gas temperature was expected to be a constant independent of the heat release
rate, ventilation velocity and tunnel height.

In the present report the theory of the plume mass flow rate and maximum temperature
beneath the ceiling for a small fire in a tunnel as given by Li et al [10] is further
developed. For a large fire in a tunnel, the parameters influencing the maximum
temperature are analyzed, according to theoretical considerations and tests data. Different
ventilation systems, heat release rate, ventilation velocity, geometry of the tunnel and fire
source are all taken into account. Data from numerous model scale tests and large scale
tests have been used in the analysis. The theoretical analysis provides the basis for an
engineering model to calculate the maximum gas temperature depending on the
ventilation conditions, tunnel geometry and fuel characteristics.

The work by Kurioka et. al. [8] concerning the position of the maximum temperature is of
great interest for the present study. The position of the maximum temperature beneath the
ceiling in a ventilated tunnel fire is very important when predicting the activation of the
detection system and automatic sprinkler system in a tunnel, and estimating the fire
characteristics in the vicinity of the ceiling. A theoretical approach to determine the
position has therefore been carried out and compared to available model scale test data.
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2 Theoretical Analysis

In order to establish necessary engineering correlations for the calculation of the
maximum excess gas temperature and its position relative to the fire source, a basic
theoretical analysis has been carried out. The theory is explained in this chapter.

2.1 Interaction of ventilated flow with fire plume

Hoult et al. [11][12] made a theoretical analysis of the fire plume in a ventilated flow
based on the following assumptions:

(1) The velocity and temperature defect profiles have the shape of a top hat and that
the cross section of the plume is circular.

(2) The plume is slender, i.e. the radius is small compared to the centreline radius of
curvature.

(3) There are basically two entrainment mechanisms, i.e. that due to the difference
between the plume velocity u and wind velocity component V cosé parallel to
the plume and that due to the wind velocity component V sin & normal to the
plume. The two mechanisms are additive.

(4) The net rate of entrainment is the product of a dimensionless entrainment
coefficient times the perimeter of the plume cross section times the
corresponding velocity difference.

(5) The entrainment coefficients « and S are independent of position along the plume.

Based on this model the fire plume with an initial radius by goes up and is deflected by
the horizontal ventilated flow, as shown in Figure 2.

» X

b,
Figure 2 A diagram of the interaction of ventilated flow with fire plume.

The governing equations can be described as follows:

Mass:
;—é(BZU)=ZB[a|U —V'cosé|- BV 'sind]] (1)

Momentum:

d sin@ d
— (BU?) ="—"-+2V'cosd — (BU 2
ﬂdf( ) T +7 df( ) 2)
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Energy:

*2
piUg=1 U
4 bfog

(4)

The dimensionless parameters are defined as follows:

dimensionless plume radius: B=b/b,,,

dimensionless plume velocity: U =u/w’,
dimensionless ventilation velocity: V' =V /w’,
dimensionless plume temperature: ¢ = (T —T,)/T,,

dimensionless position along the trajectory: & =s/b,, .

The characteristic plume velocity w™ is defined as:

W* — ( gQ )1/3

)

bfoponTo
where by, is the radius of the fire source, u is the plume velocity, V is ventilation velocity,
s is the trajectory, b is the radius of the fire plume at a given position, g is the acceleration

of gravity, Q is the heat release rate, p, is the ambient density, ¢, is the heat capacity, T,

is the ambient temperature, @is the angle between plume axis and horizontal, « is the
tangential entrainment coefficient and £ is the normal entrainment coefficient.

The above equations show that the plume characteristic velocity is a very important
parameter in the interaction between the ventilated flow and the fire plume, with which
both the dimensionless ventilation velocity and the dimensionless plume velocity are
correlated.

2.2 Fire plume mass flow rate in a ventilated flow

A simple theoretical analysis to predict the maximum ceiling temperature in a
longitudinally ventilated tunnel flow is given. In order to do that, we assume that we can
exclude the virtual source term in the axisymmetric fire plume analysis. The virtual
source term is used to compensate for the difference between the actual fire source and
the ideal point source [13]. The mass flow rate of an axisymmetric fire plume in the open
can then be expressed as [14][15]:

m,,(z) =0.071Q,"°z*" (6)

where Q. is the convective heat release rate, z is the height.

Normally in a longitudinally ventilated tunnel, the fire plume on the downstream side
leans towards the tunnel surface. The air entrainment of the fire plume is stronger than
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that in the open. Experimental data of air entrainment through ventilated windows from
Quintiere et al [16] support the trend that the extra air entrainment due to wind increases
almost linearly with the air velocity through the ventilated window. The ratio of mass
flow rate of the fire plume in a ventilated flow to that in the open can be expressed as [10]:

m, (2)
mp,o (Z)

=CV' @)

where my(z) is the mass flow rate at a given height in a ventilated flow, my(2) is
the mass flow rate at a given height in the open, and Cx is a coefficient.

Raj et al. studied the effect of wind on LNG pool fires and proposed a formula to estimate
the flame angle due to wind, for methane which can be expressed as [16][17]:

1, <0,
:{ V'<0.19 @

(5.26V )™, V’'>0.19

The flame angle @ in Equation (8) is defined as the angle between the flame axis and the
horizontal surface. It is shown that when the ventilation velocity is small, i.e. when V' <
0.19, the flame is hardly deflected and the ventilated flow has no effect on the fire plume.
Consequently, the plume mass flow rate does not increase. In addition, when the
ventilation velocity is high (V' >0.19), the flame deflects and the ventilated flow induces
extra air entrainment into the fire plume in a ventilated flow, so that the plume mass flow
rate increases with the ventilation velocity. Consequently, the boundary condition for this
transition can be expressed as:

V'=0.19 9)

Note that the ratio of the mass flow rate of the fire plume in a ventilated flow to that in
the open, as defined in Equation (7), should be equal to 1 under this condition, both when
the dimensionless ventilation velocity is lower than 0.19 (V' <0.19) and when the
dimensionless ventilation velocity is greater than 0.19 (V' >0.19). Consequently, the
coefficient Cy can be given as:

1/V', /
k={ V'<0.19 (10)
5.26, V'>0.19

Substituting Equation (6) and Equation (10) into Equation (7) yields:

0.071Q,°z*®,  v’'<0.19
m,(z) = 13.5/3 /1 ' (1)
0.3735Q."°2%%’, V'>0.19
2.3 Formulas for standardized time-temperature

curves

In the following, a short summary of the mathematical expressions for various
standardized time-temperature curves is given. These expressions will be used later in the
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report to explore the relationship between the standardized curves and examples from
different tunnel scenarios.

One standard curve used when testing the temperature exposure is the cellulose curve
defined in several standards, e.g. 1ISO 834 [2]. This curve applies to materials found in
typical buildings and is expressed as:

AT (t) = 345Ig(8t+1) (12)
where t is the time (min).

ISO 834 curve has been used for many years, also for tunnels, but it is clear that this
curve does not represent all materials, e.g. petrol, chemicals, etc., and therefore a

special curve, the hydrocarbon curve (the HC curve), which was developed in

the 1970s for use in the petrochemical and off-shore industries, has been applied to
tunnels [3] in recent years. The main difference between these two curves is that the HC
curve exhibits a much faster fire development and consequently is associated with a faster
temperature increase than the standard 1SO 834 fire curve and has traditionally been seen
to be more relevant for a petroleum fire. The Hydrocarbon Curve (HC) can be expressed
as follows:

AT (t) =1080[1-0.325exp(-0.167t)-0.675exp(-2.5t)] (13)

where t is the time (min).

Alternative (specific) temperature curves have been developed in some countries to
simulate other hydrocarbon fires in tunnels. Examples of such curves are the
Rijkswaterstaat Tunnel Curve (RWS curve) in the Netherlands [4] and the RABT/ZTV
Curve in Germany [5].

PIARC recommends the use of the 1SO 834 curve (60 min) for cars and vans and the
RWS curve or the modified HC curve (HCM, 120 min) [6] for trucks and tankers. These
recommendations are agreed by the International Tunnelling Association (ITA).

2.4 Maximum excess gas temperature beneath ceiling

2.4.1 Small fire

We assume that the velocity and temperature profiles are of similar shape, independent of
the height. Further, we assume that these profiles are what are known as top-hat profiles,
so that the velocity and temperature are constant over the horizontal section at a given
height. This is a normal assumption for axisymmetric fire plumes in the open [13].

In addition, the radiative energy is typically in the range of 20 to 40% of the total energy
released from many common fuel sources [13]. This means that 70 % of the total heat
release rate is a reasonable value to be used as a convective heat release rate. The average
excess temperature of the fire plume above ambient at a given height can be expressed as:

AT(Z)= Qc — (1_/1/r)Q (14)

m,(2)c, m,(z)c,

where y, is the fraction of convective heat release rate in total heat release rate.
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According to research on plume flow in the open, the weak plume assumptions can be
relaxed. In addition, note that the maximum temperature of the fire plume at the tunnel
height is the maximum temperature of the buoyancy-driven smoke flow beneath the
tunnel ceiling. This means that the effective tunnel height, i.e. the vertical distance
between the bottom of the fire source and the tunnel ceiling, Hes, is the vertical distance
above the bottom of the fire source, z, under this condition., see Figure 3.

longitudinal flow

—_—
\%

fire source

Figure 3 Definition of the effective tunnel ceiling height, Hes.

Lonnermark and Ingason [18] have shown that the width of the tunnel has very little
effects on the maximum ceiling temperature. They used a wide range of different tunnel
widths in a model scale test series and were not able to see any effects of the tunnel width.
Therefore, the width has not been included in the subsequent analysis.

The maximum gas excess temperature beneath the ceiling can therefore be expressed as:
AT, =C,AT(H,) (15)

Substituting Equation (11) and Equation (14) into Equation (15) gives

Q2/3
14.1C, (1_"')2/3W’ V'<0.19
ef
AT = (16)
max _ 2/3 4173

(o)™ VOHE

From Equation (16), it is seen that the maximum gas excess temperature beneath the
tunnel ceiling can be categorized into two regions. When the dimensionless ventilation
velocity, V', is lower than 0.19 (Region 1), the plume mass flow rate in a ventilated
tunnel is almost equal to that in the open, and so the maximum gas excess temperature is
the same as that expected in the open, independent of the ventilation velocity. Further, the
maximum gas excess temperature varies as a two-thirds power law of the heat release
rate. This phenomenon occurs at a high heat release rate or at a very low ventilation
velocity.

When the dimensionless ventilation velocity, v’, is greater than 0.19 (Region II), the
mass flow rate of the fire plume in a ventilated tunnel increases linearly with the
ventilation velocity and decreases slightly with the heat release rate. As a consequence,
the maximum gas excess temperature decreases linearly with the ventilation velocity and
increases linearly with the heat release rate, as shown in Equation (16). In addition, the
maximum excess gas temperature varies as a -5/3 power law of the effective tunnel height
in both regions.
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In other words, the maximum excess gas temperature beneath the tunnel ceiling increases
linearly with the heat release rate and decreases linearly with the longitudinal ventilation
velocity when the dimensionless ventilation velocity, V', exceeds 0.19 (Region I1).
When the dimensionless ventilation velocity is lower than 0.19 (Region 1), the maximum
gas excess temperature beneath the tunnel ceiling varies as the two-thirds power of the
heat release rate, independently of the longitudinal ventilation velocity. In both regions,
the maximum gas excess temperature varies as a -5/3 power law of the effective tunnel
height.

Equation (16) is obtained based on the assumption that the flow profile and the gas
temperature profile across the section of the fire plume at any height follows a top-hat
profile, and that the continuous combustion zone is lower than the tunnel height. This
implies that the plume gas temperature is constant across any section of the plume. In
practice, at any given height the center line gas temperature of the fire plume is higher
than the average gas temperature. The coefficient, Cr, defined in Equation (15) will be
modified by experimental data.

In the previous study concerning the maximum excess gas temperature beneath the tunnel
ceiling by Li et al. [10], the following equation was proposed:

Q2/3
175575, V'<0.19
AT = 0 “ (17)
— = V'>0.19
VbIPHE

Correlation coefficients of 0.981 and 0.982 were found for the correlations, respectively.
Comparing Equation (16) and Equation (17) indicates that coefficient C+ is equal to 1.59 for
the dimensionless ventilation velocity lower than 0.19 and 1.56 for higher ventilation velocity.

2.4.2 Large fire

The above correlations are not valid when the flame volume becomes very large. For a
very large fire in the tunnel, the flame impinges on the tunnel ceiling, and the continuous
flame volume (combustion zone) crawls along the tunnel ceiling. Therefore the maximum
temperature beneath the ceiling should be the flame temperature. In such cases, the mass
flow rate of the fire plume is difficult to estimate and Equation (14) collapses. Therefore
the prediction of temperature of a large fire plume in a ventilated flow appears to be
impossible to derive theoretically.

However, we can assume that Equation (17) should still be fulfilled before the part of the
flame volume representing the combustion zone impinges on the tunnel ceiling (strong
plume theory). After that the maximum temperature beneath the ceiling is represented the
flame temperature. This means that in such cases the maximum temperature beneath the
ceiling should be a constant, based on a vast majority of research on the flame
temperature, such as McCaffrey’s fire plume theory [19]. Kurioka et al [8] referred to the
maximum gas temperature beneath the ceiling as 800 °C, however, gas temperatures over
1000 °C, up to 1365 °C in the Runehamar full-scale tests [20] and 1370 °C in the
Memorial full-scale tests [21].

The reason why the maximum temperature beneath the tunnel ceiling is so high is that the
scenario is different in an open fire or an enclosure fire. In an open fire, the flame and hot
gases radiate to the surroundings, approximately without heat feedback from the
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surroundings. In an enclosure fire the heat feedback from the surrounding roof and walls
is normally limited due to the large space and the possible highest heat release rate is
directly related to the openings. However, for a large fire in the tunnel, the heat feedback
plays an important role in the heat balance between flames and hot gases, and the forced
ventilation enhances the combustion. That is why a tunnel fire is normally fuel controlled
in a well ventilated tunnel. As a consequence, the temperature of the flame and hot gases
is higher than in an open fire or a building enclosure fire.

In order to show the significance of the boundary conditions at the ceiling we make a
simple theoretical analysis of the heat losses. A simple energy balance of hot gas in the
control volume, as shown in Figure 4, can be carried out. The control volume lies beneath
the tunnel ceiling and includes the whole flame volume beneath the ceiling. The mass of
the control volume is M, and its temperature is the maximum temperature beneath the
tunnel ceiling, Tnax. It is assumed that the heat radiation from other parts of the flames
and hot gases to the control volume is equal to that from the control volume to the
surrounding walls.

Qeonducion M
mDCDTmux
ventilated flow meC,Ts 5

e

upstream
% P | |—\ downstream

Figure4 A diagram of heat balance of the control volume below the ceiling.

