
2000 Technical Meeting 

of 

Central States Section 
The Combustion Institute 

Combustion 
Fundamentals and Applications 

Proceedings Editor, Papers Chair, 
D. L. Reuss, General Motors R & D Center 

Program Chair 
C. S. Daw, Oakridge National Laboratories 

Local Arrangements 
J. P. Gore and S. H. Frankel, Purdue University 
N. Rizk, Rolls Royce Allison Engine Company 

April 16 - 18, 2000: Hyatt Regency Hotel, Indianapolis, Indiana, USA 



Mine Fire Source Discrimination Using 
Fire Sensors and Neural Network Analysis 

J.C. Edwards, G.F. Frie~ RA Franks, C.P. Lazzara, and J.J. Opfennan 
National Institute for Occupational Safety and Health 

Pittsburgh Research Laboratory 
Pittsburgh, PA 15236 

Abstract · 
Fire experiments were conducted in the Safety Research Coal Mine (SRCM) at the National Institute 

for Occupational Safety and Health, Pittsburgh Research Laboratory, with coal, diesel-fuel, electrical­
cable, conveyor-belt, and metal-cutting fire sources to determine the response of fire sensors to products-· 
of-combustion (POC). Metal oxide semiconductor (MOS) and smoke fire sensors demonstrated an 
earlier fire detection capability than a CO sensor. This capability was of particular significance for a 
conveyor-belt fire in which the optical visibility was reduced to 1. 52 m with an increase in CO ofless than 
2 ppm at a distance of 148 m from the fire. Application of a neural-network program to the sensor 
responses from each type of fire source resulted in correct classifications of coal, diesel-fuel, cable, belt, 
arid metal-cutting combustion with a mean of 96% of the test data correctly classified. 

Introduction 
Fire dctcction in underground coal mines is important 

for early fire location and safe miner evacuation. Fire 
detection is aided by the in-mine ventilation which 
transports the fire products-of-<:0mbustion (POC) from the 
fire source to fire IICIIIOII. and it is impeded by the diluting 
effects of the ventilation which reduccl the measurable 
signal. Early mine fire detection experiments in both 
normallyventilatcd and ncar:zero airflow mine entries have 
been previously investigated cxperimcntally [1, 2]. The 
results of that fflJCal'Ch showed the improved performance 
of ioniz.ation and optical smoke fire sensors over CO 
SCD10rs. The next advancement beyond early detection, in 
addition to determination of the fire location, is the 
determination ()f the material burning, the mode of 
combustion, and the extent of fire growth. Thia knowledge 
can be applied to the determination of appropriate actions 
to be taken to extinguish a mine fire and to initiate escape 
and rescue procedures for miners. Various in-mine 
materials can provide the initial fuel for a mine fire. The 
common fuc source matcriala considered in this program 
were coal, diesel fuel, dectrical cable, conveyor belt, and 
acetylene gas used for metal cutting. The solid material 
combustion was advanced using beaters through a 
smoldering combustion stage to produce a ilowly 
increasing range of measurable POC. The POC include 
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CO and other oxidi7.able gases and smoke particles with 
submicron di.amctcrs. 

It is the types of combustion products and their rate of 
change which will indiate the combustionmat.eria.l. mode, 
and growth rate. One method which can be dep~ to 
make these dcterminationa is the use of multiple fire 
sensors to discriminate the POC. The rapid analysis of 
mine fire products with a neural network program has been 
~rtcd elsewhere (3, 4]. These approaches utilize 
temperature and gaseous POC from combustion of home 
materials (3] and laboratoiy heating of coal [4]. CO and 
smoke sensors are used for the early detection of 
underground coal mine fires. While CO sensors. in the 
absence of cross-intcrfcrencc from other gases, respond to 
the concentration of CO, the response of smoke scnson in 
mining applications ii presented in t.cnm of the smoke 
optical density. Ultimately, the optical demity depends 
upon the smoke mass concentration, smoke particle 
diameter, and the dielectric constant of the smoke particles. 
loni7Jltion smoke ICDIOrl arc more responsive to smoke 
from flaming combustion, and optical smoke ICD5011 are 
more responsive to smoke from smoldering combustion. 
The intense twbulent combuition during the flaming stage 
reduces the average particle lizc associated with 
smoldering combustion. 

