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INHIBITION AND EXTINCTION OF COAL DUST AND METHANE EXPLOSIONS

By Martin Hertzberg, ! Kenneth L, Cashdollar, 2 Charles P. Lazzara, ¥ and Alex C. Smith?

ABSTRACT

The Bureau of Mines 8-liter flammability system was used to study the
effectiveness of a variety of powdered inhibitors in preventing the
propagation of explosions of coal dust or methane in air. Over 35 dif-
ferent chemical additives were evaluated against Pittsburgh seam pul-
verized coal, The least effective inhibitors were the carbonates,
which required mass additions in the range of two to three parts inhib-
itor to one part of coal dust in order to prevent propagation. The
most effective inhibitors were the derivatives of ammonium phosphate,
which were effective quenching agents at additions of only omne part
inhibitor to four parts of coal dust. Alkali halide powders were of
intermediate effectiveness. These laboratory—-scale results are in good
agreement with full-scale mine experiments in all cases where detailed
comparisons have been made.

Data were also obtained for the effectiveness of several of the same
powdered inhibitors against methane-air explosions. Their relative or-
der of effectiveness and the concentration ranges required for quench-
ing the gas explosion are comparable to those measured for coal dust
explosions. Data are also presented for the effectiveness of No and
CF3Br addition.

Some preliminary data are also presented for powder addition to meth-
ane burner flames. Those data are compared with other burner data and
evaluated in terms of their relevance to explosion tests.

1Supervisory research chemist, Pittsburgh Research Center, Bureau of Mines, Pitts-
burgh, Pa.

2Physicist, Pittsburgh Research Center, Bureau of Mines, Pittsburgh, Pa.

3Chemist, Pittsburgh Research Center, Bureau of Mines, Pittsburgh, Pa.



INTRODUCTION

Explosion disasters in American coal
mines have killed about 12,000 miners
since 1839, The fuels involved in those
explosions were coal dust and/or methane.
Although each disaster differs in its
structural details from every other dis-

aster, one can nevertheless distill a
typical scenario from the evidence of
postdisaster investigations (gé).4 One

of the more usual disaster scenarios in-
volves the following sequence:

1. The growth of a 1large, flammable
methane-air zone near the face that is
being mined. The flammable =zone growth
is the result of increasing methane emis-
sion, The mining process results in the
rapid advance of the mine void dinto the
fresh seam, which steepens the internal
pressure gradient of the coal seam, which
increases the flow of methane into the
mine, If the ventilation is inadequate
to dilute, render harmless, and to carry
away that increased emission, significant
flammable volumes are generated,

2. The ignition of that flammable vol-
ume by the frictional heating of cutting
bits, by an electric or electrostatic
spark, or by an explosives shot.

3., The development of a localized
methane—air explosion, referred to as a
"face ignition,” and its outward acceler-
ation from the closed~end or "face” of
the mine entry.

4, The lifting of coal dust accumula-
tions by the flows and pressures gener-
ated by the accelerating “ignition,” and
the mixing of that dust with air to cre-
ate a flammable dust—-air mixture.

5. The ignition of the dust-air mix-
ture by the methane—air explosion.

6. The further turbulent acceleration
of the flame front, which intensifies the
aerodynamic disturbance, which lifts more

dynderlined numbers in parentheses re-
fer to items in the list of references at
the end of this report.

coal dust mixing it with air throughout
an 1increasingly lengthening zone in ad-
vance of the flame.

7. The propagation of a dust explosion
throughout the mine.

In those mine explosion disasters where
methane emissions were not significant,
the dust was usually ignited directly by
an explosives shot, or some other strong
ignition source,

The annual fatality rate from such dis-
aster scenarios, or their myriad varia-
tions, was about 400 men per yvear for the
first decade of this century. The worst
l-year period on record involved about
1,000 explosion fatalities starting in
December 1907. Over 700 of those fatal-
ities occurred during that first month
with some 362 killed in one explosion at
Monongah, W. Va. on December 6, 1907
(25).

Subsequent Federal investigations into
the causes of those disasters were con-
ducted at the Bruceton (Pa.) Experimental
Mine facility, which was first establish-
ed in 1908 (39). In 1910, the Bureau of
Mines was created by Congress and given
specific authority to inquire into the
causes of those disasters. It was also
given general authority for promoting
safety and health in the mining and min-
erals industries, Over the years, Bureau
of Mines research led to the development
of permissible explosives, the explosion-
proofing of electrical equipment, the use
of adequate ventilation, the monitoring
of methane, the predrainage of methane,
and the generalized rock dusting of mine
entries. In recent years, emphasis has
been placed on mandatory regulations,

their enforcement, and on the proper
training of miners and mine inspectors
(44-45).  Over the decades, as research

results accumulated, preventive measures
were introduced; and as regulations were
enforced, the annual fatality rates from
explosions declined slowly, From a peak
value above 500 per year in the years
around 1907, such fatalities dropped to



ahout 300 per year in the 1920's, to
about 100 per year 1in the 1930's, to
about 90 per year in the 1940's to 35 per
vear in the 1950's, and to 25 per year
for the 1960's decade (25, 35). For the
most recent decade, that of the 1970's,
the annual fatality rate from coal mine
explosions was 7 per year (35).

As Bureau of Mines research on the ex-
plosibility of coal dust and methane pro-
gressed and the data were made available
to the public, other industries experi-
encing similar problems with flammable
gases or dusts sought the assistance of
the Bureau. It was soon recognized that
a realistic appraisal of the explosion
hazards dinvolved with any substance,
whether it be in its mining, manufacture,
transportation, storage or use, required
an accurate knowledge of its limits of
flammability. Such concerns motivated
numerous studies of the flammability lim—
itts of natural substances, fuels, and
svynthetic products. The results of such
studies for homogeneous gases and vapors
have been collected, analyzed and summa-
rized in a series of Bulletins (7, 47).
For dusts of wvarious kinds, the results
were first reported in a series of Bureau
reports (26-27, 36), which were subse-
quently summarized in a standard tabula-
tion (37).

For gas mixtures, the data are suffi-
ciently accurate and reproducible to gen—
erate a consensus. For example, the lean
limit for methane in air 1is 5.0%0.1 vol-
pct. By contrast, there had been a lack
of consensus for dusts despite the large
amount of data accumulated during this
century. Even a brief review of the
available literature revealed wide dis-
crepancies and lack of reproducibility
in the reported data for coals (20).
This is not surprising when one considers
the great difficulty in generating uni-
formly dispersed dust clouds as compared
to premixed gases. Recently, more con~
sistent and reproducible data have been
obtained and an attempt has been made to
resolve the earlier discrepancies (lg,
20). There is now general agreement on a
lean 1imit for Pittsburgh seam coal dust
of 10050 g/m®, although the uncertainty

in the value is still much larger than
for the gases. Data by the authors for
uniformly dispersed, Pittsburgh seam coal
dust in an 8-liter flammability chamber
with a strong ignition source indicates a
lean limit of about 130 g/w® (18, 20-21).
This is the value used in the present pa-
per as a basis for evaluating the effects
of various added inhibitors.

There was a similar lack of consensus
with respect to the effectiveness of var—
ious powdered salt additives that were
used to suppress or extinguish coal dust
explosions. These inhibiting powders may
be added initially to coal dust accumula-
tions in order to inert the dust before
it can be dispersed, or, they may be used
in barriers that release the powder into
a propagating dust explosion in an at-
tempt to extinguish it. The best example
of this lack of consensus with respect to
such salts are the glaring discrepancies
in the data obtained by various research-
ers for the relative effectiveness of
Purple K (fluidized KHCO3). This powder,
which had been developed for extinguish-
ing liquid fuel fires (29), 1is usually
considered to be a “chemical™ inhibitor.
In laboratory scale tests with burners or
ducts, Purple K appeared to be much more
effective than a thermal inhibitor such
as rock dust (13-14, 42). However, in
full-scale tests in mines and galleries
in which KHCO3; was used, no such greater

effectiveness was ever realized. In
those full-scale tests, the so-called
"chemical” inhibitor, Purple K, was no
better than the thermal inhibitor, rock
dust (lz, ig). Recent data, including
those to be presented in this report,
give much  better agreement between
laboratory-scale studies and full-scale
mine tests (18, 21, 40).

Currently, the main countermeasure for
preventing dust explosions in most of the
coal mines of the world is the practice
of generalized rock dusting. All mining
operations generate coal dust, and that
dust inevitably accumulates on the inte-
rior surfaces of the mine in mass load-
ings that are flammable. These accumula-
tions can be inerted by adding “stone
dust” or "rock dust.” However because



rock dust is a "thermal” inhibitor, rela-
tively 1large quantities are required.
U.S. law (44-45) requires that the incom-
bustible content of those dust accumula-
tions be continuously maintained at at
least 65 pet in most mine passageways.
In return airways, the incombustible con-
tent attained by adding rock dust must be
at least 80 pet. Still higher values are
required if methane is present. These
regulations and their enforcement by mine
inspectors were probably responsible for
the marked reduction in the fatality rate

from major explosion disasters that was
achieved in the decade of the 1870's.
However, even the current rate of seven

fatalities per year must be considered as
unacceptably high. There were three ma-
jor disasters from explosions in the
1970's. The one with the greatest number
of fatalities involved the illegal use of
nonpermissible explosives and the failure
to adequately rock dust the underground
mine entries (46). The other two disas-
ters were caused by methane explosions in
inadequately ventilated sections of coal
mines. Thus the most recent fatality
data for the decade following the passage
of the Coal Mine Health and Safety Act of
1969 show clearly that generalized rock
dusting, if it is properly practiced, is
generally effective in preventing coal
dust explosions. However, statistical
data inevitably contain hidden variables,
and one must be cautious 1in interpreting
them. Major problems remain that require
continual refinement of regulations and
the development of new countermeasures,
particularly as new mining technologies
are introduced and as production rates
are increased. There are several areas
of current concern that are being ad-
dressed by research.