The simplified energy equation for the fire plume beneath the tunnel ceiling can be
expressed as:

dT,
M pCp dtax - _mp (Tmax _To) +Qc _Qconduction (18)

The surrounding tunnel walls absorb heat by convection and radiation, but ultimately the
heat loss occurs by conduction to the surrounding wall. Assuming that the temperature of
the surface is the same as the neighboring gas temperature, the heat conduction can be
expressed as:

A= k pC,

"
qconduction conduction

(T, -T.) (19)

it

where Ty is the gas temperature, T,, is the inner wall temperature, and Kk, p , C are the heat

conductivity, density, and heat capacity of the material in tunnel wall. This equation is
obtained based on the assumption that temperature on the boundary surface is equal to the
gas temperature.

The total heat transfer coefficient, hk , can therefore be expressed as:

h, =, |-2= (20)

it

The heat loss by conduction is related to the thermal properties of the tunnel wall, the gas
temperature and the duration time.
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The thermal penetration time, t,, is defined as:

52
t =— 21
P 4a (1)
where a is thermal diffusivity, given by the relation:
a= L (22)
PC

These equations will be used later to analyze the effects of different tunnel linings on the
possible heat losses to the boundaries.

Further, we know that the portion of particles in the flames and hot gases also have an
influence on the maximum temperature beneath the tunnel ceiling. In a very large fire in
the tunnel, the incomplete combustion in the near field of the fire site produces more
particles in the hot gases. These particles hinder thermal radiation and produce a higher
maximum temperature beneath the ceiling.

In conclusion, the maximum temperature beneath the ceiling in a tunnel fire is
independent of the ventilation velocity if the ventilation velocity across the fire source is
very low compared to the heat release rate, and the maximum temperature is just
dependent on the heat release rate, however, it approaches a constant if the part of the
flame volume containing the combustion zone is present at the tunnel ceiling. In other
words, if V' <0.19, the maximum excess temperature can be expressed as:

213
175 Q5,3 :

ATmax = Hef (23)
Constant,

If the ventilation velocity across the fire source increases, the maximum excess
temperature beneath the ceiling depends on both the heat release rate and the ventilation
velocity, however, it also approaches a constant if the combustion zone is present at the
tunnel ceiling. How to determine which constant to use will be discussed in chapter 3. In
other words, if V' >0.19, the maximum excess temperature can be expressed as:

Q
AT, =4 VORTHE™ (24)

max

Constant,

The maximum excess temperature in the constant regions is almost a constant, but it is
still dependent on some parameters, such as the thermal properties of tunnel wall and
vehicles, as explained earlier. How to determine which constant should be used will be
discussed in chapter 5.

Note that the parameter called radius of the fire source by, used in the equations given
earlier is important. For a circular fire source, the radius of the fire source is easy to
determine. For a rectangular fire source, such as a gas fire or pool fire, an equivalent
circular radius of the fire source should be used based on equivalent area of fire source.
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The same method is used for a wood crib fire. In such cases, a horizontal slice across the
geometrical centre of the fire source can be regarded as equivalent geometry of the fire
source.

It should also be noted that the height used here is not the tunnel height, but the effective
tunnel height, Hes, i.e. the vertical distance between the bottom of the fire source and the
tunnel ceiling. This parameter is very important for the determination of the maximum
excess temperature beneath the ceiling in a tunnel fire.

2.5 Position of maximum temperature beneath
tunnel ceiling

The position of the maximum temperature beneath the ceiling in a ventilated tunnel fire is
very important for predicting the activation of the detection system and automatic
sprinkler system in a tunnel. It is also important when estimating the fire characteristics in
a ventilated tunnel flow.

A drawing showing the position of maximum temperature beneath the ceiling, Lyr, is
given in Figure 3. Here a flame angle, ¢ , is defined as the angle between the horizontal

line and the line connected fire source centre and the position of maximum temperature.
Therefore the flame angle ¢ is defined based on position of the maximum temperature.

position of maximum
temperature

smoke
longitudinal fl S
ongitudinal flow T
—_—
Vv S 91
fire source
X

Figure5 A diagram of the flame angle, ¢, and the position of the maximum
temperature, Lt

2.5.1 A short review

As described previously, Raj et al. [17] propose a formula to predict the flame angle in
open fires, for methane, which can be expressed as:

(25)

1, V'<0.19

(5.26V )%, V'>0.19
This equation was obtained based on experimental data from fire tests conducted in the
open. It should be kept in mind that the flame angle @ in Equation (25) is slightly
different to the flame angle in a tunnel fire discussed here.

Kurioka et al [8] proposed an equation to calculate the position of the maximum
temperature beneath the ceiling in a longitudinally ventilated tunnel fire, which is
expressed as:
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H 3/2 FrQ!(Zl]—l)/S
1/2 p1/2
b2 Al

ﬁ Fri2 = of

p
o ] (26)

ef

where L, . is the distance between fire source centre to the position of the maximum

temperature, H is the tunnel height, and «, £ and 7 are empirical coefficients
determined from experimental data.

The Froude Number Fr is defined as:

2
Fr= \I/—| 27)
g ef
The dimensionless heat release rate is defined as:
, Q
Q'= (28)
P.C,T,9 2 HY?

The empirical coefficients forer, f and 5 are listed in Table 1. The treatment by

Kurioka et al. yields three regions, depending on the maximum temperature value beneath
the ceiling.

Table 1 Coefficients in Equation (26).

AT e U o B
Region 1 <250 -1/3 0.79 0.73
Region 2 250 ~ 550K 0 0.92 0.60
Region 3 ~ 550 1/2 1.02 0.56

Note that the Froude Number Fr exists in both sides of Equation (26). If experimental
data is plotted using such an approach, the data fitting appears to be better than what it
should be otherwise.

Equation (26) is transformed into the following to make the comparison latter more
realistic:

H
sing = = L Frog

raj

H3/2 FrQ!(Z/}—l)/S
12 pl/2
b2 Al

I’ (29)

2.5.2 Small fire

Experimental data of air entrainment through ventilated windows from Quintiere et al [16]
support the trend that the mass flow rate of fire plume in a ventilated flow is almost equal
to that in the open by use of the inclined flame path as the plume height.

The entrainment velocity of the fire plume, however, may be different. Therefore it is
assumed that the mass flow rate of inclined fire plume in a ventilated tunnel can be
calculated by the same method as that in the open, and the only difference is the inclined
path and the entrainment velocity which can be expressed as:

v=a'u (30)
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where V is the entrainment velocity, & is the entrainment coefficient.

Based on the above assumption, the mass flow rate of the fire plume in a ventilated flow
ata given height z, m'_(z) , can be expressed as:

! 6 2 25 ng 1/3 _14/3~1/3,5/3 1/3.,5/3
m (z2)=n(=)"(———>)"« 7277 oc Z 31
00 (2) (5) (48 ﬂcpTo) Q Q (31)

According to the former analysis, the mass flow rate in a ventilated tunnel can also be
expressed as:

0.3735Q,"*HV',
m,(2) = f V’'>0.19 (32)
0.071Q,"°*H ", V'<0.19
Equation (31) and Equation (32) should equal to each other, i.e. :
m:)o (L[raj) = mp (Z) (33)

Note that when the ventilation velocity is very low, the plume is not inclined by a
horizontal wind (or at least only to a very moderate degree), so the flame angle should
approach 90 degree.

Thus, we can obtain:

1, V'<0.19

. H
Sin ¢ = = k( gQ )1/5 (34)
WAV VI>0.19

where k is a coefficient defined from experimental data.

The continuity of the equations should be fulfilled. Therefore Equation (34) can be
transformed into:

sing =

(35)

He |1 V'<0.19
Ly ((5:26V)°°,  Vv'>0.19

Note that experimental data concerning air entrainment from Quintiere et al [16] support
the trend that the mass flow rate of the fire plume in a ventilated flow is almost equal to
that in the open by use of the inclined flame path as the plume height. This means that the
entrainment velocity of the fire plume can be considered as the same. Under such
conditions we can also obtain Equation (35). Comparing this with Raj et al.’s formulae
for the flame angle due to wind shows that the equations is almost the same, and the only
difference is the power coefficient of -0.6 for Equation (35) and -0.5 for Raj et al.’s
formulae.

The position of the maximum temperature beneath tunnel ceiling, Lyr, can be expressed
as (see figure 6):
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Lyr = H, cot(arcsin 8) (36)

where He is the effective height, i.e. the vertical distance between the tunnel ceiling and
the bottom of the fire source.

position of maximum

Lyr temperature
« A

/ Hef

—_—
\%
/ X @ flame angle
Y

Figure 6 A definition of the flame angle and position of the maximum
temperature in a small tunnel fire.

ventilated flow

2.5.3 Large fire

It should be pointed out here that the scenario is slightly different when the flames
become very large. Figure 7 shows the flame angle and position of the maximum
temperature in a large tunnel fire. The flame angle is relatively easy to determine in an
open fire. For a large fire in a tunnel, the flame impinges on the ceiling and crawls along
the tunnel ceiling. However, the impingement point should also represent the point of
maximum temperature beneath the ceiling. According to previous work on the flame
length and the distribution of ceiling temperature [22], the temperature beneath the tunnel
ceiling in a certain range close to the fire, where the continuous flame region lies, is
almost a constant. In other words, the maximum temperature beneath the tunnel ceiling in
a large fire exists in a certain range close to the fire, not only a single point. Based on the
equations for flame length and distribution of ceiling temperature in a tunnel fire, this
range, defined as starting at the fire source centre to the virtual origin, can be determined.
Here the projection point is defined as the position of the maximum temperature beneath
the tunnel ceiling, see Figure 7. Based on this definition, Equation (35) should still be
valid.

position of maximum

Lyt temperature
< i

ventilated flow 4

> H ef
\% / flame angle
/ o
Y

Figure 7 A diagram of flame angle for a large fire in a tunnel.

Based on the above analysis of the flame angle, one can conclude that it is dependent on
the ratio of the ventilation velocity and the dimensionless plume velocity for a small fire
in a tunnel.

If the ventilation velocity across the fire is low, there should be some smoke backflow
upstream of the fire, which is called back-layering. According to a previous study of
smoke control in longitudinally ventilated tunnels [23], the dimensionless back-layering

length, L’; , can be expressed as:
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. L, [185In(0.81Ri"") Q"<0.15 -
H [185In(043/V") Q" >0.5

The modified Richardson Number, Ri', dimensionless longitudinal velocity, V", and
dimensionless heat release rate, Q" , in Equation (37) are defined respectively as:

Ri' 9Q Y ' Q

= V = —— =
PsC, TV H JoH PoC,T,g 2 H

(38)

It should be kept in mind that these equations don’t take the geometry of the fire source
into account. However, Equation (37) means, for a large fire in a tunnel, i.e. when

Q" > 0.15, that the back-layering length is independent of heat release rate, and only
related to the ventilation velocity.

Note that the modified Richardson Number in Equation (38) can be related to the
dimensionless ventilation velocity as:

Y bfo -3
R| = FV ( 39)

For a small fire in a tunnel, it can be seen that both the flame angle and the back-layering
length are directly related to the modified Richardson Number. It can, therefore, be
speculated that for a large fire in a tunnel, the flame angle is also independent of the heat
release rate, in the same way that was just proved for the back-layering length. Due to the
continuity of the equations in the transition point, the full expression of the flame angle
is:

’ 1, V'<0.19
sing =—= =1(5.26V") ", V'>0.19&Q°<0.15  (40)
" 10.25(b Ve /H)™Y V'>019&Q" >0.15

According to Equation (40), it can be seen that the flame angel can be categorized into
three zones. The flame angle is 90 °C if the dimensionless ventilation velocity is lower

than 0.19. If V' >0.19, the flame angle varies as -3/5 power law of V' when Q" <0.15,
and it is independent of heat release rate when Q" >0.15.

2.5.4 Critical flame angle

As the ventilation velocity increases, the back-layering length will decrease accordingly.
As the ventilation velocity is equal to the critical velocity, the back-layering just
disappears, which is equal to the critical condition. The flame angle at this critical
condition is defined here as the “critical flame angle” in a ventilated tunnel fire.
According to the previous work [23], the critical velocity in a ventilated tunnel fire can be
expressed as:

C

. 81073, “<0.15
Y, {OBQ Q (41)

0.43, Q" >0.15



23

Note that the critical modified Richardson Number can be expressed as:

= be 3
Ri( =V, (42)

Comparing Equation (40) and Equation (41) shows that Equation (42) should still be
valid even at a high heat release rate. Combing these equations, the critical flame angle
can be simply expressed as:

b
sing, =k, (ﬁ s (43)

where K. is a coefficient, 0.42.

This means that for a given tunnel and fire source, the critical flame angle is always of the
same value in a tunnel fire. Consequently, the position of the maximum temperature
beneath the tunnel ceiling remains the same. This means that there is a critical position of
the maximum temperature corresponding to the critical condition, i.e. the back-layering
just disappears.
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3 Discussion of results

In Appendix A and B, a summary of data from model scale tunnel fire tests and large
scale tunnel fire tests is presented. In Appendix A, a description of and tabulated data
from numerous model scale tests carried out at SP is given. In Appendix B,
corresponding information for large scale tests carried out worldwide is given. The
summary is based on original collection and analysis of data carried out by Ingason [33].
The data from these tests has been used to investigate the validity of the theoretical
formulae derived in Chapter 2. Based on the data and analysis, theoretical model for
predicting the maximum temperature is proposed. The model is compared with transient
test results from model scale tunnel tests carried out at SP and the Runehamar tunnel fire
tests carried out by a Consortium led by SP in Norway. The position of the maximum
temperature was also analyzed. The equation obtained by theoretical analysis was
compared with equations in other literatures.

3.1 Maximum excess temperature beneath tunnel
ceiling

According to the theoretical analysis, the maximum gas excess temperature below the
tunnel ceiling increases linearly with the heat release rate and decreases linearly with the
longitudinal ventilation velocity when the dimensionless ventilation velocity, V', is
greater than 0.19 (Region I1). When the dimensionless ventilation velocity is lower than
0.19 (Region I), the maximum excess gas temperature below the tunnel ceiling varies as
two-third power of the heat release rate, independent of the longitudinal ventilation
velocity. In both regions, if the heat release rate increases, the maximum excess
temperature approaches a constant value. In the following, all the data that has been
correlated using Equation (23) and Equation (24) are presented.

3.1.1 Model scale tests

In Figure 8 and 9, the data for the maximum gas excess temperature below the tunnel
ceiling from all the model scale tests presented in Appendix A, when the dimensionless
ventilation velocity is lower than 0.19 (Figure 8) or greater than 0.19 (Figure 9), is shown.
It can be seen that the maximum excess gas temperature can be divided into two clearly
defined regions: a growth region and a constant region. In the growth region, the
maximum excess temperature increases linearly with the parameter obtained by
theoretical analysis. In the constant regions, the maximum excess gas temperature is
relatively constant, ranging from 950 °C to 1150 °C. In these two figures, the fit of the
maximum excess gas temperature in the constant regions is best represented by a
temperature of 1000 °C. This fit agrees well with the experimental data for all the model
scale tests presented in this report.

