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Abstract

The Hong Kong-Zhuhai-Macau Bridge (HZMB) is a 55-km bridge-tunnel system, including a
6.7-km undersea tunnel that adopts the sidewall smoke extraction system. To evaluate the potential
tunnel fire hazards, a 1:1 full-scale HZMB tunnel section model (16 m x 7.2 m x 150 m) was constructed,
and eight full-scale tunnel fire tests were conducted with the sidewall smoke extraction. The temperature
distribution and smoke movement under different vent arrangements and fire sizes (1.2 — 6.6 MW) were
quantified. Results indicated that the fire HRR was mainly affected by the size of the liquid-fuel pool
but insensitive to the arrangement of ventilation. The correlation between HRR and diesel pool-fire area
can be fitted by a linear function of HRR = 1.24 Ar — 0.87 [MW]. The sidewall smoke extraction
generated a tilted fire plume and non-uniform temperature distribution at the transverse direction,
whereas the temperature decay still followed the exponential decay for the far fire field region. The
decay factor increases with the increase of the HRR and increases when distributing the ventilation
capability into two vent groups. A relatively slow smoke motion (0.8 — 1.2 m/s) and good smoke
stratification were demonstrated in the tests, indicating a robust condition for safe evacuation. This
research deepens the understanding of fire and smoke characteristics in tunnels with the sidewall
extraction and highlights the importance of full-scale test data in the development of the smart tunnel-

fire protection system.
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Nomenclature

Symbols Greeks

A area (m?) X combustion efficiency (-)

Af area of fuel (m?) Pa the density of ambient air (kg/m°)
AR aspect ratio 0 flame tilted angle (°)

Cp specific heat capacity (J/kg - K) n heat remove efficiency

d longitudinal distance (m)

Fr Froude number (-) Superscripts

g gravity acceleration (m/s?) * non-dimensional parameter

flame height (m)

H tunnel height (m) Subscripts

AH, heat of combustion (MJ/kg) a ambient or air

k decay factor (1/m) b back-layering or buoyancy
rr non-dimensional back-layering length C critical

L length (m) eff effective

Ly back-layering length (m) ref reference point

mg fuel burning rate (kg/s) I longitudinal

1% extraction rate (m3/s) sm smoke

Qsm heat remove rate of the vent (MW) t transverse

T temperature (°C) v vent

AT non-dimensional temperature rise (°C)

u smoke velocity (m/s) Abbreviation

v velocity (m/s) Al artificial intelligence

W tunnel width (m) GAN generative Adversarial Net
X longitudinal distance to the fire source (m) HRR heat release rate

y transverse distance to the fire source (m) MLR mass loss rate

z vertical distance to the ground (m) VG vent group
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1. Introduction

Currently, an increasing number of underwater tunnels are built to meet the rapid growth of traffic
demand worldwide. For example, there is a 6.7-km long tunnel in the Hong Kong-Zhuhai—Macau
Bridge (HZMB), which is the world’s longest immersed tunnel (Fig. 1a-b). The Channel Tunnel is a
50.5-km railway tunnel connecting the UK France beneath the English Channel at the Strait of Dover.
However, fire incidences in underwater tunnels also bring serious safety risks to both occupants and
tunnel structures. Five fire accidents have happened in the Channel Tunnel since 1994, causing
significant economic losses (Fig. 1c). Compared with normal tunnels, underwater tunnels tend to be
longer, deeper, and more enclosed, increasing the difficulty of fire protection, evacuation, and smoke
extraction, so that the fire hazards are more deadly.

(a) The Hong Kong—Zhuhai—Macau Bridge (b) The immersed tube (c) The Channel Tunnel fire (2008
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Fig. 1. (a) The Hong Kong-Zhuhai—Macau Bridge (HZMB), and (b) Diagram of the underwater tunnel,
and (c) typical tunnel fire accidents.

The longitudinal ventilation system, fully transverse system, and semi-transverse system are most
commonly found in road tunnels (Beard and Carvel 2012). Among the three types of ventilation systems,
the longitudinal one was deemed to have the strongest smoke control ability, but it is not necessarily
practicable for the underwater tunnel. Because the underwater tunnel typically has an extraordinary
length and more restrictions in setting ventilation shafts. Therefore, the semi-transverse ventilation
system was becoming more and more popular for underwater tunnels, requiring more fundamental
research to improve fire safety and resilience. During the past decades, a large number of studies have
been conducted on smoke control using the semi- and fully-transverse ventilation strategies with model
experimental and numerical methods.

Vauquelin and Mégret (2002) firstly studied the smoke extraction performance within a 1:20 small-
scale model tunnel and showed that the location of the vents had no significant influence on extraction
efficiency. However, full-scale underground corridor fire tests conducted by Hu et al. (2006) showed
that the extraction efficiency increased as the extraction vent was closer to the fire source. It is because
the fire smoke temperature and buoyancy force decay when traveling along with the ceiling due to the
heat loss, lowering the extraction performance away from the fire source. In fact, the conflict between

the two tests indicated that the temperature field plays an important role in the smoke extraction
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performance in semi-transverse ventilated tunnel fires, as well as the limitation of reduced-scale tests
and the importance of full-scale tests.

