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FIRE AND EXPLOSION HAZARDS OF OIL SHALES

By Staff, U.S. Bureau of Mines

ABSTRACT

lhi_ I.._L%.l+urc;.tu oi Nlinu,, l+uhlic;.ttiot+ l'_rcs,,..'nt_thu results oi" irtvestig;.ttions into the Hre
and C\l_lo_ion h;.tLard_ oi oil sh;+tl¢rocks and dust. lhrc_., ;.tru';.tshave been cx;.tnlirtcd: th_
eXl+lo>,it',ilit._+arid i_nit;.thilit_, oI' oil _h;.tle du.,,+t,,'h.+ud.,.;,the I'irc h;.t.];.trdsoi" oil +hale dust l;.tyct.',;
orl hot >,uttauc+, at+tdthe i_nit;+thilitv and cxtin_uisl+imcrlt oI" oil shale rubble l+_iles.



INTRODUCTION

()il t,,h;.tlccan l+rc',,cnt a saf,utv hazard to those in',.olvcd in safety. This r<.'port is di,,idcd into tht'_.,,,.,parts, l-_'art l prcsents
it_mining,l_toccs_ing,orstoukl+iling.It;minitl_;,trldl_rocu'ss- tcsultsl'rortl,,tudic_on thecxplosil',ility;,tndignitabilityofl'inc
in_, oil ,,,li;.tlc dust it., gctlctatcd, dispcr.,,it;g in the ;+tit';,tlld tlll(.l ecatsu <.til shale du.,,;t cloud.,,,, tlsitlg a 20-I. l;+tbot;,ttory
dCl+,,,v.iitirlg,,._itequipment ,,url'accs. A sttffi¢icntly high corlucn- chamber and a 1.2-I. l'urrutuc, l_';,trt2 tel+Oft',, on the l1;.tl;.trd.,,of
tr;.ttion c>f oil ,,halo dust in the ;.tit ¢;.trl l+rOl+;ag;.ttc;.irlu'xplo+,,i+,m oil sh;.tlc dust h.tycrs orr hot .',,urfaccs. A lw_tph.ttc v++asu.,,cd to
ii' ;,t strotig ignition .,,ourc¢ is l">t-esct+tt.()il .,.;lt;,tlcdust on the <.Ictcrrriirtc tnirtimttm llot-.,,urf;.tcc ignition tctnpcr;.ttttrc.,.+, l_'art 3
nLlll';.tUCsof cquil'Jtt+crltcan Lindctgocombustion il"thetctriper- coverstheignitionand +xtingttisl+nler_tol+largeoilshalerubble

uturcof a >,urI;,tccb,sufI'iuicr_tlvhot. I.argcqLtantiticsoi oil piles.I'hcoilshalesthatwcrc testedcame from the (.]rech
shale,irlstockpilesI'otuxarnI+Ic,represent;.trlothcrfirehazard, RiverForrrmtiortinIItcWcstcttlLJnitcdStf.tics.
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PART 1" EXPLOSIBILITY AND IGNITABILITY OF OIL SHALE DUST
CLOUDS

By Kenneth L. Cashdollar, 1 Martin Hertzberg, 2 and Ronald S. Conti a

ABSTRACT

-lhc LI..N.Bureau o1"Mines investigated the explosion hazards o1 fine and coarse oil shale
dust cloud,,..'Six grades o1 fine dust of varying oil assay (20 to 55 gal/ton) but with similar
,,i,'c distributions v+ere studied in a 2()-1+ explosibility ellamber arid a 1.2-1.. ignitability
ftirrlacc. :\Iso studied x_as a coarse oil shale dust witli an assay of 33 gal/ton. For
conlparison, i_ittsburgh Seam bituminous coal, gilsorlite, sulfide ore, and anthracite coal
\_et+t.` also ft.'sled.

i+hc lean litnit,, o1 flashlability xaried inversely with oil assay, and ali grades of the firle
,,little dust 'aet'c cap;.ible oi' gcr)crating explosions at conceritratioris above their respective Icarl
limits, t-to_ve_er,cxcn lhc 5()-galltoll fine shale dust was less hazardous than a similar size o1'
i+ili,,buigh bitunlinous coal dust in the 20-1. chanlber tests. ]'he coarse shale dust had a nluch
higher le;Ali l'laininablc limit and a Io\_er inaxilnunl presstlre arid rate of pressure rise than the
,,iinilar-a,,,,a\ Iinc shale dusi. The shtlles were al leasl an oi+der of nlagnitude lest ignitable by
electric '_p_,tiks lhan the I')ittliilinous coal. lhe shale dusl clouds were, however, sOillewhal

illt)lt.' oas)l\ ignited ihertnallv Ihan the coal.

ktii+t!',l't'! • i,.+.v.l+.![ <hvtl',l,_

I lc.lit,li).. ;.11 +irit,.l

I i!.i li! ,1+ t.(, -.. ,l!, i< I tj)lc! I '_ Ilulc.',iil ,,I \l+liC',. Iqll.,blil)'ii, I'\



INTRODUCTION

l:or a ntimber of years, the Bureau has conducted labo- l'here ;`Ire tv++o ;`ispecls to the explosion ha,,ard or du,.t,,.

iatorv and full-scale mine experiments on the e',plosion hu/- ()he is related to the r_robability or having a l'lammable ,+olunlc

;.|rds invol_,ed ill the mining ;`tnd processing of oil shale dtlstS, of dust dispersed iii +,iii. lh ev;.tluate this h;`lzard, il is necessary

The earliest work was done by Allison and Bauer (/)-' who to ineasute the lean c.Olicentr;`ition limit of flantntability for the

sht+,,ved that oil shale dust could indeed r+ropag+tte _.tll explo- dust _.tlld It+ compare thai number with the ;`tctual dust loading

si(ro. Nlote recent a,ld nlore conlr>reherlsi'+'e nline testing of the in the mine volt_:lle. The second aspect is related to the

cxph.+sibility of oil shale dusts was conducted by Richrnond probability of igniting the flatnnmble dust cloud. lh evaluate

(2-.+). Bureau rese+trch also involved the mtmitoring of seth- this, the niininium thermal autoignitioil teinperature and

+the enli,;_ions in oil shale mines and the study of large oil shale nlinimunl ignitiot+ energy can he measured. If bt+th a l'lainnm-

rubble fires (.7, 5-6). ble dusl cloud and ;.i sufficiently strong ignition source ;`ire

Sur_plemerlting this work, a l}ut'eau contractor (7-9) present, an exr:,loshm will t+CCtlr, +tnd the exph.+sion pressure

e'+aluated the fire and explosion h+lzards of oil shale nlining. +trld r+tte of pressure rise villi provide a n+leasure of the severity

V+trious +tccident scenarios v,ete postulated, nlirie dust Ioadings of the explosioil, in part I of this report, the tctins "l'lainnla-

,+,+cre nleasured, and laboratory tests were conducted (7-12). bility" and "explosibilitv" are both used to refer to the ability

rhe laboratory dust flanimabilitv testing under the corllract of an airborne dust cloud It', propagate a l'lainc after it has

used ;.l Hartmarln +lppar+ltus (12) and found Ih;.il +.iii shale dtlst been initiated by a sufficiently strOllg ignition source. the

could be ignited only +tfter altering lhc standard l+rocedures (7, Icitns refer to ;`t rapid dcflagration and not a detonation.