First, there is the continuing problem
of gas explosions. There 1is no clear
evidence that the current levels of rock
dusting in mine entries has any demon-—
strable effect in preventing gas explo-
sions. Current countermeasures against
gas explosions emphasize the monitoring
of methane, the use of adequate ventila-
tion, the use of explosionproocf or in-
trinsically safe equipment that will not
ignite flammable mixtures, and the

predrainage of methane. A parallel coun—
termeasure which has been the subject of
considerable research activity in both
the United States and abroad involves the
use of explosion barriers. Such barriers
would extinguish developing gas explo-
slons in mine entries or in the face
areas (31). The size and performance of
such barriers should be a strong function
of the relative effectiveness of the in-
hibiting or extinguishing material that
is dispersed by the barrier.

Secondly, there are many areas in a
mine where it is difficult or virtually
impossible to apply conventional rock
dusting techniques to render the coal
dust inert, Examples of such areas are
conveyor belts that carry coal, the gob
areas behind longwalls, the longwall
faces themselves which extend for consid-
erable distances, and the head and tail
gate areas of such longwalls, A thor-
oughly documented, recent accildent inves-
tigation {11) shows clearly how a gas ig-
nition can be amplified by the dust accu-
mulations in such areas of longwall de-
velopments. Similar hazards exist in
surface facilities that handle or process
coal and in utility powerplants that
store, convey, pulverize, and pneumati-
cally transport coal as a dust-air mix-
ture to boiler furnaces in order to gen-—
erate steam for the production of elec—
tricity. In recent years, considerable
attention has been given to this problen
of explosion prevention in those circum-
stances where generalized rock dusting is
not possible. One countermeasure pro—
posed for such cases is again the use of
barriers that contain inhibiting or ex-
tinguishing agents, which when dispersed
into the c¢oal dust-air mixture near the
flame front of the explosion, would ex-
tinguish it (égjéé,‘ﬁé).

Many types of inerting or extinguishing
agents are being studied for use 1in such
barriers. They may be pure substances in
gaseous, liquid, or solid form; or they
may be hybrid mixtures containing several
phases (31). The effectiveness of these
various agents against dust and gas ex-
plosions is being studied in full scale
tests in surface galleries and in the



Bruceton (Pa.) Experimental Mine (éé}
43).  In addition to their use in explo-
sion barriers, the soclids being studied
have the additional potential of being
used as supplements to generalized rock
dusting. There is, in addition, an eco-

nomic interest
inerting methods that are

in being able to develop
equally effec-

tive but less expensive than generalized

rock dusting.

All such proposed methods rmust be
tested in realistic mine experiments;
however, the full-scale mine testing of

inhibitors is costly and time consuming.
Accordingly, even from the earliest days
when testing in the Bruceton (Pa.) Exper-
imental Mine was first initiated, Bureau
of Mines scientists have tried to develop
laboratory—-scale tests that could relia-
bly reproduce the results obtained in
full-scale studies. It was realized that
such small-scale experimentation could be
an efficient and cost—effective comple-
ment and guide to the full-scale test
program; however, the early results were
inconsistent and of limited utility. In
recent years, considerable progress has
been made in understanding the causes of

those inconsistencies and in correcting
them. An apparatus and method have
evolved that have generated data for pul-
verized coals, other dusts, and dust-gas
mixtures that are internally and exter—
nally consistent, reproducible, and reli-
able (18, 20-21). Accordingly it was na-
tural to consider the use of that same
apparatus and method for evaluating vari-
ous extinguishing agents that were being
proposed for use in barriers to suppress
gas and dust explosions,

This report will summarize the results
for several years of such studies involv-
ing small-scale tests of a wvariety of
different extinguishing powders mixed
with Pittsburgh seam pulverized coal. In
cases where comparable full-scale experi-
ments are available, the two results are
compared. Some preliminary data were re-
ported earlier (4, 18, 33, 40); however,
this report is more comprehensive in
scope and presents the totality of those
results. Also included in this report
are additional studies of gaseous inhib-
itors as well as studies of the effec-
tiveness of some powdered inhibitors
against methane-air explosions,
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EIGHT-LITER APPARATUS

Test Chamber and Instrumentation

The majority of the data in this report
were obtained using the 8-liter flamma-
bility chamber shown in figure 1. The
ctamber has been used previously to study
ccal dust flammability as reported in
references 18 and 20. The experimental
method for testing dust flammability is
described in reference 20, The present
report will describe the method for test-
ing gases and gas-inhibitor mixtures, as
well as a brief review of the method for
testing dusts,

phases of the work described in this re-
port. All were employees of the Bureau
of Mines Pittsburgh (Pa.)} Research Center
during the time of this research.

AND EXPERIMENTAL METHOD

The chamber shown in figure 1 has a
volume of 7.8 liters and its dust disper-
sion system is similar to that of the
original 1.2~liter Hartmann chamber (10).
Instrumentation includes a pressure
transducer, an oxygen sensor, and an op-
tical dust probe. The pressure trans-
ducer is based on the strain gage princi-
ple and has a listed time response of
1 msec for 90 pct of the full-scale read-

ing. It is used to measure partial pres-
sures when mixing gases and also to mea-
sure the explosion pressures after

ignition.
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FIGURE 1. - Eight-liter flammability chamber.

The oxygen analyzer uses a polarograph—
ic method to measure the partial pressure
of 0;. It is initially calibrated for
20.9 pct 0, in ambient air at atmospheric
pressure. The sensor 1is isolated from
the chamber by a valve during the actual
explosion tests. After the test is over
and the product gases have cooled to am~—
bient temperatures, the valve 1is opened
and the oxygen content is measured at a
pressure of 1 atm. The intrinsic re-—
sponse time of the sensor is 20 sec for
95 pet of full-scale response, but sev-
eral minutes are required for mixing be-
tween the small dead volume at the sensor
and the main chamber volume before an ac—
curate 0; measurement can be made.

The optical dust probe (5, 20, 30) is
used to study the dust dispersion by mea-
suring the attenuation of near—infrared
light at 0.95-pm wavelength. It consists
of a gallium—arsenide light-emitting di-
ode (LED) and a silicon photodiode detec-—
tor. The probe windows are kept dust

free by narrow jets of air passing over
the windows. The probe measures the
light attenuation by the airborne dust in
the 3.8-cm path between the LED and de-
tector, Data from the pressure trans-—
ducer and dust probe are recorded on a
high-speed strip chart recorder with a
measured response time of 20 msec for
90 pct of full-scale response.

The average particle sizes of the coal
and inhibitor dusts studied were deter-—
mined from Coulter Counter>® size analyses
in which the dust was dispersed in a liq-
uid electrolyte. The sizes are only for
comparison because the actual sizes of
the dusts dispersed in air are larger due
to agglomeration (5, 20).

Gas Explosion Test Methods

Two test methods were used for the gas
explosion studies. In the first, the
8-liter chamber was evacuated, methane

was added until a predetermined partial
pressure was reached, and then air or
some other 0,-N, mixture was added,
bringing the chamber pressure to 1 atm
absolute. If an inhibitor gas was used,
it was added after the methane and its
concentration was controlled by its mea-
sured partial pressure. After reaching a
final pressure of 1 atm, the total gas
mixture was stirred for several minutes
with an internal fan. A delay of 1 min
before jgnition allowed the fan-generated
turbulence to subside. Ignition was by a
high voltage electric spark or an elec-
trically activated, high temperature,
pyrotechnic match Qgg).

A second test method was used in those
experiments where it was necessary to
disperse inhibitor dust in a methane—air
mixture. Examples of several test runs
for such mixtures are shown in figure 2.
An initial run for pure methane-air with-
out dust is shown in figure 2A. Initial-
ly, the chamber was evacuated and methane
was added slowly until the desired par-
tial pressure was reached. Then some air
was also added slowly until the chamber

Sreference to trade names does not im-
ply endorsement by the Bureau of Mines.
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FIGURE 2. - Recordertraces of absolute pressure and
dust probe transmission for flammability
tests of pure methane in air and methane
in air with added inhibitor dust.

about 0,27 atm, Final-
pulse of high-

pressure reached
ly, a short (0.2 sec)
pressure air (from the dispersion tank)
was added through the disperser cone at
the bottom of the chamber., This short,
intense air pulse mixed the gases and
raised the pressure to 1 atm. The delay
before ignition was 0.5 sec. This was
enough time for the turbulence to dimin-
ish so that the test results were compar-—
able to data obtained with the first test
method.