Further theoretical and experimental work revealed that the smoke movement was dominated by
the buoyance force and the inertia force for tunnel fires with the semi-transverse ventilation system, so
that the smoke behaviors could be correlated with the Froude number and the Richardson number (Yang
et al. 2010; Ingason and Li 2011; Chen et al. 2013). Effects of fire heat release rate (HRR), smoke flow
state, number, and arrangement of vents on the smoke extraction efficiency were investigated
numerically (Lin and Chuah 2008; Ji et al. 2012). The heat exhaust coefficient, defined as the ratio of
the heat extracted rate to HRR (Xu et al. 2013), increased with the reduction of the vent number and
size, and the increase of smoke temperature and vent extraction velocity (Yi et al., 2015). For
underwater tunnels, the extraction vents are typically designed on the sidewall (Fig. 1b) to fit the cross-
section layout of the immersed tube (Lee et al. 2010), but related research is limited, especially in lack
of full-scale fire tests.

Full-scale tunnel fire tests are the best representation of real fire scenarios, but they are also very
limited due to the safety concern and the high cost. Valuable full-scale tunnel fire tests not only help
validate small-scale tests and numerical results but also lay a foundation for future smart firefighting
systems (Fu et al. 2021; Wu, Zhang, et al. 2021; Zhang, Wu, et al. 2021). Kurioka et al. (2003) studied
the fire plume characteristics in the large-scale tunnel and proposed empirical equations to evaluate the
flame tilt angle and maximum temperature rise. Hu et al. (2014, 2013, 2008, 2007a, 2006) investigated
the fire smoke temperature profile and smoke back-layering phenomenon with different fire load and
ventilation velocity by a series of full-scale tunnel fire tests. Ingason et al. (2005, 2006, 2015) conducted
three groups of full-scale fire tests in Runehamar tunnel since 2005 to explore a wide spectrum of key
tunnel-fire parameters. The effects of altitude on tunnel fire were studied by Yan et al. (2017) in
Baimang Snow Mountain No. 1 Tunnel in Yunnan, China. Yang et al. (2020) studied the smoke
movement characteristics in a full-scale sloped tunnel and found that the stack effect has a strong
influence on sloped tunnel fire. Jiang and Ingason (2020) theoretically studied the transient behavior of
flow development inside tunnel fires using mobile fans and validated using the test data from Kalldal
tunnel fire tests. There are so far fewer full-scale tunnel fire tests with a sidewall extraction system to
the best of the authors” knowledge. Xu et al. (2018, 2019) conducted a set of full-scale tunnel fire tests
to investigate smoke spread and smoke layer height under longitudinal ventilation and proposed an
optimal “uniform smoke extraction mode” to analyze the smoke discharge and energy-saving
performance of sidewall smoke extraction. The spread of smoke layer was analysed as ideal 1-D flow,
although the sidewall extraction causes a multi-dimensional smoke motion, and the smoke circulation
within the cross-section is still unclear.

This work studies the smoke temperature distribution and smoke movement characteristics in a full-
scale model of tunnel section (150 m long) with the sidewall extraction system, which was built with a

1:1 scale (cross-section) of the Hong Kong-Zhuhai-Macau Bridge underwater tunnel. The HRR, smoke
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temperature, and movement are illustrated and compared with other ventilation systems from previous
studies, and a database is established to support future Al-based smart firefighting systems.

2. Experimental Setup

A series of tests were conducted in a full-scale immersed tunnel that has a cross-section of 16 m
(W) x7.2 m (H) and a length of 150 m (Liu et al. 2016), as shown in Fig. 2a. The cross-section of this
model tunnel is built with identical dimensions of the Hong Kong-Zhuhai-Macau Bridge immersed
tunnel in China. The tunnel walls and ceilings are made of 0.7 m concrete materials. The tunnel
represents a three-lane single traffic tube, and a smoke extraction duct is constructed adjacent to the

tunnel structure.

(a) Full-scale tunnel model
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Fig. 2. (a) Full-scale tunnel model, and (b) diagram of the tunnel fire test system and layout of

thermocouple trees.

The experimental setup is shown in Fig. 2b, where the coordinate follows X (longitudinal), y

(transverse), and Z (vertical) throughout the paper. Six vent groups (VG) of smoke extraction (VG 1-6)
are designed on one of the tunnel sidewalls, following the actual underwater tunnel design. Each vent
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group consists of four individual openings with a dimension of 1 m x 2 m (i.e., vent area of 8 m? for
each vent group) and a longitudinal length of 3 m. The distance between each adjacent vent group is
22.5 m, and the distance from the top of the vent to the tunnel ceiling is 0.5 m. Two ventilation fans
with each extraction capacity of V = 61 m¥s were installed. During the fire tests, additional
thermocouple trees were used to measure the gas temperatures at nine cross-sections (T1~T9) with a
total of 315 measuring points. Previous studies (Ji et al., 2016; Zhang et al., 2021) indicate that the open
boundaries will impact the smoke motion and temperature distribution at the near portal regions, and
the impact length approximately equals the value of tunnel height (7.2 m for the present test). Therefore,
the positions of thermocouple trees are designed to be as far from the tunnel portals as possible. The
distances from T1, T9 to tunnel portals are 7.5 m and 37.5 m, respectively, which exceed the tunnel
height value to avoid the boundary effect on the test data. Additional thermocouples were set in the
opening to measure the temperature profile of the gas flow sucked into the vent.

Ideally, once a fire occurs, vehicles trapped upstream? of fire would stop, and drivers and passengers
would evacuate by foot, vehicles downstream would continue moving in their original direction. Thus,
it is of great importance to maintain a tenable condition in the upstream for fire evacuation and rescue.
Following this principle, the operating vent groups were arranged in the downstream region from the
fire source only. Eight full-scale tests were designed to investigate the influence of two kinds of factors
on the smoke extraction performance of the sidewall transverse smoke control system. Major

parameters considered in this research included the fire size and the arrangement of vent openings.

