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Abstract

Fire-induced ceiling jet characteristics in tunnels under

different ventilation conditions

Theoretical analyses and experiments were conducted to investigate the ceiling jet
characteristics in tunnel fires. A series of fire tests was carried out in two model tunnels with
a scaling ratio of 1:10, with varying heat release rates, ventilation velocities, fire source
heights and tunnel geometries. The key parameters investigated include flame length, ceiling
jet velocity, ceiling jet mass flow rate, ceiling jet temperature distribution, radiation heat flux
and fire spread were analysed and correlations for these parameters are proposed. Theoretical
and experimental data are compared and evaluated. The results show a very good agreement
between the test data and the proposed theoretical models.
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Summary

Theoretical analyses and experimental work were carried out to investigate the ceiling jet
characteristics in tunnel fires. The key ceiling jet characteristic parameters focused on are
flame lengths, ceiling jet velocity, ceiling jet mass flow rate, gas temperatures, radiation and
fire spread. A series of fire tests was carried out in two model tunnels with a scaling ratio of
1:10. The parameters tested include heat release rate, ventilation velocity, fire source height
and tunnel geometry.

A theoretical model of flame lengths in tunnels is proposed and validated using test data.
Under low ventilation, i.e. the dimensionless velocity u <0.3, there exists both upstream flame
and downstream flame, and the upstream flame length decreases linearly with the increasing
velocity. Under high ventilation, i.e. u>0.3, only downstream flame exists. Regardless of
ventilation velocity, the downstream flame length increases linearly with the heat release rate,
and decreases with tunnel width and effective tunnel height. The total flame length, i.e. the
sum of downstream and upstream flame lengths, can be as long as twice the downstream
flame lengths. Correlations for downstream flame lengths, upstream flame lengths, and total
flame lengths are proposed.

Theoretical model of ceiling jet velocity in tunnels under different ventilation conditions is
proposed and validated using test data. Under natural ventilation, the ceiling jet velocity
increases with heat release rate and decreases with effective tunnel height. Under forced
ventilation, the ceiling jet velocity increases with the ventilation velocity and the ceiling jet
temperature.

The mass flow rate of the fire plume increases with heat release rate and effective tunnel
height, under natural ventilation. Under high ventilation, the smoke mass flow rate increases
linearly with ventilation velocity, independent of heat release rate.

Theoretical analysis of distribution of gas temperature of the ceiling jet in a tunnel fire is
presented. It has been found that there are virtual origins for large tunnel fires and the gas
temperatures between the fire source center and the virtual origin decrease very slowly. This
is due to the large amount of heat released within the ceiling intensive combustion region.
Correlations for both the ceiling gas temperatures and the virtual origins under low and high
ventilation are proposed.

Theoretical models of radiation heat fluxes in small and large tunnel fires are presented and
verified using test data. The tunnel surfaces in the upper smoke layer are exposed to smoky
gases and/or flames in a large fire. The incident heat flux in the upper smoke layer can be
simply correlated with the smoke temperature and the emissivity of the smoke volume. For
large fires, the emissivity can be assumed to be 1. To calculate the incident heat flux in the
lower layer, the view factor must be accounted for, together with the upper layer smoke
temperature and the emissivity of the smoke volume.



Fire spread to targets on the floor level or at a certain height above floor occurred when the
radiation heat flux is greater than approximately 20 kW/m®. The net heat flux on the fuel
surface at the ignition is found to be a positive value.



1 Introduction

Numerous catastrophic tunnel fires occurred in the past decades have forced us to rethink the
fire safety issues in tunnels. In the Mont Blanc tunnel fire in 1999, a total of 26 vehicles on
the French side and 8 lorries on the Italian side caught fire. The corresponding total flame
length was about 700 m [1]. In the Tauern tunnel fire in Austria in 1999, the flame was
estimated to be as long as about 300 m and the ceiling was damaged over a total length of 350
m [1]. These fire accidents showed that the flame lengths in these catastrophic tunnel fires
were much longer and the fire spread to the neighbouring vehicles were much more serious
than what was expected. These fires became eye-openers for engineers and scientists, but
profound and systematic knowledge about how to estimate these long flames is still lacking.
Even in some small tunnel fires, both the smoke de-stratification and the toxic gases released
threaten people’s lives. To avoid these catastrophic accidents and reduce the loss in the future,
we need to clearly understand the mechanism of the ceiling jet characteristics and the
resulting fire spread.

Figure 1 and Figure 2 show how the smoke spreads in a small tunnel fire under natural
ventilation and high ventilation, respectively. The fire-induced smoke plume impinges on the
ceiling and travels along the ceiling. The smoke flows entrains the fresh air flow from lower
layer as they travel along the ceiling. The total smoke flow rate increases gradually until the
smoke descends to the floor level when the stratification disappears.

<y, T,m
smoke laye

— U, T m'" smoke layer

Figurel  Smoke spread in a small tunnel fire under low ventilation or natural ventilation.
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Figure2  Smoke spread in a small tunnel fire under high ventilation.

In a large tunnel fire, the flame impinges on the tunnel ceiling and extends a significant
distance along the ceiling. The behaviour of smoke, flames and ceiling jets are dependent on
the ventilation conditions. The ceiling flame jets and the smoke layer under low ventilation
and high ventilation are shown in Figure 3 and Figure 4, respectively. Note that in a large
tunnel fire, the ceiling jets nearby the fire is characteristic of the flame jets. Under low
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ventilation, the flame extends in two directions while under high ventilation exists only in one
direction. Due to confinement of tunnel walls in a tunnel fire, the horizontal flame length of a
tunnel fire becomes much longer compared to an enclosure fire where the flames extend
axisymmetric and radially. This results in an increased risk of fire spread to the neighboring
objects or vehicles due to the high radiation from the flame, especially when there are queues
in a road tunnel. This is one of the key issues in the motivation for whether we need or not to
install a water spray system in a tunnel. The fire spread sharply increases the total fire size
and results in longer flame length and higher radiation far away from the fire, thus involving
more vehicles. This phenomena was observed in the Mont Blanc tunnel fires and in Tauern
tunnel fires [1] but has not been systematically investigated in tunnel fires. The investigation
of the ceiling jets will improve our understanding of the mechanism of the ceiling flame
combustion, flame length and fire spread to neighbouring targets. Further, it will provide the
initial conditions for further smoke movement along the tunnel.
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Figure 3  Ceiling flame in a large tunnel fire under low ventilation or natural ventilation.
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Figure4  Ceiling flame in a large tunnel fire under high ventilation.

The investigation of ceiling jet characteristics will give us valuable information about the
flame length and the possible fire spread. These characteristic parameters indicate the hazards
of any given tunnel fire, and are the key parameters in the design of a tunnel fire safety
system.
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2 State-of-the-art research

In the past decades, research on tunnel fire has mainly focused on design fires [2-4] and
smoke control in longitudinally ventilated tunnels [5-7].

There is a clear lack of research on detailed ceiling jet characteristics in tunnel fires. Note that
in open fires, we can easily use established equations to calculate the flame height, gas
temperature and gas velocity as a function of height. However, in tunnel fires, we cannot find
similar tools to estimate these key parameters, with the exception of the maximum gas
temperatures beneath the ceiling where much research has been conducted by Li et al. [8-10]
based on both theory and model-scale and full-scale tests data. In the following, a short
review of the individual topics is presented.

2.1 Flame length

Limited research has been carried out on the flame length in a large tunnel fire. Rew and
Deaves [11] presented a flame length model for tunnel fires, which included heat release rate
and longitudinal velocity. However, neither tunnel width nor tunnel height was considered.
Their research was based on the investigation of the Channel Tunnel Fire in 1996 and test
data from the HGV-EUREKA 499 fire test [12] and the Memorial Tests [13]. The equation is
a conservative fit to a limited data obtained from the HGV-EUREKA 499 test. The weakness
of the proposed equation is that no geometrical parameter has been taken into account, which
makes it impossible to predict the flame length for other tunnels with different geometries.
Lonnermark and Ingason [14] investigated the flame lengths from the Runehamar tests and
used Alpert’s equation [15] for ceiling jet temperatures to estimate the form of equation for
flame length, and determined the uncertain coefficients by regression analysis. However, the
tunnel ceiling is confined and thus the equation proposed by Alpert [15] may not be
appropriate for large tunnel fires. Ingason and Li [16] presented a dimensionless equation to
estimate the flame lengths under high ventilation. However, the flame lengths under low
ventilation have not yet been investigated. Moreover, a theory needs to be proposed to clarify
the correlation between ceiling flame combustion and flame length.

2.2 Ceiling jet velocity

The ceiling jets in ordinary building enclosure fires have been investigated by Alpert [15] and
Heskestad et al. [17]. However, the ceiling jets in tunnel fires, especially in longitudinally
ventilated tunnel fires, is completely different with those in room fires. Hinkley [18] proposed
an equation to estimate the gas velocity for small corridor fires, however, it is based on a
simple assumption of constant Richardson number which is not suitable for the momentum
dominant ceiling jet flows in tunnel fires. Li et al. [19] analyzed the ceiling jet flows for small
corridor fires. However, no entrainment was considered for the ceiling jets and the Reynolds’
analogy was misused since in reality the convective heat flux rather than total heat flux should
be used in the analogy.
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2.3 Ceiling jet flow rate

Li et al. [8] proposed an equation to estimate the smoke flow rate at a certain height in a small
fire under ventilation. This should be equivalent to the initial ceiling jet flow rate. However,
the equation was only validated using the temperature data. Data of the initial ceiling gas flow
rate are needed to validate this equation. Further, this equation could not be suitable for the
strong flame plume.

2.4 Ceiling jet temperature

Li et al. [8-10, 20] have theoretically and experimentally investigated the maximum ceiling
gas temperature and its corresponding position in tunnel fires and robust equations have been
proposed for both low ventilation and high ventilation. However, how the flame temperature
varies with distance in the vicinity of the fire has not yet been fully explored. Ingason and Li
[16] found that while correlating all the temperature distribution curve, there is a “virtual
origin” along the ceiling. The horizontal distance at the ceiling between the fire source and
virtual origin needs to be clearly determined.

2.5 Ceiling jet radiation

Ingason et al. [21] investigated the radiation from the ceiling flame to the tunnel structure in
the Runehemar tunnel fire tests. Ingason and Li [22] also found that there is a strong
correlation between the ceiling gas temperature and the heat flux at the floor level in the far-
field of the fire. However, the radiation directly from the flame to the objects at floor level or
at a certain height in the vicinity of the fire needs to be thoroughly investigated, since the fire
spread to the neighbouring objects or vehicles mainly results from this radiation.

2.6 Fire spread

Limited research has been carried out on the fire spread in a tunnel fire. Newman and
Tewarson [23] argued that in duct flow the material at a location will ignite when the average
temperature of the tunnel flow at this position has obtained a critical value. Lénnermark and
Ingason [14] tested and investigated the fire spread in full scale tunnel fires and the results
show that an average temperature of approximately 500 °C seems to give the best correlation
with fire spread. However, the data are rather limited. All the above work is based on the
assumption of one-dimensional flow, however generally there is a strong stratification in the
vicinity of the fire where the fire spread potentially occurs. Furthermore, the assumption of
one-dimensional flow is completely invalid under low ventilation. Ingason and Li [22] found
that fire spread to a neighbouring wood crib occurs when the ceiling gas temperature above
the wood crib rises to about 600 °C. However, the materials are also a key parameter in fire
spread and different materials perform very differently while exposed to the flame radiation.
Therefore, the mechanism needs to be known more clearly and also more tests data with
different materials are required.
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3 Scaling theory

The Froude scaling technique has been applied in this project. It is in most cases not
necessary to preserve all the terms obtained by scaling theory simultaneously and only the
terms that are most important and most related to the study are preserved. The thermal inertia
of the involved material, turbulence intensity and radiation are not explicitly scaled, and the
uncertainty due to the scaling is difficult to estimate. However, the Froude scaling has been
used widely in enclosure fires. The authors’ experience of model tunnel fire tests shows there
is a good agreement between model scale and large scale test results [7-9, 24, 25].

The model tunnel was built in a scale of 1:10, which means that the size of the tunnel is
scaled geometrically according to this ratio. The scaling of other variables such as the heat
release rate, flow rates and the water flow rate can be seen in Table 1. General information
about the Froude scaling can be found in the literature [26].

Table 1 A list of scaling correlations for the model tunnel.

Type of unit Scaling correlations” Equation number
Heat Release Rate (HRR) | Q. L. .5,
. V. L
Volume flow V (m®/s) —E = (—5)2 Ed. (2)
VM I‘M
. UF _ I—F 1/2
Velocity u (m/s) —=(— Eqg. (3)
uM LM
t L
Time t (s) =) Eq. (4)
tM LM
E L
Energy E (kJ) E—F = (L—F)3 Eqg. (5)
M M
Mass m (kg) —F = (i)3 Eq. (6)
mM LM
Temperature T (K) T =T, Eq. (7)
Pressure difference p Pe _ Le
—=— Eq. (8

“Assume the ratio of heat of combustion AH. = AH,r. L is the length scale (m). Index M is related to the model

scale and index F to full scale (Ly,=1 and Lg=10 in our case).
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4 Experimental setup

A total of 43 tests were carried out in two model tunnels to investigate the ceiling jet
characteristics in SP’s large fire hall. The scaling ratio is 1:10, that is, the geometry ratio
between model scale and full scale tunnel is 1:10.

