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JAN WACHOWICZ*

THE APPLICATION OF OXYGEN CONSUMPTION CALORIMETRY TO DETERMINE
THE FLAMMABILITY OF CHLOROPRENE CONVEYOR BELTS

WYKORZYSTANIE KALORYMETRII ZUZYCIA TLENU DO OCENY PALNOSCI
CHLOROPRENOWYCH TASM PRZENOSNIKOWYCH

Conveyor belts, as currently in coal mines, present a considerable fire risk, and thereforc an
important consideration is that these they should be fire resistanton. The paper presents a new
methodology of investigation of conveyor belt flammability, worked out on the basis of the oxygen
consumption calorimetry method, using Thornton’s rule (according to which the heat released during
the combustion of the organic matcrials — per specific mass of oxygen consumed — is constant). By
this means it is possible to calculate the heat released during combustion of the conveyor belt located in
the full-scale firc-testing gallery, using the formula (12). The heat released during the combustion of
conveyor belts located in a fire-testing gallery depends on the length of the conveyor belt being burned
(Fig. 3). The total heat released (THR) and the average cffective heat of combustion (HOC,,) (Table 1)
determined by means of the cone calorimeter method further allows for the determination of the heat
released during the fire in the fire-testing gallery. The heat released during the fire of the conveyor belt
calculated using the above methodology demonstrates the correlation with the length of the conveyor
belt burned in the fire-testing gallery (Figs. 4 and 5). The correlation demonstrated leads to the
development of a methodology allowing the length of the conveyor belt which would be burned during
the fire in the fire-testing gallery to be predicted on the basis of the results of the cone calorimeter test
(Figs. 6 and 7; formula 14 and 15). The critical temperature of the belt’s surface (formulas 16-20) —
representing the belt’s surface temperature during ignition — may be determined based on the time of’
sustained ignition obtained using the cone calorimeter method. It is the correlation binding the critical
temperaturc of the belt’s surface with the length of the belt burned in the fire-testing gallery (Fig. 8)
that allows for the determination of the limit valuc (7; = 264°C) which further establishes the

g,cr
criterion for fulfilling currently applicable fire safety regulations for the full-scale gallery test.
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Tasmy przenosnikowe stosowanc w kopalniach stwarzaja duze zagrozenie pozarowe, w zwiazku
z czym wymaga sig, aby byty one trudno palne. W pracy przedstawiono nowa metodg badania palnosci

* GLOWNY INSTYTUT GORNICTWA, 40-166 KATOWICE, PLAC GWARKOW 1



174

tasm przenosnikowych, ktéra opracowana zostala w oparciu o kalorymetri¢ zuzycia tlenu, wyko-
rzystujaca regute Thorntona, wedtug ktérej ciepto wydziclanc podczas spalania substancji orga-
nicznych, w odniesicniu do jednostki masy zuzytego podczas spalania tlenu, ma warto$¢ stata.
Wykorzystujac wzér (12) mozna obliczy¢ ilo$¢ ciepta wydziclajacego sig¢ podczas spalania tasm
przeno$nikowych w sztolni pozarowej. Cicpto wydzielone podczas spalania tasmy w sztolni pozarowcj
zalezy od dhugosci spalonego w sztolni odcinka ta$my (rys. 3). Oznaczone za pomoca kalorymetru
stozkowego: catkowita ilo$¢ wydziclonego cicpta (THR) i srednic cfektywne ciepto spalania (HOC,,),
pozwalaja na obliczenic cicpla, jakic wydzieli sig podczas spalania taSmy w sztolni pozarowej (tabl. 1).
Obliczone w ten sposob wartosci cicpta, ktore wydziceli si¢ podczas spalania tasm wykazuja korelacjg
z dhugoscia odcinkéw tasm spalonych w sztolni pozarowej (rys. 4 i 5). Zaleznosci te pozwalaja na
prognozowanic na podstawic wynikéw badan uzyskanych przy uzyciu kalorymetru stozkowego
dhugoscei odcinkéw tasm, ktore spalityby si¢ w sztolni (rys. 6 i 7, wzér 14 i 15). Na podstawic
oznaczonej przy uzyciu kalorymetru stozkowego warto$ci czasu potrzebnego do wystapicnia zaptonu
tasmy mozna obliczy¢ krytyczng temperaturg powierzchni ta§my (wzory 16-21), okre$lajaca tempe-
raturg powicrzchni taSmy w chwili zaptonu. Zalezno$§¢ pomigdzy krytyczna temperatura powicrzchni
taSmy a dtugoscia odcinka taSmy, ktora ulegta spaleniu w sztolni pozarowej (rys. 8), pozwala na
okreslenie wartosci graniczngj (Tjq - = 264°C) stanowiacej kryterium spetnienia wymagan palnosci na
poziomie obecnic obowiazujqcyn{ dla sztolni pozarowe;j.