In addition to these fire IICDSOr&. there ue MOS ICDSOR 
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which respond to oxidizablc gaacs. These MOS sensors 
operate on the principle that oxygen (OJ ii adtorbcd on the · 
surface at grain boundaricl which inacuca the electrical 
rcsistaDce acroa the surface. The oxidation of POC gases 
removes Di from the IUlface and reduces the electrical 
resistance acroa the IIWfacc. The mcuurable change in 
surface resistance is a measure of the POC conccnt:ration. 
These sensors are very responsive but not very selective of 
the target gas. They arc also tcmpczatu.rc and humidity 
dependent However, it is their extreme acnaitivity to 
various hydroc8Ibona that mcrc&1C1 their potential for use 
as mine fire !ICDIOn. The sclcction of a buc set of multiple 
sensors ii a key dccilion for a neural network program to 
successfully diacriminatc bctwccn hazardous· mine-fire 
combustion and normal mining combustion that may result 
from sources such as diesel engiDC1 and cutting and . 
welding procedures. 

Specif'ac Objc:ctiYa 
This research bas two objectives. One objc:ctivc is to 

evaluate the comparative time ICqUCDt;:C of alarm values for · 
CO, smok.c. and MOS fire 1eDS011 for in-mine combustible 
source fires. The second objective is to det.crminc a suitable 
set of mine fire sensors and a neural octwork analysis 
program which can be Uled to classify a mine fire 
combustible aourcc. 

Esperillleatal Medled 
The plan view « the SR.CM ICCtion in which the 

cxpcrimcntl wen: c::onductm is ahowa in ~ 1. 
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Figure 1. Plan view of mine section. 

Room 10, in which the fire is located, has an average 
height and width of 2.0 m and 3.9 m, !ClpCCtivdy. F-Butt 
has an average height.and width of 1.9 m and 4 . .S m, 
rcspectivcly. The cloth bratticc at Room 10 and B-Butt was 
adjusted to regulate the auf1ow into Room 10 and F-Butt. 
Air quantity mcuuremcntl were made at the fire zone·and . 
near the end ofF-Butt. 7.6 mdowmrindfrom ICll80I' ltation 
S2. For the cxpc:rimcnts c:oud11dec\ the average air 

quantity at the fire zooc wu 3.49 m'/s and at the end of 
F-Butt was .S.17 ~/a. The incrcuc in air quantity 
downwind of the fire zone was caused by air 1cabgc into F­
Butt around bratticcs shown. along the ribs in figutc 1 
blocking crosscuts connecting F-Butt and parallel airways. 
The fire &CDSOn used for the experiments arc listed in 
table 1 below. 

used ' 

SA 

SB Ionization Smoke 

co Carbon Monoxide 

F FB · MO 

Sensor SA is an optical path&CDSOrwhich operates at an 
infr.m:d wavelength with a transmitter-n:ccivcr separation 
path of 9.6.S m. Selllors SB, CO, FA, and FB arc point­
type sensors. Semon FA and FB arc MOS sensors which 
arc similar in their rcsponsc1 to various POC gases. n.c.c 
sensors were located at station S2, as wu an optical-path 
light monitor to measure the optical ~ of the smoke. 
At station S 1, a CO SCD80r was located to calculate the 
transport time of the CO component of the POC between 
stauous Sl and S2. 

The beating of the coal, cable, and belt was c:ooduded 
withclcctrical heatal to which power WU~ slowly 
such that the amoldcrinc mode puaed through a slow 
growth pbuc with the aDIJMltlon «POC prior to flaming 
combustion in order 1D validate the semitivity of the fire 
8CIIIOrs and to duplicate a slowly developing mine-file 
event. Tbc beating time prior to flaming oornoostion for 
the solid fuels varied bctwecn42 and 109 min. To validate 
the clilcriminating capabilitf of a· ncmal DCtworlc program 
when applied to a normal mine combustion IIOU1'Ce, an 
C1pC:rimmt waa c:xwlucted whichCODUld of cutting a rail 
acction with an acctylme torch 14 m upwind from acmor 
station S2. 

Ncaral Network Aulyth 
A neural network IDllysis WU applied to the 

clawfication of me semor mpoD1C1 to diffm:ntiate 
between. possibJc me events. In this neural network, 
temporal expcrimcldal data were compmd to the 
ncmJU>t)lr approximatioDI gmeratrd by the neural network 
until adequate appro:xi:rnatioos for c:omct clauiflcations 
were obwned through couecti~ i1aation1 Tbc input 
layer of neurons CODllined the experimenlal IICIUIOI' data 
along with variablcl gmeratrdfrom tbc e:xperimcDtal data. 
The output layer of DCIUOIII contained the fire IOUICe 

