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ABSTRACT

There are a large nunber of facilities throughout the world which
handl e coal, such as preparation plants. Many other facilities
use coal as a fuel, such as cenent and linme factories. Al though
coal can be handl ed safely and can be an efficient fuel, there
are expl osion hazards which are accentuated as the particle size
is reduced. Particle sizes of coal which can fuel a propagating
expl osi on occur within thermal dryers, cyclones, baghouses,

pul veri zed-fuel systens, grinding mlls, and other process or
conveyance equi pnent. This paper discusses how expl osi ons can
occur within these facilities.

FI RE TRI ANGLE AND EXPLOSI ON PENTAGON

There are three necessary el enents which nust occur

simul taneously to cause a fire: fuel, heat, and oxygen. These

el enments formthe three legs of the fire triangle. By renoving
any one of these elenents, a fire becones inpossible. For
exanple, if there were very little or no oxygen present, a fire
coul d not occur regardless of the quantities of fuel and heat
that were present. Likewise, if insufficient heat were
avai l abl e, no concentrations of fuel and oxygen could result in a
fire.

On the other hand, for an explosion to occur, there are five
necessary el ements which nust occur sinultaneously: fuel, heat,
oxygen, suspension, and confinenent. These formthe five sides
of the explosion pentagon. Like the fire triangle, renoving any
one of these requirenments would prevent an expl osion from
propagating. For exanple, if fuel, heat, oxygen, and confi nenent
occurred together in proper quantities, an explosion would stil
not be possible wthout the suspension of the fuel. However, in
this case, a fire could occur. |If the burning fuel were then

pl aced i n suspension by a sudden blast of air, all five sides of
t he expl osi on pentagon woul d be satisfied and an expl osi on woul d
be i mm nent.



Renmenbering the three sides of the fire triangle (fuel, heat,
oxygen) and the five sides of the explosion pentagon (fuel, heat,
oxygen, suspension, confinenment) is inportant in preventing fires
and explosions at any facility. By elimnating the possibility
of either suspension or confinement, an expl osi on cannot occur,
but a fire may occur. By elimnating the fuel, the heat, or the
oxygen requirenents, neither a fire nor an expl osion can occur.

Fuel

Coal, as a primary fuel, nust neet several requirenents in order
to be explosive. These requirenents are volatile ratio, particle
size, and quantity. The volatile ratio is a val ue established
by the former United States Bureau of Mnes to eval uate the
explosibility of coals based on |large-scale tests in the
Experimental Coal Mne. To calculate the volatile ratio, a

proxi mate anal ysis nust be performed in the |aboratory on a
sanple of the coal. This analysis determnes the volatile matter
and fixed carbon quantities of the coal along with noisture and
ash. The volatile ratio is defined as the volatile matter

di vided by the summation of volatile matter and fixed carbon of

t he coal

This method for calculating the volatile ratio produces a val ue

i ndependent of the natural or added inconbustible in the coal.

It has been determned that coals with a volatile ratio exceedi ng
0.12 present a dust explosion hazard. Al bitum nous coals fal
into this category. Since anthracite coals, by definition, have
a volatile ratio of 0.12 or less, they do not present an

expl osion hazard. It is inportant to note that both bitum nous
and anthracite coals can be involved in fires, but only

bi tum nous coal s can be involved in expl osions.

Anot her inportant requirenment of the fuel is related to particle
size. Experinments have shown that bitum nous coal particles
passi ng through a U S. standard 20-nmesh sieve can participate in
a coal dust explosion. A 20-mesh sieve allows particles up to
841 m crons or about 0.03 inch to pass and these are the |argest
particles that contribute to a coal dust explosion. As the
particle size is reduced even further, a nore severe expl osion
hazard is realized. Typically, in pulverized-fuel systens, the
coal is reduced to a particle size where nore than 85% w || pass
a U S. standard 200-nmesh sieve with openings of 74 mcrons or
about 0.003 inch. These coal dust particles require | ess energy
or tenperature to ignite and, since heat transfers nore quickly
between smaller particles, the pressure and rate of pressure rise
during an expl osion are accentuat ed.