Stowa kluczowe: tasma przenosnikowa, palnos$¢, badanie, sztolnia pozarowa, kalorymetr stozkowy

1. Introduction

Conveyor belts are most important products made from non-metallic materials used
in the coal mining process. The specific conditions under which the conveyor belts
operate make them to become one of the major exogenic fire risks in coal mines. Fires of
conveyor belts are to blame for the death of numerous workers and also considerable
losses of mine assets. These fire statistics particularly demonstrate the fire risk related to
the operation of conveyor belts. In exact numbers, two hundred and forty two (242)
miners died in the years 1947-1989 in fires resulting from conveyor belt ignition in
Polish mines alone (Zyska 1992). Similar accidents also took place in other countries.
The tragic fire in the Creswell Mine, UK back in 1950 cost the lives of 80 miners
(Cutler 1979), 27 miners were killed in 1984 in the Wilbert Mine, US (Luzik 1990)
and 73 miners died in 1988 in one of the Japanese mines (Zyska 1992). Therefore,
in countries mining coal there is a need for fire regulations covering conveyor belts
which are designed for underground coal transportation. The belt is considered as fire
resistant if:

it does not catch fire when the belt becomes jammed and the drum keeps on

turning, despite an increased temperature of the belt and drum,

 the flames do not propagate faster on the conveyor belt than on other materials

located in the fire zone and the fire is extinguished outside the fire zone.

As for the time being there is no uniform, universal method on the basis of which it is
possible to determine conveyor belt flammability. On the contrary, at present conveyor
belt flammability is determined according to arbitrarily assumed flammability criteria.
As a result of this situation it is difficult to compare the levels of risk for the same
material used for the fabrication of conveyor belts, based on results obtained from
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numerous test methods — as they do not provide universal consistent information
and strongly reflect the specific test conditions. Fortunately, over the years, fundamental
research in combustion processes has led to the development of bench-scale fire tests
that measure the important aspects of flammability and can interpreted in terms of
underlying theories of combustion. This further leads to a more precise definition
of phenomena, such as ignition, flame propagation, heat release rate, closely related to
the course of the fire. The above parameters may be determined using the cone
calorimeter and further used for the purpose of building the simplified models of
conveyor belt fires.

2. A theoretical basis for oxygen consumption calorimetry

In 1917, W.M. Thornton (1917) showed that the heat released during the complete
combustion of the majority of liquid and gaseous organic materials has a constant value
in respect of the specific mass of oxygen consumed. In 1980 C. Huggett (1980) proved
that the same rule also applies to solid organic materials and gave the average value —
which totals to 13.1 kJ - kg~!. Thus the Thornton rule allows for the calculation of the
amount of heat released during fire, based on the measurement of the oxygen consumed
in the process and provides the basis for a method of determining the heat release rate.
This method is applied in the majority of fire tests (oxygen consumption calorimetry).
The method based on the oxygen consumption during the fire of the organic materials
has been stated to be the most accurate and simple way to practically measure the
dynamics of the heat released. The very basic requirement for the application of the
oxygen consumption method is to ensure the possibility to collect all the combustion
products, which are usually removed through the duct extracting combustion gases —
the combustion gas velocity is being sampled as well as the gas composition. W.J. Parker
(1984) published equations allowing for the calculation of the amount of heat released
during the fire (based on the oxygen consumption method) for numerous practical
applications.