Table 1. Summary of the full-scale tunnel-fire experimental setup, where Y means the vent group (VG) is

open, where the fuel mass is the mass of diesel.

Test Poolsize Fuel mass VG3 VG4 VG5 Ta Va Val Vi

No. (m? (k) (x=15m) (x=40m) (x=60m) O (m/s) (%)
1 2 15 \ V 17.2 <0.1 <2.6
2 2 16 \ \ 17.1 0.1 2.6
3 3 60 V 15 0.2 2.6
4 3 60 V V 16.9 <0.1 <2.6
5 3 60 V v 15.9 <0.1 <2.6
6 5 65 V 16.0 <0.1 <1.3
7 5 100 V v 15.6 <0.1 <2.6
8 6 120 V 14.7 <0.1 <1.3

Details of the experimental setup are given in Table 1. Fire size was limited during the test for safety

consideration. The maximum pool size was 6 m?, which is equivalent to the fire of small car. Diesel

! For conventional longitudinal ventilation system, the upstream is defined as the side that fire is closer to the
exit.
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was used as the fuel, and 2 kg of gasoline was adopted to ignite the pool fire in each test. During the
test, the liquid pool was set on a fireproof board, and the real-time mass variety of the liquid pool fire
was recorded with four weighing sensors, which is similar to that in the large-scale tunnel fire
experiments carried out by (Yan et al. 2017). The mass data were recorded by a digital weight indicator
(XK3190-AW1) with an interval of one second. The Heat Release Rate (HRR) was calculated by the
Mass Loss Rate (MLR) measured in the test.

For the purpose of comparison, two operation modes of the vent groups were considered, i.e.,
operating only one vent group in the near field of fire and operating two vent groups both in the near-
field and far-field. For scenarios with two vent groups, the distance between vents was also varied by
selectively opening the 4™ or the 5 group. The smoke extraction capacity of the fan was fixed to V =
61 m/s (i.e., only one ventilation fan was used). Thus, the average transverse vent velocity (V,) was 7.6
m/s for opening one vent group and 3.8 m/s for opening two vent groups. Before the experiments, the
ambient temperature (T,) and wind velocity (V) were measured. To minimize the impact of the natural
ventilation on the smoke motion, the tests were conducted when the wind velocities were relatively
small. It can be observed that for most tests, V. was less than 0.1 m/s and the maximum value was 0.2
m/s in test 3. The ratio of the ambient wind velocity to average transverse vent velocity was lower than
3%, indicating that influence of the environmental wind was small. All data are available online
https://github.com/PolyUFire/Tunnel_Fire_Database.

3. Results

A typical tunnel fire scenario with sidewall extraction is illustrated in Fig. 3. From a cross-section
view, the hot fire smoke rises due to the buoyancy force. A ceiling jet happens when the smoke plume
reaches the top boundary, and the direction of the mainstream converts to radial (Delichatsios 1981;
Kunsch 2002).

Ceiling Jet

Sucked into vent

-

Wall Jet with reverse buoyancy

Vertical Plume
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Fig. 3. A typical full-scale tunnel fire scenario with smoke transportation and ventilation (Test No. 1),

where the direction is defined as longitudinal (x), transverse (), and vertical (2).
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On the right side, a wall jet can be observed when the radially spread smoke reaches the sidewall.
The wall jet flow has a direction that is reverse to the buoyancy, and then merges into the smoke layer.
However, on the left side, the smoke was extracted into the vent directly. The wall jet process was
broken and resulted in a thinner smoke layer and higher clear height near the vent, as indicated by
arrows. The asymmetrical smoke flow characteristic caused by the extraction vent is the key difference
between the sidewall extraction tunnel fire scenario and a longitudinally ventilated one. This section
will explore and analyze the underlying characteristics of fire and smoke in the underwater tunnel with

sidewall smoke extraction.

3.1. Heat release rate (HRR)

The tunnel is a typical semi-close space, so that the oxygen supply and heat feedback from the hot
smoke and boundaries will significantly affect the combustion process of the pool fire. It is expected
that the pool-fire characteristics in tunnels are different from the open space and influenced by the
ventilation processes. The mass-loss rates (MLRs or the burning rate) of liquid fuel under various test
conditions are plotted and compared in Fig. 4(a), which can be used further to derive the fire heat release
rate (HRR). In general, based on the evolution of MLR, the fire development process can be typically
divided into three stages, i.e., the growth stage, the stable stage, and the decay stage. Key parameters of
the fire source and burning stage in each test are summarized in Table 2. In general, the growth stage is
longer for a larger pool, where its duration increases from 72 s to about 137 s, as the pool area increases
from 2 m? to 5 m2. The MLR growth rate also increases as the pool-fire size increases, because of the

greater heat feedback from the thicker and more turbulent flame.
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Fig. 4. (a) Fuel mass loss rate (MLR) against time, and (b) the average fire heat release rate (HRR) against
the pool size for different tunnel-fire test cases. Technical issues of the weight scale occured in Test Nos. 3

and 8, so their fuel mass data were not available
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At the stable burning stage, the average variation of the MLR ranges from 10%-15%, and the stable
duration increases with the amount of fuel, as shown in Fig. 4a. Note that there is large uncertainty in
the tunnel fire test, so some approximations are needed to analyze the data. The stable stage was
determined by most of the data points (more than 90%) located at the region with a fluctuation range of
no more than +10%. Then, the time average MLRs at the stable stage is calculated, which increases
significantly with the pool area, as shown in Table 2. Both tests 4 and 5 use two vents, except for
different arrangement distances. However, no significant difference on the MLR curve is observed, and
the HRR is almost the same (3.3 MW) for the two cases, indicating that VG4 is already too far from the
fire source to affect the combustion process. These results provide key information for diesel pool fire
development in tunnel fire scenarios with sidewall extractions.