4.1 Model tunnel

The model tunnels are 12.5 m long (14.5 m if the fan section is included). The tunnel height is
0.6 m. The tunnel widths are 1 m and 0.6 m. Photos of the tunnels are given in Figure 5 and
Figure 6. A schematic drawing of the model tunnel shown in Figure 7.

The model tunnel is constructed using 4 cm thick Promatect L, with the exception of the
lower part (50 %) of one side of the tunnel which is covered with a fire resistant window
glaze, mounted in steel frames. The Promatect L has a conductivity of 0.083 W/m-K, density
of 450 kg/m® and heat capacity of 1130 J/kg-K. The material is chosen according to the
scaling theory proposed by Li and Hertzberg [25], to simulate concrete and rock used in
tunnels (or a mixture of dense and medium dense concrete).

A 1.2 m long tunnel section with grids was used as static box to smooth the flows. The end of
the tunnel was set below a smoke hood through which the smoke was exhausted to the central
exhaust cleaning system.

Figure 5  Photos of model tunnel A in scale 1:10.
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Figure 6 A photo of model tunnel B in scale 1:10.

|
|
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Figure 7 A schematic drawing of the model tunnel (Dimensions in mm).

4.2 Fire source

Gas burners were used as fire sources in the tests in order to easily control the fire. The fire
sources were placed in the centre of the model tunnels.

The heat release rates tested are 16 kW, 32 kW, 63 kW, 158 kW, 237 kW, 300 kW, 395
kW,474 kW and 632 kW, corresponding to around 5 MW, 10 MW, 20 MW, 50 MW, 75 MW,
95 MW, 125 MW, 150 MW and 200 MW respectively.

The burner has a cross section of 0.25 m (width) x 0.6 m (length). The height of the burner
surface varied among 0, 0.1, 0.2 and 0.3, during the tests. The corresponding fire could be a
car fire, a bus fire, or a HGV fire.

4.3 Ventilation system

An axial fan is attached to the end of the tunnel to produce a longitudinal flow in tests with
longitudinal ventilation. For the tests with natural ventilation, the fan was removed.

The ventilation velocity varies in a range of 0 m/s to about 2 m/s in model scale,
corresponding to 0 to 6.3 m/s in full scale. In one test 3 m/s was used, which corresponds to
9.5 m/s in full scale.
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4.4 Fire spread

To investigate the fire spread to neighbouring objects or vehicles, wood and plastic bricks (
high Density polyethylene - HDPE) were placed in the tunnel on the floor (7 couples) or 0.2
m above the floor (1 couple) with a free distance of about 1 m in order to model the vehicles,
as shown in Figure 8 and Figure 9. One thermocouple and one heat flux meter were placed
the targets on the floor. Based on observation of the tests, whether fire spread to these bricks
can be determined. This information will be summarized and applied to determine the critical
condition for fire spread.

The targets were squares with side length of 5 mm, and thickness of 5 mm and 3 mm for
wood and plastic targets respectively. Most of them stayed on the floor but two of them were
raised to 0.2 m above the tunnel floor. These targets were changed after every test.

For observation of the flame length during the tests, a ruler (marks) with a resolution of 0.1 m
is made along the tunnel.

In tests with the wide tunnel, the plate thermometers were placed beside the center line with
one edge attached to the thermocouple tree. Before Test 205, the plastic targets were placed
near the windows, at 15 cm from the center line of the tunnel and the wood targets were
placed 5 cm from the center line. After Test 205 the locations of the plastic targets were
switched with the wood targets.

In the tests with the smaller tunnel, the wood targets were placed closer to the center line of
the tunnel, i.e. 6 cm from the center line.

The two targets above floor at Pile D (see Figure 9) were placed 15 cm right behind the
targets on the floor.

| e

(@) Tunnel A, W=1m (b) Tunnel B, W=0.6 m

Figure 8  Placement of wood and PE targets in the tunnels


http://en.wikipedia.org/wiki/High-density_polyethylene
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4.5 Measurement

A large amount of thermocouples, bi-directional tubes and plate thermometers, and gas
analysis are equipped in model tunnels to measure the characteristics of the ceiling jets in the
model tunnels, see Figure 9.

A total of 22 bi-directional tubes will be placed in the vicinity of the fire source, together with
thermocouple trees. By combining the measured velocities and the gas temperatures we can
obtain the mass flow and heat flow at the cross-sections. Gas analysis were placed at 6
different places. A total of 78 thermocouples were used in the tests, i.e. 8 thermocouple trees
with each having 8 thermocouples are placed in the center line of the tunnel at different
longitudinal locations and 2 thermocouples trees with each having 4 thermocouples are placed
beside two 8-point thermocouple trees. Plate thermometers were placed at 7 locations at the
floor close to the small targets and one plate thermometer at the ceiling. Smoke yield was
measured using the optical equipment inside the hood system.
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4.6 Estimation of smoke layer interface and mass
flow rate

The smoke layer interface is determined from the vertical temperature measurement, by
the following equation [27, 28]:

42
h =H- (Il|2 2H )Tl (9)
I+ 1,T,"=2HT,

where

H H ]
L=[ T@dz, 1,=] ﬁdz

where h is the smoke layer thickness (m), H is tunnel height (m), T is the temperature in
the lowest layer [28].

To estimate the smoke flow rates from the tests, a tunnel cross-section is discretized into
several layers to calculate the integrals in the above equations. The smoke mass flow rate,
m (kg/s), is estimated by:

M=g j:h p(2)u(z)Wdz, (10)

where & is flow coefficient and W is tunnel width. In the calculations, a theoretical value
of £=0.817 was used [29]. p is gas density (kg/m?), u is gas velocity (m/s), and z is height
above floor (m).

Note that it is assumed that the properties of the smoke flow across one horizontal tunnel
cross-section is uniform within the smoke layer. Further, in tests with longitudinal
ventilation, the fire plume is deflected and the ceiling impingement point of the fire
plume varies with ventilation velocity, however the measurement points were fixed in the
tests. In order to estimate the initial ceiling jet flow rate, the measurement point
downstream of the impingement point is considered as the initial location for the ceiling
jet. These two assumptions may result in slight overestimation of the initial ceiling jet
flow rate. Therefore the estimated initial ceiling jet flow rates are regarded as
conservative.
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5 Test procedure

A summary of tests carried out in this project is listed in Table 2. W is tunnel widthNote
that the corresponding full scale values for Q can easily be obtained by Eq. (1).

The measurements were started 2 min before ignition. In each test, either the ventilation
velocity is fixed with a varying heat release rate, or the heat release rate is fixed with a
varying velocity. For example in test 101, the velocity is fixed at 2 m/s while the heat
release rate is varied. After ignition at 2 min, the heat release rate was 16 kW for 8 min,
and then changed to 32 kW for 5 min, to 63 for 5 min, to 158 for 5 min, to 300 kW for
another 5 min and then extinguished.

In tests 107, 108 and 603, the fan was detached from the main tunnel and placed 1.5 m
from the portal. The velocities correspond to the initial air velocity inside the tunnel and
may vary slightly during the tests.

Two cameras were used to film the tests with one placed at the exit of the tunnel and one
on one side of the tunnel. These films were used to analyse the smoke distribution and
ignition time of the targets.

Table 2 Summary of tunnel fire tests.
Test |W [ hy [u Q Duration™
no.
8 m m | m/s kw min
tests
100 |1 Jo1 |2 16,32,63,158,300 30 min (2+8+5+5+5+5 min)
102 |1 |01 [15 16,32,63,158,300 30 min (2+8+5+5+5+5 min)
103 |1 Jo1 |1 16,32,63,158,300 30 min (2+8+5+5+5+5 min)
104 |1 |01 [05 16,32,63,158,300 30 min (2+8+5+5+5+5 min)
105 |1 |01 [21-05 |474 15 min (2+5+5+3min)
106 |1 |01 [21 632 10 min (2+5+3min)
107* |1 |01 [05 16,32,63,158,300,474 31 min (2+8+5+5+5+3+3 min)
108 |1 |01 [1 16,32,63,158,300,474,632 | 34 min (2+8+5+5+5+3+3 min)
200 |1 ]03 |2 16,32,63,158,300 30min (2+8+5+5+5+5 min)
202 |1 ]03 [15 16,32,63,158,300 30min (2+8+5+5+5+5 min)
203 |1 J03 |1 16,32,63,158,300 30min (2+8+5+5+5+5 min)
204 |1 ]03 [05 16,32,63,158,300 30min (2+8+5+5+5+5 min)
205 |1 ]03 [21-05 |474 17min (2+5+5+5min)
207 |1 |03 [075 16,32,63,158,300 30min (2+8+5+5+5+5 min)
300 |1 ]02 [2 16,32,63,158,300 30min (2+8+5+5+5+5 min)
32 |1 Jo02 |1 16,32,63,158,300 30min (2+8+5+5+5+5 min)
303 |1 |02 [21-05 |150 15min (2+5+5+3 min)
400 [1 o 2 16,32,63,158,300 30min (2+8+5+5+5+5 min)
402 [1 0O 1 16,32,63,158,300 30min (2+8+5+5+5+5 min)
403 [1 o 2-1 150 15min(2+5+5+3 min)
405 [1 [0 0.85 16,32,63,158,300 30min (2+8+5+5+5+5 min)
500 |1 Jo1 o0 16,32,63,158,300,474,632 | 31min(2+5+5+5+5+3+3+3min)
502 |1 ]03 [0 16,32,63,158,300,474 28min (2+5+5+5+5+3+3min)
601 |06 ]01 [0 16,32,63,158,237,300,395 | 29min(2+5+5+5+3+3+3+3min)
602 |06 ]03 [0 16,32,63,158,237,300,395 | 27.5min(2+5+5+5+3+3+3+1.5min)
603 |0.6 | 0.1 |16-0.8- |300 13min (2+3+3+3+2min)

0.5-0.3

700 |06 ]01 [2 16,32,63,158,237,300,395 | 29min(2+5+5+5+3+3+3+3min)
702 |06 ]01 [15 16,32,63,158,237,300,395 | 29min(2+5+5+5+3+3+3+3min)
703 |06 ]01 |1 16,32,63,158,237,300,395 | 29min 2+5+5+5+3+3+3+3min)
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704 06 |01 |0.75 16,32,63,158,237,300,395 29min(2+5+5+5+3+3+3+3min)
705 06 101 |05 16,32,63,158,237,300,395 29min(2+5+5+5+3+3+3+3min)
801 06 103 |2 16,32,63,158,237,300,395 29min(2+5+5+5+3+3+3+3min)
802 06 103 |15 16,32,63,158,237,300,395 29min(2+5+5+5+3+3+3+3min)
803 06 103 |1 16,32,63,158,237,300,395 29min(2+5+5+5+3+3+3+3min)
804 06 |03 |0.75 16,32,63,158,237,300,395 29min(2+5+5+5+3+3+3+3min)
805 06 103 |05 16,32,63,158,237,300,395 29min(2+5+5+5+3+3+3+3min)
901 06 |0 3 16,32,63,158,237,300,395 29min(2+5+5+5+3+3+3+3min)
902 06 |0 2 16,32,63,158,237,300,395 29min(2+5+5+5+3+3+3+3min)
903 06 |0 1 16,32,63,158,237,300,395 29min(2+5+5+5+3+3+3+3min)
904 06 |0 0.5 16,32,63,158,237,300,395 29min(2+5+5+5+3+3+3+3min)
905 0.6 2-1-0.5 | 632 10.5 min (2+3+3+2.5min)

1001 |06 |02 |2 16,32,63,158,237,300,395 29min(2+5+5+5+3+3+3+3min)
1002 |06 |02 |1 16,32,63,158,237,300,395 29min(2+5+5+5+3+3+3+3min)

*One tunnel end open but blow air using the fan placed 1.5 m away from the portal.
**the parameter changes gradually at the corresponding time.
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6 Results and discussion

Test results are analyzed based on the theoretical approach presented in the appendixes. It
include a specific focus on the initial one-dimensional conditions for the fire-induced
ceiling jets in tunnels under different ventilation conditions.

6.1 Flame length

According to the theoretical model in Appendix A, the ceiling flame length is
proportional to heat release rate and inversely proportional to the tunnel width. Further,
the effective tunnel height is also a key parameter for the flame length in tunnel fires.

Under low ventilation rate conditions, two parts of the flame exist: upstream and
downstream of the fire, respectively, while the ceiling flames only exist downstream of
the fire under high ventilation conditions.

In the tests, it was observed that under high ventilation, the continuous flame region and
the intermittent flame region [30] can be identified, similar to that for the fire plumes in
the open. In other words, the flames close to the flame tips were detached under such
conditions. The continuous flame lengths are approximately 75 % to 85 % of the flame
lengths defined based on the flame tips.

There is a special case in the performed test series that needs special attention. In some
tests with a velocity of around 0.5 m/s (or even slightly higher), the upstream flame
descended to the floor level. Note that under such conditions, significant backlayering
existed, and length of the reverse flows could be much longer than the upstream tunnel
section length. However, the reverse flows after reaching the upstream end cannot spread
any further due to the end of the tunnel. Note that the end of the tunnel was attached to a
filter and a fan that was designed to prevent any smoke spreading into it (at least in most
of the tests). This resulted in a reverse flows that were blown back towards the fire. The
air flows from the filter with a much higher velocity due to the disturbed flow patterns
and consequently the reversed air flows were highly vitiated, which were known from the
smoke layer height upstream of the fire. In reality, if the tunnel is short, this part of
reverse flow could flow out of the tunnel (as the cases with natural ventilation), or if the
tunnel is very long, the reverse flow could travel to a position far from the fire and take a
long time to return back to the fire site. In both cases, stratification of the backlayering
should be much better than the special case in the tests. In other words, in some tests with
low velocities, the fresh air flow were highly vitiated, and the fires were even locally
under-ventilated in the vicinity of the fire site. From the theoretical model, the vitiated air
results in a lower oxygen concentration of the inflow, Yo,. This indicates that the flame
length can be slightly longer. Under such low ventilation conditions, there is no clear
distinction between continuous flame and intermittent flame, and the flame appears to be
continuous although the combustion is still unstable.