The coefficient C; from Equation (16) is found to be equal to 1.57 when the
dimensionless ventilation velocity is less than 0.19 (Region 1) and 1.56 for higher
ventilation velocity (Region II). This verifies the selection of 0.19 as the transition point,
and also means that the condition for this transition that the dimensionless ventilation
velocity approaches 0.19 is appropriate to estimate the fire plume properties in fires in
longitudinally ventilated tunnels. More information can be found in reference [10].

In practice, the ventilation velocity does influence the maximum gas temperature if the
dimensionless ventilation velocity is lower than 0.19, but the effect is so small that it can
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be neglected. Further, experimental data show that the position of maximum gas
temperature below the ceiling does not move under such conditions.
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Figure 8 The maximum excess temperature beneath the tunnel ceiling in model
scale tests (Region I, V' <0.19).
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Figure 9 The maximum excess temperature beneath the tunnel ceiling in model
scale tests (Region II, V' >0.19).

3.1.2 Large scale tests

According to theoretical analysis, the ventilation velocity across the fire is expected to
have a great influence on the maximum excess temperature beneath the tunnel ceiling and
affect many other important tunnel fire characteristic properties. In a complicated tunnel
ventilation system, if the exact ventilation velocity is known, the maximum excess
temperature beneath the ceiling can be predicted well. However, for a transverse
ventilation system, or semi-transverse ventilation system, the ventilation velocity across
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the fire is usually not known. What we know is that the ventilation velocity across the fire
in such cases is usually not high, and would therefore fulfills the conditionV' <0.19in
most cases. This means that the maximum excess temperature beneath the ceiling can be
estimated by Equation (23). Large amounts of data from Memorial tunnel tests with fully-
transverse ventilation system, semi-transverse ventilation system and others correlate well
with Equation (23) and therefore support this hypothesis.

According to the theoretical analysis, the criteria to categorize data into Region I (V' <
0.19) and Region 1l (V' >0.19) is the value of the dimensionless ventilation velocity, V'.
Given that the ventilation velocity across the fire source is normally low for natural
ventilation systems, transverse ventilation systems, semi-transverse ventilation systems
and point extraction systems we propose to categorize those systems into Region | (V' <
0.19), which means that an air flow with a very low velocity passes the fire source. This
results in a limited effect of ventilation on the flame and gas temperature. It may not be
correct in all cases, but in most cases this should be a sufficient design criterion.

Figure 10 and 11 show data for the maximum excess gas temperature below the tunnel
ceiling from all the large scale tests depicted in Appendix B, when the dimensionless
ventilation velocity is less than 0.19 or greater than 0.19, respectively. It is shown that the
maximum excess gas temperature can be simply divided into two regions: a growth
region and a constant region, in the same manner as the data from model scale tests. The
main difference from the large scale tests data is that the maximum excess temperatures
apparently lie at higher levels. The measured maximum excess gas temperature beneath
tunnel ceiling in the constant regions ranges from 1150 °C to 1350 °C. In Figure 10 and
11, the fit of maximum excess gas temperature in the constant region is best represented
by an excess gas temperature of 1250 °C.

It is also shown in Figure 10 and 11 that the fit for the growing region complies well with
the experimental data from all the large scale tests presented in this report. However, in
Figure 10 some data from the Eureka and Memorial tests show a scattering trend. The
reason for this will be discussed later.
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Figure 10 The maximum excess temperature beneath the tunnel ceiling in large
scale tests (Region I, V' <0.19).
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Figure 11 The maximum excess temperature beneath the tunnel ceiling in large
scale tests (Region Il, V' >0.19).

3.1.3 Analysis of the constant regions

The above analysis shows some differences between the data for the maximum excess
temperature from the large scale tests compared to that from the model scale tests. The
large scale data apparently lies at higher levels than the data from the model scale tests. In
addition, data from some large scale tests show a scattering trend that needs to be
analysed further.

Based on previous discussion and the theoretical analysis of the plume flow and thermal
response of the tunnel structure, we conclude that those parameters that may have an
influence on the measured maximum temperature are most likely governed by:
(1) the height between the bottom of the fuel and the tunnel ceiling
(2) the heat release rate of the fuel
(3) the ventilation type and tunnel flow rate
(4) the combustion efficiency of the fuel in relation to type of tunnel ventilation and
geometry of the fuel
(5) the thermal properties of the surrounding tunnel walls
(6) the thermal properties , body type and interior of the burning vehicles
(7) the geometry of the fuel and its porosity
(8) the duration of the high gas temperature, i.e. the high heat release rate and low
ventilation velocity
(9) the leakage rate of water from surrounding tunnel walls
(10) the position and numbers of the thermocouples used in the near field of the fire
(11) incorrect information concerning the position of thermocouples, such as too large
an interval among thermocouples in the near field of the fire
(12) instrument error or other experimental error

The variety of different boundary conditions makes it difficult to pinpoint one parameter
that governs the maximum gas temperature but the parameters listed above are listed in
order of importance.

In most of large scale tests, the tunnel structure in the vicinity of the fire source is
protected from heat damage or collapse by some lining material. These materials may be
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fibre insulating board, Promatect board or some other type of insulation. The properties
of wall materials commonly used in a tunnel fire are listed in Table 2. Normally the
innermost material of tunnel structures plays a very important role in the heat conduction.
In the Runehamar tests, Promatect boards were used to protect the tunnel walls in a range
of 12.5 m upstream to 53.5 m downstream of the fire. The tunnel used in the EUREKA
tests was a rock tunnel, protected by a special spray concrete during the tests. The roof of
the Memorial tunnel in the vicinity of the fire source was probably insulated in some way
In order to demonstrate the effects of different types of tunnel surface materials, the
results of a calculation using Equation (21), is shown in Table 2.

Table2  Thermal properties of tunnel walls and vehicles inside commonly used
in tunnel fire tests.

Material k P Cy to* Relevant
tests
W/m?K | kg/m® | Jlkg K Min
Promatect 0.19 870 1130 3.59 Runehamar
Concrete 1.10 2100 880 117 | Memorial
tunnel side walls
wall Fiber insulating 0.04 2090 999 8.11
board
Rock 2.83 2640 820 0.53 EUREKA
Vehicle Steel 54 7833 465 0.05 EUREKA
Aluminum 204 2707 896 0.01 EUREKA

* thermal penetration time of 0.1 m depth based on Equation (21).

Figure 12 shows the effect of thermal properties of the surrounding walls on the thermal
penetration time. It is shown that the heat transfer coefficient hy decreases with time,
which in turn means that the heat transfer decreases with time. It is also shown that the
heat transfer coefficient of rock is much higher than for other materials. The sequence,
from high to low, is as follows: rock, concrete, Promatect, and fibre insulating board. If
we assume that the flame temperature is 1000 °C, the vertical axis represents the heat flux
per square meter (KW/m?). A larger heat transfer coefficient, h,, means a larger heat loss
to the surrounding walls in a tunnel fire.
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Figure 12  The effect of thermal properties of the surrounding walls.
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Figure 13 and 14 present data for the maximum gas excess temperature below the tunnel
ceiling from all the model scale tests and large scale tests depicted previously, when the
dimensionless ventilation velocity is less than 0.19 or greater than 0.19, respectively.

Clearly, the maximum excess gas temperature beneath the tunnel ceiling lies mainly in
the range of 1150 °C to 1350 °C for large scale tests and 950 °C to 1150 °C for model
scale tests. The reasons for this difference can be summarized as follows:

(1) Inthe model scale tests, it is not possible to preserve all the dimensionless terms
derived by scaling theory.

(2) The model tunnel wall is not scaled very well as the thickness and the thermal
properties of the wall material (Promatect) enhanced the heat losses relative to the
large scale. This means that relatively higher heat loss results from the thin model
tunnel walls compared to large scale tests. This viewpoint is supported by an analysis
of the distribution of temperature along the tunnel.

(3) Some other reasons, such as the glaze windows installed in one side of the model
tunnel in series of SP tests and FOA/SP tests, may also increase the heat loss in the
near field and far field of the fire site.

It is also shown in Figures 13 and 14 that some data from the EUREKA and Memorial
tunnel fire tests tends to exhibit greater scattering trend rather than a clear systematic and
logical trend related to some physical parameters.

A series of data from Memorial tunnel fire tests, which forms a vertical line in Figure 13,
represents data from tests with a nominal heat release rate of 50MW and a ceiling height
of 4.4 m. The true ventilation velocity across the fire source is difficult to estimate due to
the complexity of the ventilation system. For example in a two-zone partial transverse
ventilation system, the velocity across the fire source is normally very low. Therefore, all
the data involving natural ventilation systems, transverse ventilation systems, semi-
transverse ventilation systems and point extraction systems were categorized into Region
I (V'<0.19). This is an attempt from the author’s side to handle these uncertain data. In
most cases it should succeed, however, in some special cases, it may not work. This may
explain why some data of the maximum excess gas temperature are slightly lower than
other data.

The maximum gas temperature from the EUREKA tests mainly ranged from 950 °C to
1150 °C. This is considerably lower than that obtained from other large scale tests. There
are many possible explanations for this trend. Firstly, the majority of this data
corresponds to vehicle fires, which means that the combustible materials are all burning
inside the vehicle, in particular inside vehicle bodies made of steel. This means that the
area of heat losses increases. Much of the energy released by the fire is thereby absorbed
by the interior material and the body of the vehicle. The radiation from the flame core to
the top-level flame and gas also is therefore correspondingly lower. Secondly, lots of
water leaked out of the surrounding rock walls in these tests, although not close to the fire
where the tunnel was protected by 50 mm thick spray concrete along a 75 m distance.
The relative humidity in the tunnel prior to and after the fire tests exceeded 80% to 95 %.
During the tests, the water permanently dripped and flowed from cracks in the tunnel
rocks, so that the relative humidity is assumed to be around 100 % for the cooling gases
further away from the fire source. Thirdly, the water inside the rock may increase the heat
conduction. Finally, as discussed previously, the heat transfer of rock is much higher than
other non-metal tunnel walls. Nevertheless, all these parameters and measures influence
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the maximum temperature beneath the tunnel ceiling.
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Figure 13 The maximum excess temperature beneath the tunnel ceiling in the
constant region in large scale tests (Region I, V' <0.19).
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Figure 14 The maximum excess temperature beneath the tunnel ceiling in the
constant region in large scale tests (Region Il, V' >0.19).

Note that all the excess temperature data in the range of 1150 °C to 1350 °C correspond to
tests with open liquid pool fires or fires consisting of solid materials located on platforms
or inside vehicles with a combustible roof. Further, note that the adiabatic gas
temperature is much higher than the measured temperature, or about 2194 °C for propane
[24]. Due to the heat losses discussed above it is concluded that the measured excess gas
temperatures will be in the range of 1000 — 1350 °C. Note that the RWS curve yields a



31

maximum gas temperature of 1350 °C including the ambient temperature. This should not
be confused with the excess gas temperature of 1350 °C obtained in our study.

At this stage we find it very difficult to theoretically determine the level of the constant
maximum gas temperatures. The governing parameters are not very well identified and
controlled, but in order to give some indications of what temperatures to expect under
different conditions we propose a more empirical approach. We propose to use the
experimentally highest obtained ceiling gas excess temperature of 1350 °C.

3.1.4 Formulae for maximum excess temperature

Figure 15 and 16 show all the data of the maximum temperature beneath the tunnel
ceiling from the model scale tests and large scale tests given in Appendix A and B. It
is shown that the data correlate well with the lines included in the figures.

In order to express the formula more clearly, two parameters are defined:

2/3
DTR1=175 Q —. (44)
ef
Q
DTR2= W (45)

where DTR1 means Delta T in Region | and DTR2 means Delta T in Region II.

The maximum excess gas temperature beneath the ceiling in a tunnel fire can be divided
into two regions and expressed as:

Region 1 (V'<0.19):

DTR1, DTR1<1350
AT o = (46)
1350, DTR1>1350
Region Il (V' >0.19):
_[DTR2,  DTR2<1350 an
™ 11350, DTR2>1350

Note that there is one-one mapping between maximum temperature and the heat
release rate in the linear regions, i.e. when DTR1 or DTR2 < 1350, or if DTR1 or
DTR2 < about 1150 for model scale tests. Therefore the inverse calculation based on
the above equations works. The maximum temperature and the heat release rate can
be transformed simply. It should be pointed out that the one-one mapping between
them doesn’t exist in the constant regions, i.e. DTR1 or DTR2 > 1350, or if DTR1 or
DTR2 > about 1150 for model scale tests. However, the inverse calculation based on
the above equations can still be used to estimate the heat release rate, which will
become the minimum heat release rate required to obtain such a high temperature.
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Figure 15 The maximum excess temperature beneath the tunnel ceiling (Region
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Figure 16 The maximum excess temperature beneath the tunnel ceiling (Region
I, V' >0.19).

3.1.5 Comparison with transient tests data

Normally in a real tunnel fire, the heat release rate varies with time. At the same time, the
ventilation velocity across the fire site also varies with time, especially for a fire in a short
tunnel. Therefore, the maximum excess gas temperature beneath the ceiling should also
be a transient value.

In a comparable manner as in a room fire, a tunnel fire can be divided into three stages:
the growth stage, the steady state stage, and the decay stage. In the growth stage, the gas
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temperature increases rapidly with the heat release rate. In the steady state stage, the
flame or gas temperature may still increase slowly during a certain period, but the excess
gas temperature is more dependent on the decrease of the heat loss to the surrounding
walls and objects. In the decay stage, the temperature of the flame and gas decreases
gradually due to the decrease in the heat release rate, however, the hot surrounding walls
and objects makes the decrease of temperature more slowly than expected.

All the experimental data from the model scale tests and the large scale tests presented in
Appendices A and B are obtained in a quasi-steady state. For tests with gas fires and
some pool fires, including the FOA/SP tests and the SWJTU model scale tests, the heat
release rate is almost constant during one entire test. Therefore the results are close to
steady state values. For tests with some other pool fires and solid fires, including two
series of SP model scale tests and most of the large-scale tests, the heat release rate varies
significantly with time. Therefore measured data of the maximum heat release rate and
the maximum excess gas temperature, which are relatively steadier, were used in the
analysis of the maximum excess gas temperature beneath the ceiling.

Due to the fact that the formulae proposed for the maximum temperature beneath the
tunnel ceiling are obtained based on the experimental data in a quasi-steady state, the
formulae are not necessarily suitable for predicting the transient maximum gas
temperature beneath the ceiling in a tunnel fire. However, these two values should be
close to each other. In order to investigate the difference, the calculated maximum gas
temperature beneath the ceiling by the proposed formulae and the transient heat release
rate was compared with the transient data of maximum gas temperature beneath the
ceiling from SP longitudinal ventilation tests and Runehamar tests.