The third requirenent for explosibility is related to the
quantity of coal dust avail able, known as the m ni mum expl osi ve
concentration (MEC). This is the m ninum quantity of dust in
suspension that wll propagate a coal dust explosion and generate
sufficient pressure to cause danmage. The MEC for bitum nous coa
is approximately 0.10 ounce per cubic foot or 100 grans per cubic
meter. \When pul verized coal dust at the MEC was di spersed in an
entry, a cap lanp 10-feet within the cloud was not visible to
observers standing in front of the dispersed dust. Also, a
person cannot breathe in an atnosphere containing dust at the
MEC. This anmount of dust in the air is 25,000 tines greater than
t he average concentration of respirable dust to which a coal

m ner may be exposed during an 8-hour shift. A layer of

pul veri zed coal dust at the MEC deposited on the floor of the
Experinental Coal Mne in Bruceton, Pennsylvania averaged 0.005-
inch thick. This thickness is alnobst unobservable. In other
words, if footprints are visible in coal dust on the floor or the
coal dust is seen on the walls of a plant, then there is enough
coal dust at that particular |ocation to propagate an expl osion.

The upper explosive limt is not well-defined and experinents
have shown that a coal dust |oading of 3.8 ounces per cubic foot
woul d propagate a | owvel ocity explosion and that a 5.0 ounces
per cubic foot |oading would quench itself within 10 feet of
ignition. The presence of other flammable dusts or gases can

| ower the MEC of the coal, which increases the hazard. On the
ot her hand, the hazard can be | essened with the addition of ash,
rock dust, inert gas, and any other inert material.

Heat

The heat requirenments to conplete the fire triangle or the

expl osi on pentagon can be in the formof tenperature or energy.
The ignition tenperature of a coal dust cloud decreases as the
vol atile content increases. At high volatile contents, the
ignition tenperature of a coal dust cloud approaches a limting
tenperature as |l ow as 440°C (824°F). The ignition tenperature of
a Pittsburgh Seam coal dust cloud is fairly constant as the
particle size increases to about 180 mcrons. Further increases
in sizeresult inrapidrise in the ignition tenperature
requirenents. As the particle size decreases, the coal dust
beconmes easier to ignite.

The ignition tenperature of a coal dust |ayer also decreases as
the volatile content increases. At high volatile contents, the
ignition tenperature of a coal dust |ayer approaches a limting
tenperature as |l ow as 160°C (320°F). Wth dust |layers on hot

surfaces, the mninumignition tenperature decreases sharply as
the thickness of the deposit is increased. This is due to the
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fact that thicker dust |ayers capture and hold heat nore readily.
To illustrate the variety of coals, the mninmumignition
tenperatures to ignite clouds of various ranks of coal are as
fol |l ows:

Coal Rank or Type Minimum Ignition Temperature

oY)

Pocahont as Seam bi t um nous 610

Pi ttsburgh Seam bi t um nous 525- 560

Sub- bi tum nous bl end (as 475

recei ved)

Sub- bi tum nous bl end (dried) 455

Lignites (as received) 450- 600

Lignites (dried) 425- 555

Visually, a tenperature of approximately 537°C (1000°F) is
obt ai ned when an object is heated to a dull red in a darkened
room Resistors in controllers or other electrical conponents
may exceed this tenperature. Also, tenperatures at the top of a
200-watt i ncandescent bul b approach 250°C and, at the top of a
1500-watt i ncandescent bul b, can exceed 300°C

There is also a variation in the mninumignition tenperature of
coal dust |ayers as follows:

Coal Rank or Type Minimum Ignition Temperature
oY)
Pi ttsburgh Seam bi t um nous 170
Rhode 1sland (Cranston) 520
anthracite
[I'linois No. 7 bitum nous 160
Pocahont as Seam bi t um nous 220

Electrical or frictional sparks can also provide the heat source
for initiating a fire or explosion. Experinents have shown that
a coal dust cloud can be ignited directly by frictional sparks in
t he absence of nmethane. Dust clouds of lignite and sub-

bi t um nous coals can ignite wwth as little as 30 mllijoules of
energy. Bitum nous coal from Kentucky and fromthe Experi nental
Coal Mne (Pittsburgh Seam) in Bruceton, Pennsylvania required 30
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and 60 mllijoules, respectively, as the mninumignition energy
of a cloud. Below a noisture content of between 5% 8% there is
no effect on the explosibility parameters for m nus 200-nesh
Pittsburgh Seam coal dust. Beyond 8% noi sture, the m ni num
anount of energy required for an expl osion increases dramatically
and, at 15% noisture, about ten tines nore energy is required.