In the following, the flame lengths discussed, L;, are defined as the distance between the
flame tip and the center of the fire source, as shown in Figure 3 and Figure 4. For fires
with flames not reaching the ceiling, the horizontal lengths of the inclined flames are
estimated and used as the downstream flame lengths.
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6.1.1 Downstream flame lengths

The downstream flame lengths measured in test series 7 (test 701 to test 705) and test 601
are shown in Figure 10. Clearly, for a given velocity, a linear correlation between the
downstream flame length and the heat release rate can be found. The flame lengths were
determined by visual observations during the tests.

Further, it can be found from Figure 10 that for a given heat release rate, the downstream
flame lengths with different velocities are approximately the same. This indicates that the
influence of the ventilation velocity on the downstream flame lengths is limited. The
largest difference in the downstream flame lengths between two points with different
velocities is around 16 %. It can also be found that for a given heat release rate higher
than 100 kW, the downstream flame lengths reaches maximum values when the velocities
are between 0 m/s and 1 m/s, i.e. around 0.5 m/s. This can be explained by the highly
vitiated inflows, as described previously.

u=2m/s

u=15mss

u=1.0mss

u=0.75 m/s

u=0.5m/s

u=0m/s o]
Linear fit

X & 4 D> o O

Lf,ds (m)
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1 1
0 100 200 300 400 500

Q (kW)

Figure 10 Downstream flame lengths in test series 7 and test 601.

To normalize the results, two dimensionless parameters are defined here. The
dimensionless flame length is defined as:

L =— (11)

The dimensionless heat release rate is defined as:

o -9

(12)

where ¢, is heat capacity (kJ/kgK), A is tunnel cross-sectional area (m?), Hes is effective
tunnel height (vertical distance between fire source bottom and tunnel ceiling) (m), H is
tunnel height(m), Q is heat release rate (kW), p, is ambient air density (kg/m?), T, is

ambient air temperature (K), g is gravity acceleration (m/s?).
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According to the theoretical analysis in Appendix A, it is known that the dimensionless
flame length is proportional to the dimensionless heat release rate:

Lo =CiQ; (13)

where Cs is a coefficient which will be determined by experimental data and subscript ds
indicates downstream. It can be seen that the flame length is independent of the
ventilation velocity, under the above assumptions. The downstream flame length is
mainly a function of heat release rate, tunnel width and effective tunnel height.

Figure 11 shows all the test data for the dimensionless downstream ceiling flame length.
The test data include the tests with natural ventilation and high ventilation.

It is shown in Figure 11 that all the test data even those with natural ventilation can be
correlated well with the proposed equation. This also indicates that under natural
ventilation, the total flame length will be longer and can be as long as twice the
downstream flame length. This could be due to the limited mixing in cases with natural
ventilation. It is known that the combustion is mixing controlled in most practical tunnel
fires, which indicates the chemical reaction time is infinitesimal compared to the mixing
time. In contrast, in cases with longitudinal ventilation, the mixing is much better.
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Figure 11  Correlation for the downstream flame length for all the tests.

Figure 12 shows the dimensionless flame lengths under high ventilation as a function of
the dimensionless heat release rate, including data from longitudinal tunnel fire tests
conducted at SP [16], point extraction tests also conducted at SP [22], EUREKA 499
programme [12], Memorial tunnel tests [13] and Runehamar tests [31].

It can be concluded that under high ventilation, the flame length in a tunnel fire is mainly
dependent on the heat release rate, tunnel width and the effective tunnel height, and
insensitive to the ventilation velocity. Clearly, the proposed equation correlates well with
the test data. The correlation can be expressed as:
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L, o =6.0Q; (14)
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Figure 12  Correlation for the dimensionless downstream flame length.

6.1.2 Upstream flame lengths

If the longitudinal ventilation velocity is much lower than the critical velocity, i.e. the
minimum longitudinal ventilation velocity to prevent any smoke reverse flow, there exist
two parts of horizontal flames, i.e. downstream flame (L g4) and upstream flame (Ly ).
For high ventilation velocities, only the downstream flames exist. The transition point is
therefore defined as the minimum longitudinal velocity above which no ceiling flame
exists upstream of the fire source. Accordingly, the “high ventilation” for the flame
length is defined as the case with the ventilation velocity larger than the transition point,
and the “low ventilation” corresponds to the ventilation velocity less than the transition
point.

According to Li et al.’s work [7], the ratio of backlayering length to the tunnel height is
related to the ratio of the ventilation velocity to the critical velocity at a given heat release
rate. For high heat release rates, the backlayering length is only dependent on the
ventilation velocity, regardless of the heat release rate. Note that the upstream flame
length is part of the backlayering length, and the fires with ceiling flames only correspond
to high heat release rates. Therefore, similar to the critical velocity, a dimensionless
ventilation velocity at the transition point is defined:

- tow (15)

tp_\/g_H

Another dimensionless heat release rate was defined according to the following equation:

u
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* Q
Q 1/2H 5/2 (16)

PoCypT,0
where U, is the longitudinal velocity (m/s). Subscript tp indicates transition point.

Figure 13 shows a plot of data with and without upstream flames. The solid data points
represent a situation when the flames existed on the upstream side in the tests, and the
hollow data points indicate when no flames were obtained on the upstream side for
different longitudinal velocities. The data show that there is a clear transition line that
exists between the solid and hollow data points. This line can be expressed as:

*

Uy,

=0.3 (17)
Given that the dimensionless critical velocity approaches 0.43 for large fires [7], the
results shown in Figure 13 indicate that the transition point corresponds to a longitudinal
velocity of approximately 70 % of the critical velocity, and the corresponding
dimensionless backlayering length is around 7 [7].
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Figure 13. Transition line between low and high ventilation rate for all the tests.

Large scale test data are also used for further verification of this transition point.

Figure 14 show a plot of data with and without upstream flames from longitudinal tunnel
fire tests conducted at SP [16], point extraction tests also conducted at SP [22], the
Memorial tunnel tests [13] and the Runehamar tests [31] are used in the analysis. The
transition point also corresponds to a dimensionless velocity of 0.3.
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Figure 14 Transition point between low and high ventilation rate for some full scale
tests and other model scale tests.

It should be noted that the upstream flame length will not exist in case that the heat
release rate is too low to allow the flame touches the ceiling even if the velocity fulfils
this criteria.

There is a need to know how the upstream flame length varies with the longitudinal
ventilation velocity, compared to the downstream flame length.

Figure 15 shows the ratio of upstream flame length to downstream flame length as a
function of the dimensionless ventilation velocity. Clearly, increasing velocity results in a
decreased ratio between upstream and downstream flame lengths. The proposed equation
can be expressed as:

*

=CLig or L;,=C,L 4 (18)

f,us

L

f,us
where the correction factor, C,, :

C:

u

1-33u° u'<0.3
0 u >0.3

Note that if u™>0.3, there is no upstream flame and thus the value of C,=0.
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Figure 15 Upstream flame length under low ventilation rate.

6.1.3 Total flame length

The dimensionless total flame length can be estimated by:

*

Lt o0 = Ly s + Lt g =(@+C,)L; o =6(1+C,)Q; (19)

f ,tot f,us

Thus, as the ventilation velocity decreases, the total flame length increases as seen in Eq.
18, although the downstream flame length is approximately invariant. In other words, the
increase of total flame length due to a lower ventilation velocity is due to the existence of
the upstream flame.

A special case is the fire under low ventilation rate (velocity close to zero, no dominating
flow direction, C,=1), where the total flame length can be simply expressed as:

*

L fot = 2L, ds = 12Q; (20)
Figure 16 shows the dimensionless total flame lengths under low ventilation conditions as
a function of the dimensionless heat release rate. Test data from EUREKA 499
programme [12], Memorial tunnel tests [13] and Hinkley’s tests [32] were used. Note that
in Hinkley’s tests [32] the fire sources were attached to one closed end, and thus the
scenario could be considered as being symmetrical, i.e. both the flame lengths and heat
release rates are doubled while plotting in the figure. It is clearly shown that the
proposed equation correlate very well with the test data.
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Figure 16 Total flame length under low ventilation rate.

6.2 Ceiling jet velocity

A theoretical model of initial smoke velocity of the ceiling jet in a tunnel fire is presented
in Appendix B.

6.2.1 Low ventilation or natural ventilation

According to the theoretical analysis in Appendix B, the gas velocity for the initial ceiling
jet under natural ventilation can be expressed as follows:

H Q
u = C ef \1/2 1/3 21

o = C( W ) (Hef ) (21)
where C is a correction factor. The above equation indicates that the main parameters for

initial ceiling jet velocities under natural ventilation are the heat release rate and tunnel
geometry.

Figure 17 shows the initial ceiling jet gas velocities in tests with natural ventilation. It can
be seen that all the data correlate well with the following correlation:

H ef 2)1/3

Ug = 0-3(W)U2 ( ¥ (22)

ef

The slope of the regression line in Figure 17 follows C=0.3.
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Figure 17  Ceiling jet velocity under natural ventilation.

6.2.2 High ventilation

According to the theoretical analysis in Appendix B, the gas velocity for the initial ceiling
jet under high ventilation can be expressed as follows:

— 1 ATmax
Ug =u,, |1+ T—O (23)

where AT is the maximum ceiling excess gas temperature, which can be estimated
using the equation proposed by Li et al. [8-10], i.e. Equation (33) in Section 6.4. The

influencing parameters include heat release rate, velocity, location height, and tunnel
width.

Data from test series 7 are plotted firstly to check the reasonability of the equation, see
Figure 18. Clearly, the estimated gas velocities according to Eq. (23) correlate very well
with the measured gas velocities for test series 7.



31

5
O Test series 7
Equal line

al q
I o
E
%‘ 3F o
o
(&)
>
g 50 O
3 9 o°
g
21t R
L

0 1 1 1 1

0 1 2 3 4 5

Measured gas velocity (m/s)

Figure 18 Comparison of ceiling jet velocities estimated by Eq. (23) and measured
values under high ventilation for test series 7.

Figure 19 shows the comparison of measured gas velocities under high ventilation and
the estimated values. Clearly, most data lie close to the equivalent line. This indicates that
Equation (23) can well predict the gas velocity of the ceiling jet in tunnels under high
ventilation.
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Figure 19 Comparison of ceiling jet velocities estimated by Eq. (23) and measured
values for all the tests.

6.3 Ceiling jet flow rate

The previous work [8] obtained correlations for the mass flow rate of a ventilated fire
plume at different height. By ignoring the entrainment in the impingement region, the
mass flow rate of the initial ceiling jet at the ceiling level could be expressed as:
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0.071Q,"*HZ®,  V’'<0.19
m,(z) = < Uar 5 (24)
0.3735Q, Hefa\/ " 'V'>0.19
This above equation can also be expressed as:
0.071Q*HZ?,  Vv'<0.19
mp(Z) - 5/3|41/3 (25)
1.1u H;"b,, V'>0.19
where the dimensionless ventilation velocity, V', is defined as:
V! — uo / ( gQ )1/3 (26)

bfoponTo

where Qc is convective heat release rate, H is effective tunnel height, by, is radius of fire

source (m). The equation indicates that for a low velocity, the mass flow rate of the fire
plume is independent of velocity and increases with heat release rate and effective tunnel
height. For a high velocity, the smoke mass flow rate increases linearly with ventilation
velocity, independent of heat release rate.

Generally, the entrainment in the impingement region is not negligible. Strong vortexes in
this region were observed in the tests. However, it could be reasonably assumed that the
formulation of the equations still work for the initial ceiling jet flow rate.

6.3.1 Low ventilation or natural ventilation

Here the natural ventilation (tunnel open in both ends) means a quiescent environment in
the tunnel, that is, the scenario is assumed to be symmetrical. In many cases, a fire in a
tunnel with natural ventilation may also produce a longitudinal flow with a significantly
large velocity, especially for a fire in a tunnel section with a large slope. This, however,
can be classified as high ventilation.

Figure 20 shows the mass flow rate of the initial ceiling jet in tunnels under natural
ventilation. The following equation can be used:

m, =0.058Q"°H " (27)

Note that the above equation is similar to the equation for mass flow rate of a free plume.
However, the heat release rate in the above equation Q is the total heat release rate rather

than the convective heat release rate as used for free plume. It should be kept in mind that
the above equation corresponds to smoke flow rate on one side. This finding does not
affect the correlations for maximum gas temperatures as the coefficients of the equations
were obtained from test data.

According to the symmetry of the scenarios, the total smoke flow rate from a tunnel fire
under natural ventilation should be doubled:

mg,tot =0. 12Q1/3 H ;/3 (28)
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This equation could be used for rough estimation of total mass flow rates from small or
large tunnel fires in the vicinity of the fire site.
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Figure 20 Correlation for the smoke mass flow rate under natural ventilation.