In the series of SP longitudinal ventilation tests, the heat release rate (HRR) was
determined using two different measurement techniques, i.e. by measuring the fuel mass
loss and by measuring the mass flow rate and gas concentrations in an exhaust duct
connected to the tunnel end. For the method based on the fuel mass loss, it is assumed
that the combustion is diffusion-controlled, and that the reaction of fuel and oxygen is
infinitely fast. For the method of oxygen consumption, the volume fraction of CO; is
considered. Based on the HRRs measured using these two methods, the transient
maximum temperatures are calculated and compared to each other.

Data concerning the maximum excess gas temperature beneath the tunnel ceiling in Test
1, Test 6, Test 7, and Test 8 are compared to the calculated data, as shown in Figure 17,
Figure 18, Figure 19 and Figure 20. In these figures, the solid and the dotted lines
represent the calculated maximum excess gas temperature beneath the ceiling based on
the heat release rate (HRR) measured using the fuel mass loss and oxygen consumption
calorimetry, respectively. Since the dimensionless ventilation velocity is greater than 0.19
in all the tests, Equation (47) is used to calculate the transient excess gas temperature
during these tests.

It is shown, in Figure 17 to Figure 20, that the calculated maximum excess gas
temperature based on the HRR measured using the fuel mass loss fits the measured
maximum excess gas temperature very well. The calculated maximum excess gas
temperature based on method of oxygen consumption also fits the data well, except in the
decay period.

Based on test results, the two methods almost obtain the same value of heat release rate in
the growth period and the constant period, however, the measured heat release rates using
the oxygen consumption show a clear trend of delay for a short period while in the decay
stage. Interesting is that the lag in the calculated maximum temperature increases as the
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heat release rate decreases in the decay stage. This in turn results in an apparently larger
lag of the calculated maximum temperature based on these HRRs, which is shown in
Figure 17 to Figure 20. In the growth stage and the steady state stage, the calculated
maximum temperature beneath the tunnel ceiling using both methods fits the measured
value well. The reason for the small lag in the growth period is mainly due to the ignition
source which is placed close to the wood crib and burnt at the beginning of the tests. In
the decay period, the calculated temperature should be slightly lower than the measured
value due to the effect of hot tunnel walls which isn’t considered in the formulae.
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Comparison of calculated transient maximum temperature beneath
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Comparison of calculated transient maximum temperature beneath
the ceiling with data from SP longitudinal Test 6.
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Figure 19 Comparison of calculated transient maximum temperature beneath

the ceiling with data from SP longitudinal Test 7.
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Figure 20 Comparison of calculated transient maximum temperature beneath
the ceiling with data from SP longitudinal Test 8.

Data for maximum temperature beneath the tunnel ceiling in Test 1, Test 2, Test 3, and
Test 4 from the Runehamar tests are compared to the calculated data respectively in
Figure 21 to 24. Since the dimensionless ventilation velocity is greater than 0.19 in all the
tests, Equation (47) is used to calculate the transient excess gas temperature during these
tests.

It is shown in Figure 21 to 24 that the calculated maximum excess gas temperature
correlate relatively well with the measured data in Test 1 and 4. The calculated values are
slightly lower than the measured values in Test 3 and 4 during the fire growth periods.
Similar lag that discussed above, due to using the oxygen consumption method, is also
observed in all the tests, especially in Test 2, 3. Note that the maximum temperature
increases much more slowly when it is over 900 °C to 1000 °C. This may mean that
temperatures over 1000 °C are not closely related to the heat release rate, and may be
more related to the thermal properties of the tunnel walls and vehicles close to the fire or
the burning vehicle itself.
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Figure 21 Comparison of calculated transient maximum temperature beneath
the ceiling with data from Runehamar Test 1.
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Figure 22 Comparison of calculated transient maximum temperature beneath
the ceiling with data from Runehamar Test 2.
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Figure 23 Comparison of calculated transient maximum temperature beneath
the ceiling with data from Runehamar Test 3.
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Figure 24 Comparison of calculated transient maximum temperature beneath
the ceiling with data from Runehamar Test 4.

3.1.6 Example of how to use the temperature correlation

The correlations defined by Equations (46) and (47) can be used to calculate the excess
gas temperature as a function of the heat release rate. They can also be used to find the
corresponding heat release rates, if one assume a standardized time-temperature curve
and a given tunnel geometry and ventilation conditions. To demonstrate this, the
following fictive example is given.
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- An HGV vehicle (Heavy Goods Vehicle trailer) is assumed to start to burn. The
ignition can be related to the fact that one vehicle starts to burn (a tire fire or
engine problems). The fire can also be regarded as a fire that starts due to a
collision of two HGVs. We assume that the tunnel is designed for the RWS curve
and want to see what heat release rate this would corresponds to and also if the
fire duration is assumed to be120 minutes, what is the corresponding fire load.

- The tunnel height at its maximum is 6 m and the width is 12 m at its widest part.
The height from the bottom of the fire load and up to the ceiling is 4.8 m.

- The radius of the fuel in the vehicle, by, is 4 m.

- The longitudinal ventilation is assumed to be 3 m/s.

- The fire is assumed to be fuel controlled.

- The ambient conditions are 10 °C.

Firstly we assume V' >0.19 since Q(t) is unknown. This means that Equation (47) is
used here. The corresponding heat release rate is found in Figure 25. Then we
calculate V' using Qmax, Which turns out to be greater than 0.19.This means at any
time in this scenario, V' >0.19 is fulfilled, which verifies the first assumption. For
data with a temperature over 1150 °C, it is difficult to determine in which region it
lies. However, it is clear that the calculated heat release rate is the minimum value
required to obtain such a high temperature.

100

=
2
o
20 — V=3 m/s, RWS
0 1 1 1 1 1
0 20 40 60 80 100 120
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Figure 25 The calculated heat release rate corresponding to a RWS curve in a
tunnel that is 6 m high and with ventilation of 3 m/s.

If we integrate the curve we find the total energy to be 581 GJ. This would correspond to
at least two HGVSs. A reasonable conclusion is that this tunnel would be designed to a fire
that can resist a collision between two HGVs, and the fire can be very intense for up to
120 minutes. This shows the practical implication of using Equations (46) and (47).
These equations become a key to relate information between the standardized time-
temperature curves and the fire load in terms of the heat release rate and total energy
found in the fire load.
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3.2 Position of maximum temperature beneath
tunnel ceiling

As discussed previously, the position of the maximum temperature beneath the tunnel
ceiling is directly related to the flame angle defined in a tunnel fire. In this report, these
two parameters have been analyzed together based on experimental data from SWJTU
tests in model Tunnel A and model Tunnel B. The reason why data from these tests are
used for the analysis of the position of the maximum temperature is due to the high
number of thermocouples installed at the ceiling. The intervals between two
thermocouples for analysis of the position of the maximum temperature in Tunnel A and
Tunnel B are 50 mm and 100 mm respectively.

3.2.1 Position of maximum temperature

According to the theoretical analysis in Chapter 2, the flame angle approaches a constant
value if the ventilation velocity is relatively low compared to the heat release rate, and it
varies as power law of the dimensionless ventilation velocity if the ventilation velocity
increases. The flame angle seems insensitive to the heat release rate for a large fire. The
flame angle can be expressed as follows:

e V'<0.19
sing =—= =:(5.26V") ", V'>0.19&Q"<0.15  (40)
" 10.25(b V" /H)Y V'>019&Q" >0.15

Firstly, the effect of heat release rate is confirmed. Figure 26 shows the flame angles
varying with the heat release rates. Figure 27 shows the flame angles independent of heat
release rate for large fires. All the data used in these two figures come from a series of
tests in Tunnel A. Comparing these two figures shows that, if the flame angles are
assumed to be independent of heat release rate for large fires, the experimental data
shows a much better trend, and also correlates with Equation (40) better.
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Figure 26 The flame angle and the dimensionless ventilation velocity with
variant heat release rate for a large fire (Tunnel A).
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Figure 27 The flame angle and the dimensionless ventilation velocity
independent of heat release rate for a large fire (Tunnel A).

This verifies the previous hypothesis that the flame angle, which is directly related to the
position of maximum temperature, is independent of the heat release rate for a large fire
in a tunnel.

Figure 28 shows how the flame angle varies with the dimensionless ventilation velocity,
independent of the heat release rate for a large fire in Tunnel A and Tunnel B. All the
data show a good trend and fits the proposed Equation (40) well.
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Figure 28 The flame angle and the dimensionless ventilation velocity
independent of the heat release rate for a large fire (Tunnel A and
Tunnel B).

A comparison between the measured positions of maximum temperature beneath the
ceiling and calculated value based on Equation (40) is shown in Figure 29. All data points
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are close to the equal line, which means Equation (40) can predict the position of the
maximum temperature beneath the ceiling well.
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Figure 29 Comparison of measured position of maximum temperature with
calculated value based on Equation (38).

3.2.2 Critical flame angle

According to the former theoretical analysis, the flame angle can be simply expressed as:
H _ bfo -1/5
sing, = 0'42(F) (43)

This means that for a given tunnel and fire source, the flame angle is always the same, no
matter whether the scenario is a large fire in a tunnel or not. The same condition is
obtained for the position of the maximum temperature beneath the tunnel ceiling.

Figure 30 shows the comparison between the experimental data for the critical angle and
the calculated values based on Equation (43). All the experimental data from SWJTU
tests in Tunnel A and Tunnel B are plotted here. The ratios, b, / H , are almost of the

same value, 0.20, both in Tunnel A and Tunnel B. This means the theoretical value of the
flame angle in both tunnels is 33°. Comparing the experimental data of the critical angle
with the calculated values based on Equation (43) shows there is a very good agreement
between them. This strongly verifies the results of the theoretical analysis. The dotted line
in Figure 30 can be simply expressed as:

@, =33 (48)

It should, however, be pointed out that the effect of the geometry of the fire source on the
flame angle is not considered in the tests. In order to understand this fully there is a need
to do further research on this subject.
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Figure 30  The critical flame angle in a ventilated tunnel fire.

3.2.3

Comparison with Raj et al’s formulae

Figure 31 shows the comparison with Raj et al’s formulae for the flame angle. It is
shown that Raj et al’s formulae overestimate the flame angle to some extent, and the
proposed Equation (38) correlate better with the experimental data. Note that the flame
angle in Raj et al’s formulae is slightly different to the flame angle in a tunnel fire as
discussed here. In a ventilated tunnel fire, the flame angle is defined based on the position
of the maximum temperature beneath the ceiling. Therefore it is reasonable that the flame
angle in a ventilated tunnel fire is slightly lower than the realistic flame angle.
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Comparison with Raj et al 's formulae for flame angle.
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3.2.4 Comparison with Kurioka’s formulae

Comparison between the measured position of the maximum temperature beneath the
ceiling and calculated value based on Kurioka et al.’s formulae is shown in Figure 32. As
shown in Table 1, Kurioka et al. divided the maximum temperature into three regions, i.e.
Region 1, 2and 3, according to the value of the maximum temperature.

The data points in Figure 32 show some scattering trend. It is clear that the calculated
position of the maximum temperature is much higher than the measured values in

Kurioka et al’s Region 1 (AT__ < 250), both for Tunnel A and Tunnel B. In their

max —

Region 3 (AT __. >550), the calculated value is much lower than the corresponding

max —
measured value. Note that the data in Region 111 were obtained under low ventilation.
This may mean that Kurioka’s formula may underestimate the position of maximum
temperature if the ventilation velocity across the fire is very low. The calculated values in

their Region 2, i.e. (250 < AT, ., <550) correlate with the measured values much better

than in other regions. It is also clearly shown that data points for different regions lie in
different groups, and there appears to be no good continuity of equations between the
different regions.

Comparing Figure 32 with Figure 29 shows that Equation (40) fit the test results
concerning the position of maximum temperatures beneath the tunnel ceiling much better
than Kurioka et al.’s formulae.
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Figure 32 Comparison of measured positions of maximum temperature and
calculated value based on Kurioka et al s formula.
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4 Conclusions

A theoretical analysis of the maximum excess gas temperature beneath a tunnel ceiling
and its position in the case of a tunnel fire has been presented. Large amounts of data
from model scale tests and large scale tests were used to verify and improve the proposed
model from the theoretical analysis.

Results of both the theoretical analysis and experimental data show that the maximum
temperature can be divided into two regions according to the dimensionless ventilation
velocity, V. The main parameters taken into account in the theoretical analysis include
the heat release rate, the ventilation velocity, the effective tunnel height and the geometry
of the fire source.

For a small fire in a tunnel, the maximum excess gas temperature beneath the tunnel
ceiling increases linearly with the heat release rate and decreases linearly with the
longitudinal ventilation velocity when the dimensionless ventilation velocity exceeds 0.19.
When the dimensionless ventilation velocity is lower than 0.19, the maximum gas excess
temperature beneath the tunnel ceiling varies as the two-thirds power of the heat release
rate, independent of the longitudinal ventilation velocity. In both regions, the maximum
gas excess temperature varies as a -5/3 power law of the effective tunnel height, i.e. the
distance between bottom of the fire source and the tunnel ceiling.

For a large fire in a tunnel, i.e. when the flame impinges on the ceiling and crawls along
the tunnel ceiling, it was found that the maximum excess gas temperature beneath the
ceiling approaches a constant value, regardless of the ventilation velocity. However, the
thermal properties of the tunnel structure, the presence of dripping and flowing water
from cracks in the blasted rock tunnels, the duration of the high temperature (for example
high heat release rate and low ventilation velocity) and the fuel type are all parameters
that can influence the ultimate value of the maximum temperature. This means that the
maximum excess gas temperature in the constant region is not a universal constant, but
dependent on the specific conditions for any given tunnel fire. Based on the theoretical
analysis and analysis of the experimental data, a correlation for the maximum excess gas
temperature beneath the tunnel ceiling is proposed. The correlation is valid up to a given
maximum excess gas temperature of 1350 °C. This value was found to be the upper limit
for a maximum excess gas temperature obtained from large scale tunnel tests. It is,
however, clear that the levels of maximum gas temperatures depends mainly on the heat
release rate, the tunnel height alternatively the height between the ceiling and the burning
object if the fire source is elevated from the road surface and the ventilation type and flow
rate. Other factors that are less dominating but probably importance when concerning the
level of maximum ceiling temperatures are the type of tunnel linings or tunnel
construction (rock, concrete, cracked and leaky blasted rock) and the fuel type.
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The fuel type can include vehicles, solid fuels or liquid fuels. Open solid fuels with no
coverage or open liquid fires, were found to yield the highest maximum ceiling gas
temperatures if the heat release rates are high enough. In the case of vehicles, the
different types of exterior body types such as steel, aluminum or fibre glass which may
affect the amount of convective and radiant heat towards the ceiling are important. This
may affect the final value of the maximum ceiling gas temperature for the same level of
heat release rates. Finally it was found the model scale tests results do not obtain higher
temperatures than 1100 °C, i.e. they predict a lower maximum gas temperature than the
large scale tests.