12). I_,uie+tu research (14) has sho,+vii that the 1.2-l. l-l;.u'tmann Because of the complexity and large scale of full-scale

apparatiis has several severe deficiencies, such ;+ts nonunifornl experinler_tal mine tests, personnel and time demands are

dust dispersion and it:adequate ignition energy, '+'+hich limit its consider+tble ror each test. l.abor;`ltor\' tests in the 20-1. ch;`iln-
usefulness, particul:arly for hard-to-ignite dusts such ;.is oil bet can be conducted inuch more easily and quickly, Various
shale. COl£1p+trison experiillenls (17-19) have shown good ;`igieelllelll

rhe i?,ureau'.., recent labor+fiery dust flarnnlability testillg between I+lbor+ilory ;and thine tests. Therefore, the I+,ibor;.llory

li+is bceil conducted iii a 2()-1. ch+unber (15)iri whicll optical cl'i+urlbers are no'ev used for prelinliriary screening before

I_robes are used to nlonitor the uniformity til" the dust dispcr- full-scale rnit+e tests are conducted. Full-scale mine tests arc,
sit/ii ;.ind slto+ig chemical ignitors are tlscd It+ initiate the ho'+vever, still essential for the final evaluation of the litic

Cxl+losion tests, lhe cxplosibility dal;.I reported hero ;`lie i'io111 explositln ha/.+ird.
lhis 2l)-1. chalill'lel, ."gOllie of the data for the fine-size oil shale

dilstS _xeie ;`liSt+ I')resented i.il lilt.' 17lh ()il .";hale .'q.Vlil,;tisiillll
(1_).

APPARATUS AND EXPERIMENTAL METHOD

OIL SHALE AND COMPARISON DUSTS iii l_revious I]urcau publicaiions (2, 3, ld) for the s;`iine oil ,,hale
dusls. The I"ischer ;.issays (2tj) have tillcertainlies til' ! to .t

lhc prtlpertie,, Hlld char;.iclerislics of lhc fine-;`llld ct_;.irst-'- gal. fen. ltased ell additional dala, lhc I"ischcr i.lSS;`l)S have
si/t' oil shale and coiill)aristlii dusls ;,irt slltl_il iii talkie 1 I. Iii been ic_ised slightly froiil the values iii earlier reports. The

the fir,,i coluinil o[ lhc lable i,, ;`iii idenlificalit_ll niinlber ti,,etl pcrcenlaTe of volaliles is Ihe stlnl of Ihe oil and g;`is alnounls

lllalic tliiliihc'i', Iii I'_dic'lilli_.",l. ',, it:let I_l IlClii', Iii lhc li',l oi i,'lcic'llCt:', ,11 the end tri+iii lhc I+ischcr ;isSi.lyS (,ft). lhe healing x;.ilties xxeie illcasured

<,i l,,ili I in ;`111 adiabatic hOlllb caltlliUieler (21). The si/e all;.lIVSCS Ule

Table 1-1 .--Properties of oil shale and comparison dusts

Dusl Fischer assay." Volatllily. Healing wllue Mean diameler. #,rh Minus 200

..............._+"R!e'................. +,'(!°'7+...... _!<!,...............B!t,_'t,............c_,!].<,.............S_.:!ac_e!Q._............Ma_s_+!0__!..........__?2_h.:_'2c2
FINE-SIZE DUST

Off shale
5082 ....... 20 9 1,810 1.010 14 37 85
6114 . 2"] 10 2,140 1,190 16 114 57
6238 33 15 3.230 1.790 12 56 72
0000 42 19 4.100 2.280 17 43 84
5084 50 22 ,1,700 2.610 17 51 78
5 777 -5 55 25 5,260 2,920 21 93 60

Anlhraclt(+ coal NAI) 5 12,860 7,140 13 37 77
Sulfide ore NAl) NAl:) 2,000 1.100 18 ,10 81
PIllsbur(.lh coal NAl.) 37 13,800 7,670 32 50 80
Gdson_le NAl) 85 17.770 9,870 2,+, 54 72•

COARSE-SIZE DUST

OII shale 5933 33 15 3, 190 1 770 55 310 27
P_tl,'-;burghcoal NAp 37 14.040 7.800 90 325 21

NAp Nel applic,_ible

' Oil shale idunlllic;?lorl nurnbe, r.<_w_re used iri prt;vious Bureau I:)ubhcH:ions (2. £7. I6)

"' To converl Io hlers per melric lon, mulhply by ,1 17



from a combination of sonic sieving data and Couher _ 20-L EXPLOSIBILITY TEST CHAMBER
counter data (electrolytic conductivity through a small orifice).
For the Coulter data, .the dusts were dispersed in isopropyl The 20-L laboratory chamber (15) used for the flamma-
alcohol. The symbol D, represents the surface mean diameter, bility and ignitability testing of the dusts is shown in figure
and D,, is the volume or mass mean diameter. The weight 1-1. The optical dust probes (25-26) are used to measure the
percent through a 200-mesh sieve is listed in the last column, dust dispersion uniformity. The dust is placed in the reservoir

Four additional fine-size dusts were studied for compari- at the bottom of tile chamber and is dispersed th,ough the
son with the fine oil shales; they are also listed in table 1-1. holes in the nozzle by a blast of air from a reserve tank (not
The volatilities and heating values for the coals and gilsonite shown). The standard procedure is to partially evacuate the
were measured by the standard ASTM methods (21). The mean chamber to 0.1 atm absolute so that the blast of air (which
particle sizes are similar to those of the shales. Pittsburgh disperses the dust) raises the chamber pressure to 1 atm
Seam pulverized bituminous coal was used lhr comparison absolute at ignition. Various ignition sources, such as electric
because of the large amount at" practical data on its explosion sparks, chemical matches, and strong chemical ignitors, can be
hazards in the coal mining and electric power industries, used. A more detailed description of the experimental proce-
Gilsonite (asphaltite or uintahite) is a mined asphaltic material dures can be found in reference 15.
that is even more hazardous than coal. An anthracite coal was
chosen a:; a m'_terial that has a long mining history with no
record of an,,' pure dust explosion (22). A sulfide ore (about 40 t .2-k IGNITABIUTY FURNACE
pet sulfur) was chosen as a material that is difficult to ignite
but that has caused secondary explosions during mine blasting The 1.2-L furnace (27) used to measure the thermal and
operations (23-24). electrical ignitability of the dusts is shown in figure I-2. For

The properties and characteristics of the coarse oil shale the thermal ignition tests, the furnace is ,,et at a predetermined
and Pittsburgh coal comparison dusts are shown at the bottom
of table 1-I. The coarse coal was 99 pet minus 20 mesh and 21

meshPCtminUSand27200pctmesh'minus'rhe200coarSemesh.Oilshale was 89 pcr minus 2019,5,,;?./7 E

'Relerence to _,pecific produ,.t_ doe,, not impl.,, endor,,,..menl by the Bureau of

Nlinc_. C

Hinged top\ _

I _ Transformer

I'_ .--,gnilionpain, UL_ .... rk g ; '-\ " "
cii

..................G! I_3 • -_ -

"-.....- -_ ......... lr

V ....
._2i:_I D_spersion

receptacle_

ScoIe_ cnn Dust reservoir 0 i 0

L Scale, cmD'spersl°n I_ t_--. _._-_Olr " -'_-_/'i;:

Figure 1-1._20-L dust explosibility test chamber. Figure 1-2._1.2.L ignitability furnace. (C = capacitor; E =

charging voltage; _ - resistor; S = switch.)