6.3.2 High ventilation

At first a simple parametric study is carried out. Figure 21 shows the smoke mass flow
rate as a function of ventilation velocity and heat release rate for Test series 7. Note that
for any given heat release rate, the smoke mass flow rate increases linearly with
ventilation velocity. Further, there appears to be no difference in the smoke mass flow
rate between different heat release rates. This indicates that in tunnel fires under forced
ventilation, the effect of the heat release rate on the mass flow rate of the ceiling jet is
negligible.

The above analysis fully supports the equation for the mass flow rate.

For velocities close to 0.5 m/s, the measured smoke mass flow rate is slightly lower. This
could be mainly due to that under low ventilation backlayering exists, and the vertical fire
plume splits into two parts: upstream and downstream. Although in these tests the
backlayering was arrested and pushed towards downstream, the temperature of these
arrested flow was reduced significantly and thus the method used for determining the
smoke layer height could underestimate the smoke layer height somewhat.
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Figure 21  Smoke mass flow rate vs. ventilation velocity and heat release rate for Test
series 7.

Figure 22 shows the smoke mass flow rate as a function of ventilation velocity and heat
release rate for all the tests with forced ventilation. Apparently the deviation of data from
Tunnel A tests is much greater than Tunnel B tests. The reason could be that larger error
is introduced while estimating the mass flow rate for the wide tunnel as the properties
across some horizontal cross sections are far from uniformity.

The following equation which best fits all the test data for mass flow rate of the initial
ceiling jet is proposed:

m, =1.1u, HZby W (29)

This equation slightly differs from the theoretical equation for initial flow rate of ceiling
jets. In reality, the measured mass flow rates correspond to the state after impingement on
ceiling and then the tunnel walls. It was observed from the tests that large vortexes were
produced while the smoke flow impinged on the two side walls. This process can
apparently entrain a large amount of air flows into the smoke volume, and this
entrainment rate could be proportional to tunnel width W. Further, it should be noticed
while estimating the mass flow rates from the test data, it is assumed that the smoke is
evenly distributed along the tunnel width. This could somewhat overestimate the mass
flow rates, leading to conservative results.
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Figure 22  Correlation for the smoke mass flow rate under high ventilation.

6.3.3 Correlation for total smoke flow rate

To simplify the calculation, the greater smoke flow rate estimated using the two methods
are the total smoke flow rate, which can be expressed by:

My o = Max (0.12Q"°H 7, 1.1u,HZ*bi W ) (30)

g,tot ef 1

The first term is greater for low ventilation while the second term will is greater for high
ventilation. This simplifies the need to distinguish the low and high ventilation regions.

It should be pointed out that all data for smoke flow rates are estimated assuming that the
properties of the smoke flow across one horizontal tunnel cross-section is uniform.
Further, the position slightly further away from the impingement point is considered as
the initial location for the ceiling jet. These two assumptions may result in slight
overestimation of the mass flow rate and therefore conservative results, as pointed out in
Section 4.6.

The equation could be used for estimation of total smoke flow rate or smoke release rate
from a fire in a tunnel under natural or forced ventilation. Note that in most handbooks
and textbooks, the smoke flow rate from a fire is considered as constant for a given heat
release rate. However, it has been proven in this work that the mass flow rate strongly
depends on the ventilation velocity. Only for a fire in a tunnel with very low velocity
across the fire, the smoke flow rate is independent of the ventilation velocity, instead, it is
only a function of heat release rate and effective tunnel height.
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6.4 Ceiling jet temperature

Ceiling jet temperature is of great importance for assessment of heat exposure to tunnel
users and tunnel structures, estimation of fire detection time and possibility of fire spread,
and to design ventilation systems.

A theoretical model of distribution of gas temperature of the ceiling jet in a tunnel fire is
presented in Appendix C.

Figure 23 shows an example of the centreline temperature contours in test 701 with a
velocity of 1 m/s and different heat release rates. Note that the resolution of the
temperature is not high enough in the vicinity of the fire source where highest
temperature gradients exist. For larger fires, the temperature close to floor could be as
high as 500 °C to 600 °C indicating that the flame descended to a position close to the
floor. For fires not greater than 20 MW, there appears to be clearer vertical temperature
gradient. However, strictly speaking, smoke stratification downstream of the fire does not
really exist in the tests with 1 m/s, corresponding to approx. 3 m/s in full scale.

It is observed from the tests that smoke stratification downstream of the fire only exist for
fires not greater than 20 MW and very low velocities. In most tests the smoke layer
height downstream of the fire is around 0.05 m to 0.1 m above the floor.

Comparisons of observed flame tips and the temperature measurement indicate that the
temperature at flame tip is mostly in a range of 500 °C to 650 °C. No single value for
temperature at the flame tip can be identified.
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Figure 23  Gas temperature contour along the tunnel centreline in test 703 with a
velocity of 1 m/s and different heat release rates. y is the tunnel height and x
is the distance from the fire source.
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6.4.1 Maximum ceiling temperature

Li et al [8-10] proposed the following equations for maximum ceiling excess gas
temperature in tunnel fires under different ventilation conditions. 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 simply 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 (Region 1),
the maximum excess temperature can be expressed as:

(1)

AT DTRI, DTRI1<1350
max 11350, DTR1>1350

where the Delta T in Region I, DTRI, is defined as:

Q'2/3
5/3
ef

DTRI1=175

If the ventilation velocity across the fire source becomes larger, 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 continuous combustion zone is
present at the tunnel ceiling. In other words, if V' >0.19 (Region I1), the maximum excess
temperature can be expressed as:

(32

max

DTRII, DTRI1<1350
1350, DTR112>1350

where the Delta T in Region I, DTRII, is defined as:

Q
DTRIl=———
U b HE?

The above equation for maximum ceiling excess gas temperature can also be expressed in
a simpler form:

AT =min(DTRI,DTRI11, 1350) (33)

Figure 24 shows a comparison of maximum ceiling excess gas temperatures measured in
the tests and estimated using the above equations. All the test data for different
ventilation conditions are plotted. Clearly, it shows that good agreement between the test
data and the equations. It should be mentioned that the upper limit of 1000 °C for
maximum excess gas temperature in the correlation instead of 1350 °C as used in the
equations due to that it has been found in many model scale tests that the measured
temperatures are slightly lower than those in full scale tests. This reason could also be
responsible for the slight discrepancy for gas temperatures over 800 °C.
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Figure 24 Comparison of maximum ceiling excess gas temperatures measured in the
tests and estimated using the above equations.

Note that the above equations are used in estimation of the gas velocities of the ceiling
jets under high ventilation, i.e. Eq. (23).

6.4.2 Ceiling temperature distributions along the tunnel

In large fires, the flames extend along the ceiling and continually release heat into the
tunnel. This indicates that in the vicinity of the fire the gas temperatures could decrease
much more slowly than further downstream. This phenomena has been observed by
Ingason and Li [16]. In the analysis of test data from model scale tunnel fire tests and full
scale tunnel fire tests conducted by SP, they found [16] that there is a virtual origin for
large fires, that is, the gas temperatures between the fire source center and the virtual
origin decrease very slowly. They proposed that this is due to the fact that the continuous
flame continually introduces a large amount of heat into the smoke flow although the
smoke flow releases heat along the tunnel.

Figure 25 shows an example of the dimensionless ceiling excess gas temperature along
the tunnel as a function of x/H for test 803. Clearly, data for fires greater than 158 kW
deviates from the curves for smaller fires. The offset distance can be extrapolated by an
analysis of the temperature distributions shown in Figure 25. This offset distance is in
reality the horizontal distance between the fire source center and the virtual origin. After
consideration of the virtual origin, the dimensionless ceiling excess gas temperature along
the tunnel is plotted as a function of (x-x,)/H for test 803 in Figure 26. Clearly, the test
data correlate very well with an exponential fit line.
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Figure 25 Dimensionless ceiling excess gas temperature along the tunnel as a function
of x/H for test 803.
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Figure 26 Dimensionless ceiling excess gas temperature along the tunnel as a function
of (x-x,)/H for test 803.

Test data from the Runehamar tunnel fire tests conducted in 2003 [21] show similar trend.
Figure 27 shows an example of the dimensionless ceiling excess gas temperature along
the tunnel as a function of x/H for the Runehamar tunnel fire tests. Clearly, data for fires
greater than 67 MW significantly deviates from the curves for smaller fires. After
consideration of the virtual origin, the dimensionless ceiling excess gas temperature along
the tunnel is plotted as a function of (x-x,)/H for the Runehamar tunnel fire tests in Figure
28. Clearly, the test data correlate very well with exponential fit line (sum of two
exponential function).
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Figure 27 Dimensionless ceiling excess gas temperature along the tunnel as a function
of x/H for the Runehamar tunnel fire tests.
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Figure 28 Dimensionless ceiling excess gas temperature along the tunnel as a function
of (x-x,)/H for the Runehamar tunnel fire tests.

Based on the above analysis, it can be known that the virtual origin exists in large tunnel
fires in both model scale and full scale, and the offset distance increases with the heat
release rate.

6.4.2.1 High ventilation

The dimensionless ceiling excess gas temperature downstream of the fire for test series 7
under different velocities is plotted in Figure 29. The virtual origin is considered but the
offset distance will be discussed later. It is shown in Figure 29 that the majority of test
data lie beside the exponential fit. Further, no clear influence of ventilation velocity on
the distribution of ceiling excess gas temperatures can be found, that is, this effect is
negligible under high ventilation.
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Figure 29 Distribution of dimensionless ceiling excess gas temperature along the
tunnel for test series 7.

Data from full scale tunnel fire tests are also used in the following analysis. These full
scale tests include the Runehamar tunnel tests conducted in 2003 [21], the Brunsberg
tunnel tests in the Metro Project conducted in 2011 [33] and the Runehamar tunnel tests
conducted in 2013 [34].

Figure 30 shows the dimensionless ceiling excess gas temperature downstream of the fire
for both model scale and full scale tests. It is shown that all the experimental data
correlates well with the sum of two exponential equations, which can be expressed as:

AT(X) _ 0 53exp(—0.34 %=
AT H

max

X— X,

XY 1 0.47exp(-0.027 ) (34)

where X, is the offset distance between the virtual origin and the fire source (m).

In Figure 30 it is shown that the correlation underestimates the dimensionless temperature
at x/H of 170 (1000 m downstream). The reason is that the exponential functions are only
approximations rather than analytical solutions. Sum of more exponential functions will
increase the accuracy while no effort is made for the simplicity of the correlations. For
safety reasons, this equation is recommended to be used only for x/H less than 100
(approx. 500 m). For positions longer, the gas temperatures are very low and the one
dimensional model is recommended, see the literature [26].



43

Test data

TO, Runehamar
T1, Runehamar
T2, Runehamar
T3, Runehamar
T4, Runehamar
T1, Metro

T2, Metro

T6, Runehamar
—Eq. (34)

10 e

0.8 i

ATX) /AT,

o
0.6

max

®@VAee4A«d»nO

< 0.0 1 1 1 1 1 1
0.4 |- 0 5 10 15 2 25 30
S

ATIX) /AT

oou .
0 20 40 60 80 100 120 140 160 180

Figure 30 Distribution of dimensionless ceiling excess gas temperature along the
tunnel for both model and full scale tests.

Note that a gas temperature of 500 to 650 °C could represent the temperature at a ceiling
flame tip with an average value of 575 °C. A ceiling gas temperatures in a range of 600
°C to 1200 °C could correspond to the “intermittent flame region”, that is, a less intense
combustion region compared to the continuous flame region. On one hand, heat is
continuously introduced to the smoke flow along the ceiling, which lessens the decrease
in the ceiling gas temperature. On the other hand, this region corresponds to a higher heat
transfer coefficient and more heat is lost in this region compared to the non-flaming
region, which could aggravate the temperature decrease. However, Figure 30 shows that
the ceiling gas temperature decreases more rapidly with distance in the vicinity of the fire
than further away from the fire. In other words, the radiation loss still dominates within
the intermittent flame region, as shown in Figure 30. It should, however, be kept in mind
that between the fire source and the virtual origin the ceiling gas temperature decreases
rather slowly with distance from the fire. The main reason is the introduction of a large
amount of heat from the intense combustion within the “continuous flame region”
balances the heat loss to a large extent. Within this range mainly from the maximum
value of approx. 1350 °C (starting point of the continuous flame region) to approx. 1200
°C (at the edge of the continuous flame region). In case that the maximum value is lower,
e.g. 1100 °C, the corresponding value for the edge of the continuous flame region could
also be lower, e.g. 900 °C.

In the following the location of virtual origin is investigated and an estimation is made at
first. As mentioned previously, the ceiling gas temperatures in a range of 600 °C to 1200
°C could correspond to the “intermittent flame region”. According to the correlation for
temperature distribution, the distance between a ceiling gas temperature of 1200 °C and
575 °C is approximately 5-6 times the tunnel height.

Figure 31 shows the dimensionless virtual origins as a function of the dimensionless
flame lengths. Data from the Runehamar tunnel tests conducted in 2003 [21] are also
plotted. Note that only hollow circular and solid circular points correspond to positive
virtual origins. Clearly, both model and full scale test data for the offset distance between
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fire source center and virtual origin, x,, can be well represented by a simple piecewise
function:

L, -52H, L, >52H
X, = (35)
0, L, <5.2H

where L¢ (m) is the flame length that can be estimated using equation proposed in Section
6.1.

Note that the value of 5.2 correlate very well with the theoretical estimation, i.e. a value
between 5 to 6. This validates the theory, that is, the existence of the virtual origin is due
to the introduction of a large amount of heat from the intense combustion within the
“continuous flame region” that balances the heat loss to a large extent.