Based on Quintiere et al’s excellent work, the formulae for predicting the position of
maximum temperature beneath the ceiling was obtained. A flame angle has been defined
here according to the position of the maximum temperature beneath the tunnel ceiling in a
fire. The format of the obtained formulae is similar to Raj et al.’s formulae for flame
angle, although these two flame angles are different due to the definition and the scenario.
Both theoretical analysis and experimental data show that the flame angle defined here is
directly related to the dimensionless ventilation velocity. Moreover, the flame angle
seems insensitive to the heat release rate for a large fire in a tunnel, as does the back-
layering length [23]. The reason is that these two terms are both related to the
dimensionless ventilation velocity. A particularly interesting finding is that there seems to
be a critical flame angle, which is defined as the flame angle at the critical condition that
the back-layering just disappears. In other words, for a given tunnel and fire source, the
flame angles at the critical condition are almost of the same value, independent of the
heat release rate.

A comparison of the proposed formulae for the maximum excess gas temperature beneath
the tunnel ceiling with transient data from model scale tests and large scale tests shows
good agreement. This means that the maximum excess gas temperature beneath the
ceiling in a tunnel fire can be estimated well if the heat release rate curve and the specific
geometries of tunnel and fire source are known. The good correlation, between the
proposed formulae for the maximum excess gas temperature beneath the ceiling and its
position in a tunnel fire and the data from model scale tests and large scale tests, provides
confirmation of the theoretical analysis.
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Appendix A Model scale tests

Many model scale tunnel fire tests have been conducted using scaling theories. Normally
the influence of the thermal inertia of the involved material, the turbulence intensity and
radiation are ignored, but the heat release rate, flow rates, the time and the fuel mass are
conserved. The most commonly used scaling theory is the Froude scaling. Information
about this scaling theory can be obtained from for example references [24-27]. Most of
data from these model scale tests show that some tunnel fire characteristics, especially in
the near field of the fire source, can be modelled well even in a tunnel with a scaling ratio
of about 1:20. Data from model scale tunnel fire tests, as well as large scale data, are used
in this report. In this chapter, a summary of all the model scale data on maximum gas
temperature is given.

Al. SP model scale tests with longitudinal ventilation

Ingason [28-29] carried out 12 tests with wood cribs in a model tunnel (1:23) using
longitudinal ventilation. The fire load was simulated with aid of wood cribs and the fire
spread between two or three wood cribs with a free distance of 0.65 m (about 15 min
large scale) was tested. The tunnel itself was 10 m long, 0.4 m wide and 0.2 m high, as
shown in Figure Al. The model was constructed using non-combustible, 15 mm thick,
boards (Promatect H). The floor, ceiling and one of the vertical walls were built in
Promatect H boards while the front side of the tunnel was covered with a fire resistance
window glaze. The 5 mm thick window glaze (0.6 m wide and 0.35 m high) was mounted
in steel frames which measured 0.67 m by 0.42 m.

Figure A1 A photo of a model-scale tunnel used by Ingason [28-29] for tests
with longitudinal ventilation.

Longitudinal ventilation was established with aid of an electrical axial fan attached to the
entrance of the model tunnel. Longitudinal wind velocities of 0 m/s and 0.62 m/s were
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used in the test series. The fire load consisted of a wood crib (pine). In the longitudinal
ventilation study two different types of wood cribs were used, wood crib A and wood crib
B, respectively. The total weight of wood crib B ranged from 0,91 kg to 1,24 kg. The
total fuel surface area of wood crib B was estimated to be 0.56 m?. Two methods, i.e.
mass loss method and oxygen consumption calorimetry, were used to determine the heat
release rate in a tunnel fire.

Various measurements were conducted during each test, see Figure A2. The first wood
crib was placed on a weighing platform (W), consisting of a scale attached by four steel
rods to a free floating dried Promatect H board measuring 0,65 m long, 0,35 m wide and
0,12 m thick. The temperatures were measured with welded 0,25 mm type K
thermocouples (TC). A bi-directional probe (BD) was placed at the centreline of the
tunnel 8,72 m from the inlet (at pile B). Another bi-directional probe was placed upstream
the fire at the centre of the cross-section and 1,15 m from the inlet. At three locations and
flush to the floor board, water cooled heat flux meters of type Schmidt-Boelter were
placed to record the total heat flux. The gas concentrations (O, CO2 and CO) were
measured 8,72 m from the entrance (at pile B) by two measuring probes consisting of
open copper tubes (@ 6 mm). They were located at two different heights, 0.10 m and
0.175 m above the floor. A bi-directional probe and a oxygen probe were mounted in the
centre of the 0,25 m diameter steel exhaust duct on the floor. The weighting platform, the
thermocouples, the pressure transducers, the gas analysers and flux meters were
connected to IMP 5000 KE Solotron loggers. The data were recorded on a laptop
computer at a rate of about one scan per second.

| 2865 _i 3355 I 2500 | 1280 |

‘ ‘ ‘ 1250

il =T =l = ‘
straw ‘ QQU—U'HF:' Ul nr2 [ Nr3 U ‘ -
% w H LeoWeighting platform pile A D—"

’7Thermocouple K 0.25 mm Tbi-directional probe

U

265
e

4" 150‘
l—

JL I

T

pile B

=

=TIt

Thermcouplepil

Thermocouple pile B wall thermocouple
D flux meter -H Gasanalysis

Obs: all instrument at the cenre of the tunnel except at pile B
see graph to left.

Figure A2 A schematic of the model-scale test-rig with longitudinal ventilation.

Relevant data from SP longitudinal ventilation tests are listed in Table Al. The heat
release rate was normally predicted by fuel mass loss which was measured by weighing
platform, except for tests with several wood cribs burning together in which the heat
release rate was measured by oxygen calorimetry technique.

Table A1  Relevant data from the SP longitudinal ventilation tests [28-29].
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Test Geometry' of
o cross-section Fuel type u To | Quax | Trmax H bro
widthxheight
m m/s °C | kw °C m m
1 0.4x0.3 wood crib 054 | 20 |135.3| 1014.3 | 0.25 | 0.166
2 0.4x0.3 wood crib 0.87 20 |151.8| 871.0 | 0.25 | 0.166
3 0.4x0.3 wood crib 0.45 | 20 |254.7| 1033.4 | 0.25 | 0.166
4 0.4x0.3 wood crib 0.46 | 20 |320.8| 1057.7 | 0.25 | 0.166
5 0.4x0.3 wood crib 056 | 20 |145.8| 942.8 | 0.25 | 0.166
6 0.4x0.3 wood crib 0.45 | 20 |117.9| 1007.9 | 0.25 | 0.166
7 0.4x0.3 wood crib 0.38 | 20 |141.3| 9949 | 0.25 | 0.166
8 0.4x0.3 wood crib 054 | 20 |142.8| 1046.8 | 0.25 | 0.166
9 0.4x0.3 wood crib 0.76 | 20 |288.4| 1179.5 | 0.25 | 0.166
10 0.4x0.2 wood crib 054 | 20 |103.7| 979.7 | 0.15| 0.144
11 0.4x0.2 wood crib 0.86 | 20 |106.7 | 1060.9 | 0.15 | 0.144
12 0.4x0.2 wood crib 0.33 | 20 |102.2| 1030.8 | 0.15 | 0.144

A2. SP model scale tests with extraction ventilation

Ingason and Li [23] presented 12 tests with point extraction ventilation system in a scale
of 1:23. The fire load was simulated with aid of wood cribs. The parameters tested were
the longitudinal ventilation rate, the arrangement of the exhaust openings and the exhaust
capacity. Moreover, the fire spread between wood cribs with a free distance of 0.65 m
(about 15 m in large scale) was tested.

The point extraction ventilation system was tested under different fire and flow
conditions using either forced longitudinal ventilation or natural ventilation. The study
focuses on single and two point extraction systems. The maximum heat release rate, fire
growth rate, maximum excess temperature beneath the ceiling, flame length and heat flux
were analyzed using relationships obtained from theoretical considerations.

This series of tests was carried out in a similar tunnel as model scale tests with
longitudinal ventilation, except the exhaust vents arranged at the ceiling of the 0.2 m high
model tunnel, see Figure A3.

The extraction ventilation channel, with a height of 0,1 m and the same width as the
tunnel, was above the ceiling, as shown in Figure A3. The total flow rate through the
extraction vents used were 0.06 m®/s, 0.10 m*/s and 0.15 m®/s.. The number of exhaust
openings that were used in the tests varied between 1 and 2. In other words, in these tests
the single point extraction system and two point extraction system were aimed at. The
area of the openings were 0,026 m? and 0,052 m?, respectively.

The centre of the ceiling openings (vents) were placed with an equal distance of 2,17 m
The distance from the tunnel entrance (x=0) to the centre of the opening Nr 1 was 1,7 m.
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The size of the openings varied during the tests; 0,026 m? and 0,052 m?, respectively. The
width of the openings was kept the same during all tests, 0,026 m, whereas the length (in
the x-direction) was varied between 0,1 m and 0,2 m, respectively. The steel duct was
connected to the central ventilation system used to ventilate the fire test hall. The flow
rate was predetermined before each test by regulating a valve between the steel duct and
the central ventilation system. The total exhaust airflow in the steel duct was 0,06 m*/s,
0,10 m*/s, and 0,15 m%s. Wood crib B were used to simulate the fire source, which was
designed to correspond to a HGV (Heavy Goods Vehicle) fire load in large scale.
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Figure A3 A schematic of the model-scale test-rig with extraction system.

Relevant data from SP extraction ventilation tests are listed in Table A2. The heat release
rate was normally predicted by fuel mass loss which was measured by weighing platform,
except for tests with several wood cribs burning together in which the heat release rate
was measured by oxygen calorimetry technique.

Table A2 Relevant data from the SP longitudinal ventilation tests [30].

Test Geometry_ of
o cross-section Fuel type u To | Omax | Tmax H bro
widthxheight
m m/s °C kw °C m m
1 0.4x0.2 wood crib | 0.61 20 97.7 | 1056.9 | 0.15 | 0.144
2 0.4x0.2 wood crib | 0.25 20 65.1 | 860.2 | 0.15| 0.144
3 0.4x0.2 wood crib | 0.26 20 52.6 | 768.3 | 0.15 | 0.144
4 0.4x0.2 wood crib | 0.32 20 86.6 | 1009.3 | 0.15 | 0.144
5 0.4x0.2 wood crib | 0.34 20 57.6 | 939.3 |0.15| 0.144
6 0.4x0.2 wood crib | 0.59 20 83.9 1037 | 0.15| 0.144
7 0.4x0.2 wood crib | 0.57 20 | 158.3 | 1004.5 | 0.15 | 0.144
8 0.4x0.2 wood crib | 0.58 20 | 190.6 | 981.7 | 0.15 | 0.144
9 0.4x0.2 wood crib | 0.4 20 51.4 | 1033.1 | 0.15 | 0.144
10 0.4x0.2 wood crib | 0.52 20 52.6 | 8135 |0.15| 0.144
11 0.4x0.2 wood crib | 0.36 20 57.6 | 808.8 | 0.15 | 0.144
12 0.4x0.2 wood crib | 0.38 20 75.2 909 |[0.15] 0.144




53

A3. FOA/SP model scale tests

FOAJ/SP model scale tests [31] were performed in a 1 m high, 2 m wide, 12 m long model
tunnel in 1999, as shown in Figure A4 and Figure A5. The main objective of this
experimental study is to investigate the influence of longtitudinal ventilation on the
efficientcy of thermal and mechanical ventilation in tunnels using exhaust shaftes and to
obtain well defined experimental data for validation of CFD models. Totally 36 tests were
performed, i.e. 26 with thermal ventilation and 10 with mechanical ventilation.

Figure A5 The model tunnel in the FOA/SP tests.

The material of the walls, floor and ceiling consisted of a 12 mm Promatec fibre-silica
board — except for one side-wall which consisted of 5 mm thick fire resistant window
glass. The window was used to visually document from one end of the tunnel. Two
different pan sizeds were used, 0.33 x 0.33 m and 0.4x 0.4 m, respectively. The exhaust
ventilation arrangement and the longitudinal velocity was varied. Different number of
thermal shafts were mounted along the tunnel at locations A, B and C. For tests with
mechanical ventilation, only the shaft B was connected to a exhaust fan, and shaft A and
C were closed.

A specially designed funnel shaped tunnel was attached to one end of the tunnel in order
to create a uniform flow over the cross-section at the tunnel entrance. The other end of
the tunnel was fully open. Before the ignition of the fire source, there is a forced flow
inside the tunnel.
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Ceiling temperature was measured at the centre line and 0.1 m beneath the ceiling by K-
type thermocouples with a wire diameter of 0.25 mm. Measurements were also performed
at four different locations downstream of the fire source, locations D, E, F and G, at
heights of 0.1, 0.3, 0.5, 0.7, 0.9 m above the tunnel floor. The velocity was measured 0.1
m below the ceiling at station D, E, F, and G and 0.5 m above floor at station E and F.

Kerosine was used as fuel. The heat release rate was estimated by measurement of fuel
mass loss. Circulate water was used to cool the rim and obtain a steady mass burning rate
during the pool fire tests.

Relevant data from FOA/SP tests are listed in Table A3. Two types of ventilation system-
natural ventilation and mechanical ventilation were tested in this series of tests. In a
natural ventilation system, the tunnel portals on both sides were opened to model the real
scenario of tunnel fire and the ventilation velocity across the fire is considered as zero
here.

Table A3 Relevant data from FOA/SP tests [31].