temperature and the dust is placed in the dispersion receptacle, the 1.2-L furnace generally gives somewhat lower minimum
Then the receptacle is quickly inserted into the bottom of the autoignition temperatures (27) than does the 0.3-L Godbert-
furnace, and ata air blast from the reservoir disperses the dust Greenwald furnace (13) used in earlier Bureau studies.
into the furnace. A fiberglass filter diaphragm on the top o1" The electricai circuit shown in figure 1-2 was not a part of
the furnace confines the dust so that its concentration is tlhe system during the thermal ignitability testing, but it was
controlled. The maximum time of exposure of the dust cloud used for spark ignitability testing (28-29) in the furnace at
to the furnace temperature is at least several seconds, after" ambient temperature and at elevated temperatures below the
which the dust begins to settle out. The criteria for ignition are autoignition temperature of the dust cloud. A similar spark
that the diaphragm rupture and that flame be observed ignition circuit was also used in the 20-L chamber for ignit-
emitting from the top of the furnace. Because of its larger ability testing at ambient temperature.
volume, more uniform dispersion, and longer residence time,

EXPERIMENTAL DATA

AUTOIGNITION TEMPERATURES significantly lower than the 560° to 620 ° C minimum AIT's
reported previously for the shales in the Godbert-Greenwald

Some of the thermal autoignition data for the fine oil furnace (12).
shale and Pittsburgh coal dusts are shown in figure 1-3. The The complete data for the minimum AIT's lhr the fine oil
areas above and to the right of the curves represent the shales and the comparison dusts are shown in table 1-2. The
combinations of temperatures and dust cloud concentrations oil shales have minimum AIT's similar to that of gilsonite,
that will thermally autoignite in the 1.2-L furnace. The areas somewhat lower than those of Pittsburgh coal and the sulfide
below the curves represent combinations that will not ignite ore. The anthracite coal dust has a much higher AIT of
thermally, although dusts in this region might deflagrate if 675 ° C.
initiated by a point ignition source such as a spark or chemical The thermal ignitability data for the 33-gai/ton coarse-
match flame. Both the low-grade (20- to 23-gal/ton) and size oil shale dust are compared with those for the fine-size
high-grade (50- to 55-gal/ton) oil shales have slightly h_wer shale of the same assay in figure 1-4 and table 1-2. The
minimum autoignition temperatures (AIT) than the Pittsburgh minimum AIT for the coarse oil shale is 525 ° C, only slightly
coal dust. (The AIT is sometimes also referred to as the "cloud higher than that of the fine shale. However, the minimum AIT
ignition temperature.") The rich oil shale reaches its minimunl is reached at a much higher concentration lhr the coarse-size
AIT at about the same concentration as the Pittsburgh coal, shale. The coarse Pittsburgh coal dust was also tested in the
but the 20- to 23-gal/ton shale reaches its minimum AIT at a 1.2-L furnace. Its AIT is 575 ° C, slightly higher than the value
significantly higher concentration. The minimum AIT's, 475 ° tbr the fine-size Pittsburgh coal.
to 500 ° C, measured for oil shales in the 1.2-k furnace are

DUST CONCENTRATION, kg/m 3

IDO0 ( 0.2 , 0.4u , 0.6u , 0.81 , I O



DUST CONCENTRATION,kg/m 5 effective energy deposited into the gas in the spark gap. To
compare different types of ignition sources, the effective

,iO0 0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 energy of each is obtained by measuring the pressure rise, Ap,
I ' I ' I 1 I _ I ' I ' 1 1 due to the ignition source by itself in a fixed volun]e V. For tile

u.T [ KEY sparks, the effective energy is defined (28-29) as 2.5 VAp.tr

D 900 / 3:5-0ol/ton oil shale For either the stored or effective minimum ignition energy,_Fine even the richest oil shale tested is at least an order oftr
t_ \ m_ Coarse magnitude more difficult to ignite than the Pittsburgh coal,ta.

700 - which is itself somewhat more difficuh to ignite than gilsonite.
t.,J , .,_' The 42-gal/ton shale could not be ignited at ambient temper-

w x_.__ ..... ature by the strongest spark available (1
to 2 effective

500 energy). At above-arnbient temperatures of 100° to 200° C,
_" this shale could easily be ignited by the 1- to 2-J spark Thistr - •

= , 1 _ I I l I 1 I ] t I I lowering of the minimum ignition energy at elevated ten]per-
ta. :3000 0.4 0.8 1.2 1.6 20 2.4 2.8 atures has beet] discussed previously (27-29). The 23-gal/ton

oil shale could be ignited only with a very strong chemical
DUST CONCENTRATION,oz/ft 3 ignitor. Even a chemical ignitor with a calorimetric energy of

2,500 J and a 2.5 VAp energy of about 1,500 J was not able to
Figure 1-4._Thermal ignitability data for coarse-size oil ignite a uniformly dispersed cloud; however, one with a

shale compared with fine-size oil shale of same assay, calorimetric energy of 5,000 J and a 2.5 VAp energy of about
2,500 J did ignite the 23-gal/ton shale. Such difficulty in
igniting predispersed oil shale dust clouds of low assay was

Table 1-2.--Thermal and electrical ignitability data for oil shale also observed by Richmond (4-5) in full-scale mine tests.
and comparison dusts

EXPLOSIBILITY DATA
Room-temperature

Dust Minimum minimumsparkenergy,J
sample AIT.°C The dust explosion data from the 20-L chamber for the

Stored, 112CE2 Effective,2.5V3p fine oil shale and the comparison dusts _.reshown it] figure I-5
FINE-SIZEDUST as a function of dust concentration. The pressure rise rate is

Oil shale: shown in figure I-5A, and the maximum explosion pressure
20-gal/ton................ 500 _ -- ratio is shown in figure i-5B. The explosion pressure ratio is23-gal/ton................ 500 -- --
33-gal/ton................ 500 -- -- the maximum explosion pressure (corrected for the small
42-gal/ton................ 500 NI NI pressure rise due to the ignitor itself) divided by the pressure at
50-gal/ton ................ 475 80-100 1-2 ignition, which is about 1 atm absolute. The criteria (30) used

Anthracitecoal........... 675 -- --
to define the lean flammability limit (also known as theSulfideore.................. 550 -- --

Pittsburgh coal ........... 540 .310 .070 minimum explosible concentration) are a pressure ratio of 2
Gilsonite.................... 490 ,140 ,o3o and a pressure rise rate of 5.4 atm/s. A pressure ratio of 2

COARSE-SIZEDUST corresponds to a pressure rise of approximately 1 atm above
the pressure at ignition. The pressure rise rate, dp/dt, is oftenOil shale: 33-gal/ton... 525 --

Pittsburgh coal ........... 575 -- -- size normalized by multiplying by the cube root of the vessel
AIT Auto)gnition temperature. NI Nonignitable. volume. For the 20-L (0.02-m 3) chamber, the second flamma-

bility criterion would therefore correspond to a (dp/dt).V _:_
NOTE--Dashes indicateno datawereobtained, value of 1.5 bar.m/s (30). These flammability criteria assure

that there is significant flame propagation beyond the ignition
source.