The above equation indicates that the virtual origin needs to be accounted for only when
the fire is very large and the flame length is over 5.2 times the tunnel height. Otherwise,
the virtual origin does not exist and can be considered as 0.
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Figure 31  The virtual origin for large tunnel fires under high ventilation.

Note that in reality even for a small fire, high ventilation affects the position of maximum
ceiling gas temperature and therefore affect the origin of the ceiling jet [20]. In most
cases, this effect could be considered to be insignificant compared to the virtual origin
due to long horizontal flames. The equation in [20] can be used if there is a need to
estimated it. For rough estimation, the position of maximum ceiling temperature could be
approx. 1.5 times effective tunnel height downstream for 3 m/s and 2.3 times for 6 m/s.
Considerations of this effect may increase the accuracy of estimations.

6.4.2.2 Low ventilation or natural ventilation

Under natural ventilation, the smoke could flows out of both tunnel exits if no dominating
flow direction exists. Therefore the scenarios are different with those under forced
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ventilation where smoke backlayering is prevented completely or the front of smoke
backlayering is arrested.

For large fires under low ventilation, virtual origins exist on both sides of the tunnel.

The dimensionless ceiling excess gas temperature is plotted in Figure 32. Here the virtual
origin is considered and the offset distance will be discussed later.

It is shown in Figure 32 that test data for natural ventilation are slightly lower than those
for forced ventilation. This indicates that the smoke temperature decreases more rapidly
under low ventilation. The main reason should be that under natural ventilation, the
smoke flow rate on either side is much lower compared to that under forced ventilation.
This phenomenon in fact can also be found for smoke reverse flows under high
ventilation (with a certain backlayering).
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Figure 32 Distribution of dimensionless ceiling excess gas temperature along the
tunnel under natural ventilation and forced ventilation.

Similarly, a sum of two exponential function is applied to fit the test data. The equation is
expressed as:

X—X,

AATT(X) — 0.53exp(—0.54> ;XV )+ 0.47exp(—0.05

max

) (36)

Note that test data correspond to x/H less than 10 (60 m in full scale). For safety reasons,
this equation is recommended to be used only for x/H less than 10 (or a slightly greater
value, e.g. 15 or 20). Test data further away from the fire are required for validation of
the correlation.

This correlation could also be applied to estimate the temperature distribution for the
smoke reverse flow upstream of the fire under high ventilation (with a certain
backlayering). Generally the above equation produces conservative results for the smoke
reverse flow.

In the following, the virtual origin under low ventilation is analysed. Figure 33 shows the
the dimensionless virtual origins as a function of the dimensionless flame lengths.



46

Clearly, the same correlation for high ventilation can well represented the test data for
natural ventilation. This means that Equation (35) can be used to determine the virtual
origin for natural ventilated fires.
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Figure 33  The virtual origin for large tunnel fires under natural ventilation.

6.5 Ceiling jet radiation
A theoretical model of smoke radiation is presented in Appendix D.

6.5.1 Radiation at ceiling

Figure 34 shows the incident radiation heat fluxes measured at the ceiling 1.5 m
downstream of the fire site. At full scale, the location corresponds to 15 m downstream.

According to the theoretical analysis, the incident radiation heat flux at the ceiling can be
directly correlated with ceiling gas temperatures, which can be expressed as follows:

Gy, =0.850T, (37)

The effective emissivity of 0.85 is determined from these model scale test data as shown
in Figure 34.

Clearly, it can be seen that all the test data for both tunnels are closely following the
correlations proposed. This verifies the reasonability of the theoretical model. Further, it
indicates that in most tests the smoke flows are optically thick.

Also, note that at low heat fluxes, some measured heat fluxes are slightly below the line
in Figure 34. This is due to the fact that these data points are mostly related to low heat
release rates, as the effective emissivity for a small fire, e.g. 5 MW fire in a realistic
tunnel, is lower than that for a large fire. However, the deviation is not as significant as
what would be expected. This should be related to the heating of the whole tunnel
structure.

Further, the tunnel width does not show significant influence on the incident heat fluxes
at the ceiling.
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Overall, the simple correlation shows excellent performance in collapse of all the test data
from the model scale tests.
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Figure 34 Radiation heat flux at the ceiling, 1.5 m downstream of the fire.

Note that the effective emissivity is slightly affected by scale of the scenario. In model
scale tests, much less smoke particles are produced compared to corresponding full scale
tests. A fully optically thick smoke in a model scale test is not as common as in a full
scale test and therefore larger scale is always preferred but not always possible . For large
tunnel fires, the gas emissivity, &, can be assumed to be 1.

A comparison of the estimated incident heat fluxes by Eq. (D.5) (Eq. (37) with an
emissivity of 1) and measured values in the Runehamar tunnel fire tests carried out in
2003 [31] is presented in Figure 35. All data lie close to the equality line which suggests a
very good correlation.
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In case that the emissivity of the smoke flow can be well estimated, a smaller effective
emissivity can be used in estimation of ceiling incident heat fluxes. However, in most
realistic tunnel fires, the smoke layer is very thick and behaves as a good radiation barrier
(also a good radiation emitter). For engineering application, the emissivity should be
assumed to be 1.

6.5.2 Radiation at floor

Figure 36 shows the incident radiation heat flux at the floor downstream of the fire. As
the location is too close to the fire, data measured at 0.8 m downstream (8 m from the fire
center at full scale) are not plotted here but will be discussed later.

The incident radiation heat flux received at the floor can be expressed as follows:
G, = 0.750Tg4 (38)

The value of 0.75 accounts for the effect of smoke emissivity, smoke layer height, view
factor, and surrounding wall temperatures. If 50 % tunnel height is assumed as the smoke
layer height, the corresponding view factors are 0.71 and 0.86 for tunnel width of 0.6 m
and 1 m, respectively. These values correlate relatively well.
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Figure 36  Incident radiation heat flux at the floor downstream of the fire (excluding
+0.8 m).

Figure 37 shows the incident radiation heat flux at the floor downstream of the fire
including the data measured at 0.8 m downstream of the fire center (solid points). It is
shown that most test data measured at 0.8 m downstream correlate well with Eq. (38).
However, some measured data are much higher than the line. After a careful examination
of the data, it is found that most of these data correspond to the test with 3 m/s (9.4 m/s at
full scale), where the fires are highly inclined and the location receives significant
incident radiation directly from the combustion flame.

However, most data points are scattered closely to the correlation line.
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Figure 37 Incident radiation heat flux at the floor (including +0.8 m).

Figure 38 shows the incident radiation heat fluxes measured at 1 m upstream (-1.0 m) in
comparison to those downstream of the fire. Note that the correlation for downstream is
also applicable to that for upstream.
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Figure 38 Incident radiation heat flux upstream (-1.0 m) and downstream at the floor
level.

More test data are used to verify the model. Figure 39 shows a comparison of calculated
and measured heat fluxes in the Runehamar tunnel fire tests [31]. The calculation are
based on the equations proposed in Section 12.2. Data measured by seven heat flux
meters are plotted in the figure. There were two heat flux meters placed 20 m from the
fire beside a pallet pile (the object), with one heat flux meter facing the fire and another
flush with the wall facing the object. All heat flux meters were placed 1.6 m above the
tunnel floor with the exception of the one at 10 m which was placed on the floor. Only
the heat flux meter placed at 20 m facing the fire was a plate thermometer (PT) measuring
incident heat flux. The others were Schmidt Boelter gauges measuring net heat fluxes
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using water cooling of the surface of the probe. An emissivity of 0.9 for the Schmidt
Boelter gauges was assumed. For the heat flux meter at 0 m it can be assumed that this
heat flux meterwas surrounded by the flames and thus a view factor of 1 was used in the
calculations. Further, the view factor for the two heat flux meters at 20 m can also
expected to be 1 since the large object also placed at 20 m was burning during the tests.
The heat fluxes measured at 20 m increased significantly when the object started to burn.
For all the other positions, it was assumed that the characteristic upper smoke layer was at
50 % of the tunnel height. The flames were very sooty and the emissivity was assumed to
be 1 for all the tests. Note that this assumption works in most engineering applications
while estimating the heat fluxes although it could result in slightly conservative values for
small fires. For heat flux meters facing fire, heat flux from the upper smoke layer and
from the vertical flame section were superposed as the total heat flux.

It is shown in Figure 39 that most of data points fall in the vicinity of the equality line,
which suggests that the measured and calculated heat fluxes correlate reasonably well.
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Figure 39 Comparison of measured heat fluxes and calculated values in Runehamar
tunnel tests.

Figure 40 shows the comparison of calculated and measured heat fluxes in model scale
tests with longitudinal [16] and point extraction ventilation [22]. The heat fluxes were
measured by SB gauges placed on the tunnel floor. The aspect ratio, i.e. ratio of width to
height, of the tunnel tested was 1.5 and 2.0. In these tests, the flames were very sooty so
the emissivity is assumed to be 1 for all the tests. The characteristic upper smoke layer
was assumed to be at 50 % of tunnel height. Figure 40 shows that the calculated heat
fluxes correlate very well with the measured values.
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Figure 40 Comparison of measured and calculated heat fluxes in model scale fire tests.

6.6 Fire spread
The ignition time for both wood and plastic targets is summarized in Table 3.

Figure 41 shows the measured heat fluxes with and without ignition of wood targets as a
function of longitudinal velocity. Note that the heat release rates were increased step by
step in the tests. This results in sharp increase in the heat fluxes during the changing
period. The data with and without ignition of targets may thus scatter significantly.
Therefore it is not expected to measure accurately the critical heat fluxes for fire spread in
the tests. However, it is shown in Figure 41 that most data with ignition is above around
20 kw/m? (solid points) and those without ignition (hollow points) below it. Therefore, it
could be concluded that the critical heat flux for fire spread to wood targets at lower layer
is approximately 20 k\W/m?.

Careful examination of the test data indicates a minimum critical heat flux of around 12.5
kW/m? in the tests with natural ventilation. There could be a trend that the critical heat
flux increases slightly with ventilation velocity. One reason could be that more
convective heat loss occurred under higher ventilation. This trend could be more obvious
between 0 m/s and 0.5 m/s where the flow patterns are completely different.
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Figure 41 Ignition criterion for wood targets.

Figure 42 the measured heat fluxes with and without ignition of plastic targets as a
function of longitudinal velocity. Similar distinction between the data points with and
without ignition can be found in this figure. The critical heat flux under tested conditions
is also approximately 20 kW/m?. At the early stage, it could also be found that the critical
heat flux increases slightly with the velocity.

Although both figures show a critical heat flux of 20 kW/m?, the behaviours of wood and
plastic targets were very different in cases with high ventilation. Under high ventilation,
significant amounts of vaporized gases can be produced from plastic targets but they
could be blown away by wind and all consumed before any possible ignition. This should
be due to the low pyrolysis temperature and low heat of pyrolysis of the HDPE. Note that
the sample is quite thin. In cases that much thicker plastic targets were placed they could
be ignited at the end.
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Figure 42 Ignition criterion for plastic targets.
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The fire point equation can be used to identify the state of ignition. It could be reasonably
assumed that the heat conduction between the pyrolysis layer and the deeper layer is
negligible, compared to the other terms in the fire point equation. This should be
reasonable after the target has been exposed to the hot environment for a certain time.
Therefore net heat flux on the fuel surface at the ignition can be expressed as:

qr:el = aqi’r,m - aGTi; - hc (T|g - Tg ) - m’f' I-p (39)

where m{ is the critical burning rate for sustaining a steady flame, L, is heat of
pyrolysis (including enthalpy term).

Note that in order to ignite a target, the net heat flux at the ignition should not be less
than 0. All the test data have been checked and approximately fulfill this requirement.

The average net heat flux (excluding the critical evaporation term, m{ Lp) is in a range

of 5 to 7.5 kW/m?. This value can be attributed to the combined effect of the evaporation
term, mf{ L, , and the heat conduction loss term that is ignored in Eqg. (39). Note that

both the convection term and the pyrolysis term are related to local velocity.

The range of ignition in tests with different ventilation conditions is also investigated.
The basic finding is that high ventilation reduces the risk for fire spread. The main
reason is that under high ventilation the gas temperature is slightly lower but results in a
much lower radiation heat flux given that the heat flux varies as 4™ power of the
absolute gas temperature.