The total amount of heat released during the fire may be calculated by means of the
formula:

sz:(ngVO_XgZVS)pOzE (1)
where:
O« — total heat released rate [MW],
X(O)j — oxygen concentration in the incoming air (molar fraction),
Vo — volume flow of air into the combustion zone [m> - s7!],
X& — oxygen concentration in the combustion gases leaving the combustion

zone (molar fraction),
Vg — volume flow of gases flux leaving the combustion zone [m? - s7!],
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po, — oxygen density [kg - m™],

E  — heat released during the combustion of the organic materials per
unit mass of oxygen consumed, assuming that carbon goes to carbon
dioxide (E = 13.1 MJ/kg).

In order to simplify the implementation of formula (1), the heat released during the

combustion can be standardised to the unit of oxygen volume at the reference conditions
of 25°C:

E':pOZE (2)

where:
E' — heat released during the combustion of the organic materials per unit of
consumed oxygen mass at the reference conditions of 25°C, assuming that
carbon goes to carbon dioxide (E = 17.2 MJ/kg).

Thus formula (1) describing the total heat released would take the form:
Qo =(X0,Vo = X5,V )E 3)

Formula (3) is ideally suited for use at test facilities in which the oxygen
concentration is measured with a paramagnetic analyzer (high temperature cells). This
requires removal of moisture from the sampling stream, and then the oxygen
concentration in the analyzer will differ from that in the exhaust duct. Because of the fact
that the ratio of oxygen to nitrogen concentration in the analyzer is same as in the exhaust
gas, 1t was found that the implementation of the expression Z would facilitate the
calculation of the dynamics of the heat release:

S A
_Xo, Xo, 4)
TS A
where:
Xri — nitrogen concentration in the combustion gases leaving the
2
combustion zone (molar fraction),
Xé — oxygen concentration in the combustion gases determined in the
2
analyzer (molar fraction),
ij — nitrogen concentration in the combustion gases determined in the
2

analyzer (molar fraction).

The ratio of oxygen to nitrogen concentration in the air supplied to combustion zone
1s given by formula (5):
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A
X5 Xg ®)
ZO — 2 2
0 A,
XNz XNz
where:
X T(x)l — nitrogen concentration in the air supplied to combustion zone (molar fraction),
2
X 80 — oxygen concentration in the air supplied to combustion zone
2
determined in the analyzer (molar fraction),
X 1/31 — nitrogen concentration in the air supplied to combustion zone

determined in the analyzer (molar fraction).

The mass conservation rule provides that:

xnVo =X\,Vs (6)
From formula (4), (5) and (6) it follows that:
z X3, vg (7)
7 X8 Ko

Substituting formula (3) with (7):
®)

Z \p
Q ot :[1"‘7}5 ngVO
0

From formula (8) it seems that the heat released during the combustion process can
be expresséd in terms of the ratio Z/Z.

In the case of that the oxygen concentration being measured by means of a para-
magnetic analyzer Z and Z; may be calculated using the below given formulas:

X4, ©®

7=
1-Xg, ~X&o ~X{o,
A
X (10)
ZO - AO AO
1-Xg — Ko

Thus combining formula (8), (9) and (10) the following may be obtained for the heat
released during combustion:

~ co,
y y y A
L XOZLI"XOZ_XCO - Xco,

x4 o (11)
Ql()t :‘71 02 ( 02
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In the case that the content of moisture and gaseous impurities in the combustion air
as well as the content of carbon monoxide (CO) in the combustion gases are small and
can be neglected and also carbon dioxide (CO,) is being removed from the oxygen
analyzer, the formula (11) may be simplified to the following form:

e yd (12)

Formula (12) may be used in the case that Vy (volume flow of air into the combustion
zone) is being determined in a direct way. The investigation of conveyors belt flamma-
bility in the fire testing gallery fulfills the conditions given above.