The data shown in figure I-5B are for the strongest
IGNITION ENERGIES chemical ignitor, with 5,000 J calorimetric energy. For the

dusts shown in the figure, Pittsburgh bituminous coal dust has
The minimum spark ignition energies for the fine oil the lowest lean limit and highest maximum explosion pressure.

shales were measured at room temperature in the 1.2-k furnace Gilsonite, which is not shown it] the figure, has a lower lean
and 20-k chamber. The minimum ignition energy is generally limit and about the same maximum pressure as the Pittsburgh
observed to be apparatus dependent because it is a function of coal, as shown in table I-3. The 50-gdl/tan oil shale has a
the turbulence level generated by ,'he dust dispersion process as higher lean limit concentration and significantly lower maxi-
well as the circuit efficiency for transferring stored electrical mum pressure than the Pittsburgh coal. The lower assay oil
energy into the gas in the spark gap (29). Therefore, the values shales have progressively higher lean limits and lower maxi-
reported here should be considered only as relative values for mum pressures.
comparing different dusts and not as absolute minimum The variation it] the measured lean limits with ignition
values. Lower turbulence levels than those used here would energy, shown in table I-3, indicates the ease or difficulty in
probably result in lower minimum ignition energies. In indus- igniting the various dusts. Pittsburgh coal can be ignited at
try, turbulence levels may vary over a wide range, depending on almost as low a concentration with the 2,500-J ignitor as with
how the dust is dispersed. The data reported in table 1-2 are the 5,000-J ignitor. The more difficult to ignite 50-gal/ton
mainly from the 20-L chamber; the minimum values from the shale can be ignited at much lower concentrations with the
1.2-L furnace were about the same for the shale but larger in stronger ignitor. The same is true for the 33-gal/ton shale. The
the cases of the Pittsburgh coal and gilsonite. The data are 23-gal/ton shale and the sulfide ore could not be ignited with
reported both as the stored energy on the capacitor, I/2 CE :, the 2,500-J ignitors. As discussed in previous publications (14,
where C i_ the capacitance and E is the vc)llage, and also as the 18, 30), the true lean limit concentration for dust explosibility
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Figure 1-5.--Explosibility data for fine oil shales compared with Pittsburgh coal, sulfide ore, and anthracite
coal of similarsize.

Table1-3.--Explosibility datafor the oil shaleand is the value measured with a high enough ignition energy so
comparisondusts that the limit is independent of ignition energy.The data in

table 3 show that this true lin]it is probably reached for the
Leanflammability coal, but that even with the 5,000-J ignitors, the measured

Dust limit,kg/m3, with Maximum Maximumrate limits for the oil shalesmay not yet be independent of ignition
sample ignitor of-- pressure of pressure energy,rise, atm rise, atm/s

2,500J 5,000 J The 20-gal/ton fine oil shale produced explosions only at
FINE-SIZEDUST very high concentrations (0.8 to 1.5 kg/m _) in the 20-L

Oilshale: chamber. These results are comparable to restllts from the
20-gal/ton.................. 0.8 2.7 11 full-scale mine tests (3, 5) that found that 22-gal/ton fine oil
23-gal/ton ................ NI .6 3.0 21 shale dust could produce explosions at high concentrations,
33-gal/ton ................0.42 .25 3.7 44 but that 19-gal/ton shale did not propagate explosions.
42-gal/ton ................. 20 .16 4.5 85 The sulfide ore that was tested is somewhat comparable in50-gal/ton ................. 20 .13 4.5 85

Anthracitecoal............ NI .4 < I explosion hazard to the lower grade oil shales, lt should be
Sulfideore.................. NI -5 -2.3 -10 noted that there is a wide range of sulfide ores (of varying
Pittsburgh coal ............ 090 .080 5.6 130 sulfur content) and that somesulfide ores havebeer]involved
Gilsonite...................... 040 .037 6.0 28O in secondary explosions during blasting in mines(23-24). For

COARSE-SIZEDUST the anthracite coal, the slight pressure rise observed was only
Oilshale:33-gal/ton .. NI -0.7 3.3 -20 due to a small amount of burning around the ignition source
Pittsburgh coal ........... 0.27 .15 5.1 -80 and does not signify flame propagation. Therefore, this 5-

NI Nonignitable. pet-volatile anthracite is considerednonexplosible in air in the
20-L tests. Full-scale mine tests (24) have also shown that

NOTE.--Dashes indicate no data were obtained, anthracites do not propagate explosions.



The data in figure 1-5,4 for maxinlunl rates of pressure ignitor. "File coarse dust cot, ld not be ignited `.vith tile 2,5()()-.I
rise are similar to thr pressure data except that tile differences ignitors, but the fine dust could be ignited even with I,(1()()-.I
among the various dusts are more pronounced. These data ftre ignitors.
also listed in the last column of table 1-3. The rates of pressure The coarse-size Pittsburgh coal x.'as tested lk+t compari-
rise are very dependent on the turbulence in tt.te cl.tarnber, and sori. Its lean limit was about t`.vo times the limit Ibr the
therefore, the date.!should be used only for a relati`.'e cornrmr- firle-size coal usirlg tt.te same ignitor. For botl.t tl`te coal and
isorl am•rig the various dusts. A higher level of turbulerlce 33-gal/tori oil sl.tale, the coarse dusts had much higl.ter lean
would increase the rates of pressure rise for ali the dusts, lirrlits lt`tan li`ta fine dusts. A sumrrmry of tt.te explosibilily data

The 20-L explosibility data for tl.te coarse oil shale dust for the coarse dusts in the 20-1. charrlber is listed tit tile botlOU.t

(33 gal/torl) arc compared with tt.tose for the fine sl.tale of the of table 1-3. The irlaxirnurrl pressures and re.ties of pressure rise
same assay in figure 1-6. The rnaxirrlurri pressures for both for the coarse dusts are lower than those for II.tc firle dusts of
sizes ,,','ere similar, but a n`tuch higl.ter cortcerttratiot.t of the tt`te sal`t.te type.
coarse dust `.."as required to reach .he maximun.t pressure. Tt.te Iri previous tests in theexperimerital mine (3, 5), this same
lean limit for tl.te coarse dust using the 5,000-.I ignitors ,,,,'as 33-gal/ton coarse oil sl.tale (.lust <.tid propagate an explosiot_ at
about three times the lthtit for the fine dust usirig the sarrle a high non.tiiml concentration of about 0.5 kg/n.t _

PARTICLE SIZE VARIABLE AND MICROSCOPIC OBSERVATIONS

Iri a previous study (31) of coal dust arid polyethylerle either the fine or the coarse fractions of the sieved dust. The
powder, it was possible to isolate the particle size variable arid volatile coritent arid I`teatirlg vahie arc essentially independent
to n`teasure the effect oi" particle diameter orl the lean limit of of particle size, despite the heterogerieous slrttclure of the coal.

flammability and tlie minimurrl AIT. Using rlarrow size distri- t-:igure i-7C sl`tows a different beha`.'ior for a broad size
butt•ns for coal and polyethylene xvith a_,erage diameters distribution of 33-gal/ton oil shale that `.','+.tssieved to obtain
ranging from 2 to over 400 #tri, it was determined that the lean the various sizes shown. There is an increase in the heating
limits `.."creinsensitive to particle size belo`.v some characteristic value with increasing particle size until the heating value levels
diameter. Above these characteristic diameters of 50 /.ml for oft" at the 30()- to 1,000-pm particle size range. The heating
Pittsburgl`t Searn coal dust arid I00 urn for polyethylene, the ,.'ahies are proportional to tl-le Fischer assays +.tssl.town in a
learl limit concentratiorls iricreased n`tarkedly with increasit`tg previous Bureau publication (5). This observation of lower
particle diameter. The mirlirrlurri AIT's ror coal dust artd heating values oi lower assays associated with the finer sizes of