The criteria found for ignition should be applicable to full scale tunnels. In tests it was
found that the targets were ignited only after the flame existed above the target. However,
it should be noted that the heat flux scales as %2 power of the length scale. Therefore the
heat fluxes at ignition in the tests correspond to much higher heat fluxes at full scale. This
indicates in full scale the region that fire spread could occur should be longer than the one
obtained from model scale (even when the region length has been scaled up).
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Table 3 Ignition time in the tests (unit: min).
Testno. | Target 1 Target 2 Target 3 Target 8 Target 4 Target 5 Target 6 Target 7
W2 P° W2 P° W2 P° W? P° W? P° W? P° W? P° W? P°

101 23.2 - 27.0 - Charred - - - - - - - - - - -
102 - - 26.0 - - - Charred - - - - - - - - -
103 - 24.2 24.4 - 26.8 - - 26.7 - - - - - - - -
104 21.6 23.2 23.2 24.5 25.6 25.7 25.6 26.1 Red® - - - - - - -
105 0.8 - 2.0 - 5.2 - 5.0 2.7 7.0 10.6 | Charred - - - - -
106 0.8 - 1.3 - 1.8 - 1.6 1.6 3.4 5.1 5.7 5.7 6.5 7.3 - -
201 21.9 - 24.0 - Charred - - - - - - - - - - -
202 21.9 - 23.8 - 27.8 - - - - - - - - - - -
203 20.4 - 24.1 24.5 25.2 26.4 25.4 26.4 - - - - - - - -
204 21.2 - 24.0 24.3 25.2 25.6 25.2 25.6 Red® - - - - - - -
205 1.1 - 1.7 2.5 3.8 - 1.8 5.2 6.3 6.1 7.3 13.3 - 13.3 - -
207 21.1 20.3 22.0 24.0 25.6 25.1 25.2 24.9 28.1 28.5 - - - - - -
301 25.5 - - 26.8 - - - - - - - - - - - -
302 22.1 - 24.5 25.0 26.8 26.4 26.9 26.4 - - - - - - - -
303 2.1 2.1 1.9 - 4.2 - 2.3 - 5.7 6.1 8.9 - 9.4 10.1 - -
401 - 22.0 26.8 - - - 28.3 - - - - - - - - -
402 23.9 21.6 24.5 - 27.3 26.8 25.1 26.8 - - - - - - - -
405 - <20.6 24.4 24.6 27.2 25.7 26.3 25.6 - - - - - - - -
403 1.8 1.0 1.9 - 4.1 3.2 1.7 3.2 6.6 6.9 7.5 8.2 - - - -
501 20.3 20.1 21.6 21.8 25.4 25.0 25.5 24.7 28.5 28.5 - - - - 20.4 19.5
502 NI 16.6 NI - 23.2 23.0 22.8 22.7 - - - - - - - -
601 16.7 18.2 - 24.9 - 24.7 - - - - <184 |<18.4
602 175 17.2 NI 19.5 22.4 22.4 22.5 22.2 - - - - <19.8 -
603 1.0 - 1.6 1.8 3.5 3.5 2.4 3.3 4.5 5.3 5.9 6.1 - - 9.6 9.6
701 18.1 - - - 24.5 24.9 21.4 22.5 27.0 - - - - - - -
702 17.9 17.0 194 - 22.9 21.9 20.8 21.9 24.8 25.4 26.7 - - - - -
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703 16.0 16.0 18.5 185| <219 |19.7 19.5 19.5 NA 22.6 NA 23.2 NA 25.3
704 15.7 16.0 18.3 18.2 19.6 19.3 18.6 18.7 215 21.3 22.4 22.2 26.0 25.8
705 15.6 15.9 18.1 17.9 19.0 18.7 18.4 185 | <213 |<21.3 B B - -
801 18.3 - 19.3 - 22.7 22.6 21.5 22.6 26.1 - 26.6 - - -
802 16.9 17.0 18.8 - 21.2 21.6 NI - 23.5 - 26.3 - - -
803 15.5 16.3 18.3 - 19.6 19.5 19.1 18.8 NI 23.4 23.6 25.7 26.6 26.7
804 15.8 16.4 17.8 - 20.1 20.1 19.9 19.1 22.1 22.1 23.1 22.6 24.7 24.7
805 16.5 - 18.3 18.7 18.7 18.9 18.3 18.3 21.5 20.9 22.1 22.3 26.7 25.9
901 Pilot <15.6 21.4 - 25.0 - 21.3 - 26.8 - - - - -
902 - <18.3 19.6 - 23.1 22.1 19.9 21.6 25.6 25.8 - - - -
903 16.0 15.8 18.7 18.7 21.3 20.4 19.5 20.0 | <239 |<23.9 24.6 <24.5 25.1 25.1
904 15.7 <16.5 18.2 18.2 19.2 19.1 18.7 18.8 21.8 21.8 24.6 24.3 | Critical | 27.0
905 < 0.7 0.7 1.0 1.1 1.2 0.6 0.9 1.2 1.5 2.7 3.1 3.3 3.3
1,001 18.5 18.5 19.9 23.1 23.0 23.8 21.6 22.9 25.8 - - - - -
1,002 15.8 15.9 18.2 18.3 20.0 194 19.0 19.0 22.1 22.2 25.2 235 24.3 24.8

“Wood . P Plastic. ® Visibly red, close to ignition.
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[ Summary

Theoretical analyses and experimental work were carried out to investigate the ceiling jet
characteristics in tunnel fires. A series of fire tests was carried out in two model tunnels
with a scaling ratio of 1:10. The parameters tested include heat release rate, ventilation
velocity, fire source height and tunnel geometry. The key ceiling jet characteristics
parameters focused on are flame lengths, ceiling jet velocity, ceiling jet mass flow rate,
gas temperatures, radiation and fire spread.

A theoretical model of flame lengths in tunnels is proposed and validated using test data.
Under low ventilation, i.e. dimensionless velocity u*<0.3, there exists both upstream
flame and downstream flame, and the upstream flame length decreases linearly with the
increasing velocity. Under high ventilation, #">0.3, only downstream flame exists.
Regardless of ventilation velocity, the downstream flame length increases linearly with
the heat release rate, and decreases with tunnel width and effective tunnel height. The
total flame length can be as long as twice the downstream flame lengths. Correlations for
downstream flame lengths, upstream flame lengths, and total flame lengths are proposed.

Theoretical model of ceiling jet velocity in tunnels under different ventilation conditions
is proposed and validated using test data. Under natural ventilation, the ceiling jet
velocity increases with heat release rate and decreases with effective tunnel height. Under
forced ventilation, the ceiling jet velocity increases with the ventilation velocity and the
ceiling jet temperature.

The mass flow rate of the fire plume increases with heat release rate and effective tunnel
height, under natural ventilation. Under high ventilation, the smoke mass flow rate
increases linearly with ventilation velocity, independent of heat release rate. Correlations
for the ceiling jet mass flow rate under different ventilation are proposed.

Theoretical analysis of distribution of gas temperature of the ceiling jet in a tunnel fire is
presented. It has been found that there are virtual origins for large tunnel fires and the gas
temperatures between the fire source center and the virtual origin decrease very slowly.
This is due to the large amount of heat released within the ceiling intensive combustion
region. Correlations for both the ceiling gas temperatures and the virtual origins under
low and high ventilation are proposed.

Theoretical models of radiation heat fluxes in small and large tunnel fires are presented
and verified using test data. The tunnel surfaces in the upper smoke layer are surrounded
by smoky gases and/or flames in a large fire. The incident heat flux in the upper smoke
layer can be simply correlated with the smoke temperature and the emissivity of the
smoke volume. For large fires, the emissivity can be assumed to be 1. To calculate the
incident heat flux in the lower layer, the view factor must be accounted for, together with
the upper layer smoke temperature and the emissivity of the smoke volume.

Fire spread occurred when the radiation heat flux is greater than approximately 20
kW/m’. The net heat flux on the fuel surface at the ignition is found to be a positive value.
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9 Appendix A — Theoretical model of flame
lengths

A simple theoretical model of flame lengths in tunnel fires is proposed and described in
the following.

9.1 Model of flame length in tunnel fires

Under low ventilation rate conditions, two parts of the flame exist: upstream and
downstream of the fire, respectively.

In the ceiling flame zone, relatively good stratification mostly exists, that is, there is a
clear layer interface between the fire and the fresh air. At the flame tip, the mass flow rate
entrained in the horizontal combustion region can be estimated as follows:

M, = joLf P, YWdx (A1)

where M, is the mass flow rate of the entrained air from the lower layer by the horizontal

flame (kg/s), p, is the density of the entrained air (kg/m?®), v is the entrainment velocity
(m/s), W is tunnel width (m), x is distance from the fire and L; is the horizontal flame
length (m).

The combustion in the horizontal flame is mainly dependent on the entrainment of the air
flow and the mixing at the interface. The entrainment velocity for the mixing layer is
given in the same form as that for the vertical plume. The upstream and downstream
entrainment rates, can be expressed as:

Vus =ﬂ|uus + U||, Vds = ﬁ|uds —U|| (A2)

where subscripts us and ds represent upstream and downstream, respectively, “+”
indicates opposite directions between longitudinal flow and smoke, and vice versa.
Subscript | indicates lower layer. Note that the entrainment coefficient in a vertical plume
is assumed to be a constant. For simplicity, we also assume the average entrainment
coefficient along the flame, g, is a constant.

Thus the mass flow rate of total entrained air downstream, m,, (kg/s), and upstream of the
fire, M, (kg/s), can be respectively expressed as:

mds = povdsWLf Jds? rﬁus = povusWLf ,us (A3)
We also know from the research on open fires that there is a relationship between the heat
release rate and the entrained air, that is, the heat release rate should be intimately related
to the mass of entrained air flows. Here we assume that the ratio of air flows involved in
reaction and total entrained air flows is & Therefore, the energy equation can be
expressed as:

Q = Qvt + (fds mdsYOz,ds + gus n;‘lusYOZ ,us )AHO2 (A4)



60

where Qvt is the heat released in the vertical flame region (kW), & is the ratio of the

oxygen involved in the combustion to the oxygen entrained (or the ratio of air flow
involved in the combustion to the total entrained air flow), AHo, is the heat released while
consuming 1 kg of oxygen (kJ/kg), Yo, is the mass concentration of oxygen in the air flow
at the lower layer. The second term on the right-hand side means the heat released in the
horizontal flame regions. Note that although the parameter & for horizontal ceiling flames
has the same physical meaning as that for open fires, the values could be different.

Inserting Eq. (A.10) into Eq. (A.11) gives:
Q = Qvt + (édspoWLdsﬂYoz,ds |uds - uo| + é:uspoWLusﬂYoz,us |uus + uo DAH 0, (AS)

For upstream and downstream ceiling flames, the ratio & should be approximately the
same, i.e. &, =&, =& . Therefore, we have

Q_Qw

—=_<w__ (A6)
‘fpoﬂ\N AH 0,

f,us

Lf,dsYOZ,ds (uds -y, ) +L Yoz,us(uus + uI) =

The mass flow rate in the vertical flame region under different ventilation conditions has
not yet been explored thoroughly. Li et al. [8, 9] carried out a theoretical analysis of the
maximum gas temperature beneath a tunnel ceiling and the mass flow rate of the fire
plume in a ventilated flow based on a plume theory. However, the entrainment of the
flame zone is very different compared to the plume zone. Due to lack of information we
may assume that the entrainment inside the flame region in tunnel flows is similar to that
in open fires. Delichatois [35] proposed simple correlations for the mass flow rate inside
the flame:

m(z) oc DZz"* for z/ D, <1 (A7)

where z is height above the fire source (m), m(z) is the mass flow rate inside the flame at

height z (kg/s), and Dr is the diameter of the fire source (m). Note that the equation for
the mass flow at height z can also be expressed as:

m(z) o« puD(z)* (A.8)

where u is vertical gas velocity (m/s) and D(z) is diameter of the plume at height z (m). It
can be expected that the fire plume diameter is proportional to the diameter of the fire
source, i.e. D(z)«<Dg, and the temperature inside the continuous flame zone can be
reasonably considered as constant. Combing the above two equations suggests that the
maximum vertical gas velocity, Umaxy, Can be expressed as:

umax,v o Hi{2 (A'9)

Where Unaxy, IS the maximum velocity of the vertical flame (m/s), He is the effective
tunnel height (m), i.e. the tunnel height above the fire source. For vehicle fires or solid
fuel fires, the effective tunnel height is the vertical distance between the bottom of the fire
source and the tunnel ceiling. The above relationship correlates well with Thomas’
equation for gas velocities in the flame zone [36].

The velocity of the fire plume after impingement on the ceiling slightly decreases,
however, it can be assumed to be proportional to the maximum velocity in the vertical
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plume, as proved in the research on ceiling jets [15]. This indicates the maximum
horizontal gas velocity, Unaxs, could also be expressed as:

umax,h o H:flz (A'IO)

Where Unaxn IS the maximum velocity of the horizontal flame (m/s). This velocity could be
considered as a characteristic velocity for the ceiling flames.

9.2 Flame length under high ventilation

The high ventilation here corresponds to the ventilation velocity under which no ceiling
flame exists upstream of the fire source. In such cases, the ceiling flames only exist
downstream of the fire, see Figure 43.

Uo

Forced ventilation

Figure 43 A schematic diagram of entrainment under high ventilation.

Note that generally the longitudinal ventilation velocity is around 3 m/s for a tunnel with
longitudinal ventilation during a fire. In contrast, for a large tunnel fire with a relatively
long ceiling flame length, the smoke velocity right above the fire could range from 5 to
10 m/s or even higher. This velocity appears to be much higher than the longitudinal
ventilation velocity. However, the actual gas velocity at the lower layer in a large tunnel
fire is significantly higher than the longitudinal ventilation velocity, and therefore the
difference in gas velocities between the two layers is not as significant as expected. One
reason is that the air has been heated up to a significant degree by the flames, hot smoke
and tunnel surfaces before it is entrained. Another reason is the blockage effect caused by
the fire source and hot gases. Therefore we may use the gas velocity under natural
ventilation to approximately express the velocity difference between the ceiling flame
layer and lower layer, that is

Uy — U, oc HY? (A.11)
For a HGV fire, the horizontal flame could be very long, i.e. several times or even over
ten times the tunnel height. The combustion in the vertical flame region could be limited
due to the confinement of the tunnel configuration. Moreover, the flame was deflected
and thus the vertical flame region also contributes to the flame length. Therefore, as a first
attempt, the combustion in the vertical flame region is ignored. Given that the air
entrained from the lower layer is generally not highly vitiated, the oxygen concentration
for the entrained air is considered to be constant, i.e. close to ambient. Thus from Eq.
(A.13) one gets:

L Q " Q
fds — 1/2 1/2
£p,BAH, Yo WHY? — WH

(A.12)

ef
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For a rectangular tunnel, A=WH. For other shapes, the tunnel width could vary with the
flame layer height above the floor. For simplicity, let us estimate the tunnel width using
W=A/H. The above equation can therefore be written as:

L QH

fds OCW (A.13)

9.3 Flame length under low ventilation

Under low ventilation rate conditions, two parts of horizontal flame regions exist, i.e. the
upstream region and downstream region. The characteristic relative velocity could be
estimated using:

|Ug, + | oc HY?