cJassific:abons gencratal by the neural DCtwOlk. Between 
the input and output ~ were two hidden laym of 
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neurons or process c!cmcuts (PEs). The inputs to the 
bidden layers of neurons were· multiplied by weights, 
surnIDM, and proccsllCd through a bounded, nonlinear 
activation function. In the training phase of the neural 
nctworlc, the output classifications were subtracted from the 
correct classi6catiom and the diffi:icnccs. or errors, were 
used by a backpropagation method, which is a modification 
of the gradicnt-dcsc:ci,t search tcclmiquc, to adjust the 
values of the weights until a sum of the errors waa less than 
a :reasonable tolcraocc. For the sensor data analysis 
considered here, the DCUJal network software package 
cntitlcdNcuroSolutionsfor Excel"" from NcuroDimcnsion, 
Inc. was used. 

Raultl aad DitcullioM 
Tablc 2 lim the fire cxpcrimcDtl cooductc:d with 

reference to fuel fype and the rdative alarm times of the 
fire SCDIOn with respect to the ICDIOI' which alarmed first 
(indicated by O 1). The CltirnattAi arrival time of the POC 
at station S2 from the flaming-stage, 10lid fuels, relative to 
the first sensor alarm time, is listed as Tr and is baled upon 
the measured ventilation mac. 

Table 2. Fire sensor relative alarm times 

Exp. Fuel FA,s FB,1 co,, SA, s 

1 Coal 80 0 3521 556 

2 Diesel 34 0 105 6 

3 Cable 219 59 2614 0 

4 Bcltl 178 98 1486 38 

5 Coal 21& 204 1590 0 

6 Coal 174 0 3690 1736 

7 Diesel DIA]) .s.s 83 0 

8 Diesel 0 7 196 42 

9 Cable 149 109 2746 0 

10 Bcltl 952 892 2709 0 

11 Bclt2 14 0 28S3 156 

12 Bclt3 910 758, 4735 406 
1Symbol na1 -flame at initial heating time. 
2Symbol n&z - no flaming combustion. 

SB,s T6 s 

736 1579 

34 na.' 
149 2388 

0 1307 

242 881 

2166 3242 

29 na,' 

84 na,' 
191 2518 

294 2572 

92 JJa:1 

0 4627 

'Symbol na3 -alarm not achieved due to fuel vapors. 

"1lcfercncc to a specific product docs not imply 
cooorscmcnt by NIOSIL 

The alarm. time for CO is based upon a 5-ppm rise 
above the ambient concentration. For the smoke and MOS 
sensors, the alarm time is baled upon a tcn-standard­
deviation change from the &CDSOr ambient signal. A ten• 
standard-deviation change is 1caa probable than a value at 
the mean in a C'4ussiao distribution by a factor of about 
10·22• The clicacl fuel experiments n:quired the calculation 
of a background value for sensors FA and FB which 
excluded vapors from heptane used to ignite the :fuel. In 
the case af cxperimcntNo. 7, the background concentration 
was too high to define an a1armfor FA. Table 2 shows that 
the smoke and MOS fire sensors always alarmed before the 
solid fuel, flaming-stage POC reached the acnsor station at 
time T6 which occurnd before the CO sensor alarm time. 
For the dialcl .fuel fires, the smoke and MOS fire sensors 
alarmed prior to the CO 1CDSOr. Figure 2 shows for 
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Figure 2. Vml>ility and CO concentration at station S2 
for cxpcrimcnt No. 10. 

experiment No. 10 that the optical visibility, which is 
calculated from the optical density measured by the light 
~on monitor as defined by a visibility optical 
density relationship [.SJ, dccrcascd to 1.52 m while the CO 
concentration increased to 1.1 ppm above ambient 
concentration 1,900 s after the first alarm and, based upon 
table 2 data, 948 s after the last of the non-CO, fire.sensor 
alarms. A visibility of 36.4 m corresponds to an optical 
density af0.022 m·1, which is the alarm value for a mine­
fire smoke sensor. The times plotted in figure 2 are from 

· the first alarm time.· The flaming mode PCX: did not reach 
the sensor station until 2,572 s after the first sensor 
alarmed.. 'Ibis flaming event is coincidental with the 
significant increase in measurable CO seen in figure 2. 
The in-mine ba7.ard of severely reduced visibility without 
a CO aiann. but with an alarm for each smoke sensor, 
reinforces the importance of fire IIDOkc sensors. 