•+ethylene po`.vder displayed a similar particle size depend- oil shale has been reported previously (2, 10). This `.'ariation in
• .,ce except that at the elevated temperatures involved, both the assay with particle size is a reflection of the basic hater•ge-
characteristic diameters `.,,'cre larger, lt .',,'as, therefore, quite ria•us structure of the oil shale and the way iii .'.'hich thal
logical to attempt to initiate a similar study of the effect of
particle size on the fhtrnmability limit and thermal ignitability
for the oil shale dust studied here. In the case of polyethylene,

`.vhichisatotally`.olatilizable, homogeneous solid, the particle _ 4Ol- ...... '-.... '' _ ''"_- ......... ,--- , , ,r-+,-++- .....
size and volatility variables tire readily separable. Even thouizh iA Plllsburghcoal• " _ _ / + + + +

the coal structure is heterogeneous and contains separate __ 35| + + + + +
pyritic inchisions, the data in figures 1-%1 and B show that /there is no tendency for these separate phases to concentrate in o_
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Figure 1-6.--Explosibility data for coarse and fine sizes of Figure 1-7.--Heating value for oil shale as function of particle
33-gal/ton oil shale, size compared with heating value and volatile content of Pitts-

burgh coal.
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heterogeneity affects its pulverization. This variation is coil- This structural heterogeneity is clearly illustrated by tile
sistent with the structure studies of "Fisot and Murphy (32), optical and scanning electron microscope (SEM) data shown in
who showed that tlle average particle size of the mineral matter figure I-8. A second sample of various sieved fractions was
in the Green River shale deposit was less than 44 tta1. The sampled and analyzed with an optical rnictoscopc and with the
parent oil shale rock is a heterogeneous agglomerate consisting X-ray imaging feature (37) of the SEM. Figure I-8,4 shows an
of fine mineral particles bound together by a soft kerogen glue optical photomicrograph of a collection of particles IYom
or matrix in some regions and by an inorganic cementing agent several of the various sieved fractions. In the upper left portion
in other regions. When the shale is pulverized, the fine mineral of figure 1-8,4 is an ar_proximately 600-/xrn-diam particle from
particles are more easily separated from the matrix, leaving a the 40- by 30-mesh sieved fraction. This particle was selected
higher kerogen concentration in the larger particles. This because of its high optical transparency. The three correspond-
structural heterogeneity and grinding behavior of the oil shale ing SEM X-ray maps were made by collecting only the X-rays
also serves as a basis for the physical concentration method for from a particular element to form an image showing the
oil shale enrichmentdescribcdbyFahlstrorn(33).lndependent distribution of that element over the field of view (37). A
studies of comparable methods were later reported by others comparison of the three X-ray images show that the 600-/xm
(34-36) at the 16th Oil Shale Symposium in 1983. transparent particle contains a large amount of calcium and

'1
u

A o 300 B Co X-ray map o 3ool i i I 1 , , I
Scale, ,u.m Scale, /.Lm

C Si X-ray map o 300 O Al X-ray map o 300I _ , J L__L__LJ
Scale, Fm Scale, /.Lm

Figure 1-8._Optical microscope photograph of oil shale particles (.4)and corresponding SEM X-ray maps for elements calcium
(B), silicon (C), and aluminum (D).



only trlice iunounts of _ilicc,n and itlutninum. Therefore, that am+,+urlt+,,of aluminum and calcium, lhis particle iU+peitr,, to l+c
particle is most likely calcitic iii composition, another highly hc'terogenet+us iigglt'qlleriite but xx th a higher

In the upper righi quiidr;.inl c'lf figure I-SA is a particle kerogen conlellt lhan the particle ;ii the upper right quadrant.

fronl the 40- b._ 7(i-mesh sieved fraciioit thai was selected The Ioxver righi quadrant contiiins a large ilunlber of very
because lt was one of the more opaque particles ob,,eived with small particles l'i(.)lll the IllilltlS 4(i0-111esh sieved llaCtit)II.

the optical mlc:oscope. This particle is clearly illuch nlore Probably each of these sinall, iiidi_ichial itliileral particles i_
heierogeilCOUS iii structure than the calcitlc particle° Sonic fairly honltigeneous iii structure (.72), and lhc diita in figure
areas of the particle appear quite dark and ;.ire probably high 1-7(' show lhilt lhi,'si,' snliilh.'r particli,'s +ll'CIo\ver iii organic
iii kerogen COiltCili; lighter ;.ireas _.iicprobably mineral nlaller, content.
The corresponding X-ray maps iii figures 1+8//, C, lind/.) shmv These slruclure stuLties show thai iii+ parlicle size lind oil
a strong silicon X-ray sigilal ;.ind weaker signals fronl both the content variables are liol indi,Ticiid¢Iti. lhe filcl lhal litc
calcium and ahiminum for this particle. Thus, its heteroge- healing value (or kerogen conielii) decreasi,'s x_'ith decl'ea<;+iig
neous structure seems to contain the oigarlic kerogen matrix particle size Inay have ;.1 inoderating effect on lhc potcnii<il
together with mineral matter such as quariz, feldspar, spurrile, explosion hazard of dust generated itl a priiclical tnining
calcite, dolomite, etc. (3<7). situation. The fundanlcnlal helerogcneous slrucinre of the oil

The dark parth.'le irl the lower left quiidrant of figure shale deposits also has inlplicallons t+orthe effective design oi +
I-I,IA was selected from the li)0- by 70-mesh fraction. This retortirig or pyrolysis svslelns for the efficient recovery of the
particle is even darker than the previous particle, and its shale's oil content (71).
corresponding X-ray tnaps show some silicon iiild snlaller

DISCUSSION AND CONCLUSION

The fundiimental conchision of part I is that fine oil shale rate of pressure rise and V is the test chamber volume, If the
dusts with Fischer assays c)l' 70 7al/ion or greater ille a exact K,.,i-value is known for a dust, the nOltlograltlS can bi,.'
potential explosion hazard and that even relatively coarse sizes used to deternline venting areas, l{ven if only the generii[

of such dusts can prormgate an explosion ii' the dust concen- Kst-c[;.iss is known, the nomograms can be used to determir, e
tration is high enough. However, measurements (9, 11) have approxirnate venting areas. The Ks,-classes are St I forOto200
shown that, witll current mining practices, the accumulated bar.ni/s, St 2 for 200 to 300 bar.m/s, and St 3 for > 30().biir
dust levels iii oil shale mines are well belo_ that required to m/s. The VDI recomrrlended test for rate of pressure rise is
propagate an explosion ii the dust were dispersed. Recent made at a higher turbulence level than the ditta reported here
rneasurerrients (39-40) have ,,hewn that during blasting oper- in table I-3. However, even with this difference, the oil shales
atioris there may be pockets of higher dust concentration near (with assays greater than 20 gal/ton) and the Pittsburgh coal
the face that could result iii some localized burning of oil shale can be confidently estimated to be iii class St ! according to the
dust. However, there is not enough dust gerierated during VDI guideline. The gilsonite would probably be near the
blasting to cause large-scale propagating explosions. If meth- boundary between classes St ! and St 2 ii' tested at the higher
ane were present in the mine in addition to the oil shale dust, turbulence level.
the potential hazard ,,_,ould be increased. The NFPA has developed the National Electrical ('ode

In surface facilities thai process, grind, or beneficiate oil (NEC} lk)r electrical equipment in hazardous locations (4..7-46).
shale, the concentrations may exceed the minirnum cxplosible Dusts are classified according to their explosio,, severity and
concentrations (lean limits)listed iii table I-3. Therefore, these ignitiorl sensitivity indexes based on old i:lureau of Mines
facilities should be evaluated for potential explosion hazard on testing procedures in the 1.2-L Hartmann chamber and 0.3-l.
a case-by-case basis. Godbert-Greenwald furnace (13). These indexes can also he