For the methane gas and powdered inhib-
itor in air tests shown in figures 2B and
2¢, this second test method was used.
The inhibitor powder was placed in the
dust cup around the disperser cone prior
to evacuation of the chamber, Methane
was again added first, but now the air
pulse not only mixed the gases but also
dispersed and mixed the dust. By using

optical dust probes at various positions
in the chamber, it was found that the
air pulse effectively dispersed the dust
into a fairly uniform cloud. Details of
these uniformity measurements are found
in references 5 and 20, Figures 2B and
2C show data for near-stoichiometric
methane—air tests with added powdered in-
hibitor, After the methane and a small
amount of air were added to raise the
chamber pressure to 0.27 atm, a “"start"
switch was pushed resulting in the auto-
matic operation of the timed air disper—
sion pulse and the timed delay before ig-
nition. The transmission signal measured
by the optical dust probe showed that the
dust was dispersed very quickly, The
transmission reached a steady value even
before the end of the 0.2-sec dispersion
pulse. This steady-state value was main-—
tained until ignition at 0.5 sec after
the end of the dispersion pulse. . In fig-
ure 2B, the added 250 g/m® of ABC powder
(fluidized NH4H,PO, with a surface mean
particle diameter, Ds = 7 um) was not
enough to inert the gas mixture and the
pressure after ignition rose from 1 atm
to a peak of over 5 atm. The pressure
data for each test was recorded as a
pressure ratio (PR) which was the peak
pressure divided by the initial pressure
(about 1 atm), corrected for the small
pressure rise due to the match ignition
source. The detector in the optical dust
probe also observed the wmatch radiation
and flame radiation from the hot parti-
cles, which in this probe design prevents
the measurement of transmission after
ignition.

In figure 2C, it can be seen that
300 g/m3 of ABC powder was enough to
inert the near-stoichiometric methane—air
mixture. The measured pressure ratio was
1.2 which corresponds to a pressure rise
of only 0.2 atm above the ambient pres-
sure at ignition, This slight pressure
rise was probably due to some small
amount of burning in regions close to the
ignition source, but there was no propa-
gation beyond the source, The optical
dust probe shows the match radiation and
a very small amount of flame radiation.



Dust Explosion Test Method

The method for testing coal dusts or
coal dust and powdered inhibitor mix-
tures was previously described in ref-
erence 20 and was similar to the second
method for gas—inhibitor mixtures except
that ro methane was added. The dust mix-
ture was placed 1in the dust cup around
the disperser cone, the chamber was par—
tially evacuated to 0.2 to (.3 atm, and
then the air pulse from the dispersion
tank (at 6 atm absolute) dispersed the

dust and raised the chamber pressure to
1 atm. The dispersion pulse is about
0.2 sec and there is a 0.l-sec delay

before ignition by the electrically acti-
vated matches.

Figure 3 shows typical test runs for
pure coal and coal with added limestone
(CaCO3) rock dust, The coal dust used
had a broad distribution of particle
sizes with a surface mean diameter, Dy =
23 um. The rock dust also had a broad
distribution of sizes with 55 10 ym.
Recorder traces for pressure and dust
probe transmission are shown for pure
coal dust explosions at two different
concentrations in figures 3A and 3B. At
the lower coal dust concentration in fig-
ure 3A, the peak pressure was lower and
the time to peak pressure was longer.
The optical dust probe transmissions
are consistent with the wvalues expected
for the different dust concentrations.

When rock dust was added to the same coal

A Codl, PR =49, Cy=200 g/m® 8 Codl, PR=63, Cm=500 g/m>
8 T : 1 1 1 o ]t 1 T 7] 1T 10 L HE EE e N T J
B:J G i Ignition I
b TN
RE A [
e Dispersion
E o ipulse ’
0
Z" |OO T | T l I T | T I !
o R 4 L
o Flame radiaﬁ:N
=5 S0 - -
U-)C.L
2 B 4 L
E [} SR SR R S R | I ; | [ S S N |
¢ Coal-rock, 40pctI,PR= 3.7, £ Coal-rock, 40pct I, PR = 5.6,
. coal Cm=200 g/m3, total Cm=306 g/m3 coal Cm=500 g/m3, total Cm=766 g/m>
- T 1 T I T q T I T I T i i T ' T _r T f T { T I T l T
] ! !
4
BE
he 2
&
0
Z" 100 T La— ] R I 1 I T T T T T T ] T T
Q i 1L
A
g’g 50 -
Z i JL
< A
'0_: O 1 | 1 | 1 | 1 ] L 1 1 ] 1 | 1 ] L i
—-02 0 02 04 06 08 10 12-02 O 02 04 06 08 0 L2
TIME, sec TIME, sec

FIGURE 3. - Recorder traces of absolute pressure and dust probe transmission for flammability
tests of pure coal dust and o coal and rock dust mixture,



dust concentrations (figs. 3C-3D), the

peak pressures declined and the time to
peak pressure increased for both coal
concentrations, In these two coal-rock

dusts runs, a premixed amount of coal
dust and rock dust was placed in the dust
cup before dispersion. The mixture was
65 wt-pct coal dust and 35 wt-pet rock
dust. The rock dust combined with the
ncminal 8-pct ash and moisture in the
coal gives an incombustible (I) content
of 40 pet. The added rock dust in fig-
ures 3C and 3D did not totally inert the
mixture, but 1t did reduce the intensity
of the explosion.

These data (figs. 2-3) are characteris-—
tic examples of the kinds of raw data
that are used to evaluate effectiveness
of various inhibitors., It is necessary
now to counsider the way in which such raw
data are used to determine the point at
which an inhibitor completely suppresses
an explosion. That point 1is determined
by the criterion for flame propagation,
and that criterion is essentially the
same one used to define the normal limits
of flammability for any substance or mix-
ture of substances.

EIGHT-LITER INHIBITION AND EXTINCTION DATA--GASES

Limit Criteria for Methane in Air

The initial motivation for conducting
preliminary experiments with gas mixtures
was the desire to "calibrate” the 8-liter
flammability chamber with fuels whose
limits had already been carefully estab-
lished by prior research (7, 47). It was
felt that such calibrations were essen-
tial in order to establish the reliabil-
ity and consistency of the data being
accumulated for the flammability limits
of various dusts (18, 20-21). The cali-
bration gas used first was methane, since
its flammability limits have been most
extensively studied. The explosion data
for various methane-air compositions in
the 8-liter chamber are shown in fig-
ure 4, The data are for initially quies~
cent mixtures, ignited with one pyrotech—
nic matech (39). In figure 4A, the mea-
sured peak explosion pressure ratios
are shown and compared with calculated
adiabatic values for constant volume
combustion. The residual oxygen contents
after the explosions were also measured
in some experiments, and those data are
presented in figure 4B. The decimal
fraction of oxygen consumed is shown;
and, as expected, as stoichiometric mix-
tures are reached, virtually all the oxy-
gen is consumed. However, because of
various heat losses due to nonadiabatic
processes, the measured explosion pres-—

sures shown in figure 4A are inevitably
lower than the adiabatic values. These
loss processes involve radiative and

heat losses to the container
are discussed in detail else-
where {15). For lean mixtures there is a
relatively sharp increase in measured
peak pressures as the composition exceeds

convective
walls and

5 pct methane. That near discontinuity
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in the peak pressure ratio gives a fairly
well-defined lean limit of 5.0 pct meth-
ane that is not very sensitive to the ex-—
act criterion chosen to define the
limit. On the other hand, the pressure
decrease that occurs for rich mixtures is
more gradual; and the exact value of the
rich limit is more sensitive to the limit
criterion chosen.

What then is a realistic criterion for
defining the limit of flammability in
such constant volume experiments? This
question has been considered in some de—
tail in an earlier publication that dealt
with coal dust data (20). It is somewhat
more of a problem for dusts than it is
for gases. In the conventional or “stan-
dard” limit of flammability apparatus (7,
47), experiments are conducted at con—
stant pressure in a tube, and the limit
criterion is the visual observation of
flame propagation through the full length
of a long tube. The data in figure 4A

for a closed chamber suggests that a
pressure ratio of 2.0 1s a realistic
choice for the limit criterion. It gives

a lean-limit value of 5.0%f0.1 pet meth-
ane, which is in good agreement with the
"standard” wvalue obtained for upward
flame propagation in a tube (7, 47). For
central ignition in the 8-liter chamber,
the pressure ratio of 2.0 corresponds to
the consumption of about 20 pet of the
oxygen; and in the ideal case, this would
correspond to upward flame propagation at
a cone half-angle of about 30° from the
vertical, Using that same pressure ratio
criterion of 2,0 gives a rich 1limit of
17.5%0,5 pct methane., This value is sig-
nificantly higher than the 15-pct methane
value that is generally reported for the
flammability tube method. This differ—
ence for rich mixtures is significant and
real, and not some artifact of the limit
criterion chosen. Earlier data (with
spark ignition) for radiances and temper-
atures of methane—air explosions at com-
positions between 15 and 17 pct methane
have already been reported (23-24). The
significance of such observations of real
flame propagation at conmpositions beyond
the conventionally accepted rich limit
has also been discussed earlier (24).