=, Uy +u,|oc HY? (A.14)
The combustion in the vertical flame region is also considered as being limited and thus
ignored as a first approximation.

For a slightly higher ventilation velocity, e.g. 1.5 m/s, the length of the upstream flame
and the backlayering is short, and therefore the entrained air in the upstream flame region
will only be slightly vitiated (inerted). However, the air could be highly vitiated in the
downstream flame region. If no dominating ventilation direction exists, the fresh air will
be entrained from both sides of the tunnel by thermal pressure created by the hot smoke.
The air entrained into the flame region on both upstream and downstream sides could be
highly vitiated, see Figure 44. This phenomenon has not been clearly understood and
needs to be further investigated. As a first approximation, the oxygen concentration will
be implicitly accounted for in the following analysis. Therefore we have:

fiot — Lf,ds L= -9, (A.15)

L =
e é:ﬂpoWYoz AHg,H elf/2

where \702 is the average oxygen concentration of the entrained air, Ly is the total flame

length (m).
Lf,us Lf,ds
e A E——
-~ - — = flame - - -
T, Mmes o

u N\
%\\///m/\\//k

S LSS S S

Figure 44 A schematic diagram of the vitiated gas entrained into the ceiling flame
region under natural ventilation or low ventilation.
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10 Appendix B — Theoretical model of ceiling
gas velocity

10.1 Natural ventilation

A simplified model is applied here to investigate the ceiling gas velocity. Some
assumptions are made here:

(1) The flow is one dimensional;

(2) The temperature profile is top hat, i.e. temperature is uniform at one cross section
of different heights;

(3) The velocity profile is top hat, i.e. temperature is uniform at one cross section of
different heights;

(4) The static pressure rise due to thermal expansion is limited and negligible.

For fires under natural ventilation, the momentum equation for one-dimensional smoke
flow can be expressed as:

0 o ,1 1
&(PUZA)—&(EAPghA) :_ECstOUZWp (B.1)

where A is the cross-sectional area of smoke flow (m?), t is time (s), X is distance along
tunnel length axis (m), h is smoke layer depth (m), h, is total heat transfer coefficient
(KW/m?K), w,, is wet perimenter of smoke layer (m), Cs is the skin friction coefficient.

By neglecting the friction loss term on the right hand side, the above equation is
transformed into:

0 ) 0,1
~ (pUu?A) = — (= ApghA B.2
aX(p ) ax(z oghA) (B.2)

At first we analyse the velocity at the smoke front. By integrating the momentum
equation within a small range at the smoke front, it gives

pu’ = %Apgh (B.3)

The average velocity of the smoke front can therefore be expressed by:

AT,
u, = 0.72 ghg N (B.4)

Note that this equation is closely the same as that proposed by Bailey et al. [37]. This can
be considered as the general equation for velocity of smoke front of a buoyancy-driven

channel flow. Note that for pure gravity flow the corresponding equation is U = ajgh :

For the initial condition of the ceiling jet, the momentum equation indicates that the
changes in momentum is proportional to changes in buoyancy force. It could still be
expected that the formulation of the gas velocity at the initial location is approximately
the same as that for the smoke front, which is expressed as follows:
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AT
U, oc /ghg T—g (B.5)

Note that from the momentum equation of the vertical fire plume, a similar equation can
be obtained.

Alpert’s work [15] showed that the smoke layer height in the impingement region is
proportional to the clearance height above the fire. Based on Alpert’s work [15], Kunsch
[38] obtained the initial smoke layer height for the one dimensional flow in a corridor
under natural ventilation, i.e., :

H 2
ef
h, o W (B.6)
By introducing this term into the equation for gas velocity, we have:
H& AT, .7)
u o, |g——— :
g J W T,

According to Li et al’s study [8-10], under natural ventilation (i.e. low velocity V'<0.19),
the maximum ceiling excess gas temperature in a tunnel fire can be expressed as:

Q2/3
AT, =175 (B.8)

5/3
ef

The gas velocity for the initial ceiling jet can therefore be expressed as follows:

Hef 1/2 (1)1/3 (Bg)

U=y

ef

where C is a correction factor.

Although by theory the above temperature equation works only for gas temperatures
lower than the possibly maximum ceiling gas temperature (approx. 1350 °C), it is
assumed here that the above equation for gas velocity works in all the range, for
simplicity.

10.2 Forced ventilation

By use of the same assumptions as for natural ventilation, the momentum equation for
one-dimensional smoke flow in case of a fire under forced ventilation can be expressed
as:

o, 0.1 1 ) o(pA)
— u‘A)——(=A hA)=—-=C uw, —— B.10
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Note that the pressure term on the right hand side, —0(pA) / X, is positive for smoke

flow towards downstream while negative for smoke reverse flow towards upstream. This
indicates the ventilation system has different influences on the momentums of the
downstream smoke flows and the upstream flow. Upstream of the fire, both the pressure
term and pressure loss term results in more rapid decreases in the momentum of the
smoke reverse flow.

For simplicity, let us focus on a small gas volume nearby the upstream boundary of the
fire plumes and close to the ceiling. At this position the total pressure caused by the wind
is approximately equivalent to the dynamic pressure of the wind. For the small smoke
volume flowing from this location to the position of the maximum ceiling temperature
(with a thickness of h), the Bernoulli equation can be approximately expressed as:

p0+pogh+%po 2= P +pgh+%pu2+Aploss (B.11)

Note that the reference point for the hydrostatic pressure has been chosen to be the
bottom of the ceiling jet. Note that the thickness of the initial ceiling jet is not a great
value. It could be expected that under strong forced ventilation the hydrostatic pressure
plays a much less important role compared to the dynamic pressure term, and thus
ignored in the following. Further, as the distance is short, the pressure loss term is
assumed to be negligible. Therefore, the above equation indicates:

1 , 1 .,
Zpui==pu B.12
S Pollo =5 P (B.12)

The above equation can also be obtained by applying the momentum equation to the
small gas volume based on the same assumptions.

The initial ceiling jet velocity, ug, can therefore be expressed as:

— 1 ATmax
Ug =U, +T— (B.13)

This indicates that the initial ceiling jet velocity is proportional to the ventilation velocity
and increases with the ceiling gas temperature.
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11 Appendix C — Theoretical model of ceiling
jet temperature

11.1 Small fires

First, let us carry out a theoretical analysis of the stratified smoke flows in the upper layer
at a quasi-steady state. A schematic view of smoke spread upstream and downstream of
the fire is shown in Figure 45. Similar to the vertical plume entrainment, it can be
assumed that the entrainment velocity is proportional to the relative velocity of the smoke
flow.

- - - u,T 4
u, ST T Sméke ________________ PR e smoke h —»
— S A S T 1
— — S
upstream downsteam ¢

Figure 45 A schematic diagram of smoke spread upstream and downstream of the fire.

Downstream of the fire, the smoke flow at the upper layer entrains the air from the lower
layer. Assuming that no heat source is introduced into the ceiling smoke flow (no
combustion in the ceiling flow), the mass and energy equations can be expressed as:

dd_x (puh) = pWv, (C.1)

d
a (pAUCpT) = poWVeCpTo - hth (T _To) (CZ)

The entrainment velocity, v, (m/s), for downstream smoke flow could be expressed as:
v, =Bu-u,) (€3)

In the above equations, u is smoke velocity (m/s), u, is lower layer air velocity (m/s), A is
cross-sectional area of the smoke flow (m?), W is tunnel width at the bottom of the smoke
layer (m), h, is the total net heat transfer coefficient on tunnel walls (KW/m°K), w, is the
wet perimeter of the smoke flow (M), S is the entrainment coefficient, pand T are
average density (kg/m®) and temperature of the smoke flow (K).

It is known that the dominating term in the differential energy equation, i.e. Eq. (29), is
the heat loss to the tunnel structure. Therefore the effect of entrainment on the energy
equation is ignored while solving the differential equations. To obtain an analytical
solution, it is also assumed that the net heat transfer coefficient, h;, and wet perimeter, w,,
(or the term hyw,) are constant. Therefore, we have:

hw_ + o vWc
AT(X) — eXp(— t'p 100 e p X
AT PUAC,

max

) (C4)

The above equation can be approximately expressed as:



67

AT
AT,

max

~exp(—a> C5
exp(aH) (C.5)

For rectangular cross sections (A=hW), the dimensionless parameter a in the above
equation can be expressed as:

h(H/h+2H /W v.c,H/h
a— t( + )+poep o ht (C6)

puc, puc,

where x is distance from the fire source (m) and h is the smoke layer height (m). Note that
the smoke layer height is generally much smaller than the width and also the ratio h/W
varies in a narrow range.

This suggests that the ceiling gas temperature varies as an exponential equation of the
dimensionless distance from the fire if the parameter a is constant.

Upstream of the fire, the behavior of smoke flow is slightly different from that
downstream of the fire. The fresh air flow at a high velocity could be considered to

entrain the smoke from the upper layer and blow it away from the fire. In the case that the
fresh air flow has a great enough velocity, it could arrest the smoke front and prevent any
further spread, see Figure 45. Close to this point, the mass flow rate of the smoke flow
decreases to 0. Assuming that no heat source is introduced into the horizontal smoke flow,
the mass and energy equation can be expressed as:

2 (pu) =, ©)
X

d
ax (pAuc, T)=—pM.c T —hw, (T -T,) (C.8)
The entrainment velocity for the upstream smoke flow could be expressed as:

Vv, =pBu+u) (C9)

Similar to the treatment to the downstream smoke flow, the analytical solution can be
expressed as follows:

AT w
—= exp(—& X) (C.10)
AT pAuC,
The above equation can then be simplified into:
AT X
=exp(-b— (C.11)
AT, P( H )

max
where, for rectangular cross sections, the dimensionless parameter, b, is defined as:

_h(H/h+2H/W) _ h
puc, puc,

b (C.12)
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From the above analysis, it is expected that for smoke flows both downstream and
upstream of the fire, the temperature distribution can be approximated using an
exponential function.

Note that the Stanton number St is correlated with the skin friction coefficient, which can
expressed approximately as follows:

St=——=—-C, (C.13)

where h. is the convective heat transfer coefficient (kW/m?K), C is the friction
coefficient. This suggests that for small fires where the convective heat transfer
dominates, the decrease of the ceiling gas temperature follows an exponential equation.
However, the heat transfer coefficient in Eq. (31) and Eq. (37) is the total heat transfer
coefficient on a tunnel wall, h;, rather than the convective heat transfer coefficient, h.. For
most tunnel fires that are relevant, the radiative heat transfer dominates heat transfer to
the tunnel walls in the near field of the fire source. In such cases, the term in the
numerator of a and b should be 2+2h/W instead of 1+2h/W. In reality, the conductive heat
transfer plays an important role in the total heat transfer from hot gases to the tunnel wall,
and its importance increases with time. In other words, at the early stages of a fire, the
conduction has an insignificant influence on the heat transfer but the importance of the
heat conduction increases with time.

Therefore, the total heat transfer coefficient is not constant along the tunnel. Instead, it
should be greater close to the fire but less far away from the fire. Similarly it should be
greater at the early stage of the fire and less as time goes on. If the tunnel walls are
exposed to hot gases for a long time, heat conduction will dominate the heat transfer, and
then the coefficient approaches a constant along the tunnel. Despite this, based on the test
data, it has been found that the ceiling temperature distribution along the tunnel can be
well represented by the sum of two exponential equations, and the tunnel height could be
used to represent the smoke layer height, h. This is in good correlation to the theory, i.e.
Eg. (32) and Eq. (38).

11.2 Large fires

When significant combustion occurs beneath the ceiling, the energy equation need to add
the heat source terms:

Q

= (C.14)

d
H(pAucpT) = pW,c T, —hw (T —T,)+

The positive heat source term indicates that the smoke temperature decreases more slowly
with distance from the fire, and the temperature could even increase during certain
ranges.
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12 Appendix D — Theoretical model of smoke
radiation

The total net heat flux on a surface is the sum of convective heat flux and radiative heat
flux, which can simply be expressed as:

" 2" "
Onet = Unetc T et r (D.1)

In large tunnel fires, generally the radiative heat flux is much higher than the convective
heat flux. Also, note that the convective heat flux can be easily calculated using the
equations proposed in the previous section. Therefore the calculation of the radiative heat
flux is the focus of the following sections.