Tr?rSt Ventilaiton | Fuel type u To Qmax Tnax Hs bro

m/s °C kwW °oC M m
1 natural kerosine 0 20 38.3 283.2 0.95 0.186
3 natural kerosine 0 20 32.7 262.7 0.95 0.186
7 natural kerosine 0 20 53.4 343.1 0.95 0.226
14 natural kerosine 0 20 71.9 310.7 0.95 0.226
17 natural kerosine 0 20 79.4 291.3 0.95 0.226
21 natural kerosine 0 20 33.9 261.1 0.95 0.186
27 natural kerosine 0 20 61.62 209 0.95 0.226
28 natural kerosine 0 20 45.03 150 0.95 0.226
mechnical kerosine 1 20 42.3 103.5 0.95 0.186
mechnical kerosine 0.5 20 30.9 113.7 0.95 0.186

mechnical kerosine 1 20 40.9 106.7 0.95 0.186

mechnical kerosine 1 20 54.9 150.5 0.95 0.226

2
4
5 | mechnical kerosine 0.75 20 29.9 106.5 0.95 0.186
6
8
9

mechnical kerosine 0.75 20 50.3 185.3 0.95 0.226

10 | mechnical kerosine 0.5 20 46.6 158.7 0.95 0.226

11 | mechnical kerosine 0.5 20 48.7 179.3 0.95 0.226
12 | mechnical kerosine 0.75 20 49 155.2 0.95 0.226
13 | mechnical kerosine 1 20 59 155.4 0.95 0.226
15 | mechnical kerosine 0.5 20 48.3 176.7 0.95 0.226
16 | mechnical kerosine 1 20 70 150.2 0.95 0.226
18 | mechnical kerosine 1 20 57.4 155.9 0.95 0.226
19 | mechnical kerosine 0.75 20 49.2 162.3 0.95 0.226
20 | mechnical kerosine 0.5 20 51.8 202.5 0.95 0.226
22 | mechnical kerosine 1 20 41 99.6 0.95 0.186

23 | mechnical kerosine 0.75 20 29.9 100.9 0.95 0.186

24 | mechnical kerosine 0.5 20 30.3 122.9 0.95 0.186

25 | mechnical kerosine 0.5 20 51.3 197 0.95 0.226

26 | mechnical kerosine 1 20 55.9 153.7 0.95 0.226

29 | mechnical kerosine 1 20 59.64 159 0.95 0.226
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30 | mechnical kerosine 1 20 56.49 160 0.95 0.226
31 | mechnical kerosine 1 20 56.09 154 0.95 0.226
32 | mechnical kerosine 1 20 64.39 157 0.95 0.226
33 | mechnical kerosine 0.5 20 53.33 200 0.95 0.226
34 | mechnical kerosine 1 20 59.25 161 0.95 0.226
35 | mechnical kerosine 2 20 74.26 96 0.95 0.226
36 | mechnical kerosine 2 20 73.87 112 0.95 0.226
A4. SWJITU model scale tests

Li et al [10][23] conducted a series of fire tests in two model tunnels, i.e. Tunnel A and
Tunnel B. Each small-scale test rig consisted of a 12 m long model tunnel, a 5.25 m long
air supply duct, and a static pressure box, as shown in Figure A6 and Figure A7. The
cross sections of these tunnels can be seen in Figure A8. The study aims at the control of
smoke flow, the interaction of the fire plume with the ventilated flow, and the
temperature distribution.

The static pressure box, which was used to smooth the turbulence of the air flow, was a
cuboid with 1 m length, 0.5 m width and 0.5 m height. The fire source in Tunnel A was a
100 mm diameter porous bed burner, and that in Tunnel B was a 150 mm diameter burner,
with its top surface set at floor level. Propane was used as fuel, and its gas flow rate was
metered by a rotameter with 1 % accuracy. The heat release rate was estimated by the gas
flow rate. The ventilation flow rate in the tunnel was metered by a vortex flowmeter with
a range of 30~540 m*h and 1 % accuracy. The ventilation velocity was calculated by
dividing the volumetric flow rate by the tunnel cross-sectional area.

Figure A6
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Figure A7 A photo of the model-scale test bed (Dimensions in mm)

393

250

380
450

250

() Tunnel A (b) Tunnel B
Figure AB  Cross-sections of model tunnels (Dimensions in mm)

Gas temperature below the ceiling was measured by using K-type stainless steel-sheathed
thermocouples with a diameter of 1.0 mm. The layout of thermocouples is shown in
Figure A9. The thermocouples were mounted centre line 10 mm below the centre line of
the ceiling in Tunnel A, and 20 mm below the ceiling in Tunnel B.

After series of tests carried out in Tunnel A and Tunnel B, a model vehicle 8 m long, 0.15
m wide and 0.2 m high was positioned symmetrically inside Tunnel B. The model
consisted of 1 mm thick steel. The aim was to analyse the effect of obstruction in the
tunnel on the critical velocity and back-layering length. The model vehicle represented an
obstruction, such as a passenger train or road vehicles in a queue situation. The distance
from the bottom of the model vehicle to the tunnel floor was 40 mm. The model vehicle
occupied about 20 % of the tunnel cross-section area. For practical reasons, and because
we did not want the heat release rate to be affected, as it would be if placed inside the
model, the fire source was retained at the same location beneath the model, allowing the
flames to surround the model.
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Due to too many experimental data from SWJTU tests are used in this report, only part of

them are listed in Table A4. The ambient temperatures were approximately 20 °C and 10
°C in the series of tests in Tunnel A and Tunnel B, respectively.

Table A4 Relevant data from SWJTU tests [10][23].

Tﬁft Test tunnel u Qmax Tmax Hf bfo
m/s kW °C M m
1 Tunnel A 0.70 4.35 216.5 0.25 0.05
2 Tunnel A 0.59 4.35 256.0 0.25 0.05
3 Tunnel A 0.52 4.35 271.7 0.25 0.05
4 Tunnel A 0.46 4.35 266.3 0.25 0.05
5 Tunnel A 0.40 4.35 276.3 0.25 0.05
6 Tunnel A 0.36 4.35 296.0 0.25 0.05
7 Tunnel A 0.69 5.16 271.2 0.25 0.05
8 Tunnel A 0.59 5.16 313.1 0.25 0.05
9 Tunnel A 0.51 5.16 313.8 0.25 0.05
10 Tunnel A 0.42 5.16 330.7 0.25 0.05
11 Tunnel A 0.34 5.16 358.7 0.25 0.05
12 Tunnel A 0.72 6.05 297.2 0.25 0.05
13 Tunnel A 0.66 6.05 321.8 0.25 0.05
14 Tunnel A 0.58 6.05 360.8 0.25 0.05
15 Tunnel A 0.48 6.05 363.5 0.25 0.05
16 Tunnel B 0.33 1.97 53.9 0.393 0.075
17 Tunnel B 0.36 1.97 49.1 0.393 0.075
18 Tunnel B 0.38 1.97 45.8 0.393 0.075
19 Tunnel B 0.40 1.97 455 0.393 0.075
20 Tunnel B 0.42 1.97 38.6 0.393 0.075
21 Tunnel B 0.41 3.48 89.4 0.393 0.075
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22 Tunnel B 0.43 3.48 77.7 0.393 0.075
23 Tunnel B 0.45 3.48 72.8 0.393 0.075
24 Tunnel B 0.47 3.48 68.1 0.393 0.075
25 Tunnel B 0.50 3.48 59.0 0.393 0.075
26 Tunnel B 0.43 4.58 106.8 0.393 0.075
27 Tunnel B 0.45 4.58 95.0 0.393 0.075
28 Tunnel B 0.49 4.58 97.3 0.393 0.075
29 Tunnel B 0.53 4.58 88.5 0.393 0.075
30 Tunnel B 0.55 4.58 79.4 0.393 0.075

A5. HSE model scale tests

After the Channel Tunnle fire, HSE conducted a series of experiments by which the
validity of the CFD methodology could be assessed [32].

The cross-section of the model tunnel is of the similar geometry as the Channnel Tunnel
with a scaled-down ratio of 1:3, shaped to BS227 Colliery Arch with an area of 5.6 m?.
The tunnel height is 2.44 m, and the maximum width is 2.75 m. The surface of tunnel is
made of reinforced concrete with thickness of 0.41 m over the first 184 m, 0.48 m
between 184 m and 275 m, and 0.57 m from 275 m to the open end at 366 m. The
southern end of the model tunnel was open through the test series, and the northern end
wall held an inlet for the main ventilation fan.

The tunnel walls in the immediate vicinity of the fire site and at a given distance
downstream of the fire, were provided with fire protection, in order to protect the
structural integrity of the model tunnel. The fireproofing was achieved using mineral
fibre sheeting, marketed as Conlit 100, which was 25 mm thick and coated on one side
with a thin aluminium foil.

In order to simulate the complexity of flows around a fire in the forward section of an
HGV shuttle train, models of some of the vehicles were constructed a t a suitable scale to
fit the gallery. The scaled-down ratio of HGV shuttle model is 1:2.8.

Liquid pools and wood cribs were used as fuels. The heat release rate ranges from 0.9
MW to 18.9MW.

A wide range of instruments were deployed to measure the various parameters that are of
interest in this fire situation, i.e. measurement of temperature, velocity, smoke density,

heat flux and gas.

Relevant available data from the series of HSE tests are listed in Table Ab.




Table A5 Relevant data from the SP longitudinal ventilation tests [32].
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Test nr u To Qmax Tmax H; bto
m/s °C MW °C M m

1 0.5 10 4.1 1140 2.04 15

2 1.1 10 35 914 2.04 15

3 1 10 115 900 2.04 15

4 1.1 10 11.5 942 2.04 15

5 1.1 10 11.4 974 2.04 15

6 1.1 10 5.3 1171 2.04 15

8 1 10 4.9 1142 2.04 15
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Appendix B Large scale tests

In order to examine the validity of the theoretical correlations developed in chapter 2, it is
necessary to summaries all the large scale tests carried out and can be of relevance for
determining the maximum gas temperature. In the following a summary of numerous
large scale data is presented as well as necessary information on geometry, fuel sources,
ventilation conditions and instrumentation. In Table B1, a list of the large scale tests used
in the analysis are given [33].

Table B1  Scientifically aimed large-scale fire tests since the middle of 1960s.
Range of
r(;l'ers;m No yg:se_l Tunnel| Tunnel peak
program, of Fire source - height | length | Measure-ments | HRR
country, section
tests 2 (m) (m)
year (m?) (MW)
Ofenegg, Gasoline
Switzerland, | 11 | (6.6, 47.5, 23 6 | 190 T'?Qk;?%v’ 11-80
1965 95 m2) visibility
Glasdow Kerosine
19%0 ' 5 (1.44,2.88, 39.5 5.2 620 T,0D 2-8
5.76 m?)
Zwenberg, ((éa8soi|3n% T,CO,CO2,
Austria, 30 2 T q 20 3.9 390 NOx,CH, 8-21
1974 - 1975 me), woo 02, v, OD
and rubber
PWR oweo® T.CO,CO. | .
Japan, | 16 | 4 B6MI | 575 |68 | 700 v, OD, o 3
1980 passenger radiation
car, bus
P.W.R.I, : T, CO, CO,, Pool: 9
Japan, 8 faszo '”;e 58 ~6.8 |3277 | O,v,0D, | Busun-
1980 (4 m<), bus radiation known
Wood cribs,
EUREKA heptane, cars, rl:l‘é%Tc()ZOS
499, metro car, 4.8 e
21 . 25-35 2300 0,,CxHy, 2-120
Norway, rail cars, ~5.5 NOvisibilit
1990 - 1992 HGV trailer '
y,soot,m,v
and mockup
Memorial, .
USA, | 98 F‘iejlg'r'n%'5 Band60 | 3% | 853 | Lo LEO: | 10-100
1993-1995 : 2V, y
nnel, The | -, | toulene, ca HRR, T, m,
' 14 N, 50 51 872 radiation, v, 3 -26
Netherlands, van, HGV OD. visibilit
2002 mock up ' Y
Runehamar HRR,T,PT,
tunnel Cellulose, 47 C0,C0,,0,,HC
' 4 plastic, 32 - 47 i 1600 N,H20, 70 -203
Norway . ~5.1 .
2003 furniture isocyanates,
OD, radiation

HRR=Heat Release Rate, m=mass loss rate, T=temperature, PT=Plate Thermometer, CO=Carbon monoxide, CO,=Carbon

dioxide, CH= Hydrocarbon, HCN=cyanide, H,O=water vapour, v=velocity, OD=0Optical density, visibility=cameras for

smoke registration,
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In the following a more detailed description of the most important large scale tests,
together with data presented in the summary by Ingason [33], is given.

B1l. Ofenegg tunnel 1965

The first large scale tunnel fire test series to obtain scientific and engineering information
was carried out in the Ofenegg tunnel in Switzerland, in1965 [34][35]. These tests were
carried out in order to study the ventilation capacities (natural, longitudinal, semi-
transverse) in the case of a fire, especially in case of a gasoline tank fire. The tests were
expected to give information on the hazardous level for tunnel users, possibilities to
rescue people and the impact on tunnel construction and installations. The tunnel used
was a single track railway tunnel (23 m?, 3.8 m wide and 6 m high), with wall located 190
m from the one portal and the ceiling was 6 m high with a rounded top. By closing the
cross-section the test tunnel became a dead end tunnel of 190 m in length.

A total of 11 tests were performed using gasoline pool fires on a concrete trough with the
edge placed 131.5 m from the open entrance. The other end (190 m) was bricked up. The
sizes of the pools used were 6.6 m?, 47.5 m? and 95 m?, respectively, with the smallest
representing the contents of the fuel tanks of two cars and the largest a substantial spill
from a gasoline tanker. The width of the trough (fuel pan) was 3.8 m and the length of the
trough varied; 1.7 m, 12.5 m and 25 m, respectively.

In tests with natural ventilation, all ventilation ducts were closed and also the rear access
door. In a longitudinal ventilation test, the air was blown in through the rear end duct
system. In a semi-transverse ventilation test, a sheet metal air duct was set up with side-
openings every 5 m along most of the test tunnel including the fire site. The fresh air
supply rate was equal to 0.25 m%/s. Ventilation velocity can be calculated for a
longitudinal ventilation system, or estimated to be O for a natural ventilation system.
However, for a semi-transverse ventilation system, it is hard to determine it.

Ingason estimated the HRR and tabulated maximum gas temperatures and velocity from
each test. The results are presented in Table B2, together with estimation of the effective
tunnel height, Hef, and diameter of the fuel, by. The estimation is based on the measured
fuel flow rates for each test and a assumed combustion efficiency of 0.8 in the tunnel and
a heat of combustion of 43.7 MJ/kg. The maximum ceiling temperature obtained was
1325 °C and the average HRR was estimated to be 70 MW. With a natural ventilation or
semi-transverse ventilation the temperatures were slightly lower or about 1200 °C and the
average HRR was between 33 MW to 39 MW. In general we see that the maximum
ceiling temperature varies between 450 °C ~ 1325 °C for average HRRs between 12 MW
and 70 MW. Clearly, the temperatures are not only dependent on the level of the HRR but
also by the ventilation conditions.
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Table B2  Relevant data from the Ofenegg tunnel tests in 1965 [34-35].