The flammabilitv and ignitability data reported iii Ibis calculated from the dala (tables I-2 and I-3) oblained ill the
part have broadened the comparison of various-grade oil newer 20-l. charnberand 1.2-l. furnace. According to the data,
shales to include other dusts with more extensive mining the fine-size 50-gal/tori oil shale would have an explosion
histories. Fine 50-gal/ton oil shale dust is only slightly less severity of about 0.5 relative toa Pittsburgh coal valueof 1.0
hazardous than a similar size of Pittsburgh coal ili ternis of its and an ignition sensitivity less than 0.05 relative to a Pitts-
lean flammability limit concentration and the explosion pres- burgh coal value of 1.0. The NI:PA-NII';(? classification system
sures generated, but ii is at least an order of magnitude more says that the presence of dust wilh explosion severity greater
difficult to ignite with an electric spark. I.or the fine shales, the than 0.5 and ignition sensitivily greater tiron 0.2 makes an area
lowest assay that could propagate an exph_don was 20 gal/Ion, a ('lass I1 location (one made hazardous by combuslible dusl).
Sulfide ore, which has a history of secondary dust explosions Dusts with lower explosibility indexes are not considered to he
during blasting in cities, is comparable iii explosion hazard to significant explosiori hazards ill terms of electrical equipnlent.
the lower grade oil shales. Ali of the oil shales tested were Therefore, the 50-gal/tonoilshalcdust would beonlya weak
somewhat more easily ignited thermally than was the Pitts- explosion hazard and the lower assay shales even less of a
burgh coal since the Alr's of oil shale dusl clouds were lower hazard iii terms of electrical equirmlent. According to the
than that of the coal. NFPA classification scheme, the oil shales listed in fables 1-2

For the safety engineering design of pressure-release and I-3 do not require electrical equipment suitable for ('lass
(venting) systems to protect equipment and personnel ;.igainst II hazardous locations, l--It)v.,.,'c'r, the results of lhc 2()-!.
excessive pressures dLlring dust explosions, the (West) (iertnan laboratory tests and the iesulls liolll the cxperilnenial thine
Society of Engineers (Verein Deutscher lngenieure or VI)I) lind tests (3--5) have shown lhal slloilger ignition sources, similar to
the National Fire Protection Association (NI-PA) ha,,e pub- tilose that might be present durilig i31asting Ol_erations, Call
lished detailed guidelines (4/-42). The VI)! classification is ignite oil shale dust clouds (v,ith assa\'s greater llliln 20
based on an index that is the nlaximunl rate of pressure iisc, gal/ton) and lead t_ propagating dust exl)losions if the dust
normalized to a I-ro' test chamber. This index is K..,, concentration is sufficient.
(dp/dt) ...... .V _ _ in bar meters per second, _'llcre dp/dt is the
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PART 2: FIRE HAZARDS OF OIL SHALE DUST LAYERS ON HOT
SURFACES

By Yael Miron I and Charles P. Lazzara 2

ABSTRACT

The U.S. Bureau of Mines determined the minimun3 hot-surface ignition temperatures of
fine and coarse oil shale dusts (20 to 50 gal/ton) from the Green River Formation in Colorado
and fine and coarse Pittsburgh bituminous coal dust, using a hotplate. Dust layers were 10
cm in diameter and 6.4- to 25.4-mm thick. Ignition criterion was a temperature rise within the
dust layer of at least 50° C above that oi" the hotplate.

Minimum ignition temperatures for the fine dusts ranged from 200 ° to 325 ° C and
depended on layer thickness, and for the oil shales they were also a function of grade. The
values for 50-gal/ton oil shale and Pittsburgh coal dusts were similar for layer thicknesses oi"
12.7 and 25.4 mm. Coarse dust layers had significantly higher minimum ignition tempera-
tures. Glowing particles were observed only in 50-gal/ton oil shale dust, most often with the
6.4-mm layers. Flaming combustion did not occur in any of the tests. Layers of 50-gal/ton
oil shale and Pittsburgh coal dust were also tested in an enclosure containing a flammable
methane-air mixture at hotplate temperatures between 350 ° and 400 ° C. The layers
underwent glowing combustion but did not ignite the flammable mixture.

_Chemical engineer.

:Super_ isory research chemist.
Pittsburgh Research (_'enter, t;.S. BureatJ of Mines, I}iltsburgh, PA.
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INTRODUCTION

The mining and processing of raw oil shale produce a ignition. A stream of air passes through an inlet orifice and
combustible dust in underground mines and aboveground flows upward through tile furnace, at a rate thal ranges
facilities. This dust settles on available surfaces in layer-like between 0.5 and 3 L/rain. The flow rate is adjusted so as to
fashion. Some of these surfaces can be hot, such as the maintain the sample temperature at lhc furnace wall tempera-
surfaces of engines and exhaust lines of diesel equipnmnt and lure ii" ignition does not occur, in successive trials, the
of electrical enclosures. If the temperatures of such surfaces tempera:ure of tile furnace is either increased or decreased by
are sufficiently high, various exolhermic reactions, including 5° C increments (as required) until a minimum is obtained al
combustion, can occur in the oil shale dust layers. The ignition which ignition of dust just occurs. The ignition is denoted by
of an oil shale layer in this manner could result in fire. Also, ii" an inflection in the temperature-lime record of a therrnocouple
a flammable gas atmosphere is present, as is possible in some embedded in the dust as well as by visual observation of the
deep oil shale mines (1), ' an explosion might ensue. Large- top surface of tile dust, via a mirror placed above the furnace.
scale tests, at the Bureau's Experirnental Mine, have demon- The duratior_ of a test is regulated so thal the dust maintains
straled that oil shale dust can propagate an explosion when tile set temperature of the furnace for a 5-rain period unless
initiated by an ignited methane-air mixture (2). However, the ignition occurs sooner. The duration of a test is usually on the
likelihood for ignition of flammable methane-air mixtures by o.der of 15 min.
reacting layers of oil shale dust, heated by hot surfaces, has not Various hotplate tests have also been used to determine
beex_ studied in detail, the hot-surface ignition temperatures of dusts. Results of these

In coal mines and in gassy noncoal mines, Federal regu- tests are scattered in the literature and have not been compiled.
lations mandate the maximum permissible temperatures for A few tests have been made with oil shales. For instance, the
various surfaces. As an example, in coal mines, the maximum Bureau conducted hotplate tests with oil shales from the Green
temperature of the external surfaces of exhaust systems of River Formation, assaying at 19, 25, and 48 gal/ton (9). In
diesel mine locomotives is limited to 204 ° C 13). Similarly, the these tests, the dust was placed on a hotplate at room
temperature of any external surface of the engine or exhaust temperature, and the hotplate was then heated to a desired
system of mobile diesel-powered transportation equipment for temperature. Both Godbert-Grecnwald furnace tests and hot-
gassy noncoal mines is also limited to 204 ° C (4). This latter plate tests of oil shale dusts from the Green River Formation
regulation is intended to prevent fires that might result from were conducted by the Tosco Corp. under Bureau contract (10),
the contact of diesel fuel with the hot surface. For permissible and results were reported for a limited number of tests.
electrical enclosures and mechanical components in coal The results obtained in previous hotplate tests suffer from
mines, the surface te_nperature is not allowed to exceed 150° C, the fact that neither the test equipment nor the testing
under normal operating conditions (5). The National Electrical procedure was standardized. In recognition of these draw-
('ode {NEC} also limits the maximum surface temperature of backs, the National Academy of Sciences Committee on
electrical equipment in locations that are hazardous because of Evaluation of Industrial Hazards, as part of a larger program
the presence of combustible dust (6). The NEC states that the lo classify gases, vapors, and dusts in accordance with the
maximum temperature shall be less than the ignition temperature NEC, recommended a detailed test procedure for the deferral-
of the specific dust and in no case shall it be greater than 165 ° C nation of the ignition temperature of dust layers (11). in this
for a nonconductive dust and electrical equipment not subject to test, layers of dust are placed on the surlace of a hotplate
overloading. For equipment such as motors and power trans- preheated to a desired temperature and the temperature within
Ibmmrs that ma.v be overloaded, tile maximum surface temper- the layer is monitored. Both the thickness and the diameter of
ature is 120 ° C lhr normal operation and 165 ° C for abnormal the layer can be varied, and in general, the samples are much
operation, larger than those used in the Godbert-Greenwald furnace test.