The fire heat release rate (HRR) is one of the most important parameters in evaluating the fire
intensity and hazards, and it typically can be calculated by the following equation (Zabetakis and
Burgess 1961):

HRR = ymipAH, (D

where y is the combustion efficiency, which is often set as 0.75 in typical tunnel fire scenarios (Hu,
Huo, Wang, and Yang 2007; Hu, Huo, Wang, Li, et al. 2007); ni is the fuel MLR due to burning [kg-s
1]; AHc is the heat of complete combustion [kJ-kg?] which is 43 kJ-g* for diesel (Yan et al. 2017).

Table 2. Key burning-rate characteristics of the pool-fire source.

Test No. 1 2 4 5 6 7
Pool fire size (m?) 2 2 3 3 5 5
Duration at the growth stage (s) 72 71 93 93 137 134
MLR growth rate (g-s2) 0.53 0.59 1.11 1.10 1.08 1.28
Duration at the stable stage (s) 312 321 332 321 252 311

Average MLR at stable stage/ kg-s
1

0.038 0.042 0.103 0.102 0.148 0.172

HRR (MW) 1.2 14 3.3 3.3 4.8 55

Based on Eq. (1) and the average MLR in Table 2, the quasi-steady state HRRs of different pool
sizes are calculated and plotted in Fig. 4b. It is well known that the burning rate of pool fire correlates
with the pool size (Drysdale 2011). Thus, such a commonly used method is adopted here to fit the
experimental data. The correlation between HRR and pool-fire area can be well fitted by a linear
function of HRR = 1.24 Ar — 0.87 [MW]. Because of the large uncertainty in the measurement of
mass loss rate, other parameters (wind velocity, fuel mass, etc.) were not further fitted to avoid over-
interpretation. Meanwhile, since the selection of combustion efficiency (0.75) is an empirical value.
Therefore, the correlation was only used as a reference value, and it will not be extended to different

fire sizes and fuels.
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3.2. Time evolution of temperature curve

Typical temperature evolutions of Test No. 1 at the vertical directions are summarized in Fig. 5a.
Similar to the evolution of fuel MLR, three stages can be observed. The small pulsation in temperature
is caused by the puffing flame and the turbulent smoke flow. The time average temperature is then
adopted as the characteristic parameter in the following smoke dynamic analysis. At the vertical
direction (), the temperature distribution indicates the smoke layer is in good stratification, i.e., a hot
upper smoke layer lifted by the buoyancy force and a cold lower air layer. A clear gap can be observed
between z = 4.6 m and z = 5.6 m, according to Fig. 5a, indicating that the height of the smoke layer is
between 4.6 m to 5.6 m in the test.

At the longitudinal direction (Fig. 5b), smoke temperature decays in moving away from the fire
source due to the convective heat loss to tunnel boundaries, the smoke radiation, and the cooling effect
of the ventilation airflow (Ingason, Li, Lénnermark, et al. 2015; Zhao et al. 2018; Zhang, Wang, et al.
2021). Also, a sharp increase can be observed at the initial stage of the temperature curve, which also
can indicate the arrival time of smoke to the location of the thermocouple and estimate the smoke
movement characteristics (see more analysis in Section 3.5). The temperature curves of other test

conditions have a similar trend, and the raw data have been uploaded to GitHub for further inquiry.
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Fig. 5. Typical temperature distribution of Test No. 1, (a) in the vertical (Z) direction (x=10m, y = -
1.25m), and (b) in the longitudinal (¥) direction (y =-1.25m, z = 6.6 m).

3.3. Transverse smoke temperature distribution

Non-dimensional parameters are widely used in tunnel fire research to connect the cross-scale
experimental data (Wu and Bakar 2000; Li et al. 2010). For example, the non-dimensional temperature
rise in the transverse direction (AT;") and width (y*) are defined as

ATt Tt - Ta

AT = = (2a)
‘ ATmax,t Tmax,t - Ta

10


https://doi.org/10.1016/j.tust.2022.104374

Y. Jiang, T. Zhang, S. Liu, Q. He, L. Li, X. Huang (2022) Full-scale fire tests in the underwater tunnel with sidewall smoke
extraction, Tunnelling and Underground Space Technology, 122, 104374. https://doi.org/10.1016/j.tust.2022.104374

Y= (2b)

where, T; is the temperature at the same x and z positions, and y meters from the central line; T, is the
ambient temperature; Ty, ¢ IS the global maximum temperature; and W is the tunnel width.

The effect of the sidewall vent on the non-dimensional temperature rise (AT*) at z = 6.6 m
(transverse direction) is plotted in Fig. 6. Generally, the temperature is higher near the sidewall vent.
For example, at x = -5 m (upstream) and 10 m (downstream), there is a remarkable temperature
difference (AT, = 20-30 °C) within the cross-section. On the other hand, as the distance from the fire
source increases, the temperature difference within the cross-section decreases; for example, at x = 45
m, AT, drops to 7 °C, which is comparable to the pre-fire temperature difference and the uncertain of
the measuring system. This indicates that the current sidewall vent only affects the transverse

temperature distribution at a relatively small region near the fire source.
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Fig. 6. (a) The non-dimensional smoke temperature rise in the transverse distribution (Test No. 1,z = 6.6
m), and (b) the IR image of the fire plume and tilted angle, where the value of temperature is only

gualitative for reference.