Al so, the mnimumignition energy of coal dust varies with oxygen
content of the atnosphere, volatile content, and the anount of
fine dust that will pass a U S. standard No. 200-nesh sieve (74
mcrons). Coals are easier toignite with increases in the
oxygen content, or the volatile content, or in the anount of fine
coal. However, there is alimting value of mninumignition
energy which varies for each coal

All coal dusts should be regarded as prone to ignition when
exposed to the frictional sparks of badly maintai ned machi nery or
when they becone contam nated with tranp netal. For m xtures of
coal dust and flammable gas, the critical mninmumignition energy
is that which affects the gas. Wen ignited, the gas rel eases
sufficient energy to suspend and ignite a coal dust cloud.

xygen

As the volatile content of a coal increases, |ess oxygen is
required to conplete the fire triangle or the explosion pentagon.
Less oxygen is also required as the rank of the coal decreases.
Sem -anthracite has a very low volatile content and lignite is at
| east as volatile as high-volatile bitum nous coals. However, at
anbi ent tenperatures, the oxygen content nust be reduced to bel ow
13%to prevent ignition of bitum nous coal dusts with a strong
ignition source.

Suspensi on

For fires to occur, suspension is not a necessary step but
conpl etion of the expl osi on pentagon does require that the fuel
be placed in suspension. There is certainly danger present
whenever coal dust is placed in suspension because, in nost
circunstances, it need only find a heat source to initiate an

explosion. |If a coal dust layer on the floor is snoldering, an
explosion is inmnent if the layer is sonmehow placed into
suspension. In this case, heat to satisfy the fire triangle and

t he expl osi on pentagon is already present.

The speed and duration of the noving air in an explosion is
capabl e of dispersing additional coal dust fromthe floor, walls,
over head beans, and equipnent. A hurricane causes substanti al
damage when the wind speed is 150 to 200 mles per hour (230 to
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290 feet per second). In nost coal dust explosions, the air
speed exceeds 200 mles per hour. |In fact, a coal dust expl osion
will generally die out if the air speed is less than 100 m | es
per hour (150 feet per second).

The maxi num expl osi on pressure devel oped i s about 90 psig for
Pittsburgh Seam coal. The maxinmumrate of pressure rise for
Pittsburgh Seam coal is 2000 psi per second. These paraneters
are inportant in predicting the violence or destructive powers
capabl e of being generated when a particular dust is suspended
and ignited. Since the maxi mum pressure is 90 psi for Pittsburgh
Seam coal and the rate of pressure rise is 2000 psi per second,

it is easily seen that only about 0.045 seconds el apse before the
maxi mum pressure is realized. 1In a pulverized-fuel system using
Pittsburgh Seam coal and designed to withstand 50 psi, vents nust
rupture within 25 mlliseconds, otherw se pressures becone
excessi ve and equi pnent in the systemis destroyed.

Good housekeeping practices are extrenely inportant inside a

pl ant because process equi pnent is not always able to w thstand
the internal pressures generated by an explosion. Once the

expl osion flanme and pressures burst fromthe confinenent into the
pl ant, a secondary expl osion may be fuel ed by any additional dust
suspended by the blast. Wen good housekeepi ng practices have
elimnated coal dust in the plant, there would not be any fuel to
allow a continuation of the explosion flane. This secondary
explosion is responsible for the nost damage to the plant itself.
Al so, the secondary explosion is usually responsible for the |oss
of lives or the serious injuries to personnel that occur.

Conf i nenent

Confinenent is not a leg of the fire triangle, but to conplete

t he expl osion pentagon, it is essential. Basically, confinenment
keeps the fine coal particles in close proximty after they are
pl aced i n suspension. Wthout the closeness, heat transfer could
not occur rapidly enough to allow continued propagation. Wthout
confinenent, a propagating explosion is not possible, but rather,
only a large fireball with no appreciable forces associated with
it. If an explosion is vented to the atnosphere outside the

pl ant, confinenent is elimnated and only part of the coal forced
out of the vent will be burned, with the renai ni ng unburned coal
falling to the ground. As with the suspension | eg of the

expl osi on pentagon, if confinenment is lost, the air speed wll
drop, additional coal dust will not be placed in suspension, and
t he explosion will extinguish.

