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a b s t r a c t

This article experimentally examines the applicability of a temperature measuring and monitoring sys-
tem using distributed temperature sensing by means of an optical fibre in an underground mine environ-
ment. The temperature distribution along an optical fibre can be detected by measuring the Raman
backscattering of the stokes and anti-stokes lines. The distributed temperature sensing system provided
valuable information for the mine safety control and the mine ventilation system. In addition, it proved to
be capable of measuring air temperature in the entire mine with an accuracy of 1 �C and within the dis-
tance resolution of 1 m. The heating and cooling processes could be detected and the rate of heat gener-
ation at any location of the mine could be accurately determined from the temperature measurements.
This technology has the potential to be linked to other measuring devices of an underground mine envi-
ronment in order to develop a safer ventilation control system.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past few years, many new measurement devices such
as digital, laser and ultrasonic sensors have become available for
monitoring underground coal mine ventilation. However, the cur-
rent monitoring systems suffer from the lack of an active and real-
time system. The temperature variation in an underground mine
environment is of critical importance to the health and safety of
underground miners.

In recent years, most of the fatal accidents that have occurred in
underground mines around the world could have been prevented if
the mine had been equipped with a dynamic and accurate temper-
ature monitoring system. Most of the major safety issues in under-
ground mines are due to the temperature rise, which is the result
of various physical and chemical sources such as blasting, strata,
thermal oxidation and human metabolism. It is evident that the
lack of reliable and effective monitoring of mine ventilation param-
eters such as air temperature leads to serious mine disasters. In
fact, early detection and localisation of the temperature variation
is considered as one of the initial indicators of hazardous situa-
tions. A fast and reliable temperature measurement can assist to
control escape routes and to minimise the possible damage caused
by various hazards such as fire, methane explosion, spontaneous
combustion and coal dust explosion. The temperature profile ob-
tained from a real-time and accurate monitoring system helps
the mine ventilation operator examine and plan alterations to

the mine ventilation conditions and precisely examine the current
ventilation conditions.

A Distributed Temperature Sensing (DTS) system using optical
fibre technology is an intrinsically safe method which can be ap-
plied in an underground mine environment to continuously mea-
sure and monitor the temperature variation within the mine. The
DTS system is based on Optical Time Domain Reflectometry (OTDR).
In this configuration, the location of the temperature event can be
determined based on the generation of a narrow laser pulse and
the travel time of the backscattered light to return to the detection
unit. OTDR offers a number of technical benefits for Distributed
Temperature Sensing compared to other systems of Optical Fre-
quency Domain Reflectometry (OFDR). Temperature changes down
to 0.01 �C can be detected along sensing cables of distances greater
than 30 km and are less affected by potential anomalies within the
fibre such as bends and connectors.

The DTS system is a blend of optical, mechanical, electrical and
computer integration. The photon flux of anti-stokes Raman back-
scattering of the optical fibre is modulated by the spatial tempera-
ture field. The optical electronic signals carrying the temperature
information can be acquired by demodulating the signals. In the
DTS system, the optical fibre is used as both a sensing and trans-
mission medium. The main advantages of using the optical fibre
as a sensor probe are no need for electricity, explosion-proof,
fire-proof, safe in hazardous environments, potentially resistant
to ionizing radiation, immune to high voltage and strong electro-
magnetic fields, immune to Radio Frequency Interference (RFI)
and Electro-Magnetic Interference (EMI), solid-state reliability, se-
cure data transmission, self-inspection and self-calibration. The
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OTDR distributed temperature sensing system is safe under all rea-
sonable working conditions and comply with EU regulations
EUR16011EN-1994. In fact, conventional fibre is made with silica
or plastic and sometimes both. Since these materials are non-con-
ductors, sparking is not a problem. Moreover, the system requires
no electrical power within the mine.

A review of the literature indicates that the optical fibre tech-
nology has been utilised in measuring the electrical current (Wer-
then et al., 1996), monitoring buildings and structures (Jackson,
1995), detecting the fluid leakage (Vogel et al., 2001), fluid logging
in shallow bore holes (Hurtig et al., 1994), and in different biomed-
ical applications (Passia et al., 2002). Hurtig and Grosswig (1998)
introduced the application of optical fibre technology in buildings
and other structures. The optical fibre technology has also been
used in the mining industry for sensing strain (Naruse et al.,
2007) and detecting mine gases such as methane (Li et al., 2005,
2006). Optical fibre has also been used by Sen and Datta (1991)
in an underground environmental monitoring system as a medium
of transmission of data from underground sensors to the surface
stations.