Moreover, it is found that the fire plume tilts towards the sidewall vent, so that the current sidewall
extraction is strong enough to affect the fire dynamics. The flame height of pool fire in Test No. 1 (2
m? and 1.2 MW) is 2.5 m. Thus, the buoyancy induced flow can be estimated as v}, ~ \/ﬁ =5m/s,
where g is gravitational acceleration, valued as 9.8 m/s? and h is the flame height in m. Then, we can
estimate the flame tilted angle (8) under the sidewall extraction following the principle of Froude

number (Fr)

Q/A
o \/g_h (3a)
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tand Ub_l
M=y, T Fr

(3b)
where the transverse vent velocity (V) is 3.8 m/s for opening two vent groups. Thus, the titled angle
can be calculated as tanf =~ 3.8/5 and 8 = 35°. However, only a flame tilt angle of 25° was observed
from the video in Fig. 6b, which indicated that the sidewall extraction effect was weaker than the
calculation. Note that the non-uniform transverse distributed temperature is caused by the existence of
the fire, and whether the flame tilting will increase or decrease the transverse temperature difference is
still unclear.

To compare the non-uniformity in the smoke temperature’s transverse distribution between
different test conditions, the maximum transverse non-dimensional temperature difference (6T;) is

defined as:
6Tt* = AT;lax,t - AT;lin,t (4)

where ATy, 4, ¢ and AT, . are the maximum and minimum non-dimensional temperature rises at the
same y and z (see Fig. 6a). Note that §T;" is a non-dimensional parameter. Therefore, a large §7; means
a large non-uniformity of the transverse temperature distribution rather than a large absolute
temperature difference.

Fig. 7a shows the effect of HRR and vent-group arrangement on §7; in the longitudinal direction
(%), where 6T = 0.1 is selected as the threshold to characterize the non-uniformity of the transverse
temperature. As expected, the largest transverse temperature variation occurs near the fire region for all
cases (x = —10 m~ 20 m). As the fire HRR increases, the transverse temperature difference (6T;") also
becomes larger. For a small fire HRR (Test Nos. 1 and 2 with VG3 open at x = 15 m), the transverse
extraction (v, = 3.8 m/s) not only can tilt the flame and fire plume, but also maintain a large transverse

temperature difference towards the opening vent group (x > 0).

(a) Temperature non-uniformity in longitudinal direction (b) Longitudinal Temperature distribution
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Fig. 7. Longitudinal distribution of (a) non-dimensional transverse temperature difference (6T;"), and (b)

the non-dimensional temperature rise (AT}").
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Fundamentally, when there is an additional sidewall vent, the transverse extraction effect will lead
the flame and plume tilted to the vent direction, as demonstrated in Fig. 6. It’s believed that the smoke
plume was driven by the vertical buoyancy and the transverse extraction, which was dominated by the
sidewall vent air velocity. Owing to the fact that the temperature distribution was indeed the hot smoke
distribution. Therefore, the transverse temperature profile is determined by the competition between the
vertical buoyancy force and the transverse extraction.

For a small fire HRR, the flame height is smaller so that the buoyancy force is relatively weak, and
the Froude number is larger. As seen from Eq. (3), the extraction tilts the fire plume towards the vent
direction and results in a large temperature variation near the vent region. As the increase of fire HRR
or flame height and the decrease of ventilation (v;), the buoyant effect of the fire plume becomes
stronger to lower the inclination angle. Thus, a larger transverse temperature non-uniformity appears
upstream (x < 0, e.g., T3) due to the large HRR. In contrast, a smaller transverse temperature non-
uniformity is found further downstream (x = 20 m, e.g., T5-T7) because of far away from the fire
source. To further interpret test data and reveal the performance of sidewall extraction, more

parameterized numerical and scaling analyses are needed in future studies.

3.4. Longitudinal smoke temperature distribution

During the smoke transport in the longitudinal direction (x), the smoke-layer temperature decays
due to the heat transfer to tunnel boundaries and radiation loss. Hu et al. (2008) experimentally studied
the smoke longitudinal temperature decay by a set of full-scale tunnel fire tests and proposed an
empirical correlation:

AT,

— o~ k(x—Xpep)
=e ref (5)
ATmax,l

ATI* =

where AT is the temperature rise at the longitudinal direction, AT, is the maximum temperature
rise in the tunnel, x,..f is the longitudinal reference distance from the fire source, and k is the decay
factor. The form of this equation has been well verified in multiple experiments and numerical
simulations (Hu, Huo, Wang, Li, et al. 2007; Hu et al. 2008; Zhang, Wang, et al. 2021).

Fig. 7b shows the non-dimensional temperature distribution in the longitudinal direction in this
work with sidewall smoke extraction, together with the fitting curves. Based on the analysis above and
Fig. 7a, the transverse temperature distribution is relatively uniform beyond 10 m downstream from the
fire source. Therefore, the exponential functions are adopted to fit the test data with thermocouple in
T4 (x=10m,y=-1.25m, z=6.6 m) as the reference point, that is, x,,, = 10 m. The fitting results in
Fig. 7b and Table 3 indicate that the longitudinal temperature distribution with sidewall smoke
extraction can also be well fitted by the exponential function as Eq. (5) with a R? coefficient larger than
0.96.
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Table 3. Fitting results of longitudinal non-dimensional temperature distribution and the decay factor (k).