3. Investigation of conveyor belts flammability using the cone calorimeter

The cone calorimeter is currently the most widespread apparatus using the oxygen
consumption method, in use for bench-scale investigations of material flammability.
The cone calorimeter was constructed at National Bureau of Standards (USA) by
V. Babrauskas (1984). The cone calorimeter consists of a conical heater comprising
a 5-kW electrical heating element, a spark igniter, a mass sampling device, a combustion
gas removal system with an oxygen analyzer and a flow-meter for combustion gas
sampling as well, as a computer for data acquisition and data analysis purposes (Fig. 1).
Conveyor belt flammability investigations utilising the cone calorimeter were carried
out according to the procedure included in ISO 5660 standard, applying a horizontal

<+ ® 4
Analyser O, 1
2

. B

Fig. 1. Diagram of the cone calorimeter
1 — cone shaped electrical radiator, 2 — the sample holder, 3 — device for continuous sampling
of the mass of examined sample, 4 — exhaust system removing the combustion gases

Rys. 1. Schemat kalorymetru stozkowego
| — promiennik elektryczny w ksztatcie stozka, 2 — badana probka, 3 — urzadzenie do ciaglego
pomiaru masy badanej probki, 4 — wyciag odprowadzajacy produkty spalania
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TABLE 1

The results of the flammability of chloroprene conveyor belts using the cone calorimeter

TABLICA |

Wyniki badania palnosci tasm przenosnikowych chloroprenowych metoda kalorymetru stozkowego

Density of the heat flux 50 kW - m™ Density of the heat flux 75 kW - m™
Average Average
Sample | e to Total heat effective Time to Total heat effective
Item. | reference ignition, release, heat of ignition, release, heat of
o TI THR | combustion,| 77 THR combustion,
[s] [MJ - m7] HOC,, [s] MJ-m™] HOC,,
[MJ - kg™ [MJ - kg™
| 310/97 101.8 168.72 13.38 33.33 198.55 14.75
2 329/97 66.94 112.49 13.58 23.73 151.90 19.23
3 316/97 65.27 143.70 12.10 18.84 185.23 15.70
4 20/96 64.39 122.80 9.57 23.21 233.63 15.24
5 26/97 71.86 84.38 8.87 29.68 133.53 12.97
6 280/97 47.41 120.20 14.56 19.49 141.69 19.80
7 100/97 28.64 188.49 16.19 29.58 179.85 16.40
8 69/97 41.24 131.51 13.89 16.70 219.55 17.89
9 25/96 41.79 204.69 19.40 17.87 203.31 18.23

positioning of the belt sample and irradiance level of 50 and 75 kW/m?. The results
of the belt conveyor flammability investigations are presented in table 1 (Wacho-
wicz 2000).

4. Prediction of the conveyor belt flammability in the full-scale gallery test using
the cone calorimeter

Conveyor belt flammability as determined by means of full-scale gallery test is
characterized by the ability of the belt fire to extinguish itself outside the fire area (the
assumption for the test are the conditions wherein the fire is initiated by burning 300 kg
of a dry pine wood — (see Fig. 2). The maximum allowable length of the conveyor belt
which may be burned during the fire (40 m), determines the criterion for fulfilling the
test conditions. It is possible to calculate the amount of heat released during the conveyor
belt combustion in the fire testing gallery on the basis of oxygen consumption
calorimetry (Wachowicz 1997). It was found that there is a linear correlation (13)
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Fig. 2. Diagram of the fire-testing gallery for investigation of the conveyor belts flammability
| — the sample of testing belt, 2 — pine wood for initiating fire

Rys. 2. Schemat sztolni pozarowej do badan palnosci ta$m przeno$nikowych
1 — probka taémy przenosnej, 2 — podpatka (drewno)

between the heat released during the conveyor belt flammability test and the length of
the burned conveyor belt (Fig. 3).

0 = 1821, 473 (13)

The correlation coefficient was found to be » = 0.9606, with a certainty the confi-
dence level of 99% (Wachowicz 2000).

10000
8000 -
/
— /
S 6000 —
= %
g 4000 —
2000 o %
<y
0 &
0 10 20 30 40 50
Ls,[m]

Fig. 3. Correlation between the amount of heat released and the length of the conveyor belt burned
in the fire-testing gallery

Rys. 3. Zalezno$¢ pomiedzy rzeczywista iloscia wydzielonego ciepta a dtugoscia odcinkéw tasm
spalonych w sztolni pozarowe;j
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The parameters determined by means of the cone calorimeter are very useful
for constructing models of heat released during conveyor belts combustion in the
fire-testing gallery (Wachowicz 1998a). The above model would allow for the
prediction of the results of the full-scale conveyor belt flammability tests, using the
parameters worked out using the cone calorimeter approach. The basic principle of the
model is that:

 the combustion process of the conveyor belt in the fire-testing gallery is similar to

the combustion process of the conveyor belt in the cone calorimeter test,

+ the heat released during the conveyor belt combustion in the fire-testing gallery is

proportional to the length of the burned conveyor belt.