The totality of data suggests that the
*accepted" wvalue of 15 pct methane may be

too low, at least for constant volume
chambers. The difference may be due to a
weaker dgnition source or higher heat

losses for the flammability tube data.

Limit Criteria for Hydrogen in Air

Similar data for Hp—-air mixtures with
the same 8-liter apparatus were reported
elsewhere (12). For lean hydrogen mix-
tures, the process of selective diffusion
(17) generates cellular flame structures
which complicate the problem of choosing
consistent and realistic 1limit criteria.
The cellular structures are noncontiguous
flame fronts with large "holes™ or “"dark
spaces” within them. For upward propaga-—
tion in lean Hp-air mixtures, buoyancy
and selective diffusion are mutually sup—
portive and flame propagation is confined
to sharply curved flamelets that occupy

only a small fraction of the premixed
volume, That complication requires a
substantial adjustment in the pressure

ratio criterion for comstant volume com-
bustion in order for it to be consistent
with the visual observation criterion
that is used in the conventional method.
In the 1latter case, any propagation
reaching the top of the tube, regardless
of its "quality,” is considered to indi-
cate that the mixture is flammable (7,

47,

Methane in Air With Added Nitrogen

For any fuel-air mixture, the simplest
inerting substance that can be considered
is the inert additive that 1is already
present in air, namely nitrogen gas. 1f
one adds excess nitrogen to a fuel-air
mixture, or dilutes any exothermic fuel
gas with nitrogen, the mixture is eventu-
ally rendered nonflammable. The nonflam—
mable condition is reached because dilu~
tion causes the oxygen level to be re-—
duced below some critical value and/or
because the same dilution causes the
overall mixture's exothermicity to be re-
duced to below some critical value. That
critical wvalue is determined by flame
stretch losses induced by buovancy (lg)o



For hydrocarbon fuels, the corresponding
heating wvalue is the range of 10 to
12 kcal/mole of total gas mixture (16,
21).

The 8~liter chamber data for the effect
of nitrogen addition on the flammability
limits of methane-air mixtures is shown
in figure 5. The data points shown are
for experiments in which methane was
mixed with various O0,-N, mixtures con~
taining oxygen concentrations below that
of normal air. The amounts of methane
and added nitrogen for each data point
can be read directly from the axes, and
the amount of air can be calculated as
shown in the key by subtracting the “"pct
methane” and "pct added nitrogen” from
100 pct. Those limit data points were
obtained from peak pressure ratio data
similar to those shown in figure 4A, but
at reduced oxygen levels. The ignition
source was one pyrotechnic match. The
pressure ratio criterion of 2.0 was used
to define the limit concentrations.
These data are compared with the flamma-
bility tube data from Bulletin 627 (47).
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There is good agreement for the lean mix—
tures, and the data near the nose of the
flammability curve may agree within ex—
perimental etrror, In any case, the
"nose"” of the flammability domain corre-
sponds to a minimum oxygen concentration

of about 12 pct which corresponds to an
added nitrogen concentration of 35 to
37 pet. This wvolume percent of addi-

tional nitrogen corresponds to a mass
concentration of 400 g/m3 of added nitro-
gen, Thus a mixture containing a stoi-
chiometric ratio of methane in air
requires the addition of 400 g/m3 of
additional nitrogen gas in order to be
rendered inert.

Methane in Air With Inhibitor Dusts

inert or inhibiting
dusts that are required to extinguish
stoichiometric methane-air mixtures are
shown in figure 6., The measured peak
pressure ratios in the 8-liter vessel are
shown as a function of added dust concen-
tration, The data were obtained with one
pyrotechnic match as the ignition source.
The previously presented nitrogen data
are also shown on the same scale for com—
parison purposes, The addition of dust,
like the addition of more nitrogen, re-~
sults in a reduction of the peak explo-
sion pressure until at some level the
explosion is  completely extinguished.
Using the same pressure ratio of 2.0 as
the 1limit criterion for extinction, the
concentrations of the various additives
required to inert a stoichiometric
methane—air mixture are shown in the sec-
ond column in table 1. For the dusts,
the relative order of effectiveness is
NH,E>PQy > KHCO3 > Al,03 = CaCOz. How—
ever, the impression that nitrogen ap-
pears to be more effective than KHCOj3 is
somewhat misleading. It must be remem-
bered that gas addition substantially
reduces both the methane and the oxygen
concentration of the initial mixture, but
the addition of a solid-phase dust leaves
the initial fuel and oxygen contents es-—
sentially unchanged, The addition of
400 g/m3 of nitrogen gas reduces the
methane concentration to 6 vol-pct and
the oxygen content to 12 vol-pct. The
addition of a solid dust at the same mass

The amounts of
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FIGURE 6. - Effect of added inhibitor dusts on explosion pressures of stoichiometric methane-air,

concentration level leaves the methane
concentration unchanged at 10 vol-pet and
the oxygen concentration similarly un-
changed at 19 vol-pct.

TABLE 1, -~ Inhibitor concentrations
required to inert a stoichiometric
methane—air mixture

Inhibitor Inerting concentration
g/m® | wt-pet
ABC (NH;HpPO4 oo 290 81
Nitrogen gas (N) 400 86
Monnex
(KHCO3+urea)... ~800 92
Purple K (KHCO3). 1,150 95
Alumina (Al203).. >1,200{ >95
Rock dust (CaC0j3) >1,200 | >95
In order to account for this effect

inhibitors with
is convenient to
concentration as

when comparing powdered
gaseous inhibitors, it

express the inhibitor

the percent by weight of the incombusti-
ble substance that must be added to the
pure fuel in order to completely inert it
when mixed with air in a stoichiometric

ratio. The third column of table 1 ex-
presses that inhibitor concentration as
the welght-percent of inhibitor in the
inhibitor-fuel mixture. Clearly, if ni-
trogen is classified as a “thermal” in-
hibitor for methane-air explosions, then
the Dbicarbonates must also be consid-
ered thermal for that case. Only the
ammonium dihydrogen phosphate is signifi-
cantly more effective than the thermal
inhibitors.

Methane in Air With Halon

Data were also obtained with Halon
1301, CF3Br, as an inhibiting additive
and are shown in figure 7. Conventional-

1y quoted values for the concencentration

of CF3Br required to inert a stoichio-
metric methane—air mixture are in the
range of 4 to 5 pct (28, 38). The data

in figure 7 are for two types of ignition
sources: the first was a spark source
with an effective ignition energy of at
most several tenths of a joule {20), and
the second was a single pyrotechnic match
ignition source with an effective energy
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FIGURE 7. - Effect of added Halon 1301 on stoi-

chiometric methane-air explosions.

of about 35 joules. These effective or
VAp energies were computed from the mea-
sured pressure rise, Ap, in a chamber of
known volume, V. The data show clearly
that the conventional value in the 4- to

5-pct CF3Br range is obtained only with
the weaker ignition source, Clearly
4 pet CF3Br is the amount of Halon re-

quired to prevent ignition with a spark
source but is not sufficient to prevent
propagation once ignition is obtained.
The 4 pct CF3Br is thus only an ignit-
ability limit and not a true flammability
limit. The true limit with a strong ig-
nition source appears to be in the range
of 8 pct CF4Br. On a mass concentration
basis, 8 pet CF3Br corresponds to an in-—
ert concentration of about 500 g/m3, or
to an incombustible content of 88 pct of
the fuel-Halon mixture, The CF3Br is

thus about as effective on a mass basis
as nitrogen in its ability to dinhibit or
extinguish a methane—~air explosion. How~
ever, on a volume basis it is much more
effective than nitrogen.

Additional support for the 8-pct CF3Br
value as the true limit comes from ear-
lier data (22) on measured explosion

temperatures. These data for stoichio-
metric methane—air mixtures inerted with
N, and CF3Br are shown in figure 8.  The
explosion tests were made in a large,
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3.7-m—-diameter sphere and the
tures were measured with an dinfrared
spectrometer (22). For nitrogen addi-
tion, the measured temperatures are quite
consistent with the flammability domain
depicted in figure 5. For no nitrogen
dilution in figure 8A, the stoichiometric
mixture has a measured flame temperature

tempera-—

of 2,200 K, which is very close to the
calculated adiabatic flame temperature
for constant volume combustion. As ni-

trogen is added, one moves down the stoi-
chiometriec line toward the nose of the
flammability curve, and the measured tem-
perature decreases continuously with di-
lution. At the nose of the flammability
curve, with 37 pct added nitrogen, the
measured flame temperature is 1,500 K.
That value 1is consistent with the limit
flame temperatures for the combustion of
saturated hydrocarbons ng). Note, how-
ever, that the flame temperature in fig-
ure 8B for the addition of 4 pct CF3Br is
much higher, about 1,800 to 1,900 K. The
temperature data does not extend beyond
4 pct CF3Br because only spark ignition
was used in those experiments. However,
the data in figure 7 show clearly that
the use of a pyrotechnic match ignitor
would have given temperature data at
Halon 1301 concentrations above & pet.
Furthermore, a simple extrapolation of
the measured temperatures in figure 8B to
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the normal limit flame temperature of
1,500 K would predict that the real in-
erting concentration should be 8 pect
CF3Br. Thus the temperature data also
support the argument that the 8-pct value
is the true inerting 1limit, and that
4 pet is only an apparent value, limited
by the inadequacy of the ignition source.
There is also substantial independent ex-—
perimental evidence supporting the higher
CF3Br value in a variety of practical
studies with other saturated hydrocarbon
fuels (6).