Test No. 1 2 3 4 5 6 7 8
k(m?) 0.015 0.014 0.019 0.016 0.017 0.015 0.018 0.015
R? 0.98 0.98 0.97 0.98 0.96 0.99 0.99 0.99

According to the previous work, the smoke mass flow rate and fire heat release rate are two key
parameters to affect the decay factor (Hu et al. 2008). By comparing the temperature decay factors for
tests with the same ventilation arrangement and different HRRs (Test Nos. 2, 5, and 7), it is found that
k increases as the HRR increases. This is because for a large fire, the smoke temperature is higher, and
the heat loss of the smoke layer (heat conduction to tunnel boundaries and radiation) will increase
accordingly. Therefore, the temperature decays faster, as observed in the table. Besides, when
comparing the effect of the ventilation arrangement (Test Nos. 3, 4, and 5), k decreases when
distributing the extraction capability into two vents. This is because the temperature will decay faster
as the smoke mass flow rate decreases. In Test No. 3, more smoke will be extracted through VG3,
causing the increase of the decay factor. Also, no significant difference can also be observed for Test
Nos. 4 and 5, indicating the far-field vents have a relatively small influence on the smoke temperature
field.

Moreover, most temperature measurements locate within the upper and lower fitting curves, except
the temperature points of T5 (x = 20 m). Such a temperature drop is caused by the mass loss extracted
by VG3 at x = 15 m between T4 and T5, which is a unique phenomenon for the sidewall extraction
system. Moreover, as the longitudinal smoke mass flow rate is reduced by the sidewall vent, the
longitudinal temperature will decay faster, resulting in a larger temperature decay factor (Zhang et al.,
2021). In short, despite the influence of the sidewall extraction system, the longitudinal temperature
distribution has a relatively well one-dimensional characteristic at the far fire source field since 67¢"
distributed at around 0.1 for x > 20 m region and a temperature drop can be observed due to the mass
loss when the smoke flow passed the vent. However, only a limited number of tests can be conducted
in this work since the full-scale tests are both times and cost consuming. The temperature decay
characteristics are only demonstrated by a few representative ventilation scenarios. More investigations
(including both numerical research and scaled model tests) are needed to obtain comprehensive and

guantitative conclusions in the future.

3.5.  Smoke spread velocity

Smoke spread velocity is of great significance in tunnel fire as it provides essential information for
evacuation and firefighting decisions. As mentioned in Section 3.2, the sharp increase of the
temperature curve can be regarded as the arrival signal when hot smoke reaches the measuring point.
The positions of smoke-layer leading edge with time at the longitudinal direction are shown in Fig. 8.

It can be observed that the smoke spread distance appears to increase linearly with time, which indicates
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the smoke spread velocity (i.e., the slope of the line) maintains a constant during the smoke’s

longitudinal movement (Yan et al. 2017).

(a) Smoke motion vs. HRR %0 (b) Smoke motion vs. sidewall vent
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Fig. 8. Smoke longitudinal movement distances, (a) effect of fire HRR, and (b) effect of sidewall vent.

Also, as the fire HRR increases, the smoke movement gets faster. Fig. 8a shows that the smoke
spread velocity (vs,,) increases from 0.88 m/s to 1.18 m/s when the pool size increases from 3 m? to 6
m2, and the fire HRR increases from 1.2 MW to 6 MW. The movement of hot smoke layer is driven by
the buoyancy, larger fire HRR normally releases hotter and more smoke (Liu et al. 2021). Thus, a
stronger buoyant effect and more smoke mass flow rate led to a higher smoke spread velocity.

The effect of the vent arrangement on the smoke movement is compared between Test Nos. 3-5 in
Fig. 8b with a similar fire HRR of 3-3.3 MW and the same extraction capability (61 m®/s). The smoke
spread velocity is larger for one group vent case (Test No. 3) than those with two group vent cases (Test
Nos. 4 and 5). In other words, with a given smoke extraction capability, more extraction vents can
reduce the overall smoke movement velocity, which may bring more evacuation time. Moreover, smoke
spread velocities in Test Nos. 4 and 5 are close to each other, with a relative difference of 2.2%. Thus,
with the same vent number, the vent arrangement may only have a limited influence on the smoke
spread velocity. In short, the smoke velocity in the current tests varies from 0.8 to 1.2 m/s, which is
close to the full-scale tunnel fire tests with longitudinal ventilation system (vs,, = 1 m/s) (Hu et al.
2008). The comparison indicates that the smoke spread velocity is insensitive to the sidewall extraction

system under the current extraction capacity.

4. Discussions
4.1. Smoke control performance

To study the smoke control performance of the sidewall extraction system, the observed smoke

spread distances (Lg,,) in this work are compared to the back-layering distance (L;) in longitudinal
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ventilation system with the same ventilation capacity (61 m?s) in Table 4. The back-layering length

was estimated by the empirical correlation (Li et al. 2010; Li and Ingason 2017) as:

I* = 18.5In(us/u*) (6)
u; = 0.81(AR)~Y/12HRR*'/3 (7
HRR* = HRR (8)

- 5/2
pacpTagl/ZHe}{f

where I* = L, /H is non-dimensional back-layering length; H is the tunnel height in m; H, s is the
effective tunnel height in m, which is defined as the distance from the top of fuel to the ceiling; u; =
uc/\/g_H is the non-dimensional critical velocity (or the characteristic Fr Number); u, is the critical
velocity in m/s; g is the gravity acceleration; AR = W /H is the aspect ratio; W is the tunnel width in
m; HRR* is the non-dimensional heat release rate; p, and c,, are the density in kg/m3 and specific heat

in J/(kg - K) of ambient air, respectively.

Table 4. Comparison among sidewall extraction system, longitudinal ventilation system, and the idea

ceiling extraction system (no “plug-holing”) with the same air supply rate (61 m%/s).