Test Type of Fuel Air suppl
nr ven%liolation type ventilarilioo)rq U | To | Qua™| Tmax | Hier | bio
m/s mis|°C|MW/|°C | m|m
1 Natural Gasoline 0 0 | 16 16 | 710 | 55(1.43
2 Semi-trans. Gasoline 15 - |175] 12 | 830 |55|1.43
2a Longitud. Gasoline 39 1.70| 11 | 14 | 450 | 5.5(1.43
5 Natural Gasoline 0 0 | 10 | 39 |1200|5.5|3.89
6 Semi-trans. Gasoline 15 - 10 33 |[1180|5.5(3.89
7a Longitud. Gasoline 39 1.70(11.3] 70 [1325|5.53.89
9 Natural Gasoline 0 0 | 46| 35 |1020|5.5|5.50
10 Semi-trans. Gasoline 6 - 9 32 | 850 | 55|5.50

* HRRis calculated by HRR =177 m"f A; AH_ where 7 is the combustion efficiency, MY is the

burning rate per square meter, Af is the fuel areaand AH ¢ is the heat of combustion. We assume
1 = 0.8 in tests with natural and semi-transverse ventilation and 77 = 0.9 in the tests with longitudinal

ventilation. The heat of combustion AH ¢ is assumed to be equal to 43.7 MJ/kg and the fuel density is

assumed to be 740 kg/m® [33].

** hbased on estimation by the authors

B2. Zwenberg 1975

A decade after the Ofenegg tunnel tests, a new test series was carried out in the Zwenberg
tunnel in Austria 1975 [36]. The aim was to investigate the effects of different types of
ventilation (longitudinal, semi-transverse and transverse ventilation) on the distribution of
smoke (visibility), heat and toxic gases and the effects of heat on the ceiling construction
and the exhaust fans.

The tests were carried out in an abandoned railway tunnel owned by the Austrian
Railways. The tunnel was 390 m long with a cross-section of 20 m? (traffic space) and a
ventilation duct of 4 m?. The tunnel gradient was 2.5% from the south to the north portal.
The tunnel height up to the ventilation duct was 3.8 m and the tunnel width was 4.4 m.
Fully transverse ventilation system was installed in the test tunnel, designed for a supply
of 30 m*/s of fresh air and for the same quantity of exhaust air. An injection fan installed
near the southern portal was designed to provide a longitudinal flow up to 7 m/s in the
traffic space. Every 6 m alternately a fresh air opening and a polluted air opening were
installed.

The fire source was located 108 m from the south portal. It consisted of 12 individual
concrete trays in two rows with a total volume of 900 litres liquid (gasoline, diesel)
corresponding to a surface area of 20 m? where the internal measures of each tray was 1
m wide and 1.7 m long. Only four trays (beside each other) were used in the standards
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test (6.8 m?) and six in the large tests (13.6 m?). A total of 46 measuring points for
temperature were mounted, 11 for air and gas velocities, 19 for gas sampling (O, CO,,
CO, CH and NOx) and 7 for visibility observations. Total of 30 tests, see Table B3, were
performed using gasoline pools of 3.4 m?, 6.8 m? and 13.6 m?, respectively. The majority
of the tests, 23 ‘standard fire’ tests, were run using 4 trays with a fuel area of 6.8 m? and
200 litre of fuel. This fire size was found to be sufficient to obtain useful data and avoid
damages on the installation. In the tests with the ‘standard fire’ following parameters
were varied:

The selected combination of different test parameters can be obtained from the second
column in Table B3 (identification code of test 210) according to the following system:

X1-X2-X3-X4-X5

where
X1 — Location of fresh air supply:
U=from below
O=from above
X=no supply
X2 — Quantity of exhausted air:
1= nominal quantity 30 m*/s
1/3=10 m*s
X3 — Supplied quantity of fresh air:
1=nominal quantity 30 m%/s
1/3= one third of 30 = 10 m%s
X4 — Longitudinal ventilation velocity in the traffic space (m/s)
X5 — Conditions in the traffic space:
F=free cross-section
A=test models in the traffic space

Transverse ventilation system has both extraction and supply of air. Fully transverse
ventilation have equal amount of exhaust and supply air. The HRR estimation and

maximum gas temperature in Table B3 are obtained from Ingason [33].

Table B3  Relevant data from the Zwenberg tunnel fire tests in 1975.

Test | ldentification code Test Fuel
no. of test condition | type U | To | Qmac™ | Tmax | Hpene | Digws
m/s| °C | MW | °C m m
101 U-1-1-7-F TOF gasoline| 7 |[NA| 8 NA [3.63]|1.04
102 U-1-1-2.5-F TOF 25|NA| 12 NA | 3.63|1.47
103 U-1-1-0-F FTV 0 |12| 10 | 904 |3.63|1.47
104 U-1-1/3-0-F 0 |10 | 12 |1240|3.63|1.47
105 X-1-0-0-F EO gasoline| 0 |12 | 13 |1320|3.63|1.47
106 0-1-1/3-0-F 0| 8 12 1222|3.63| 1.47
107 0-1-1-0-F FTV 0 | 10 8 |1080|3.63|1.47
203 U-1-1-0-A FTV 0| 8 10 | 856 |3.63|1.47
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204 U-1-1/3-0-A 0 |10 | 10 |1118|3.63|1.47
205 X-1-0-0-A EO 0 |10 | 12 ]1254|3.63|1.47
206 0-1-1/3-0-A 0] 8 12 11318]3.63|1.47
207 0-1-1-0-A FTV 0 |10 8 1134 3.63 | 1.47
208 U-0-1-0-A STV 0 |12 8 822 |3.63|1.47
209 U-1-1-2-A FTV 2 |14 ] 13 | 663 [3.63|1.47
210 U-1-1/3-2-A 2 |12 ] 12 | 563 |3.63|1.47
211 U-1-1-2-F FTV 2 |12 ] 12 | 670 |3.63|1.47
212 X-0-0-2-A PLV 2 |14] 12 | 623 |3.63|1.47
213 X-0-0-4-A PLV 4 |12 12 312 |3.63| 1.47
214 X-0-0-0-A EO 0 |16 9 11000|3.63|1.47
215 0-1-1-2-F FTV 2 |12 ] 12 | 612 |3.63|1.47
216 0-0-1-0-A STV 0 |13 9 893 |3.63|1.47
217 0-0-1/3-0-A STV 0 |11 8 1165 3.63 | 1.47
218 0-1-1/3-2-A 2 |10| 11 | 623 |3.63|147
219 X-1-0-2-A EEO 2 | 6 11 | 675 |3.63|1.47
221 X-1-0-2-A EO 0] 8 7 723 |3.63|1.47
220 X-1-0-0-A EO Diesel | 0 | 8 10 | 643 |3.63|1.47
301 X-1-0-0-A EO 0| 6 20 |1332|3.63|2.08
302 0-1-1/3-0-A gasoline| 0 | 6 17 11320]3.63 | 2.08
303 0-0-1/3-0-A 0] 8 21 [1330]3.63|2.08
*  TF— Test of Facility (preliminary tests) FTV — Fully Transverse Ventilation

EO — Extraction Only STV — Semi Transverse Ventilation

PLV — Pure Longitudinal Ventilation EEV — Enlarged Extraction Opening

** |ngason assumed in tests with natural and semi-transverse ventilation and in the tests with longitudinal
ventilation, the heat of combustion was equal to 43.7 MJ/kg and the fuel density was 740 kg/m3 [33].
NA=Not Available

*** hased on estimation by the authors

B3. P.W.R.11980

The Public Works Research Institute (P.W.R.1.) in Japan performed two series of large-
scale tests [37]. The first test series were carried out in P.W.R.I’s own full-scale test
tunnel facility and the second test series was carried out on the Chugoku Highway in the
Kakeitou Tunnel. The full-scale tunnel at P.W.R.I. site has a total length of 700 m, a cross
sectional area of 57.3 m? (H=6.8 m) and is equipped with ventilation and sprinkler
facilities. The Kakeitou tunnel has a total length of 3277 m, a cross-sectional area of 58
m? (H=6.7 m), and is equipped with ventilating and sprinkler facilities. The majority of
the experiments were conducted in the full-scale tunnel at P.W.R.I. but also in the
Kakeitou tunnel. The main purpose of using the long tunnel was to determine the
environment for people evacuating from tunnels.

The fire source consisted of gasoline pool (gasoline) fires, passenger cars and large-sized
buses. Gasoline pool fires of 4 m? and 6 m? were used to generate a HRR equal to the fire
for large-sized vehicle, large-sized buses and passenger cars. The pool fires were applied
in order to accomplish steady and repeatable fires, which may not be the case in tests
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using real motor vehicles. Several real motor vehicles were, although used for
confirmation of the results. Four to six sets of gasoline fire pools (trays) were arranged
for fires, each having four 0.25 m? (a total of 1 m*fuel surface area) fire trays in one set.
Further, 18 litres of gasoline was uniformly placed in each fire tray in order to maintain
almost the same burning rate for about 10 minutes after ignition. In the tests with
passenger cars, doors of the driver’s seat were left half-opened, while other doors and
windows were closed. Approximately 10 to 20 litres of gasoline were put in the fuel tank
of the passenger cars. For large-sized buses, the entrance door, exit doors and the window
next to the driver’s seat were fully opened, and 50 litres of light oil was put in the fuel
tank. With respect to passenger cars and buses, pieces of cloth soaked in advance in a
small amount of gasoline were placed on the rear seats and ignited. A comprehensive
instrumentation was used in these test series. The gas temperatures (84 points in the
Kakei tunnel), concentrations of smoke (78 points in the Kakei tunnel), gas velocities (5
points), concentrations of O, CO gases (1 and 3 points, respectively), radiation (1 point)
and burning velocity (mass loss rate) were measured.

No HRR measurements were carried out in these tests. The fuel mass loss rate of the pool
fires was measured as a reduction in the level of fuel. It is reported that at 1 m/s
longitudinal velocity the mass fuel rate was 0.63 cm/min (77.7 g/m? s assuming 740
kg/m? for gasoline) and 1.24 cm/min (152.9 g/m? s) at 4 m/s. The authors refer to outside
door test yielding 0.42 cm/min (51.8 g/m? s). These burning rates can be compared to
values given in Table B2 (Ofenegg) and Table B3 (Zwenberg). At low velocities the
values are in the same order, whereas at high wind velocity it is about factor of two
higher. On passenger cars the burning rate was reported to be 7.4 kg/min (0.15 kg/s) at 1
m/s and 10 kg/min (0.17 kg/s) at 4 m/s. Assuming an average heat of combustion of 30
MJ/kg this would correspond to 4.4 MW and 5 MW, respectively. The burning rate of the
seats in the buses was reported to be 6.9 to 8.1 kg/min (0.11 and 0.14 kg/s).

The ventilation system was able to create a longitudinal flow up to 5 m/s. The influence
of the temperature due to the fire was found to be only limited to the nearby areas of the
fire. In Table B4 a summary of all peak HRRs and ceiling temperatures is given. The
data show clearly the effects of the longitudinal flow on the peak temperature in the
ceiling. Higher velocity tends to lower the ceiling temperature due to dispersion of the hot
air. It was not possible to extract any information about the flame lengths from the
information available. An estimation of the free flame height for the pool fires used in
this test series indicates that the flames were not impinging on the ceiling. The ceiling
temperatures given in Table B4 confirm these calculations.

Table B4  The test programme for the P.W.R.I. test series in Japan 1980 [37].

T

Test nr. Test tunnel Fuel type u Qnmax* (+ garxn) Hiw | Dyges
m/s MW °oC m m

1 P.W.R.1.,700m gasoline 0.65 9.6 252 6.55 | 1.13

2 “ gasoline 5 9.6 41 6.55 | 1.13
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5 “ gasoline 2 144 429 6.55 | 1.38
17 Kakei,3277m gasoline 0 9.6 511 6.55 | 1.13
18 “ gasoline 2 9.6 199 6.55 | 1.13
19 “ gasoline 5 9.6 69 6.55 | 1.13

* Based on estimation and not measurements. Due to the good ventilation condition we assume free burning

conditions i.e. 2.4 MW/m?for gasoline (0.055 kg/m?$S 43.7 Md/kg [33])
** based on estimation by the authors

B4. EUREKA EUA499 tests 1990 — 1992

The EUREKA EU499 test program was performed in an abandoned tunnel named
Repparfjord Tunnel in northern Norway [38-40]. The tunnel was 2.3 km long with a
gradient less than 1%, running north south from the main portal to a vertical shaft of 90 m
height (cross-section of the shaft was 9 m?). The cross section of the tunnel was
horseshoe shaped to rectangular with a flattened roof. The tunnel is approximately 5.3 to
7.0 m wide with a maximum height in the centre between 4.8 m and 5.5 m.

The test programme included 21 large-scale tests, which were carried out in 1990, 1991
and 1992. The majority of the tests were performed in year 1992 as can be observed in
Table B5. The main objectives of the EUREKA EU499 test program were to investigate
the fire behaviour of different type of fuels including real vehicles. Also to seek the
possibilities of escape and rescue, and fire extinguish to see the damage of tunnel
structure caused by fires. The fire behaviour of trains and HGVs revealed by these tests
has had major effects on many design studies of large tunnel projects today.

The main results of the EUREKA EU499 project relates to the unique data of measured
HRR for real vehicles where the oxygen consumption calorimetry was applied for the
first time in large-scale tunnel tests. It also contained well-defined fire sources such as
wood cribs and heptane pool fires, which are very valuable for scientific analysis of the
results. The wood crib tests showed a tendency of increased fire growth rate with
increased ventilation rate whereas it was not as apparent for the peak HRR. Results
showed that generally the temperature of vehicles with body structure, which can melt
away, e.g. the aluminium subway coach and the school bus (GFRP), could reach ceiling
temperatures from 800 up to 1060 °C and HRR of 29 — 43 MW (tests 7, 11 and 14). For
trains with steel body structure the HRR was less than 19 MW and the fire duration
longer and the ceiling temperatures tended to be lower than 800 °C (tests 4, 5, 12 and 13).
For the passenger car, the highest temperature was between 210 and 480 °C and the HRR
was up to 6 MW (tests 3 and 20). The same tendency about the influence of the body type
on the results is found for the plastic car and the steel body passenger car. The estimated
flame lengths are given in Table B5 as towards the portal and towards the vertical shaft. It
is based on 600 °C flame tip obtained from maximum temperature graphs as a function of
the distance from the centre of the fire.
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The EUREKA tests show the importance of the glazed windows on the fire growth in the
steel body trains. The fire growth rate is apparently governed by the sequence and timing
of the window cracking. This can be shown by analysing the temperature development
inside the train compartments. The type of interior material (former or new design)
appears not to be as eminent for the fire growth as expected. The type of body and the
quality of the windows appears to be more important than the type of interior materials.
For a heavy goods load (furnitures), which is not contained by any steel or aluminium
body, the corresponding data were about 1000 °C and a HRR of 120 — 128 MW.

Table B5  Relevant data from the EUREKA EU499 test serie [38-40].