Having accepted the above assumptions for the known length of the belt conveyors
burned in the fire testing gallery, it becomes possible to calculate — based on the total
heat released (THR) and the average effective heat of combustion (HOC,,) determined
using the cone calorimeter approach — the amount of heat released during the
combustion of the relevant piece of the conveyor belt (Wachowicz 2000). Results of
calculations using data obtained from the cone calorimeter approach (for the heat flux
of 75 kW/m?) are presented in table 2.

There is the linear correlation (14) between the amount of heat released during the
combustion of chloroprene conveyor belts in the fire testing gallery, calculated on the

TABLE 2

Heat released during chloroprene conveyor belts combustion in fire-testing gallery, calculated using the
value of total heat released (7HR) and average effective heat of combustion (HOC,,)

TABLICA 2
Ilo$¢ wydzielonego podczas spalania tasm przeno$nikowych chloroprenowych w sztolni pozarowe;j

obliczona na podstawie catkowitej ilosci wydzielonego ciepta (THR)
i $redniego efektywnego spalania (HOC,,)

Calculated heat released during conveyor belts
Item. Sample reference No. combustion in fire-testing gallery [MJ]

O rar Q Hoc
1 310/97 784 1585
2 329/97 623 1474
3 316/97 933 1 760
4 20/96 1250 2190
5 26/97 1026 1982
6 280/97 1 381 2 654
7 100/97 1798 2 827
8 69/97 3147 5706
9 ’ 25/96 | 4270 6 600
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basis of the total heat released (7HR) obtained from the cone calorimeter approach
(Table 1) and the length of the respective conveyor belt burned (Fig. 4).

QT[‘[R75 :106LS —222 (14)

The correlation coefficient was found to be » = 0.9734 with the a certainty level
of 99%.

The correlation between the amount of heat released during the combustion of
chloroprene conveyor belts in the fire-testing gallery, calculated on the basis of average
effective heat of combustion (HOC,,) and the mass of the respective belt conveyor
burned was shown on Fig. 5. The correlation may be described with the following
formula.

The correlation coefficient was found to be r =0.9869 with a certainty level of 99%.

The nomographs, figures 6 and 7, using the total heat released (THR) and the average
effective heat of combustion (HOC,,) obtained from the cone calorimeter tests, allow
for the direct read-out of the predicted amount of heat to be released in the full-scale
gallery test.

The above correlations and the ability to calculate the heat released during the
combustion of the conveyor belts in the fire-testing gallery, based on the results
obtained using the cone calorimeter approach allows the elaboration of the new
method for investigation of the conveyor belts flammability, which is significantly
simplified and which is also cheaper than the old full-scale gallery test (Wachowicz
1998b, 1999).
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Fig. 4. Correlation between the amount of heat released, calculated from the THR;s and the length
of the chloroprene conveyor belts burned in the fire-testing gallery

Rys. 4. Zalezno$ pomiedzy iloscia wydzielonego ciepta obliczona na podstawie THRys a dhugoscia
odcinkéw tasm chloroprenowych spalonych w sztolni pozarowej
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Fig. 5. Correlation between the amount of heat released, calculated from the HOC5s and the mass
of the chloroprene conveyor belts burned in the fire-testing gallery

Rys. 5. Zalezno$¢ pomigdzy iloscia wydzielonego ciepta obliczona na podstawie HOC;s a masa tasm

chloroprenowych spalonych w sztolni pozarowe;j
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Fig. 6. The amount of heat released during the combustion of the chloroprene conveyor belts (QTHRﬂ)
calculated on the base of total heat released (7THR) measured using the cone calorimeter ’

Rys. 6. Ilo$¢ ciepta wydzielajaca sig na podstawie spalania tasmy przenos$nikowej chloroprenowej
(QTHR75) obliczona na podstawie catkowitej ilosci wydzielonego ciepla oznaczonego przy uzyciu

kalorymetru stozkowego (THR)
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Fig. 7. The amount of heat released during the combustion of the chloroprene conveyor belts (QHOC75)
calculated on the base of effective heat of combustion (HOC) measured using the cone calorimeter