EQUI PMENT CONSI DERATI ONS



There are many expl osi on hazards associated with facilities
utilizing pul verized-fuel systens. However, with an
under st andi ng of the expl osi on phenonena, these types of

acci dents can be avoided. The sane know edge applies to
preparation plants where | arge tonnages of coal are processed.
Each area where coal is handl ed and each piece of equipnent in
t he process poses individual hazards. Sone of those areas and
equi pnent are di scussed in subsequent sections of this report.

Raw Coal Stockpile

The raw coal for a pulverized fuel systemis usually received
froma variety of sources and the size is generally limted to
approximately 2 inches or smaller. This raw coal is typically
stored on an outside stockpile where it is noved around by front-
end | oaders. The fire and expl osi on hazards associated with this
stockpile are usually imted to spontaneous conbustion. Hot

mat eri al must never be | oaded into the pul verized-fuel system
There is a definite possibility of an explosion occurring within
the pul verizer because all sides of the explosion pentagon coul d
occur simultaneously. It is recommended that these hot spots be
renmoved fromthe coal stockpile and spread until cool ed.

Raw Coal Storage Bin

If there are no hot spots in the coal, the front-end | oader w ||
| oad the coal onto a conveyor belt, which feeds a coal storage
bin. These bins are usually equi pped with nechani cal sensors to
detect high-level or |lowlevel coal storage. There is also an
energency chute for unloading the bin in the event of a problem
inside the bin. Coal in the bin may be susceptible to

spont aneous conbustion; however, sone airflowis required to
provi de the oxygen necessary for heating. However, thernocouples
are sonetines |located inside the bin to give warning of a fire,
but carbon nonoxi de sensors would be nore reliable for detecting
an incipient fire. The raw coal enpties fromthis bin onto a
wei gh scale. The weigh scale is a short conveyor belt that
monitors the weight and the feed rate of the raw coal to the

pul veri zer. Wen any problens are detected in the system the
coal feed to the pulverizer is stopped conpletely.

Coal Pul veri zer

Under normal operating conditions, coal is dropped fromthe weigh
scale into a rotary airlock before it enters the pulverizer. The
rotary airlock allows the coal and its inherent noisture to enter
t he pul verizer, but prevents any outside air fromentering the
system Generally, the outside air has a hi gher oxygen content
than the air circulating in the systemand this additional oxygen
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could lead to conpletion of the expl osion pentagon and potenti al
di saster.

Coal that passes through the rotary airlock falls on the grinding
table inside the pulverizer. The coal feed rate and the size of
the grinding table are variable. For exanple, a C. E Raynond
443 Roller MII has a table dianmeter of 44 inches and 3 grinding
rollers and, reportedly, can handle up to 25 tons per hour of raw
coal. The coal is ground between the rollers and the rotating
grinding table and is thrown outward by centrifugal force. It is
typical for a mll to pulverize the coal to where 85-97% of the
coal will pass a U S. standard No. 200-nesh sieve. The finer the
coal, the greater the explosion hazard.

As the coal is being ground, hot air enters the bottom of the

pul veri zer and passes up through the pulverizer. The air is used
for its drying and conveyance abilities. This hot air can cone
either fromthe clinker cooler or can cone fromthe kiln hood.
However, hot air fromthe clinker cooler is generally around
400°F as opposed to hot air fromthe kiln hood which is between
900°F and 1200°F. These el evated tenperatures can lead to
heating in any coal that has deposited along internal surfaces.

The mai n expl osi on hazard associated with a pulverizer is related
to start up and shutdown procedures. Wen a system goes down
under load, all the coal falls out of suspension. The internal
surfaces are at el evated tenperatures and the process of

spont aneous conbustion begins imediately. |f the systemis then
restarted without full know edge of internal conditions, an

expl osi on could occur when the hot particles are suspended.

Pri mary Fan

The drive notor at the base of the m Il can provide power for
both the mlIl and the primary air fan, if the fan does not have a
separate notor. The one advantage to having a single-drive notor
is economcal. The major disadvantage is that, in the event of a
pul veri zer shutdown, there is no way to pneumatically clear the
coal out of the mll| because the primary fan woul d al so be down.
This could | ead to spontaneous conbustion problens inside the
mll that would nake restarting the system hazardous. Before
restarting, it nmust be verified that no hazardous conditions
exist within the system