This problem of ignition energy re-
quirements is one major cause of past un-
certainties and contradictions between
the various studies of inhibition and ex~
tinction. In earlier studies (18, 20)
relating to the limits of flammability of
dusts, it was clearly shown that spark
energies in the 0.l1- to l.0-joule range,
although adequate for igniting most gase-
ous hydrocarbons in air, are not adequate
for dusts. True limits of flammability

for dusts are attained only when the 1lim-
it values are independent of ignition en-
ergy. For coal dusts, ignition energies
in the range of hundreds of joules are
necessary (18, 20). Clearly the data in
figures 7 and 8 show that this spark en-
ergy is also inadequate for Halon-
containing mixtures. Apparently, in the
case of halogenated compounds, their
strong electron affinity and high elec—
tron capture probability causes them to
interfere directly with the electron-
avalanche processes in the spark dis-
charge. Accordingly, they selectively
suppress the ignition process at a lower
concentration than that required for true
extinction of the propagating flame (2).
A similar effect has been reported re-
cently for pure methylene chloride vapor
in air (é). Although it appears to be
nonflammable even for moderate spark en-—
ergies, i1t is actually nonignitable.
However, at high spark energies its true
flammability limits can be measured.

EIGHT-LITER INHIBITION AND EXTINCTION DATA--DUSTS

Pittsburgh Seam Coal Dust in Air
With Added Nitrogen

Detailed data on the limits of flamma-
bility of pure c¢oal dust-air mixtures,
and the effects of particle size, have
been presented previously (18, 20-21).
To summarize those results B?Iéfl?? they
indicate that the lean limit of flamma-
bility for Pittsburgh seam coal dust in
air is 130 g/m3, independent of particle
size below 50 pm diameter. The majority
of the inhibition data to be reported
here are for a broad size distribution of
Pittsburgh pulverized coal (PPC) with a
surface mean diameter Dg = 27 um and a
mass mean diameter D, = 45 um. Pitts~
burgh seam coal has a volatility of about
36 pct by the ASTM D3175 test.

It is instructive to contrast the data
for pure Pittsburgh seam coal dust with
data for other carbonaceous dusts and
methane as shown in figure 9, The flam-—
mability 1limits measured in the 8-liter
chamber are plotted as a function of
the oxygen concentration for wvarious
oxygen—nitrogen mixtures. The dusts span

cally measured value for

the extremes of carbonaceous dusts from
polyethylene (a completely volatilizable,
solid alkane) with a hydrogen-to-carbon
ratio, H/C, of 2.0 to the normally non-
volatile allotropes of pure carbon,
graphite and diamond dust. For air, at
21 pct 0y, the lean limits vary inversely
with volatility, In particular, the lim-
it combustible volatile contents are
constant at 40 to 60 g/m®, despite the
wide variation in the lean 1imit concen-
tration of the total dust (18). Note,
for example, that the gravimetrically
measured lean limit value for polyethy-
lene [ChHpp+z (n + )} in air is virtual-
ly identical to the accepted volumetri-
alkane vapors
of high molecular weight (47). Addi-
tional discussion on the significance
of the data in figure 9 is found in
reference 18,

Most of the inhibitor-effectiveness
data reported in this paper were obtained
with the broad distribution of Pittsburgh
pulverized coal, but the data in figure ¢
were for a narrow distribution with
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FIGURE 9. - Flammability limits forseven dusts
and methane at varying oxygen con-
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D, = 5 umand D, = 7 ym.  As with meth-
ane, the simplest inerting substance that
can be studied is nitrogen, the inert gas
already present in air. The data in fig-

ure 9 for oxygen concentrations below
21 pet essentially show the effect of
added nitrogen as an dinhibitor. It is

more instructive, however, to convert the
coal dust and methane data to the more
typical type of flammability diagram used
in the Bureau of Mines Bulletins (7, 47)
and in figure 5. This comparison between
methane and coal dust is shown in fig-
ure 10, where the flammability domains
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FIGURE 10. - Flammability diagram for coal and

methane with added nitrogen.

shown as a function of added nitro-
For the methane, the flammable
domain is the triangular region to the
left of the dashed curve. The nose of
the methane flammability curve occurs at

35 pet added N,, 6 pet CH,, and 39 pct

are
gen.

air. The nose, therefore, corresponds to
a minimum O, concentration of about
12 pct. The coal dust concentration

scale on the right side of figure 10 has
been normalized so that its 130-g/m3 lean
limit dn pure air coincides with the
5-pet lean limit value for methane on the
left. Note the contrast between the
methane curve and the coal dust curve.
For coal dust, the flammability domain is
the region to the left and above the sol-
id curve. It does not display a clearly
definable "nose" as the methane curve
does. Instead the "nose™ is replaced by
a broadly shaped, blunt "brow” that ex-—
tends to very high dust concentrations.
For coal dust, as one approaches the min-
imum O, comcentration, the curve steepens
and becomes almost vertical, The mea-
sured coal dust rich 1imit for 26 pct
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air or
exceeds

added N, was 3,600 g/m®; and for
zero added N3, the rich limit
4,000 g/m3.

From figure 10, the amount of added N»
necessary to inert Pittsburgh coal dust
is 34 pct, or the minimum oxygen concen-—
tration is about 13.5 to 14.0 pet. The
"brow” occurs at a concentration of about
420 g/m3, which is much higher than would
normally be expected for gaseous hydro-
carbon fuels. The nose of the flammabil-
ity curve for gases (EZ) normally occurs
along the stoichiometric 1line (fig. 5).
For methane, for example, the nose occurs
at a methane to oxygen ratio of 1:2,
which is a stoichiometric ratio (usually
the most reactive mixture). By contrast
for coal dust, the most reactive mixture
appears to be at a dust concentration of
400 to 450 g/m® which is a rich concen-
tration even with respect to the normal
volatile content of the coal., The reason
for such behavior is related to the more
complex mechanism of dust flame propaga-
tion. Premixed gases involve only the
normal gas—-phase kinetic sequence of
flame propagation reactions; whereas dust
flames require several additiomal pro-
cesses: particle heating, devolatiliza-
tion, and mixing of volatiles in the
space between particles. These addition-
al processes cannot only limit the rate
of flame propagation but also limit the
amount of volatiles that are generated in
the finite time available for flame front
passage. Thus, although the most reac—
tive coal dust flame is probably propa-
gating through a near-stoichiometric mix~
ture of volatiles, only part of each dust

particle 1is able to devolatilize rapidly
enough to contribute to that flame. Even
for high dust loadings, the flame front

will always manage to devolatilize just
enough of the coal dust to propagate in
a near-stoichiometric mode., The £front
rides the crest of the most reactive mix—
ture, much as a surfer rides the crest of
an ocean wave., That 1is also the reason
why rich limits occur only at very high
dust loadings. If one loads the system
down with more dust, the flame adjusts by

feeding on the smaller particles, the
sharpest corners, or thinner layers at
the surface of each particle; and thus

the flame front passes before a fuel rich
concentration of volatiles can be gener-—
ated (4, 18, 21).

In any case, the data show clearly that
the most reactive mixture for Pittsbur%h
coal dust contains about 400 to 500 g/m°:
and accordingly, for inhibition measure-
ments to be realistic and conservative
enough, they should be made at coal dust
concentrations that are at least that
high.

Pittsburgh Seam Coal Dust in Air
With Inhibitor Dusts

The pressure data for explosion tests
with several inhibitor dusts are shown in
figure 11. The data were obtained in the
8-liter flammability chamber with an ig-
nition source consisting of four pyro-
technic matches., The data for the inhib-
itors in figures 11B, 11C, and 11D are to
be compared and contrasted with the data
for pure coal dust in figure 1lA. The
coal dust used was the broad size distri~
bution of Pittsburgh pulverized coal
(PPC) with Dy = 27 ym and Dy = 45 um.
The added inhibitor curves are identified
by the weight-percent of inhibitor dust
in the total dust mixture, The measured
peak explosion pressure data in fig-
ure 11A is the normal curve for pure coal

dust. Using a pressure ratio of 2.0 as
the limit criterion, the lean limit is
130 g/m®,

The effect of adding various concentra-
tions of Purple K (fluidized KHCO3) dust
is shown in figure 11B. Additions in the
range of 13 to 35 wt-pet of the powder
raise the lean limit only slightly, Very
high concentrations of the inhibitor,
about 80 wt-pct, are necessary to com-
pletely inert the coal dust and Purple K
mixture., The effect of the addition of
BCD (fluidized WNaCl) powder is shown in
figure 11C. It is significantly more ef-
fective than Purple K, The addition of
35 wt-pct of BCD powder raises the lean
limit from 130 to 270 g/m® of coal dust.
The addition of 46 vol-pct BCD raises the
lean limit to 450 g/m®, and a slightly
higher concentration would inert the mix—
ture completely.
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FIGURE 11. - Effects of added inhibitor dusts on explosion pressures of coal-air mixtures,
The most effective inhibitor studied relative to the fluidized inhibitors. 1t

was ABC (fluidized NH,H,PO,) powder, and
the data are shown in figure 11D. The
ad¢dition of 15 wt-pct of ABC raises the
lean limit from 130 to 240 g/m3 of coal.
With 20 wt-pet added ABC, the mixture is
virtually completely inerted, with pres-—
sure ratios less than 2 for coal concen—
trations up to 700 g/m3.