12.1 Exposed tunnel ceiling and walls at upper layer

The surfaces at the upper layer are surrounded by smoky gases or flames in a large fire.
The emissivity of the walls is assumed to be close to 1. Further, the view factor between
the smoke and ceiling or walls can also be assumed to be 1. This is suitable for large fires
but for small fires these assumptions can result in a conservative estimation. The net
radiative heat flux can then be estimated using:

Ot = %o _ Cog ~Shn) A (D2)
A @) (e A+ AR, +(1-5,)/(6,A)

where the subscript w indicates wall and g indicates hot gases.
Note that for A,=Ay and F,.;=1, we have:

eb,g _eb,w

.. = (D.3)
Ot e, +(1-¢,)! e,
The incident heat flux received at the ceiling or wall surfaces can be estimated by:
” T4 _T4
Gy = et +8,, = —G( o ~Tw) +oT} (D.4)

” g, le,+1-¢,

Given that the emissivity of the wall and the objects normally ranges from 0.85 to 0.95,
an emissivity of 1 for the ceiling and upper walls can be assumed. Therefore, the incident
heat flux at the upper layer can be simply written in the following form:

Gro = 6,07, (D.5)

For large tunnel fires, the gas emissivity, &, approaches 1.

12.2 Heat flux in lower layer
12.2.1  Horizontal and vertical object surfaces

The smoke flow in a tunnel fire is sometimes divided into two layers, i.e. a relatively hot
upper layer and a relatively cool lower layer. There is always temperature stratification,
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even in well mixed conditions at a position far away from the fire. The heat flux to an
object in the lower layer is mainly attributed to the radiation from upper-layer hot gases.
Note that the gas temperature does not vary significantly along the length of a tunnel
section of two or three times the tunnel height. Therefore, a three-dimensional radiation
problem can be simplified into a two-dimensional problem. The radiation surfaces can be
divided into three types, i.e. hot gas surface in the upper layer (g), object in the tunnel (o),
and cold walls and floors in the lower layer (w). A diagram of surface radiation to an
object in the lower layer is shown in Figure 46. Note that the hot gases surrounded by the
upper tunnel walls as a whole are considered as one surface in Figure 46.

Smoke layer (9)

>l
-t

B >

H

alB

e B Object (0) )
" Wall (w) Hu

W

‘A
[

Figure 46 A diagram of radiation to an object at the lower layer.

Note that the radiation between the object and the lower wall is limited compared to the
radiation emitted from the hot gases. We may assume e, = ey,,. The radiation to an
object in the lower layer can be represented by an electrical circuit analog as shown in
Figure 47.

Figure 47  Electrical circuit analog of radiation to an object in the lower layer.

The view factor from the gas to the wall F.,, is much larger than the view factor from the
gas to the object Fy.,, therefore the most of the heat goes to the wall. Thus the heat flux to
object can be expressed as:

Q _ I:g—wAg EWAN eb,g _eb,o (D6)
Moo 1 1-g 1-5, 1 1-g,

—— 4= + +
FQ*OAQ gOA? gg Ag Fg—wAg gwA:v

1 l1-¢
+
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Note that Fg.,=1 but F,.g#1, and Fg.,A;= Fo4A.. The radiation heat flux from the smoke
layer to the object can be expressed as:

1 1-¢

w

. — 4+
_Qnet,g—o :( Ag gWAN ) eb,g_eb,o (D7)
11 1-g, 1 1
+ R

q.r’:et,g—o_ A) 11
& A\; EuA, FO_g &

Recall most of the radiation to the object comes from the smoke layer beside the object
within a tunnel length of two or three tunnel heights, and the gas temperature within this
range does not vary significantly. Therefore the characteristic radiation temperature can
be considered constant. By considering a longitudinal length of dx (m), we know the
exposed area for the smoke layer, A; (m?), and the lower layer, A, (m°):

A, =Wdx (D.8)
A, =W +2H,)dx =P,dx (D.9)

Therefore, the equation for net heat flux from the smoke layer to the object surface can be
simplified to:

qr':et,g—o = Crlcrzo-(‘l-g4 _T04) (Dl())

where coefficients C,; and C,, are defined as:

i+1—gw
C _( W £, PW )~€ C _ 80Fo—g
N1 1-s, TR TR g +(1-g,)F,
eW  g,R,

The incident heat flux can be estimated using:

] q” - + q” -
q;:C’o — net,g-o net,w—-o0 +eb10 (Dll)

&

The radiation between the object and the walls is limited, i.e. the net heat flux between
the walls and object is much smaller than the heat flux between the gas and object.
Therefore Eq. (D.11) can be written as:

qi’:\C,O = CrlchG(T; —T04)/6‘0 +O—To4 (D.]Z)

The above equations can further be simplified, given that the emissivity of the wall and
the object normally ranges from 0.85 to 0.95 with an average value of 0.9. In such cases,
C.1 is nearly the same as g5 and C,, is approximately the same as 0.9F,.. Using these
assumptions, the net heat flux on the target surface can now be expressed in the following
equation:

qr,:et,o = qr:et,g—o ~ 098 F O-(TQA _To4) (D 13)

g 0-9
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Given that the temperature of the object surface is generally much lower than the smoke
layer temperature, the incident heat flux received on the object surface can be simplified
to:

< 4
Givc.o ~ €4Fog0Ty (D.14)

When the object is immersed in the smoke layer, the view factor equals 1 and the above
equation becomes the same equation as that for exposed tunnel ceiling and walls at upper
layer. As a rough estimation, the height of a characteristic smoke layer can be set at 50 %
of the tunnel height, unless information indicating a better estimation is available. This
assumption could work well if the ceiling gas temperature is used as the characteristic
temperature of the smoke layer.

The emissivity depends on local soot concentrations which is dependent on the soot
production of the fire. Usually this term is difficult to determine. The smoke layer can be
considered as optically thick in most tunnel fires, indicating that the emissivity
approaches 1. In large tunnel fires, it is certain that the emissivity can be considered as 1.
In a small fire or at the early stage of a large fire, the emissivity is much lower. However,
over time the upper wall surface temperature approaches the gas temperature even for a
small fire, e.g. a5 MW fire with relatively low ceiling height, or for a tunnel with fire
protection linings. The emissivity in the above equations in reality is a property of the
whole upper smoke layer including the tunnel ceiling and walls surrounded by the smoke
(major effects), and also the walls and floors below the smoke layer (minor effects). In
thermally thin cases most of the radiation from the upper ceiling and walls will be emitted
to the lower layer as the radiation absorbed by smoke could be limited. Therefore, the
emissivity of the whole upper layer is slightly higher than what would be expected. In
summary, the total emissivity of the upper layer can also be assumed to be 1 in such cases,
although it could result in a slightly conservative estimation.

Therefore, the main parameter that must be determined is the view factor from the object

to the smoke layer, which will be discussed in the following text for different placements
of the object.

View Factors in tunnels

For an object on the tunnel floor or a certain height above the floor with its surface facing
upward, the view factor can be calculated using:

Foo =%(sina+sinﬂ) (D.15)

where o and £ are the angles plotted in Figure 46.
The object could also be placed on the wall with its surface facing the opposite wall, e.g.

placed on the right wall in Figure 46, in which case the view factor can be calculated
using:

1
Foy = > (1-cosa) (D.16)

If the object is placed on the left wall in Figure 46, the angle in the above equation should
be f instead of «.
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If the object surface is facing one side of the tunnel, the view factor can be estimated by:

N (D.17)

)+ tan*(

1 1
F =—(a+f)=—Ttan™
0-g 2”( B) 2”[ (

H,-H H,-H

[] [o]

where Hg-H, is the distance between the hot layer and the object surface center, a and b
are the horizontal distances between the target center and the side walls, see Figure 46.

When the object is surrounded by hot gas having a characteristic gas temperature, the
view factor is close to 1, especially if the object’s surface is facing upward. Recall the
smoke layer height can be estimated as 50 % of tunnel height. One reason for this
assumption is that ceiling gas temperature is used as the characteristic gas temperature in
the calculation of the heat flux. In reality, there always exists a temperature difference
between upper gas layer and lower floor layer even when the so-called smoke de-
stratification has occurred. Therefore, the decrease of view factor somewhat compensates
for the probable overestimation of the characteristic gas temperature.

The key parameters in the heat flux equation, e.g. C,; and C,,, are dimensionless and are
not sensitive to tunnel geometry. This insensitivity indicates that the model is mainly
related to the shape of the lower floor layer and the position of the object. Therefore, it is
suitable for tunnels with different geometries.

The proposed equation can be used to estimate heat fluxes received by evacuees,
firefighters, or neighboring vehicles in case of a tunnel fire. Further, it can be used to
estimate the possibility of fire spread to neighboring vehicles or other objects.

12.2.2  Inclined target surfaces

In some cases, the surface is neither horizontal nor vertical, as shown in Figure 48. There
can be an inclination angle between the object surface and smoke layer surface. If such an
inclined surface is in the vicinity of the fire source, the flames can also contribute to the
heat radiation to the surface. Therefore, the total heat flux received on the surface should
consist of both the smoke layer and the fire source. In this section we only discuss the
heat flux from smoke layer; the flame radiation will be described in Sect. 10.7.3.

Smoke layer , Smoke layer

\ ——
Figure 48 A diagram of radiation from flame and smoke layer to the object.

In calculation of heat fluxes received by inclined surfaces, the effect of inclination must
be accounted for. The model for estimation of view factor from rectangular radiators to
differential areas at various plane angles can be used here, see Figure 49. The object lies
on a plane normal to the line of intersection between the planes with its origin at one
corner of the rectangle.
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Figure 49 A diagram of radiation from flame and smoke layer to the object.

The radiation from the rectangular radiator to the object can be expressed using the view
factor, Fo.ragiator OF Fo-g, Which is given in the following equation [39, 40]:

F _ 1 {tanl(%)+V(N cos¢g—L)tan"(V)

o-—radiator
27

CoS ¢ N —Lcos¢ L cos¢ (D.18)
+ W [tan (T) +tan (T)]}

where
1

- \/NZ +L*—2NLcos ¢

W =1+ L*sin? ¢

\Y

n=d
b

L=2
b

In the above equation, b and d are side lengths of the radiator (m), c is the distance from
the object to the intersection line of the two planes (m), and ¢ is the angle between the
two planes (°).

The angle can vary between 0 and 180°. Note that when the angle approaches 0 or 180°,
numerical instabilities could result in unreasonable value for the view factor. Therefore it
should be kept in mind that the overall view factor obtained from a calculation should
never be less than O or greater than 1.

Eq. (D.18) can be used to estimate the heat fluxes from both the vertical flame and the
smoke layer to an inclined surface.

For radiation from the smoke layer which can be considered as an infinitely long plate
above the object, Eq. (D.18) can be simplified into:

1 4,1, cos¢ 7w 4, Lcosg
o = — AN H(Z) + [ =+ tan L (——F (D.19)
o—radiator 2 { (L) W [2 ( W )]
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In the above equation, the parameter a has been eliminated. Therefore the view factor is
only a function of b, c and angle ¢. For an object placed at the centerline of the tunnel,
radiation from two radiation planes to the object must be summed, i.e.

Foo=Fog1tFyo (D.20)
For each radiation plane, the equation for an infinitely long plate is used. The only
difference in calculation of the two view factors is the parameter b. The sum of this
parameter, b, for these two view factors should be equal to the tunnel width.

12.2.3  Radiation from vertical flames in large tunnel fires

For a large tunnel fire, people (such as firefighters) located upstream of the fire can see
the flame occupying the whole tunnel cross-section at the fire site, see Figure 50. Here the
radiation from the vertical part of the flames is discussed.

The incident radiative heat flux received by the person at L meters away from the fire can
be estimated using the following equation:

3 4
Oicro ®Ec0TF ¢ (D.21)

In most cases, especially for a large fire, the emissivity of the flame is approximately 1,
i.e. er=1. The average flame temperature can be assumed to be between 1000 °C and 1100
0

C.

Horizontal flame

Person or object

Figure 50 A diagram of flame radiation to an object in a large tunnel fire

The flame can be considered as a radiating plane by a person some distance away from
the fire. This plane can be divided into four parts, as shown in Figure 51. The four areas
plotted in the figure correspond to the part of flame which is visible to the object located
either upstream or downstream. The areas correspond to the whole tunnel cross-sectional
area only if there is no smoke along the path, e.g. the backlayering has been prevented by
forced flows.

Flame

part 1

Pay, to

T - e
object T 4

Figure 51 A diagram of view factor between the object and the flame plane.
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Note that the total view factor is the sum of the four parts, i.e.

4
For = z Fo—F,i :FO—F,l + FO—F,Z + FO—F,B + Fo—F,4 (D.22)

i=1
where the view factor, F,, for flame part 1 is:

1 a

[ b b

=)

a
tan™(

F +
Jb? + 5 Jb? 4+

= tan™
o-F,1 272_ (

Ja? +x2 Ja? +x

)]

where a and b are dimensions (m) of part 1 of the flame (see Figure 51) , and x is the
distance between object and the flame (m). The arctan function is represented by tan™.
For a smaller fire, the area, As, can be replaced by the estimated flame area having a line
of sight to the object. However, the point source method is recommended for estimation
of radiation from a small tunnel fire.

Eqg. (D.22) suggests that for a very large tunnel fire, i.e. a significant horizontal flame
exists, the heat flux received at a certain distance increases with the tunnel cross-sectional
area. In comparison, the heat radiation in a small fire can be assumed to be independent
of the tunnel width.

For an inclined surface, e.g. Figure 48, the actual heat flux from the flame to the object
surface is reduced as follows:

qi,r:c,F = qi'rgc,F,vertical COSﬁ (D-23)

14

Where qinc,F ,vertical

(kW/m?), and f is the angle between the radiation and the normal line of the object
surface (°).

is the incident heat flux received at a vertical surface facing the flame
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