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Abstract. The main objective of this paper is to provide a possible monitoring system, which includes
multiple sensors such as fiber optic temperature sensor, gas sensor and differential absorptive methane
optic fiber sensor. Optic fiber sensors offer a number of unique advantages for safety monitoring in
explosive and hazardous environment of the underground coal mines. The application potential and
future trend of optic fiber sensors for coal mine hazard detection and prevention are discussed. This
paper also researches on the prediction methodologies such as spontaneous combustion tendency
prediction method, factors judgment prediction, experience statistical prediction method and
mathematical models based on coal layer conditions, mining methods, and goaf areas. The combination
uses of fiber optic sensors and prediction models are helpful to increase the safety of coal mines.

Introduction

Coal is the essential energy for human beings in the current energy consume structure [1]. China has
become the largest consumer of coal in the world and is about to become the largest user of coal derived
electricity, generating 1.95 trillion kilowatt hours per year, or 68.7% of its electricity from coal as of
2006 [2]. The top 10 coal consuming countries consumed 85% of the world's coal in 2012. Eight of the
10 largest producers are among the top 10 consumers. China is the largest coal consumer, accounting for
49% of the world's total coal. The next largest, the United States, consumed 11% of the world's total.
China's coal consumption increased by more than 2.3 billion tons over the past 10 years, accounting for
83% of the global increase in coal consumption [3] as shown in Fig. 1.

Fig. 1 Coal production in China and the rest of the world.
(Source: U.S. Energy Information Administration, International Energy Statistics)

In the first nine months of 2009, China's coal mines had 11 major accidents with 303 deaths, with gas
explosions the leading cause, according to the central government [4]. Most accidents are blamed on
failures to follow safety rules, including a lack of required ventilation or fire control equipment [5].
Spontaneous heating and induced fire in coal mines is a major problem and has been a great concern
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both for the industry and researchers worldwide [6]. 51.3% of the coal mines have positional
spontaneous fire hazards in China [7]. The majority of fires existing today in different coalfields are due
to spontaneous combustion of coal [8]. In the coal mining industry, most spontaneous combustion fires
occur in long wall or gob areas [9]. The incidence of spontaneous combustion fires and the resulting
explosion hazard in underground coal mines is expected to increase with the projected increased mining
of lower rank coals, deeper mines with more methane, and the growth in the dimensions of long wall
panels. It is important to detect the possible spontaneous combustion ahead of the disaster happened in
coal mines especially in gob areas [10].

The main objective of this paper is to provide a possible monitoring system, which includes multiple
sensors such as fiber optic temperature sensor, gas sensor and differential absorptive methane optic fiber
sensor. Optic fiber sensors offer a number of unique advantages for safety monitoring in explosive and
hazardous environment of the underground coal mines. The application potential and future trend of
optic fiber sensors for coal mine hazard detection and prevention are discussed. This paper also
researches on the prediction methodologies such as spontaneous combustion tendency prediction
method, factors judgment prediction, experience statistical prediction method and mathematical models
based on coal layer conditions, mining methods, and goaf areas. The combination uses of fiber optic
sensors and prediction.

The Possible Spontaneous Combustion Prevention and Detection Methods in Goaf

The width of oxidation heating zone needs to be minimized as much as possible [11]. The traditional
linear temperature monitoring system is based on the aero dynamic and electrical science, the errors are
relatively high and the monitoring information is limited [12]. The electrical temperate and gas sensors
are interfered by the strong electromagnetic in the underground coal mines. Concentrated beam tube
sensor detection system and gas chromatograph are common gas analysis instruments and apparatus
used in coal mines. Concentrated beam tube sensor detection system is widely used in coal mines in
China [13]. The disadvantage of this system is the cost of maintaining the repeated installed sensors is
huge. Another disadvantage of this system is the concentrated beam tube is brittle and damaged easily,
which is not suitable to be used in a goaf area for a long term online detection. Gas chromatograph has
great accurate components analysis. But it requires gathering the sample from the field and analyzes the
density of each kind of gases in the lab. It is not easy to be used in a goaf real-time monitoring neither.
The electrical equipment is not allowed to be used in a goaf area as the regulations required.
Detection System Structure. Based on the characters and reasons of spontaneous combustion induced
fire in a goaf, this detection system used fiber optic temperature sensors and optical fiber gas sensors to
detect the temperature and gas component and density in a goaf area for a long term monitor remotely.
Optical fiber sensors are anti-electromagnetic interference which is great options for a goaf area
monitoring in coal mines. The structure of the fiber optic sensors based spontaneous combustion
detection system is shown in Fig. 2.
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Fig. 2 The structure of the fiber optic sensors based spontaneous combustion detection system.
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The Fiber Optic Temperature Sensors. This system uses fiber optic temperature sensor to monitor
the temperature distribution in the goaf area as shown in Fig. 3. Optical fiber has a high temperature
tolerance capability (it can bear over 400ºC), corrosion resistance, water resistance and long life
characteristics for a variety of complex harmful or harsh environments.