The data for limestone rock dust
(CaC03) are shown in figure 12, Imitial
experiments were performed with normal
rock dust, and the data are shown in fig-
ure 12A.,  Since that rock dust was not
fluidized, there was some concern about
a fair comparison of its effectiveness

was, in fact, surprising that rock dust
should appear to be more effective than
Purple K. Since the rock dust was not

fluidized, it was suspected that the dis-—
persion characteristics of the dust mix-
tute were influencing the results. The
unfluidized mixture is more difficult to
disperse, especially at the high total
dust concentrations required to study the
less effective inhibitors. Accordingly,
additional experiments were performed
with fluidized rock dust and those data
are presented in figure 12B. The data
seem to show that the dispersion charac-
teristics do indeed influence the re-
sults., However, even the fluidized CaCOj



18

6 T 1 T | 1 T
A Coal-rock dust ‘,B: £~ 35 pct
S ]
41— —
3= |
Q > |
g
r
&
> | !
o)
o 1 | ] r T T 1
¥ £ Coal-fluidized rock dust
g 5 /(35 pct 1
L
o ®
41— —
3 * ]
v
5T pct
2p- |
%
I A | v |
0 100 200 300 400 500 600 TOO

COAL DUST CONCENTRATICN, g/m3
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limestone rock dust as inhibitors
for coal dust in air explosions.

is somewhat more effective than fluildized
KHCO3.  Concentrations of added, fluid-
ized rock dust of about 60 wt-pet or
about 63 pct incombustible (including ash
in coal) would be necessary to inert the
coal-rock mixture. This value is 1In rea-
sonably good agreement with the data from
full-scale mine tests which were the ba-
sis for the mining regulations (44-45).

The final results for all four inhibi-
tors are summarized in figure 13, Using
the standard limit criterion (measured
pressure ratio of 2,0), the measured lean
limit coal dust concentration is plotted
as a function of the inhibitor content of
the dust mixture. The inert content is
shown both as the welght-percent of added
inhibitor dust in the total mixture and
as the weight-percent of incombustible,
which includes the nominal 8 pet ash

in the coal. All curves originate at
130 g/m3 for zero added inhibitor con—
tent, which nevertheless contains § pct
incombustible from the ash content of the
pure coal dust. The lean limit increases

with increasing ionhibitor content. For
the more effective dinhibitors, the in-
crease is marked; whereas, for the less

effective inhibitors the increase is ini-
tially quite small. All curves essen-
tially reach a vertical asymptote at the
point where the mixture is rendered com—
pletely inert by the addition of the in-
hibitor dust. Once the lean 1limit has
been raised as high as 400 to 600 g/m® of
coal dust, one has wusually just about
reached that asymptote. This observation
is quite consistent with the data for
pure coal dust in figure 10, which indi-
cated that the most reactive mixtures
were at those concentrations.

The data in figure 13 show that the or-
der of effectiveness of these four inhib-
itors is NHyH,POy > NaCl > CaCOj3 > KHCO3.
The most effective, ABC (NH,HyPO,) pow—
der, 1is capable of dinerting Pittsburgh
seam coal dust at a concentration of only
one part inhibitor to four parts coal
dust; that is, only one—fourth as much
inhibitor dust as coal dust. By con~-
trast, the least effective inhibitor,
Purple K (KHCO3) powder, requires four
times as much inhibitor as coal dust.
BCD (NaCl) requires about equal parts of
inhibitor and coal dust; whereas rock
dust (CaCO3) requires the standard
amount: two parts incombustible to one
part coal dust (44-45).

In addition to the inhibitors shown in
figure 13, a variety of other chemical
powders were studied. Various combina-
tions of anion and cation salts were
studied in a somewhat systematic way in
the hope of finding the most effective
inhibitor. Also studied were several
refractory oxides and carbides of varying
density. The results of those investiga-—
tions are summarized in table 2. The
inhibitors studied are tabulated in order
of their increasing effectiveness.
For each coal-inhibitor mixture, the lean
limit 1in grams per cubic meter of coal
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FIGURE 13. - The effect of added inhibitor dusts on the flammability limits of Pittsburgh seam coal,

is listed. Nonflammable mixtures are de—
noted by NF in the table. The amount of
inhibitor dust required to totally inert
the coal-inhibitor mixture is listed both
as the weight-percent of that inhibitor
and as the weight—percent of total incom-
bustible, which includes the ash and
moisture in the coal. The average parti-
cle sizes are from Coulter Counter size
analyses.

One should be cautious in attributing
small differences in effectiveness to
chemical effects exclusively, There were
significant differences in particle size
and degree of fluidization for the vari-
ous powders studied, and these variables
could have important effects on the ap~
parent order of effectiveness. Prelimi-
nary data has shown that, for particle

ticle diameters less than 20 unm, varia-
tion in particle size has a relatively
minor influence on an inhibitor's effec-
tiveness. Three narrow distributions of
alumina, Al,03, dust (D, = 4, 8, and
14 ym) were tested with Pittsburgh coal
dust. At 35 pct inhibitor, the same coal
lean limit was measured with all three
sizes. At 56 pect inhibitor, the smaller
sizes were only slightly more effective
than the largest dust tested, Several
narrow and broad distributions (with mean
diameters of from 5 to 30 um) of Phos-
Chek P/30, (NH,PO3),, were also tested
with Pittsburgh coal dust. At 13 pct in-
hibitor, the smaller sizes were  some~
what more effective in raising the coal
dust lean limit. The amount of Phos—Chek
necessary to totally dinert the  coal-
inhibitor mixture ranged from 13 wt-pct
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TABLE 2, - Effectiveness of various inhibiting dusts against Pittsburgh seam coal
dust explosions, as shown by the increase in the coal lean flammability limit
with added inhibitor

Particle Lean limit coal dust con-— Amount required to
diameter, centration, g/m3, at in— inert completely,
Inhibitor Ui hibitor content of-—- wt—pet
Ds Dy 13 15 35 46 56 Inhibitor| Total in-
pet pct pct | pct pct combustible
LiCgH70o (lithium
acetyl acetonate).. 85
C3NgHg (melamine)... 120
K(CH3C00) e s uvevannnes 130
NazP0,y*12Hs0.ccavess ~130
KNO3ssseesassscansas 140
KHCO3+urea (Monnex)! 12 19 140
NaHCO3 (BCS).......| 8 | 14 145
KHCO3 (Purple K)1,..| 11 | 22 180 155 230 78 80
NHLHCOZ e e ennnvnnnanse ~150
LigPOheervrroscnnrons 28 59 ~160
(NHL ) 72804 ceveennnane 165
KBrusvoseeasvovsannne 165
(NH, )2C20,*Ho0.,.... | 16 | 23 170
CaC03 (rock dust)l.. |t 14| 12 165 ~500| 60 63
CaCO3 (rock dust)... 10 | 28 150 ~180 NF 56 60
KC1 (Super Klesiseos 8 15 1801 ~300 ~54 ~58
NaFocosavensasavsnsnss 185
G 190
By03essenssnsenesnse| () () 190
WCaeraesoaoonsosannas 200
Phosphate rockesec.. 14 | 28 200 | 300 ~33 ~57
KoHPOL e sanvnsencscee 90 (120 210
CaCyOy*HpOversaannea| 9| 13 225
NHyClaeeoossvwoveneos 225
Na2BuO7eensecosasecs 40 60 225
NaCl (BCD)1......... 9| 19 175 270 | 450 48 53
CayPr07eeoreevsonses 11 16 290
BNueieossorasoasannsns 8 11 390
MEOveoeesoaens sesssas 8 10 ~480 NF 39 44
Ca3(PO4)gecencsesses| 8| 12 200 ~450 39 44
CaHPO, *2H200 e eeennns. NF 35 40
NHLHO)POL eanvnacrocss 11 16 180
NH,H, PO, (ABC)!..... 71 10 240 | NF 20 26
C3NgHy*Hy POy (mela-—
mine phosphate).... 7 13 230 NF
H3BOZeesenosasanonaa| 28 | 40 240 NF
(NH, PO3 ), (Phos—Chek
P/30)ceesscensanase 22 | 33 ~280 | ~450| NF 18 24

NF HNonflammable.