TeSt Tmax Tmax
nr Fuel type u Qnmax (0 m) (+10 m) Hy Drox
m/s MW °C °C M m
7 School bus (GFRP) | 0.3 29 810 690 4.6 3.27
8 Wood cribs no 3. 0.3 9.5 NA 480 4.8 0.90
9 Wood cribs no 4. 3.5 18 NA 440 4.8 0.90
10 Wood cribs no 5. 4.5 13 NA 290 4.8 0.90
1.5 rail cars F2Al+F7
11 (Aluminium-steel) 35 43 980 950 4.1 3.91
12 Rail car F2St (steel) | 0.5 19 650 840 4.1 4.98
13 Rail car F1 (steel) | 0.5 13 450 720 4.1 4.98
14 Metro car F4 05| 35 810 1000 | 41 | 408
(Aluminium)
15 | . Mixedload 07 | 165 NA 400 45 | 293
simulating truck load
2
16 [IM hepti”e poolno |y 55| g 540 NA 48 | 056
2
17 [IM heptg”e poolno |, 75| g 400 340 48 | 056
20 Private car (plastic) | 0.5 6 480 250 4.5 1.60
Heavy Goods
21 | Vehicle (HGV) with | 5 128 925 970 4.2 2.93
furnitures

* based on estimation by the authors

B5. Memorial Tunnel tests 1993 — 1995

The Memorial Tunnel Fire Ventilation Test Program (MTFVTP) consisted of a series of
large-scale fire tests carried out in an abandoned road tunnel [21]. Various tunnel
ventilation systems and configurations of such systems were operated to evaluate their
respective smoke and temperature management capabilities. The Memorial Tunnel test
program was performed in a two-lane, 853 m long and 8.8 m wide road tunnel built in
1953, taken out of traffic 1987 and was a part of the West Virginia Turnpike. The tunnel
has a 3.2 % upgrade from south to north portal. The tunnel was originally designed with a
transverse ventilation system, consisting of a supply fan chamber at the south portal and
an exhaust fan chamber at the north portal. An overhead air duct, formed by a concrete
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ceiling 4.3 m above the roadway, was split into supply and exhaust section by a vertical
concrete dividing wall. In some of the tests the horizontal ceiling was removed in order to
put in place 24 reversible jet fans in-group of three equally spaced over the tunnel. The
cross-section changed from rectangular shape with cross-sectional area of 36.2 m? to
more of a horse shoe shape with an height of 7.8 m and a cross-sectional area of 60.4 m?.
These fans had a 56 kW motor and an outlet velocity of 34.2 m/s and a volume flow of 43
m?*/s. They were designed to withstand air temperatures of about 300 °C.

The test programme consisted of 98 tests where the type of ventilation, fuel size and

sprinklers were changed. The ventilation systems tested include longitudinal ventilation
system, fully transverse ventilation system, semi-transverse ventilation system, etc. The
results from some typical tests with different ventilation systems are listed in Table B6.

Table B6  The Memorial Tests program with different type of ventilation system.

Testnr. | Fuel type Vir;t;:(?g]on u Qmax Tinax Hyos Diges
m/s | MW °C M m

101CR diesel FTV* - 10 579.7 | 3.64 1.20
103 diesel FTV* - 20 1368.2 | 3.64 1.69
113A diesel FTV* - 50 1369.9 | 3.64 2.66
217A diesel PTS/EV* - 50 1347.2 | 3.64 2.66
238A diesel TZPTV* - 50 12246 | 3.64 2.66
239 diesel TZPTV* - 100 | 1298.3 | 3.64 3.76
312A diesel PTV-SPE* - 50 1302.2 | 3.64 2.66
313A diesel PTV-SPE* - 50 811.0 | 3.64 2.66
401A diesel PTV-OEP* - 50 1082.8 | 3.64 2.66
318A diesel PSPEO* - 50 1236.3 | 3.64 2.66
501 diesel Natural* 0.6 20 4920 | 7.14 1.69
502 diesel Natural 1.0 50 9523 | 7.14 2.66
605 diesel Longitudinal* 1.8 10 1778 | 7.14 1.20
606A diesel Longitudinal 1.5 10 1979 | 7.14 1.20
607 diesel Longitudinal 1.75 20 366.3 | 7.14 1.69
610 diesel Longitudinal 2.5 50 528.3 | 7.14 2.66
612B diesel Longitudinal 2.5 50 5610 | 7.14 2.66
615B diesel Longitudinal 2.0 100 1086.1 | 7.14 3.76
618A diesel Longitudinal 2.25 20 367.2 | 7.14 1.69
621A diesel Longitudinal 2.5 100 8166 | 7.14 3.76
623B diesel Longitudinal 1.8 20 3843 | 7.14 1.69
624B diesel Longitudinal 1.8 50 7203 | 7.14 2.66
625B diesel Longitudinal 2.0 100 1067.2 | 7.14 3.76

* FTV — Full Transverse Ventilation
PTS/EV — Partial Transverse Supply/Exhaust Ventilation
TZPTV — Two-Zone Partial Transverse Ventilation
PTV-SPE — Partial Transverse Ventilation with Single Point Extraction
PTV-OEP — Partial Transverse Ventilation with Oversized Exhaust Ports
PSPEO - Point Supply and Point Exhaust Operation.
Natural — Natural Ventilation
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Longitudinal — Longitudinal Ventilation

**hased on estimation by the authors

The tunnel was equipped with instrumentation and recording equipment for data
acquisition. Sensors measuring air velocity, temperature, carbon monoxide (CO), carbon
dioxide (CO,) and total hydrocarbon content (THC) were installed at 12 cross-sections
along the tunnel. In total there were approximately 1400 measuring points, each point
was recorded once every second during the test (the test time ranged from about 20 to 45
minutes).

Ventilation system effectiveness in managing smoke and temperature movement was
tested for the in advance calculated fire sizes (nominal): 10, 20, 50 and 100 MW. The
corresponding fuel surface area is 4.5 m?, 9 m% 22.2 m” and 44.4 m? respectively,
meaning an average heat release rate of 2.25 MW/m?. The fire source consisted of low-
sulfur No 2 fuel oil in different pools (diesel). In addition to varying the fire size,
systematic variations were made in airflow quantity, longitudinal air velocity near the
fire, and fan response time for each ventilation system. Tests were also conducted to
assess the impact of longitudinal air velocities on the effectiveness of a foam suppression
system. Various smoke management strategies and combinations of strategies were
employed, including extraction, transport, control direction of movement, and dilution to
achieve the goals of offsetting buoyancy and external atmospheric condition and to
prevent backlayering (critical velocity).

B6. 2" Benelux tests 2002

Fourteen large-scale tests were carried out in the Second Benelux Tunnel in the
Netherlands in 2002 [41-43]. The tests were designed to assess the tenability conditions
for escaping motorists in case tunnel fire and to assess the efficiency of detection system,
ventilation system and sprinkler system for numerous type of fire sources. These were
pool fires, passenger cars, a van and mock-ups with truckloads. Temperatures, radiation
levels and optical densities in the tunnel were measured, as well as smoke velocities and
heat release rates.

The tests were carried out in a sink tunnel outside Rotterdam. In Table B7 results from
these tests are given. The tunnel has a rectangular cross section with a height of 5.1 m and
a width of 9.8 m and a length of about 900 m. Before the tests, the tunnel ceiling and part
of the walls were sprayed with insulation in order to enhance the fire resistance of the
tunnel structure in accordance with standard procedures for new tunnels in the
Netherlands. In preparation for the tests, the walls, ceiling and floor of the tube were
covered with additional fire protection cladding over lengths of 35 m upstream and 35 m
downstream of the fire. The tunnel has a maximum slope of 4.4 % and was equipped with
longitudinal ventilation. A total of six jet fans were installed at the upstream portal of the
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tunnel in order to create air velocities up to 6 m/s. The test site was located at 265 m from
the downstream portal.

The test program included 4 pool fire tests (Tests 1 ~ 4) with ventilation velocities
between 0 m/s to 6 m/s. The pool fires consisted of a mixture of 60 % n-heptane and 40%
toluene. The pool fire source consisted of two and four fuel pans, respectively, where
each pan measured 1.8 m long and 1 m wide and the fuel level was 0.5 m above the road
surface. The total fuel surface was 1.8 m? in tests 1 and 2 and 7.2 m? in tests 3 and 4.

The fire source used in tests 5 to 10 is cars and covered truckloads. Each truckload
consisted of 800 kg wooden pallets (total of 36 EURO-pallets, 4 piles with 9 pallets in
each pile), with four tyres placed on the top. The fire load was mounted in a on a mock-
up of a truck with a cover of tarpaulin were the rear end was open. The total length of the
mock-up was 4.5 m, the width was 2.4 m and the height was 2.5 m. The longitudinal
ventilation was varied between 0 m/s to 6 m/s.

In tests 11 to 14, different sprinkler systems were activated after a few minutes in a range
of 4 min to 14 min. Therefore only results from tests 1 to 10 are listed in Table B7. The
velocities in tests with natural ventilation are measured upstream of the fire sources. In
tests 1 to 4 with pool fires the vertical distance between the fire source centre and the
ceiling is lower as shown in Table B7.

In all the tests, except for the fuel pans, the fire sources were mounted on a weighing
platform in order to measure the HRR. The HRR for the pans was obtained from the mass
loss rate of the supply fuel tank. The centreline temperatures were measured at five
different heights at distance of 10 m, 20 m and 50 m upstream the fire and at 10 m, 20 m,
50 m and 200 m downstream the fire. The radiation heat flux from the fire was measured
with cooled heat flux meters at eye-level at distance of 5m, 10 m and 20 m from the fire
centre. Ventilation velocities were measured at three positions upstream of the fire with
hot wire anemometers and at three positions downstream the tunnel using bi-directional
probes.

Table B7  The test program for the 2" Benelux Tunnel tests [41-43].

Test . Type of

o Fire source ventilation Ewt | U To | Omax | Tmax | Heex | Diges

G |m/ls| °C | MW °C m m

1 n-heptane/ oy [Nax| 15| 13 | 41 | 218 | 46 | 0.76
toluenel.8 m
n-heptane/

2 toluenel 8 m? LTV NA 2 15 35 220 4.6 0.76

3a n-heptane/ | oy [ NA |17 ] 12 | 115 | 470 | 46 | 151
toluene7.2 m
n-heptane/

3b toluene7.2 m? LTV NA 5 12 11.5 250 4.6 1.51
n-heptane/

4 toluene? 2 m? LTV NA | 5 11 114 210 4.6 1.51
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5 Passenger car No LTV NA | 1 10 | NA 230 | 43 | 1.85

6 Passenger car No LTV NA | 15| 10 4.9 210 | 43 | 1.85

7 Passenger car LTV NA | 6 10 4.8 110 | 43 | 1.85

g |36woodpallets, | o\, | 10| 15| 10 | 132 | 400 | 43 | 185
4 tyres

g |36woodpallets, | ) L\, | 4, 10 | 195 | 200 | 43| 1.85
4 tyres 5.3

10 | 36 wood pallets, LTV ~10| 5 | 10 | 162 | 300 | 43 | 1.85
4 tyres

*NA=Not available.

**based on estimation by the authors

B7. Runehamar 2003

Large-scale tunnel tests were carried out with HGV-trailer cargos in the Runehamar
tunnel in Norway [44][45]. The tunnel is a two-way asphalted road tunnel that was taken
out of use and is 1600 m long, 6 m high and 9 m wide, with a slope varying between 0.5 -
1 %. The tunnel was a blasted rock-tunnel with a cross-section varying between 47 — 50

m2.

In total four tests were performed with fire in a HGV-trailer mock-up. In Table B8 results
from these tests are given. The specific commodities used consisted of four different
materials, each representing a category of material typically found in the cargo of a HGV-
trailer. These commaodities were: standardized wood pallets, plastic pallets made of
polyethylene (PE), a standardized test commodity consisting of polystyrene cups (PS) in
compartmented cardboard cartons and polyurethane mattresses (PUR). In total four tests
were performed. In three tests mixtures of the various cellulosic and plastic materials
were used, and in one test a commodity consisting of furniture and fixtures was used. A
polyester tarpaulin covered the cargo in each test. The HGV trailer mock-up was 10.45 m
long, 2.9 m wide and 4.5 m high with the trailer floor at 1.1 m above the road surface.

In Test 1 the fire load consisted of 11 tonnes of wooden and plastic pallets. At a distance
of 15 m from the downstream side (rear end of the trailer-mockup) there was a target
consisting of one pallet row of the same test commodity as used in test. In Test 2 the fire
load consisted of 6.9 tonnes of wooden pallets and mattresses (include a target at 15 m).
In Test 3 the fire load consisted of 8.5 tonnes of furniture on wooden pallets including the
target at 15 m. In this test the fire load had 10 tyres (800 kg) positioned around the frame
at the locations where they would be on a real HGV trailer. In Test 4 the fire load
consisted of 2.8 tonnes of plastic cups in cardboard boxes on wooden pallets (no target
used in this test). In each test the amount (mass ratio) of plastic materials was estimated
to be about 18-19%.

In each test, two fans positioned near the tunnel portal were used to generate a
longitudinal airflow, this was about 3 m/s (centreline) at the start of each test but reduced
to about 2.4 -2.5 m/s once the fires became fully involved. At the location of the fire
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experiments which was approximately 1 km into the tunnel, a 75 m length of the tunnel
was lined with fire protective panels (Promatect T), this reduced the cross-sectional area
of the tunnel to 32 m? in the vicinity of the fire. The tunnel height at the fire location was
4.7 m. The objectives of the test series were to investigate: (a) fire development in HGV
cargo loads, (b) the influence of longitudinal ventilation on fire HRR and growth rate, (c)
production of toxic gases, (d) fire spread between vehicles, (e) fire fighting possibilities
and (f) temperature development at the tunnel ceiling and along the tunnel.

Peak heat release rates in the range of 67 — 202 MW and peak gas temperatures in the
range of 1250 — 1350 °C were measured using non-hazardous cargoes. Prior to these tests
this high temperature level had only been observed in tests with liquid fires in tunnels.
These tests show that ordinary trailer loads can generate the same level of heat release
rate and ceiling temperatures as a tanker fire. The fire development in all the tests was
very fast, despite a relatively small ignition source. The peak heat release rates were
reached between 8 and 18 minutes after ignition.

Table B8  The test program for the Runehamar tests [44-45].

Test . Typg of
nr Fire source veqtlla- Target Ewt| U To | Qmax | Tmax | Hee | Drox
' Tion
GJ| m/s |[°CIMW| °C | m
wood pallets, PE 32 wood
1 plastic pallets, | LTV | palletsand 6 |242| 2.7 |12 | 202 |1365| 3.9 |3.16
tarpaulin PE pallets
20 wood
wood pallets, allets and
2 PUR mattresses,, LTV p20 PUR 141 2.7 | 11| 157 |1282| 3.9 |3.16
tarpaulin
mattresses
Upholstred
g | Fumiture, | g, |sofaandam g\ 54 195|119 1281| 3.9 [3.16
fixtures, tarpaulir rest on
pallets
paper cartons
with interiors,
4 | polystyrene cups| LTV Notarget | 62 | 2.7 |11 | 67 |1305| 3.9 |3.16
wood pallets,
tarpaulin

*pased on estimation of the authors
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