There is a large background of research on the application of
optical fibre technology in temperature measurements (Boiarski
et al., 1995; Ishii et al., 1997; Brehm and Johnson, 2007; Ma
et al., 2007). Kluth (2009) deployed optical fibre technology in a
DTS system to monitor the flow profiling of a maximum-reser-
voir-contact (MRC) well. The initial data from the installation
proved the required resolution of 0.01 �C despite the length of
the optical fibre. It was concluded that the system was able to pro-
vide the temperature profile across the length of the well as the
high-resolution and real-time flow profiles. Kaura and Sierra
(2008) studied the long-term performance of fibres especially at
elevated temperatures. They found that the exposure of optical fi-
bres to hydrogen changed the performance of the fibres. They ar-
gued that this was because the presence of hydrogen caused a
light loss in the fibre. Bernini et al. (2007) predicted the evolution
of the hot-spot temperature of dynamically loaded overhead lines
using the data acquired through distributed fibre-optic sensor
based on stimulated Brillouin scattering. Spontaneous Brillouin
scattering-based sensors should be used for longer sensing dis-
tances where high peak power levels in the OTDR and high sensi-
tivity detection schemes are required (Cho et al., 2003). Glasbergen
et al. (2009) discussed how DTS could be used to quantify the fluid
distribution during a matrix treatment. They argued that the DTS
system could provide real-time quantification of the flow distribu-
tion from the temperature surveys.

The DTS system has also been tested in different underground
mine applications. Dubaniewicz et al. (1993) investigated a fibre
optic temperature monitoring system for possible application in
mine fire detection. The system employed the OTDR techniques
based on the Raman effect that allowed the entire length of fibre
to function as a distributed temperature sensor. They measured
the temperature versus time for a zone of 5 m length of fibre
and temperature versus distance for the entire length of 100 m
optical fibre. They concluded that the intrinsically safe fibre sen-
sor gave early warning for temperature variation in an under-
ground mine environment and could locate the danger areas
continuously over several kilometres. In another study, Dub-
aniewicz et al. (1998) described a unique approach to measuring
temperatures within mine trailing cables under dynamic test con-
ditions. They employed a distributed temperature measuring sys-
tem based on fibre-optic sensors embedded within the metallic
conductors which measured temperatures at 1 m intervals along
the entire length of cable. They found the temperature measure-
ments to be accurate to within ± 1 �C. They argued that the OTDR
proved to be a valuable quality assurance tool during the test
cable manufacturing process. Zhang et al. (2000, 2001), conducted

a series of experiments using optical fibre based DTS in an under-
ground coal mine. They successfully utilised an automatic alarm
system to forecast any fire or explosion caused by high tempera-
ture in the mine. They measured the temperature in a range of
50–100 �C within an uncertainty of ±3 �C. They found the spatial
resolution to be less than 5 cm and the measured time to be less
than 70 s.

Traditionally, in a routine mine ventilation survey, the data are
gathered from point measurements using conventional thermom-
eters. This can limit the speed, accuracy and resolution of temper-
ature monitoring in the mine application. Underground mines
need a dynamic measurement system that is capable of providing
real-time information on the changes of the mine environmental
conditions. In comparison to conventional temperature measuring
systems, the advantages of the DTS system are fast, accurate, reli-
able and continuous response and reduced risks associated with
the measurements. Use of this system will provide information
that can be used in the safety and environmental improvements
of underground mines, by means of reducing hazards associated
with overheated areas.

In underground mine applications, where the time history of the
temperature profile is required, the DTS system offers a more effi-
cient way to take real-time readings of temperature along the fibre.
This system is very useful particularly for measuring temperature
in hazardous zones of the mine where people access is not recom-
mended or practical. The DTS system uses low power and is not
capable of causing ignition. Therefore, it is perfect for gaseous envi-
ronments where only safe instrumentation devices are allowed. The
system is also capable of measuring ranges of up to 60 km in dis-
tance which makes it very functional in mining applications.

There are previous studies reported in the literature which have
examined the application of optical fibre technology in the mea-
surement and monitoring of air temperature in underground mine
environments. To the best knowledge of the authors, none of these
studies has quantitatively assessed the performance of a DTS sys-
tem under various ventilation conditions. As such, the contribution
of this study is to examine the performance of a DTS system under
various ventilation conditions in a controlled underground envi-
ronment. This will be carried out by investigating the results of
DTS measurements against the readings of conventional instru-
mentation and the theoretical modelling.

2. Principles of operation

In the OTDR technology, a pulsed laser is coupled to the optical
fibre which is the sensing element. The light is backscattered as the
pulse propagates through the fibre owing to the changes in density
and composition as well as due to molecular and bulk vibrations.
The distance along a fibre optic cable is determined by the time-
of-flight of the returning backscattered light because the velocity
of light propagation in the optical fibre is known. The backscat-
tered light consists of different spectral components due to differ-
ent interaction mechanisms between the propagating light pulse
and the optical fibre. A portion of the backscattered light is guided
back to the source and is split off by the directional coupler to the
receiver. The backscattered light consists of Rayleigh, Brillouin and
Raman backscattering light.

� The Rayleigh backscattering component is the strongest due to
density and composition fluctuations and has the same wave-
length as the primary laser pulse. The Rayleigh component con-
trols the main slope of the intensity decay curve and may be
used to identify the breaks and heterogeneities along the fibre.
However, the Rayleigh component is less sensitive to tempera-
ture variations.
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