In order to evaluate the hazards of oil stale dust layers on Unlike the sample in the isothermal furnace, which is evenly
hot surfaces, the Bureau determined the mimmum hot-surface heated, the sample in this test is heated on one side only; this
ignition temperatures of a graded series of oil shale dusts and condition more closely resembles actual conditions of depos-
assessed the fire and explosion hazards associated with the ited dust layers in lhc workplace.
combustion process. Ignition, as defined by this hotplate test, is the initiation

Two teqs have commonly been used to measure the oi" combustion in the material under test. Ignition is consid-
minimum ignition temperature of a dust layer: a modified ered to have taken piace at the minimum hotplate temperature
Godbert-Greenwald furnace test and a hotplate test. Most of at which--
the ignition temperature values for dust layers found in the • There is visible evidence of combustion such as red
literature were obtained in the modified Godbert-Greenwald glow or flame;
furnace test (7). In this test (8), a relatively small _ample of • The dust layer undergoes a 50 ° C rise in temperature
dust filling a !,G-in-deep, l-in-diam container made of 40-mesh at.ove that of the hotplate as measured by a thermocouple in
stainless steel is suspended in tile center of tile furnace, which the geometric center of the layer; or
is already heated to a set temperature considered likely to cause • The dust melts.

The test equipment and the procedures recommended by
the commillee were used in this study; the possibility that a

_ltalu.number,, irl parenthesesreler tt_Ltem',in the list oi rctcrcnce,,al the end burnillg dust layer could initiate tile explosion of a flamnlable
of part 2. methane-air mixlure was also examined.
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EXPERIMENTAL EQUIPMENT AND PROCEDURES

HOTPLATE ASSEMBLY Ali the rings had slots at opposite ends of a diameter to
accomnlodate the positioning of a thermocouple thr,+,ugh tile

Tile test equipment consisted of a commercial hotplate, san+pie and parallel to the surface of the alunlinunl plate. A
on which the centrally positioned circular aluminunl plate was fine ( _ 0.25-mm-diam), bare type K thermocouple was used,
20 cm in diameter and 2.5 cm thick. The temperature at the and its junction was positioned at the geometric center of the
surface oi+the aluminum plate was controlled by a temperature ring. This thermocoul+le measured the temperature inside the
controller connected to a thermocouple mounted just below dust layer. A schematic of the hotplate is shown in figure 2-1.
the plate surface. The junction of the thermocouple was in The whole assembly, consisting of the hotphtte, temperature
contact with the plate and was within ! +_0.5 mm of the upper controller, and temperature indicators and/or recorders, was
surface, at its center, set up in a laboratory hood and is shown in figure 2-2.

The combination of heated plate and temperature con-
troller met the following performance requirements, specified
in the test procedure: KEY

1. The plate is capable oi+attaining a ternperature of 4(X)° C A Heatedplate, 20-cmdiam E Plate thermocouple to controller
without a dust layer in position. B Heotin9element F" Dustlayerthermocouple

2. The temperature of the plate is constant to within _+5° C c Connectionto controller-power G Insulating cover

throughout the test. supply

3. When the temperature of the plate reaches a constant D Rin9 for dust layer, IO-cm0Jam
value, the temperature across the plate is uniform to within
__.5° C. A O F E

4. The plate temperature does not change by more than (_ _k---.'-.'-.'-.'_--_.L'\ r-_./---1 ]!.]- -,_--II(__+5° C during the placing of the dust layer on the plate, and ]--m _.it is restored to within 2° C of the set value within 5 min of _1 , -- .. _,

+,to,mt i i5. Temperature controller and thermocoaples are cali-
brated and correct to within +_3° C. c

A stainless steel ring, placed on the aluminum plate,
contained the dust layer and maintained its shape and size. The I i- - -1 l.... _ i
ring specified in the test procedure is 10 cm in diameter and
12.7 mm high, but rings of other dimensions were also used. Figure 2-1.--Schematic of hotplate.

Figure 2-2.--Hotplate test apparatus in laboratory hood,
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l+ayer ignition tests were also conducted in a flanltnable case was it less than 25 thin for layers that ignited or less than
atmosphere, v.ith an enclosure pl;iced over tile hotplate to 30 rnicl fc,r layers that did not ignite.
contain the gas rnixtttre. This enclosure had ;m alurninutn base The temperature just under the surface of the dust layer
and a plastic upper part that afforded a visual observation of wits monitored with a 0.5-mnbdiam, stairfless-steel-sheathed
the dust layers during the tests. Metered flows of ;tit and type K therrnocouple. Ahhot, gh not called for in the test
methane were premixed prior to their entering the enclosure, procedure, it w;ts helpful in indicating itnminent reactions.
Sarnples of tile gas mixtures were analyzed by gas chronlatog- Trials were repeated with a fresh layer of dust each time,
raph._ to ensure the presence of the desired methane concen- until the minirnun_ ignition temperature was determined. The
tration. The cotnplete assembly is shown in figure 2-3. minirnum ignition temperature is tile temperature of tile

hotplate thai just causes ignition in the dust layer; ii is no more
than 10° C higher than a hotplate tetnperature that fails to

TEST PROCEDURES cause ignition. Al least two or three tests were conducted at the
hotplate temperature that just failed to cause ignition to

Minimum Hot-Surface Ignition Temperatures confirm resuhs and check lhr reproducibility. In addition to
temperature-time records, visual observations of events such