Fig. 3 Fiber optic temperature sensor.

As the input laser travels in the optic fiber, there are three kinds of scattering light known as
Rayleigh scattering, Stokes Raman scattering and Anti-Stokes Raman scattering. According to the
relationship between Anti-Stokes Raman scattering and temperature in spectroscopy, the optical fiber
temperature can be measured in the following method:
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where, PAS(T) is Anti-Stokes Raman scattering light power, v is the light travel speed in the fiber, h, k
are Planck coefficient and Boltzmann's constant respectively, T is absolute temperature, reference
temperature.

The standard operating range of this kind of sensors is from -40°C to +250°C. Higher temperature
ranges up to 350°C are available. They are robust designed, good accuracy and low drift and low
hysteresis.
Infrared Absorption Optical Fiber Gas Sensors. This system adapts the infrared absorption optical
fiber gas sensors to monitor the density of CO, CH4, CO2, C2H2, H2S, and O2 in a goaf area based on the
absorption lines of gases. The Needle-Type optical fiber gas sensors as presented in Fig. 4.

Fig. 4 Needle-type optical fiber gas sensor.

Optical fiber gas sensors are based on gas molecules absorption theory. In this theory, gas molecules
can only absorb those photons whose energy level equal to the difference between its two certain energy
levels. In that way, different kind of gases molecules absorbs different kinds of frequent photons.
Absorption curve expressed the distribution of absorption coefficient. Some common gases in low-loss
optical fiber window absorption peak table are shown in Table 1.

Table 1. NIR absorption lines of gases.
Gas Name Wavelength/μm

CO2 1.573
CO 1.567
CH4 1.665
C2H2 1.53
H2S 1.578
O2 0.761
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As the light passes a certain gas, the light transportation way will change due to Reflection, refraction,
diffraction of gas molecules. When the laser in wavelength λ passes through the detected gases, the
outgoing laser density is based on Beer-Lambert (2):

0
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where, I is the outgoing light density; λ is the input laser wavelength;
λ

α is the absorption coefficient;

c is the gas density; L is the gas container length.
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The different kind of gases density can be calculated based on the input laser density and the
absorption coefficient.
The Spontaneous Combustion Prediction. The possible spontaneous combustion is predicted on the
basis of temperature and multiple gases density. The sensors divided into three sections are deployed in
the goaf. Each section is 100 m length. Ten optical fiber sensors are distribution evenly in each section.
The faraway section is named section one in the goaf.

CO density is important in the prediction of spontaneous combustion in a goaf area. The density will
change dominantly before and after the spontaneous combustion. The CO concentration versus
temperature is shown in Fig. 5.

Fig. 5 The density of CO versus temperature.

The spontaneous combustion induced fire consumes the O2 in different stages. The density of O2 will
reflect the possibility of the spontaneous combustion. The O2 density versus temperature is displayed in
Fig. 6.

Fig. 6 O2 density versus temperature.

The density of C2H4 varies as the temperature changed during the spontaneous combustion induced
fire. The density reaches the peak at 300°C and drops after that as shown in Fig. 7.

Advances in Engineering Research, volume 93

109



Fig. 7 C2H4 density versus temperature

The temperature changing is a key element in the monitoring of spontaneous combustion. The
temperature in the goaf changes differently according to the distance to the seal surface. Section one in
in the 300 m away from the goaf, the temperature is relatively stable around 50°C. This goaf is well
sealed. The air flow does not affect the temperature. The temperature variation in 100 minutes in section
one of the goaf area is displayed in Fig. 8.

Fig. 8 The temperature variation in 100 minutes in section one of the goaf area.

Section two is 200 m away from the goaf. The temperature is stable around 50°C as shown in Fig. 9.

Fig. 9 The temperature variation in 100 minutes in section two of the goaf area

Section three is 100 mm away from the goaf. The temperature changes a lot in 100 minutes. It tends
to increase but still in the safe zones as shown in Fig. 10.

Fig. 10 The temperature variation in 100 minutes in section three of the goaf area.
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Section three is 100 mm away from the goaf. The temperature changes a lot in 100 minutes. It tends
to increase but still in the safe zones as shown in Fig. 11.

Fig. 11 The temperature variation in 100 minutes in section three of the goaf area.

Conclusion

The detection of spontaneous combustion is not easy due to the complicated environments in a goaf
area of coal mines. This paper analyzed the spontaneous combustion characters and the possible reasons
of the induced fire. An optical fiber sensor monitoring system was structured, which is including
temperature and multiple gases density optic fiber sensors.

This paper researched on the prediction methodologies such as spontaneous combustion tendency
prediction method, factors judgment prediction, experience statistical prediction method and
mathematical models based on coal layer conditions, mining methods, and goaf areas. The combination
uses of fiber optic sensors and prediction models are helpful to increase the safety of coal mines.
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