The primary fan does force the coal particles into the kiln. |If
this fan is downstream fromthe pulverizer, it exerts a negative
pressure, or suction, on the pulverizer. Wth higher pressures
outside the pulverizer, typically nothing | eaks out while a
little air may leak in. However, a disadvantage to this sequence
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is the fact that pulverized coal will pass through the rotating
bl ades of the primary air fan. This is not a problemunless an
ignition source occurs within the fan. On the other hand, if the
primary air fan is upstreamof the pulverizer, then it exerts a
positive pressure on the pulverizer. 1In this case, fine coal
particles may find their way out of the mll through any snal
crack or fracture in the mll or through parts of the m ||l that
are not well sealed. This leads to accunul ations of coal dust in
the plant and, if an explosion ruptures the pul verized-fuel
system it could use this coal dust as additional fuel for a
serious secondary expl osion.

Dust Cycl one

After the coal has been pulverized to a fine enough size, the
circulating air lifts it out of the top of the pulverizer and
through a classifier. Wen these fine coal particles pass out of
the classifier, they may be transported through a duct leading to
a dust cyclone. The coal-dust-laden airstreamenters the cycl one
where separation of the pulverized coal and circulating air is
acconplished. The cyclone is designed such that the pulverized
coal falls into the bottomof the cyclone, while the clean
circulating air is allowed to pass out of the top of the cycl one.
However, the cyclone is capable of renoving approxi mtely 95% of
the coal fines fromthe circulating air. The other 5% of coa
fines will pass out of the top of the cyclone and conti nue

t hrough the system fan.

Alimted anmount of coal is stored in the base of the cyclone for
a short period of time. The rotary valve then feeds the coal
into the airstreamof the primary air fan. |mrediately, the coal
dust is blowm into the kiln. It has been reported by an operator
of a sem-direct systemthat only about 25 pounds of fine coal
dust would be in the cyclone at any tine. Wthout any bul k
storage of pulverized coal in the system a shutdown of the

pul verizer will stop the continuing coal feed to the kiln.

Syst em Fan

The clean air that flows out of the top of the cycl one passes
into the systemfan. Primarily, the system fan provides an
airstreamto transport fine coal fromthe pulverizer to the
cyclone. Basically, the circulating air travels in a | oop
conprising the systemfan, the pulverizer, the dust cyclone, and
the connecting ducts. In this respect, the air provided by the
system fan enters the pul verizer, but only that air passing
through the primary fan enters the kiln.



As previously stated, the pulverized coal does not pass through
the bl ades of any operating fan. The fact that the systemfan is
a clean fan is an advantage. However, when discussing the dust
cyclone, it was nentioned that about 5% of the coal fines are not
removed. This indicates that accumul ati on of coal fines can
occur in the closed | oop, including the systemfan. Wth
sufficient fuel and oxygen in an area, only an ignition source
need be present for a fire or explosion to occur. Along these
lines, start-up and shutdown are critical times. During

shut down, an accunul ati on of coal nay begin to snolder in a state
of spont aneous conbustion. If this condition is not detected
before start-up, the snoldering coal could be placed into
suspension by the systemfan and the five sides of the expl osion
pent agon woul d be sati sfi ed.

Baghouse

The air that passes out of the top of the cyclone, with the 5%
coal dust, is transported to a baghouse. This baghouse is
designed with many filter-type bags hanging vertically, which are
capabl e of renoving the remaining coal dust fromthe circul ating
air. In the baghouse, all the coal dust is captured in filter-
type bags and the air circulating fromthe systemfan is vented
to the atnosphere. The primary advantage is twofold: first, al
coal dust can be used as fuel; secondly, the air vented to the
at nosphere carries a high-noisture content and i s not

recircul ated through the system This allows hot, dry air from
the kiln hood or clinker cooler to be mxed with air fromthe
system fan before entering the pulverizer. The noisture content
of this air is lower than that which is vented to the atnosphere
fromthe baghouse because it is not involved in coal drying until
it enters the pul veri zer.

Kiln

After the coal -laden primary air passes through the primary air
fan, it is blown through the burner pipe and directly into the
kiln. The burner pipe is a long cantilever, which can extend 35
feet of nore into the kiln, but is usually limted to 10-15 feet.
The rotation and slope of the kiln cause the raw material to fal
towards the | ower end of the kiln where the burning zone is
located. It is in this burning zone that the process of
transformng the raw material to clinker takes place at around
2800°F. This tenperature and the length of the flane are
directly related to the volatile matter and the noisture in the
coal .
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