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ARTICLE INFO ABSTRACT

The high-altitude environment, with reduced atmospheric pressure, low air and oxygen density as well as low
temperature, significantly affects the characteristics of the tunnel fire. In this paper, six full-scale fire tests were
conducted in a road tunnel at high altitude of 4100 m. Three oil pools with areas of 0.8 m?, 1.0 m? and 2.0 m?
were employed as the fire sources. The Heat Release Rate (HRR), longitudinal and vertical temperature
distributions, smoke propagation and back-layering were investigated in tests. The experimental results indicate
that the Mass Loss Rate (MLR) at high altitude is lower than the theoretical one, and both the HRR growth rates
and HRR growth rates per unit area increase with the pool size while the HRR per unit area seem to be
independent of the pool size in this study. Additionally, the longitudinal dimensionless temperature with
dimensionless distance were compared with the fire test conducted at normal altitude, arguing that the
dimensionless temperature decays slowly at high altitude of 4100 m than at normal altitude of 773 m. The
experimental results contribute to intensively understanding on fire characteristics of the tunnel at high altitude
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and to optimizing the fire detection and the emergency ventilation.

1. Introduction

The fire safety in the tunnel has attracted increasing attention due to
several devastating fire accidents, which resulted in catastrophic
consequences. For example, the Mont Blanc Tunnel fire on March 24,
1999, killed 39 people (Vuilleumier et al., 2002); and a highway tunnel
fire in Shanxi Province, China, on March 1, 2014, caused 31 deaths
(Yang, 2014). In recent years, an increasing number of super-long road
tunnels at very high altitude have been constructed, which refer to the
tunnel at an altitude ranging from 3500 m to 5500 m above the sea
level (ISMM, 2005), such as the Balang Mountain Tunnel at altitude of
3800 m, the Queer Mountain Tunnel at altitude of 4300 m and the
Changla Mountain Tunnel at altitude of 4500 m. The high-altitude
environment is characterized by reduced atmospheric pressure, low air
and oxygen density as well as low air temperature. The atmospheric
pressure at altitude of 4100 m is 62.63 kPa and the air density is
0.8353 kg/m?, far lower than the atmospheric pressure of 101.325 kPa
and the air density of 1.29 kg/m? at normal altitude, respectively. The
characteristics of tunnel fires at high altitude are significantly different
from that at normal altitude. The low oxygen density is likely to induce
incomplete combustion and has a significant impact on the Heat
Release Rate (HRR), fire plume and the smoke temperature. The plume
and smoke buoyancy force are related to the smoke temperature and
the ambient air density influencing on the smoke movement, which
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may have an impact on the critical velocity and the back-layering.
Furthermore, incomplete combustions of the fuel may contain massive
CO and other toxic gases, accompanying with the low oxygen density,
increasing the risk of the human health in a tunnel fire.

Some remarkable studies have been reported on the influence of
altitude on the fire combustion. Wieser et al. (1997) conducted
experiments in a mobile test room from the altitude of 400 m
(97 kPa) to 3000 m (71 kPa) to investigate the influence of the high
altitude on the Mass Loss Rate (MLR), arguing for a dependence of
burning rate on pressure of p* (a = 1.3). A series of tests on the
combustion characteristics of different scale fires have been conducted
both at an altitude of 50 m (100 kPa) and at a high altitude of 3650 m
(64 kPa) (Li et al., 2009; Fang et al., 2008, 2011; Tu et al., 2013; Niu
et al., 2013; Hu et al., 2013a). These studies are mainly focused on the
influence of the atmospheric pressure on the characteristics of the MLR,
the HRR, the heat radiation, the flame height and the gas temperature.
The results show that the MLR and HRR at high altitude are lower than
that at normal altitude, leading to a long burning time at high altitude.
The centerline plume temperature and the flame height at high altitude
are higher than that at normal altitude while the radiation heat from
the flame has a reverse trend. Zhang (2012) conducted full-scale fire
tests in an inclined well and small-scale fire tests in the drain cavern of a
super-long railway tunnel at high altitude of approximately 3300 m.
The combustion characteristics, the smoke distribution, the vertical
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