In order to use the neural network program, the data for 
each experiment were prq,arcd in files with the fire sensor 
signals nonnaJiffll to their ambient background signals. 
For sensors FA and FB, the scosor electrical ~cc 
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value was nonnalizcd to unity under ambient conditions. 
Figures 3 and 4 show the data recorded from coal ·fire · 
cxpcrimcnt No. 6 for ICDSOrs FA, SA, SB, and the CO 
sensor relative to the fint alarm time. The responses ofF A 
and FB were nearly identical. 

1.l 6 

1 5 

o.a FA 4 

;-:;o.6 3 ~ 
g 

0.4 l 

0.2 l 

0 0 

0 600 1200 1100 2400 3000 3600 

TIME, S 

Figure 3. Sensors FA and CO response to coal 
combustion for experiment No. 6. 
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Figure 4. Sensor SA and SB response to coal combustion 
for experiment No. 6. 

The training of the neural network was acoompli.shed 
with the five letB of semor data from coal, diesel-fuel, 
clcctrical-<::ablc, and conveyor-belt fires, which are themes 
of experiment numbers 1 to 4 in table 2, and an acctylcnc­
torch, metal-cutting experiment. Se\'Cll data inputs were 
processed from the aensor data to classify the :five fire types. 

The inputs, which include time and multiplicative 
combinations of the data from four of the ICDIOn but 
excluding sensor SB, were determiDed by trial-and-error to 
be the most suitable inputs for accurate cJassifications The 
size of the training data sets ranged from 85 to 991 

exemplars, or time samples, of the four sensor inputs and 
two fundioos of the sensor inputs with the total size of the 
training set being 2,988 exemplars. Time zero at the 
beginning of each data set corresponded to the first sensor 
alarm for each type of fire. Sampling by the sensors 
occurred at two-second intcmlls. . . 

Various neural network programs provided in the 
package by the vendor were applied to the data in attempts 
tosucccsdwlyclassifytbcfirctypcs. Atwo-hidden-layercd 
pcrccptron netwOik with momentum backpropagation of 
error algorithm produced reproducible results. No 
smoothing of the data or inclusion of rates of data change 
WU neccssuy for sua:cssful training and testing. The first 
hidden layer consistm of 20 PEs and the second hidden 
layer consisted of 10 PEs. It WII discoveml that the testing 
results were reproducible even though the initial weights 
between the PEs wm amgoed randomly. The activation 
function uscd in the hidden 1aycn waa the hyperbolic 
tangent function with the output layer using a &Oftmax 
classification func:tioa.. One thousand epochs. oritcrations, 

· through the samples were performed with error correction 
after every epoch. The minimum squared error achieved 
after 1,000 epochs WIS 0.0012. 

For testing the neural nctwoik, seven data files were 
presented to the trained network. These files included 
cxpcrimcnt numbers 5 tolO in table 2 and 1 metal-artting 
experimc:oL The number of t.esting excmplan in each file 
ranged from 121 to l,8S4 with the total si7.e af' the testing 
set being 4,255 exemplm. Two coal and two diesel-fuel 
:fm:s were included . in the set or ta.1ing files. The 
perccntagc of exemplars prcdic:tm comctly in each of the 
scw:n testing data files is prc&CDted in table 3. 

Table 3. Pcrten 

Exp. 5 6 7 8 9 10 Cutting 

% Comet 100 86 90 99 94 100 100 

The average c:om,ct cJassiftcarion oftbe seven tests in 
table 3 is 96o/.. The minimum value m 86% for a single 
experiment is not wm:asonablc. Evaluation of 
experiments 11 and 12 could not be made with the neural 
network program because experiments using materials 
similar to thole ofBELn and BELTJ were not available 
to include in the tesling set 

Coaclllliom 
The m1e for JDino.fire smoke IICDIIOR and MOS ICDIOIS 

WIS shown to be CDbanad by their earlier alarm times 
relative to a CO !ilCDIOr. The low optical visibility in the 
absence of signific;am CO for:flarnmabtc material. BELTl, 
further supports the role of smoke ICDIOl'S for early mine­
fire dctcction. Data. recorded from an optical path smoke, 
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a CO, and MOS 1CDSOn placed in a multiple sensor 
arrangement and inserted into a backpropagation neural 
network program, enabled the program to com:ctly classify 
coal. diesel-fuel, elcctrical-cablc, and conveyor-belt t.cst 
:fires and a mctal-artting procedure based upon a training 
set similar to the testing IICt. This correct mine fire 
combustible source classification is based upon an average 
96% correct classification of acven tests of the test data 
with the worst case probability of a correct prediction being 
86'Yo. 
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