Test HRR Smoke layer length, Ly, (M) Heat removal rate, ~ Heat removal efficiency, 1 (%)

No.  (MW)  Sidewall vent Longitudinal vent Qsm (MW) Sidewall vent  Ideal ceiling vent

1 1.2 99 0.36 30 94
2 14 107 0.32 23 85
3 3.3 148 0.84 26 67
4 3.3 154 1.19 36 59
>110
5 3.3 154 0.66 20 51
6 4.8 174 1.01 21 74
7 55 181 0.88 16 48
8 6.6 191 1.78 27 59

For the 2 m? pool fire, the smoke can be restricted to about 90 m by using a conventional
longitudinal ventilation system. However, with the current sidewall ventilation system, the smoke is
observed to flow out from both sides of the portal under all test conditions. In other words, the actual
spread distance was more than 110 m, i.e., the distance between the fire source to the rare portal.
Furthermore, it can be obtained that the smoke will continue to travel, if the tunnel is longer without an
extra extraction vent. However, for the longitudinal ventilation system, the smoke temperature keeps
decay during traveling, so does the buoyancy force, where the smoke will be captured by the ventilation
airflow finally. Therefore, it is reasonable to suspect that the longitudinal ventilation system may have

a better smoke control performance than the sidewall extraction system under the same ventilation
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capacity. However, for a long underwater tunnel like the Hong Kong—Zhuhai—Macau Bridge tunnel, it
is not possible to use longitudinal ventilation system (Betta et al. 2009; Chai et al. 2018).

Meanwhile, by comparing the test results with data in (Jiang et al. 2018) (the data for the scaled
model has been transferred to corresponding full-scale level based on Froude similarity law), it can be
found the smoke backlayering length can be controlled in 86 m for the 1.2 MW fire with the same air
extraction rate. While for the sidewall extraction system in the current test, the smoke spread distance
is much larger (> 110 m). The comparison indicates that the ceiling extraction has a better performance
than sidewall smoke extraction system.

During the test, the smoke kept a good stratification state, as shown in Fig. 9. Fresh air was observed
to be entrained into the vent in the test, which was similar to the plug-hole effect in tunnel fire scenarios
with a vertical shaft. The fresh airflow works as a protection layer, which prevents the smoke layer from
settling down and affecting people evacuation. Considering that the smoke spread velocity is around 1
m/s (Fig. 8), which is much lower than the moving speed of human beings at a general level (Seike et
al. 2017; Fridolf et al. 2019). Thus, people in all tested tunnel fire scenarios will have a high possibility
to escape from the tunnel.

Smoke layer

Fresh air flow

Clear height.

Fig. 9. Fresh airflow and smoke flow extracted into the vent group 5 (60 m fire downstream) in Test No. 7.

Nevertheless, if a longitudinal ventilation system was installed, the ventilation airflow will
accelerate the downstream smoke spread velocity. Also, the high-speed airflow will induce a strong
shear force at the interface between the smoke layer and fresh air, which would break the smoke
stratification and reduce the clear height (Zeng et al. 2018). Therefore, compared to the longitudinal
ventilation system, the sidewall extraction system has a weaker smoke control ability, but it may be

better for people evacuation and safer.

4.2. Heat removal rate and efficiency

Another two important criteria to evaluate the smoke control performance for a transverse
ventilation system are the heat removal rate (Qs,,) and the heat removal efficiency (n). Here, Qg, is

defined as the additional heat carried by the extracted smoke, as

. 2m
Qsm = _[ Cp,smAT(Z)uvdZ )
0
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The heat removal efficiency (1) is defined as the ratio of Qs,, to the HRR of the fire source, as

Qom.

~ HRR (10)

where ¢, ., is the specific heat capacity of the smoke; AT (z) is the vertical temperature rise profile

measured by the thermocouple lines installed in the vent; u is the airflow velocity of the vent, which
was estimated as 7.6 m/s for opening one vent group and 3.8 m/s for opening two vent groups, as
described in Section 2. Heat removal rate can better reflect the working efficiency of smoke extraction
system than smoke volume removal rate in some respects. For instance, the heat removal rate increases
as the fire source gets closer to the vent under the same extraction flow rate. It is because the smoke
extracted from the vents was hotter and more dangerous. In short, using the heat removal rate can
identify which portion of smoke is more important.

The calculated heat removal rate and heat removal efficiency (n) of the sidewall extraction system
are listed in Table 4. The heat removal efficiency varies with HRR: it increases from 30% to 36% when
HRR increases from 1.2 MW to 3.3 MW, then decreases to 16% for 5.5 MW fire. The smoke layer is
relatively thin for a small fire, and most of the extracted gas is assumed to be cold air. Thus, for a small
fire (< 3 MW), increasing the fire HRR, the smoke layer thickness will increase, so more smoke and
less fresh air will be extracted; thus, both the rate and efficiency of heat removal will increase. Further
increasing the fire HRR (>3 MW), the smoke layer will be thick enough to cover the sidewall vents so
that little fresh air will be extracted. Thus, further increasing the fire HRR, the additional smoke cannot
be extracted, causing the heat removal efficiency to decrease.

For reference, the maximum heat removal efficiency for an ideal ceiling ventilation system (no
“plug-holing”) with the same ventilation capability, geometry, and temperature profile is also calculated
and compared in Table 4, where the calculation method referred to (Zhong et al. 2021). As expected,
the actual heat removal efficiency of the sidewall extraction is clearly lower than the ideal non-plug-
holing vent system. In other words, there is a similar plug-holing phenomenon in the sidewall extraction,
as visually observed in Fig. 9. Unlike the ceiling vent, some fresh air will always entrain the sidewall
vent, if the smoke layer height is higher than the bottom of the vents (e.g., with small HRR or in the
early stage of fire). From this perspective, the sidewall smoke extraction used in the underwater tunnel
cannot achieve the same heat removal efficiency as the ceiling smoke extraction under the same

mechanical ventilation capacity.