NOTE.-~No entry indicates that

not performed.

lrluidized powders. 2Large.

data were not collected or

flammability teats were



for the sgsmallest size to 18 wt-pet for
the largest size. Therefore, variations
in particle size below about 20 um would

probably not significantly affect
hibitor dust's position in table 2.

an in-

How—

ever, for the inhibitor dusts in the ta-
ble with much larger mean diameters, the
inhibitor's position in the table could
improve significantly 1f a smaller size

were tested.

In summary, the data suggests that the

effectiveness of the inhibiting

salts
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correlates better with their anion rather
than with their cation components. The
approximate order of anion effective-
ness is phosphates > halides > carhon-
effective of the phos—

ates. The most

phates appears

to be the

ammonium salt,

which has the lowest decomposition tem-

perature of the phosphates

studied. A

more detailed discussion of these results
will be presented later in this report.

COMPARISON OF SMALL-SCALE AND LARGE-SCALE DATA

Premixed Coal and Inhibitor Dusts

As discussed in the introduction, some
early laboratory-scale tests (13-14, 42)
were 1in total disagreement with mine
tests (12, 40) on the relative effective-
ness of Purple K and limestone rock dust
as inhibitors against coal dust explo-

slions. The data from the 8-liter

flam—

mability chamber, however, show good
agireement with the mine tests as seen in
table 3. The 8-liter data are compared
with data from a 2-m~diameter by 28-m-
long gallery, open at one end, and with
data from the Bruceton (Pa.) Experimental
Mine. In all tests the inhibitor and

coal dust were premixed, and a

strong

ignition source was used. The values
listed 1in the table are the amounts by

weight of inhibitor necessary to total-
ly inert the mixture.
weight-percent does not include the in-
trinsic ash and moisture
The order of effectiveness for the five
inhibitors is the same in both the small-
scale laboratory chamber and in the
large—scale gallery and mine. Also, the
absolute amounts necessary to inert are
in reasonably good agreement in the three
Since inhibitors can be

test methods.

more easily tested

in the

(Note that the

in the coal.)

laboratory-

scale 8-liter chamber and since it gives
with  full-scale mine

good agreement

tests, it can

be used as

a screening

device to test potentially effective in-
hibitors before the more
scale tests are conducted.

TABLE 3. - Inerting requirements for Pittsburgh seam
coal with various powdered inhibitors, small-scale
and large-scale data

Weight—-percent required to inert

Inhibitor 8-liter | 2-m~diameter | Experimen—
chamber gallery tal mine
KHCO3 (Purple K).o.. 75-80 70-75 67-73
CaCO3 (Rock dust)... ~60 65-70 67-70
KC1 (Super Kleseesaa 50-55 20-30 35-40
NaCl (BCD).ciasseaas | 45=50 18-24 35-40
NHy H,PO, (ABC)uevewes 18-20 16-15 18-24

costly full-
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Inhibitors in Triggered Barriers

Bartknecht (3) has studied the problem
of extinguishing dust and gas explosions
in enclosures of fixed volume by the
rapld release of various inhibiting pow-
ders into the enclosure. The effective—
ness of such triggered barriers were
evaluated in terms of the number of con-
tainers, each containing a given mass of
powder, that were required to suppress
the explosion, Ammonium phosphate based
powders proved to be the most effective
inhibitors. That observation agrees with
the data reported here in tables 1 and 2
and in figures 6 and 13. Since the bar-
riers contained a given mass of powder
and were dispersed into a known volume,
the approximate mass concentration re-
quired for extinguishment can be esti-
mated. For the large explosion vessels
of 20 to 50 m®, the concentration of am-
monium phosphate required for extinguish—
ment by triggered barriers was in the
range 1,200 to 1,800 g/m3. That value is
considerably higher than the values
observed in the present studies with

methane gas (table 1) and with coal dust
(table 2). In the B8-liter studies, the
inhibitor was predispersed with the dust
or gas prior to ignition; whereas, in the
triggered barrier studies by Bartknecht,
the inhibiting dust was dispersed only
after an explosion had already been ini-
tiated. The higher concentrations re—
quired in the latter case suggest that
these barriers' effectiveness may still
be largely limited by the rate of dis-
charge of the extinguishant and/or its
dispersion and mixing requirement within
the volume.

In Bureau studies in the 2-m-diameter
gallery and in the Bruceton (Pa,) Ex-
perimental Mine, Liebman and Richmond
(33) tested inhibitors in triggered bar-—
riers in addition to the premixed coal-
inhibitor tests discussed in the previous

section., They also found that ammonium
phosphate (ABC powder) was the most
effective inhibitor against coal dust

almost as effec—
again much Iless

explosions, Water was
tive and Purple X was
effective.

INHIBITION AND EXTINCTION IN A METHANE BURNER FLAME

In addition to the constant volume ex-—
plosion tests, a variety of experiments
were performed with a methane burner sys-—
tem. The system was constructed to de-
liver and measure the concentration of
powdered inhibitors needed to quench a
low-velocity, flat, methane-air burner
flame. Data were obtained on the effec—
tiveness of ABC, Purple K, and alumina.

Burner and Dust Feed System

The burner (fig. 14) was designed to
generate a stable, flat flame and at the
same time to minimize the resistance to
powder flow into the flame front. The
burner was oriented so that the inlet
gases flowed downward. Accordingly, the
flame propagation direction was upward
with the upward laminar burning velocity
balanced against the downward gas flow

velocity. The grid that laminarized the
flow profile was made of stainless steel
with open mesh dimensions of 1.6-mm

square cross sections., The wall thick-
ness of the stainless steel elements that

Gas and particle
inlet

Copper cooling
coils

£
f Flame front
i Q 2 4
Bottom view of [T R S
grid Scale, ¢m

FIGURE 14, - Schematic of flat-flame gas burner.



formed the grid was 0.8 mm and the grid
helght was 16 mm, The grid was adjusted
so that it protruded some 6 mm below the
main body of the burner. The powder
fecder system is similar to the one des-
cribed by Altenkirch, Peck, and Chen (1).
The feeder operates on the principle of a
pressure difference  which induces a
powder flow from the fluidized bed
(fig. 15) through an orifice in the l-mm-
ID stainless steel offtake tube posi-
tioned 6 cm above the fritted glass disk.
The orifice is 0.06 mm in diameter and is
located in the wall near the center of
the tube. A metered alr flow through the
offtake tube controls the output powder

concentration by defining the pressure
=xhaust ":I_
| —Flowmeter P ?gsgre
Rubber
stopper
Glass — 1
filter
Fluidized
bed

Particle
feed

Fritted glass
filter

Control
valve S r——Flowmster
9 E
‘21 ® 0 6 12
I S
, Scale, ¢m
Alr —'_H

FIGURE 15. - Fluidized bed, dust feed system

for the gas burner,
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differential Dbetween the bed and tube.
The relationship of the combined pow-

der feeder and burner system is shown in
figure 16.
Powder - concentrations were measured

with a collection system consisting of a
vacuum cleaner and a large funnel with
glass fiber filter paper. The concentra-
tion was determined by the mass 0f powder
collected on the filter paper in a given
time interval relative to the volumetric
gas flow in the same time dinterval,
Flame temperatures in the burner were
measured using a 1-mil (25 um) platinum-
rhodium type S thermocouple.

Inhibitor Data

The data obtained with the methane-air
burner flame are summarized in table 4.
The data differ significantly from those
obtained in the 8-~liter constant volume
chamber and in the large-scale gallery
and mine. Purple K, which was relatively
ineffective in those studies, appears to
be the most effective powder in the
burner test. Because of the apparent
contradiction, these burner tests do
not appear to be reliable indicators of
extinguishant behavior in real explo-
sions. However, the reasons for this
contradiction are not entirely known.

Pressure
gage
Mixing
— chomber
Offrake _air H

|

Flowmetars

Exhaust

Methone

Flowmeters v

Vibrater

Air

Fludized
bed ar

FIGURE 16. - Gas burner, dust feed system, and

associated instrumentation,
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TABLE 4, — Concentrations of added inhibitor dusts
required to extinguish a burner—-stabilized
stoichiometric methane—air flame

Flame Measured, burned gas | Extinguishing concen-
velocity, | flame temperature, tration, g/m°

cm/sec K Purple K | ABC | Alumina

bibiiieas 1,730 1.6 411 >1,150

SeTveeens 1,760 1.1 941 >1,150

6e3c00esn 1,780 2,0 168 | >1,150
A clue that may lead to a resclution to  extinguish methane flames on a
of the problem comes from the relatively downward flowing burner flame 1in which

low flow velocity and flame temperature

for the uninhibited methane—air flame.
The normal burning velocity for a stoi-
chiometric methane—-air flame is about

45 cm/sec and its adiabatic flame temper-
ature is 2,200 K. Yet the burner flames
shown in table 4 had burning velocities
of only 4 to 6 cm/sec and flame tempera—
tures 400 to 500 K 1lower than normal.
Clearly, the flames were highly quenched
by heat losses to the top of the burner
system even before the powdered extin-
guishants were added. This is quite ap-
parent from the ABC data, where a small
increase in burning velocity from 4 to
6 cm/sec had a large effect on the con-
centration required to extinguish. In
order for these data to be consistent
with the data for the explosion studies,
an even more dramatic increase (about two
orders of magnitude) would have to appear
for the Purple K data at the higher burn-
ing velocities.