Rys. 7. Tlo&¢ ciepla wydzielajaca sig na podstawie spalania taSmy przeno$nikowej chloroprenowe;j
Qo HOC75) obliczona na podstawie efektywnego ciepta spalania oznaczonego przy uzyciu kalorymetru
’ stozkowego (THR)

5. The ignition of conveyor belts

To ignite a solid material, it must be heated to such a temperature that the released
volatile products of its thermal decomposition form a mixture with the air in the
flammability range. In the cone calorimeter, time to ignition data can be measured for
specified constant heat fluxes of the heater, typical for the specific fire conditions.
During the cone calorimeter test the ignition of the mixture of thermally decomposing
volatile products with air is initiated with the electrical spark or pilot flame, and the
measured parameter determines the time to ignition for a given heat flux.

The critical temperature of the belt surface, Tj,, has a characteristic value for the
material of which the belt is made. The critical surface temperature may be calculated,
based on the data obtained from the cone calorimeter test, namely from the time to
ignition, f;,, for the specific heat flux.

Q. Jianmin (1992) published the formula allowing for calculation of the critical
surface temperature:

2

1
\/g _Jnlcpc(T,-g -7,

)(q; ~0644.,) St
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where:
tig — time to ignition [s],
kpc — thermal inertia [kW - m™2 - °K™# - 5],
T,y  — critical belt surface temperature [°K],
T, — ambient temperature [°K],
g,  — external heat flux [kW - m™2],
qu — minimum flux for ignition [kW - m2].

Assuming, that
Gor =Y (17)

A e (18)
Jie
the formula (16) may be written in the form of a linear function:

Y=c X+ (19)
where:

\Tkpe (20)

ATy, ~T..)

c =

¢y =064ec (T —T,1) 1)

Determining the time to ignition using the cone calorimeter at least for two different
values of irradiance levels, it becomes possible to calculate the critical belt surface
temperature, T}, using the known values of parameters X and ¥ (Wachowicz 2000). The
results of the calculations were given in table 3 (7}, is shown in °C).

The critical temperature of the conveyor belt surface, 7, ig» determines the surface
temperature at the ignition point. Thus, this can be considered as a parameter, determi-
ning the material’s susceptibility for ignition. The correlation between the critical
temperature of the conveyor belt surface and the length of the burned conveyor belt in
the fire-testing gallery is shown on Fig. 8 and may be written as formula (22):

T 12921.%% (22)

The correlation coefticient was found to be »=0.8957 with a certainty level 0of 99%.

The correlation described with formula (22) allows for calculation of the critical
surface témperature for the conveyor belts made from chloroprene, for actually corres-
ponded criterion of conveyor belt flammability using the full-scale gallery method (the
maximum allowable length of the belt, which may be burned in the fire-test gallery
comes to 40 meters). The limit value of the critical temperature of the conveyor belts
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TABLE 3
Parameters describing the ignition phenomenon of the chloroprene conveyor belts
TABLICA 3

Parametry charakteryzujace zjawisko zaptonu chloroprenowych tasm przeno$nikowych

Sample The critical surface | The length of the belt burned
Item. . .
reference No. | temperature T}, [°C]| in fire-testing gallery [m]
1 310/97 523 7.9
2 329/97 488 8.2
3 316/97 582 10.1
4 20/96 476 10.7
5 26/97 325 15.4
6 280/97 334 19.5
7 100/97 370 20.0
8 69/97 358 28.7
9 25/96 245 42.0
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Fig. 8. The correlation between the critical surface temperature of chloroprene belts and the length
of the conveyor belts burned in the fire-testing gallery

Rys. 8. Zalezno$é temperatury krytycznej powierzchni tamy od dtugo$ci odcinka ta$my spalonego
w sztolni pozarowej

surface comes to Tjg . = 264°C. That means that the chloroprene conveyor belts, for
which the critical surface temperature calculated, according to the above procedure,
comes to be below 264°C, do not meet the full-scale test requirements.