4.3. A framework of tunnel-fire database and smart firefighting

With the emerging Atrtificial Intelligence (Al) technology, the concept of a smart firefighting
system attracts more attention (Wu, Park, et al. 2021). The state-of-the-art neural networks acquire an
organized database to train the Al model to provide an accurate and effective prediction (Wu, Zhang,

et al. 2021; Zhang, Wu, et al. 2021). Full-scale tunnel fire test data are of great significance as they are
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close to the actual fire events. In contrast, the advantage of the scaled model and numerical method is
low cost for both money and time, which is more suitable for building a database (Zhang et al., 2021).
However, the results from scaled and numerical models are inevitably affected by scale effect and
simplifying assumptions (Van Maele and Merci 2008; Takeuchi et al. 2018; Tanaka et al. 2018), so the
accuracy of these modeled data is always questionable.

The prediction accuracy of the Al model relies heavily on the quality of the database (Ribeiro et al.
2016). Thus, the data generated by scale models and numerical methods, which are not verified by the
full-scale data, may cause systematical errors during the training of the Al model (Su et al. 2021; Wu,
Park, et al. 2021). The importance of the full-scale data was also highlighted to validate the small-scale
model tests and numerical simulations to obtain more reliable data of different fire scenarios.
Meanwhile, quantitative analysis of the error induced by the scale effect and simplifying assumptions
can only be revealed by the comparison between the Al model prediction and these full-scale test data.
Therefore, a solid full-scale database is a foundation to apply the Al-based smart firefighting system.

Moreover, one major problem for the current fire research is the lack of temporal data, and most of
the studies only focus on the steady-state fire and smoke behaviors, as reviewed previously (Zhang et
al., 2021). It is because the large amount of fire test data varying with time are more difficult to analyze
than the spatial data. There is a lack of empirical correlation to explain the time evolution of fire, and
most of the non-steady-state data are ignored without further analysis. However, without the time-
evolution information of tunnel fire and smoke in the database, the trained Al model cannot make a
real-time forecast of the tunnel-fire evolution. Thus, establishing a database of fire tests, including the
complete (both raw and processed) temporal data, is needed.

The flow path and prospective of building and using a full-scale test-based database in smart
firefighting is illustrated in Fig. 10. To maximize the data usage, the information collected for the full-
scale tests should include tunnel geometry and test information, fire information, sensor information,
spatial-temporal sensor data, image, and video footprints. Those data can then be applied to train the Al
model to predict critical events (smoke back-layering, fire spread, etc.), evacuate fire risks, realize real-

time forecast of fire and smoke evolution.
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Fig. 10. A framework of full-scale tunnel fire database and Al application in smart firefighting.
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The Al-based fire prediction and forecast system was demonstrated with the numerical tunnel fire
database in our previous work (Wu, Park, et al. 2021; Wu, Zhang, et al. 2021; Zhang, Wu, et al. 2021)
and recently with the temperature sensor network in the reduced-scale tunnel (Wu et al. 2022). However,
compared with numerical research and reduced-scale experiments, it is quite difficult to conduct these
costly large-scale tunnel fire tests, which means that even we construct a database to contain all these
data, the majority of the database should be numerical and reduced-scale data. To deal with the
imbalance of the reduce-scale model test data and full-scale ones, applying GAN network and transfer
learning method to deal with the database of multi-scale tests may be a feasible way and will be
investigated in our future work.

Moreover, the imperfection and wrong data due to the unnormal measurement, missing or sensor
damage should also be contained in the database. Those imperfection data are also valuable for the
training of an attention-based model to identify the weight for different sensors (Vaswani et al. 2017),
as the sensors in real fire scenarios may also be damaged and cause unnormal data. For instance,
although the temperature data of T1 and T6 were not discussed in Fig. 7 due to sensor failure, they are

still contained in the database for potential usage in future work.

5. Conclusions

Eight full-scale tunnel fire tests with a sidewall smoke extraction system were carried out with a

1:1 scale (cross-section) of the Hong Kong-Zhu Hai-Macau Bridge tunnel. The effect of sidewall vent

and pool size on HRR, smoke temperature distribution, smoke spread, smoke stratification was

investigated and analyzed. Major conclusions were summarized as follows:

(1) The HRR is mainly determined by the pool size. The far-field vent groups have little influence of
the HRR. The correlation between HRR and pool-fire area can be fitted by a linear function of
HRR = 1.24 Ar — 0.87 MW.

(2) The fire plume tilts to the sidewall vent due to the extraction effect and causes the non-uniform
transverse temperature distribution. The non-uniform level decreases as the distance to the fire
source increases. The longitudinal temperature decay approximately obeys the exponential law. The
decay factor increases with the increase of the HRR and increases when distributing the ventilation
capability into two vent groups. A sharp decrease can be observed near the vent region due to the
sidewall extraction effect.

(3) The smoke spread velocity in the current tests varies from 0.8 — 1.2 m/s, lower than people’s escape
speed. Also, the sidewall jet process is broken by the vent extraction, results in a larger clear-height
and better smoke stratification than a longitudinally ventilated tunnel, which could be safer for
evacuation.

(4) The importance of full-scale test data for smart firefighting was highlighted, and a framework and

perspective of using the full-scale test-based database in smart firefighting are proposed.
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