Comparison With Other Burner Data

An early study of the effect of pow-
dered additives on premizxed flames was
reported by Dolan {(9). He measured the
concentration of various powders required
to extinguish a stoichiometric methane-
air flame propagating upward in a 7-cm-
diameter tube. For closed—end ignition,
the concentrations of NaCl and NaHCO3
powders (2 to 5 um in diameter) required
to extinguish the flame were 280 and
66 g/m3 respectively. For open ended ig-
nition, suppression occurred at consid-
erably lower concentrations.

Dewitte, Vrebosch, and Van Tiggelen
(8) measured the concentrations required

the flame was propagating mainly upward.
The flames were slightly enriched in
oxygen; however, the measured critical
dust concentrations for extinguishment
were shown to scale with the square of
the burning velocity. For the burning
velocity corresponding to a stoichiomet-
ric methane-air mixture, the critical
dust concentration for 3 to 5 um Kp30y4
was in the range of 200 to 250 g/mg. The
powder Ky;CO3 was somewhat more effec—
tive, requiring concentrations of 150 to
175 g/m3, whereas Na,C03 required concen-
trations of 500 to 600 g/m3. An even
more effective inhibiting powder K;CrOy
required about 100 g/ms, whereas the al-
kali halides required concentrations that
were a factor of two to three higher.

Rosser, Inami, and Wise (41) measured
the effect of the addition of inhibiting
powders on the upward propagation veloc-
ity of stoichiometric methane—air flames
in a 2-cm-diameter tube, The dust was
injected mnear the bottom of the tube in
an upward flowing stream; however, the
gas flow was stopped for an unspecified
period of time just prior to dignition
with an electric spark. Some powders
such as CaC03 were not very effective in
reducing the flame velocity, but several
others appeared to be quite effective and
were categorized as showing “chemical
interference with the combustion pro-
cess.”  For the more effective compounds
there was a very rapid reduction in burn-
ing velocity with increasing dust concen-—
tration, dropping from 70 cm/sec to about
15 cm/sec. Below 15 cm/sec all additives
showed a leveling off in apparent effec—
tiveness. The dust concentration  at



which the curve broke or “leveled off"
was considered to be a measure of inhib-
itor effectiveness. For the more effec—
tive dusts, the break occurred at concen-
trations as low as 10 to 20 g/ms. It
may, however, not be coincidental that
the curves break at a common wvelocity of
15 to 20 cm/sec. That velocity is about
equal to the rate of rise of a buoyant
ignition kernel, at the limit flame tem-
perature, in a 2-cm—diameter tube (16,
Ag). There are more uncertainties in the
test procedure that cast suspicion on the
validity of the low concentrations in-
ferred at the break. First there is the
unspecified delay between the stopping of
the flow and the initiation of the spark.
Dust particles in a static gas will
settle by gravity generating a concentra-
tion distribution that can change mark-
edly during the delay, especially near
the idignition region at the bottom of
the tube, Any downward velocity for the
particles relative to the gas into an
upward propagating flame causes the
flame front to experience a dynanic dust
concentration that can be markedly higher
than the static concentration in the
tube. In addition, the spark dignition
source may not have been adequate to in-
sure the reliable ignition of the mix-
ture. Thus the data may, 1in reality,
reflect only the effectiveness of the
various powders in preventing ignition
with a relatively weak source and not the
amount required to extinguish a fully
developed combustion wave. The situation
may be similar to that described earlier
for the halogenated compounds. In any
case, the concentrations reported by Ros-—
ser, Inami, and Wise at the break of the
propagation velocity curve for the addi-
tion of K»80,, Na,CO3, and the alkali
halides are at least an order of magni-
tude lower than the extinction concentra-
tions reoprted by Dewitte, Vrebosch, and
Van Tiggelen (8). Rosser, Inami, and
Wise did, however, observe good correla-
tion between the relative effectiveness
of the various powders studied and the
ease of wvolatilization. The ineffective
additives were those that were nonvola-
tile at the flame temperatures euncoun-
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tered, whereas the effective powders had
high volatilities at those temperatures.

Smoot: and Horton (42) studied the ef-
fectiveness of wvarious powdered addi-
tives in extinguishing burner—-stabilized
flames of methane—air and coal dust-
air. A downward flowing system was used
in an enclosed burner in which a
10-cm-diameter flat flame was stabilized
in upward propagation toward a flow-
smoothing, flame holder screen. Data
were obtained for the concentrations of
added powders required to reduce the
burning  velocity of stoichiometrie
methane-air from i1its normal value of
45 em/sec to an extinction limit value
near 5 to 8 cm/sec. The required concen-~
trations were as follows: 20 g/m® for
18 um KpCp04, 20 g/m® for 4 um KHCO3,
80 to 120 g/m® for 14 um KHCO3, 100 to
120 g/ud for 19 ym KBr, 400 to 500 g/m’
for 22 um KNO3, 1,100 g/m® for 13 um
CaC03, and 1,300 g/m3 for 12 um Al,03.
For Pit:tsburgh seam coal dust—air flames,
concentrations in the range 10 to 15 wt-
pet of 19 um KHCO3; were sufficient to
extinguish the most flammable coal dust
concentration,

In summary, the more adiabatic burner
flames gave better agreement with the
8-liter data; but there is still a con-
tradiction for Purple K. Smoot and Hor-
ton's data for the thermal inhibitors,
CaCO3 and Al;03, were somewhat in agree-—
ment with the 8-liter data from figure 6
and table 1. The reason that Purple X
appears to be a more effective inhibitor
against burner flames of methane and coal
dust and against the vertical duct flames

(13-14) idis still not completely under-
stood. Continued study of burner flames
may be interesting from a purely scien-
tific viewpoint. However, the final

evaluation of the effectiveness of inhib-
itors against methane or coal dust flames
should always be made in full-scale
tests; and the laboratory-scale method
(8-1liter chamber) that gives best agree-
ment with the full-scale tests is the one
that should be used for preliminary test-
ing and screening of inhibitors.
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DISCUSSION AND INTERPRETATION

As shown earlier in table 2, the data
for the inhibitor compounds indicate
an effectiveness ranking according to
their anion moiety. It is unclear why
they should rank themselves according to
their anion content. It is possible that
that ranking merely reflects the ease of
devolatilization or decomposition, The
phosphates are generally more easily vol-
atilized than the halides or carbonates.
On the other hand, some easily decom—
posible substances such as NH,HCO3 were
relatively dineffective. The data in
table 2 suggest, in addition, a chemical
role being played by some phosphorus
bearing intermediates of the thermal de-
composition of the phosphates studied.
The observed effectiveness increases more
or less monotonically with the phosphorus
content of the inhibitor, except for
Li3 POy, which 1s larger in particle size
and melamine phosphate C3zNgH7*H;PO, which
is very effective with a 1low phosphorus
content.

As discussed earlier in the section on
the 8-liter data for coal and inhibitor
dusts, some limited results were obtained
for various particle sizes of a given in-
hibitor. In the case of very fine Al,03
and (NH,PO3),, particle size varlations
did not seem to have a large effect below
about 20 um in diameter, Although all
the inhibitor dusts studied were general-
ly quite fine in size, they were of vary-
ing sizes. Accordingly, one should be
cautious in attributing small differences
in behavior of the wvarious compounds
studied to their chemical composition
solely. Some particle size effects, es-
pecially for the coarser powders studied,
may be hidden in the data. Better con-—
trol of inhibitor sizes is desirable in
future studies.

Another hidden variable discussed ear-
lier 1is the state of fluidization. It
is probably desirable to fluidize all

inhibitors used in future studies, but it
is especially necessary when dealing with
the less effective substances such as
CaCO3. TIf large inerting quantities must
be added to the most reactive coal dust
concentration (400 to 600 g/m3), then the
total dust concentration being dispersed
becomes quite large. 1In such cases, the
degree of fluidization can markedly af-
fect the dispersibility of the mixture.
The data showed that fluidized rock dust
appeared to be somewhat less effective as
an Inhibitor than unfluidized rock dust.
This is probably because the unfluidized
rock dust prevented the coal dust from
being effectively dispersed. According-
ly, the most flammable coal dust coancen-
tration was not attained and a lower 1n-
erting level appeared to be effective.
If the dust is fluidized, the dense mix-
ture 1s more easily dispersed, the opti-
mum coal dust concentration 1is readily
attained, and a larger inerting level is
required. Naturally, it is the latter
value that correctly represents the true
inerting requirement,

For methane-air extinction data there
is no dispersibility requirement for
the fuel. In that case, fluidization
enhances the dispersibility of the in-
hibitor only and the fluidized pow-
ders could appear more effective than
their wunfluidized counterparts. This
fluidization—dispersibility factor is
measurable but small and tends to be con-
fined to the less effective inhibitors.
Because of the differences in fluidiza-
tion for the compounds studied din ta-
ble 2, one must be similarly cautious in
attributing small differences in effec-
tiveness to chemical effects only. As
with particle size control, it is proba-
bly desirable to fluidize all the inhibi-
tors studied to insure that the nominal
mass loadings used cortrespond to the real
concentrations that are dispersed.
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