The slm'q31e thermocouple was first positioned so that its as evolution of smoke, charring, and smoldering were also
.it,net;cre would be near tile geometric center of lhc laver about noted.
It) be tested. The stainless steel ring was then placed on tile Sprinkle tests were also conducted to simulate very thin
clean aluminum plate, and final adjustments ,,,,ere made in the layers. In these tests, small amounts of dust were dropped
ttmtanc, couple position. A preselected test tetnperature ,.',';isset from a spatula onto the prelleated surface and the minimum
on the tempc,'-ature controller, and the hotphtte was heated, hot-surface temperature at which glowing occurred was
When the plate tetnperaturc stabilized at ihe set value, the determined.
stainless steel ring ,,,,as filled with the test dust and tile surface
cf tile laver _as leveled. Any excess pev, der, wllich spilled onto Tests in Flammable Atmospheres
tAe alurninum plate, ,,_as retrieved. Efforts were nlilde ,let to
compress the dust layer. The temperatures of the hotplate and For the tests in the r!ammable atmospheres, tile hotphtte
of the dust layer were monitored continuously to the end of the was heated to a high temperature of about 380 ° C, with the

aluminum base of the enclosure already in position. Then thetest. The duration of the tests ,,aried with layer thickness, type
;lnd grade of dust, and with SUl!',icc temperature, but ill no stainless steel ring was filled with the test dust, and the plastic

upper part of the enclosure, covered with a plastic fihn, was
placed on top of the base. At the onset of ignition and
smoldering i_, the layer, an airflow of about 11 L/rain was
introduced into the enclosure and directed downward over the
layer to promote development of substantial areas of glowing
particles (approximately 25 to 50 mm in diameter). When this
was accomplished, the air ,,,,'as replaced with a flammable
methane-air atmosphere. Metered flows of methane and air
were premixed, and the mixtures, containing anywhere f,otn 7
to 10 pet methane, were introduced into the enclosure near the
dust layer at a rate of about 12 l./min. The desired gas
concentration was established inside the enclosure within a
rninute. Sprinkle tests were also conducted in the flammable
atmospheres. For these tests, the hotplate was first heated lt) a
high temperature (>350 ° C), a flammable atmosphere was
introduced into the enclosure, and then the dust being tested
was sprinkled onto the hotplate.

Gas Sampling

Gas samples were collected in evacuated glass samph.,
tubes with the aid of a hypodt:rnlic needle. The samples were
collected close to and above the dust layer, usually during
periods of vapor and/or smoke evolution. These samples were
then analyzed by gas claromatography. (;as samples were also

collected inside the enclosure dt, t'itlg lhc It?slS iii flatnmable
atcnospheres. A long hypodermic needle was used to sample
the space just above the dr,st layer.

Weight Loss

The oil shale or coal to be tested was prev,eighed. Usually
a small amount of dust was left over afler the stainless steel

retaining ring ,.,,';isfilled. This alllotlnt was ;|Iso ,,vcighed and its
weight subtracted from the original weight. After the lest, the
residue was usually left on the hotphtte to cool and then was

Figure 2-3.--Enclosure for flammable atmosphere in position weighed. Any changes in layer weight were recorded. fhe
on hotplate, weight of lhc layer v,'as also used lo calcuhtte layer density.
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HIGH-TEMPERATURE HOTPLATE (> 400 ° C) Table 2-1.--Analyses of oil shale and coal dusts

A high-temperature surface was constructed from a circu- Dust Fischer Heating Meandiameter,l_m Minus
iar heating coil used in electric ranges. The temperature of tile sample' assay, e value, 200 mesh,
coil was cot]trolled by a seven-position s`,vitch. A 22- by 22- by gal/ton Btu/Ib Surface (C),,) Mass (D,,,) wt pet
0.6-crn stainless steel plate was positioned just tlbove lhc coil FINE-bt,,e.uObT
on ceramic supports. The surface temperature of the plate was Oil shale:
une`,'en and was not controlled other iimn bv the switch setting. 5082.................. 20 1,810 14 37 85+ 6238................. 33 3,230 12 56 72
The outer perimeter of the metal plate was covered with thick 5084 .................. 50 4,700 17 51 78
insulating material to help maintain a more uniform ten_pel- Pittsburgh coal ..... NAp 13.800 32 50 80
ature in the central portion of the plate where the san]pies were COARSE-SIZEDUST
deposited. Oil shale5933...... 33 3.190 -55 310 27

At the two highest settings, which were used in ahnost ali Pittsburgh coal ..... NAp 14.040 115 460 14
the tests, the surface temperature of the coil was about 720 ° NAp Not applicable.

and 770° C, and the surface temperature of the plate was ' Oil shale identificationnumberswere usedin a previous Bureaupubli-

about 470° and 500° C, respectively. Dusts were either sprin- cation (2).
kled or piled on the prehemed plate surface without the use of 2Toconvert to litersper metric ton. multiply by 4,17.
a retainirig ring. Thermocouples within the pile measured the
approximate sample temperatures. The oil shales ranged in grade from 20 gal/ton through 33

to 50 gal/ton. The fine 33-gai/ton oil shale was fronl the
Colony Mine while ali the other oil shales were fronl Anvil

TEST MATERIALS F'oints. The Pittsburgh Seam coal is a bituminous coal of high
volatility. As seen in the table, about 8(1 pet of the fine s',.inlples

Four oil shale samples from ti,e Green River Formation in pass through a 200-mesh (74-,am) screen, whereas less than 30
Colorado and two Pittsburgh Seam coal samples were tested, pet of the coarse samples pass through the same screen. The
The six dusts were armlyzed, and the resultant Fischer assays, surface mean diameters (D,) of the fine and coarse coal
heating values, and particle sizes are presented for fine and particles are about twice the size of the respective oil shale
coarse dusts, respectively, in table 2-i. The two Pittsburgh coal particles, while the mass mean diameters of the coal and oil
samples were chosen for comparison purposes, shale samples tire sitnihir.

EXPERIMENTAL RESULTS

MINIMUM HOT-SURFACE IGNITION • The coal dust, whose mininattna ignition tenlperature,
TEMPERATURES 240° C, was similar to thai of the 50-gal/ton oil shale, 231)° C,

also attained a similar maximunl temperature inside the htycr.
The fine oil shale and coal dusts were tested in 10- The irlitial heating rates of both these samples were also

cm-diam layers with the following nonainal thicknesses: 6.4, cotnparable, but the coal required merc time bcl'orc rapid
12.7, and 25.4 toni. In addition, the 33-gal, ten oil shale was heating began.
tested iri a layer" that was 38.1 rnm thick and 12.7 ctn in A:s previously shown, the rnininlum hot-surface ignilion
diaineter. The coarse samples were tested in only a l'e_vselected temperature of the 20-gal/ton oil shale was 291)° C when its
layer thicknesses. Ali the experimental data were obtained in the layer thickness was 12.7 mm. The same oil shale was also
form of temperature-time Mstories of the hotplate surface and of
the dust layer at its geometric center and at its surface. Represen-
tative temperature-time profiles are sho_vn in figures 2-4 to 2-10.
in figure 2-4, two temperatttrc-timc profiles are shown for the 500 i r 1 i 1 T--- i --

20-gal/ton oil shale, heated ira zt 12.7-mn>thick htyer. The tem- 290oc

peratures of the surface of the hotphtte differ by 10° (. in the test ,..._,,,it
at 290 ° C, the laver, ignited; its temperature rose more than 50° ( 400 /
abo`,'e the hotphite surface temperature. Vr'her1 the hotphlte .c, z/ \
surface temperature ,,'.'as 10° C Imver (280 ° ('), the dust ht`,'er did Ld 300 A' X,

not igrlite. Thus, the minimum hot-surface ignition temperature = .i,,,,._.. "-..
I...- _A

of the 12.7-mn>thick layer of the 20-gal/ton oil shale dust is _ q) "'"----_o-------o
290 ° C. The temperature-tirrie profiles obtained for the three fine _ 2oo e_ 28°°c
oil shales and for the fine coal dust, tested in 12.7-mm-thick :_
layers at their minimum ignition tenlperatures, are sl'i_'_._tt in _ ld//

. ,ooIIfigure 2-5. Sorrie points of interest in this figure are the follmving: I

,, The higher the grade o1 the oil shale, lhc Io_er the I
mininaum h()t-surface ignition temperature, o I j .L + a......... , .... _,____

,, Following [irl initial rise. lhc terlll)t.'l+_.rltlrt.'sinside the io 2o 3o 40 5o 60 7o ao
heated layers reached a plateau and theta rose ralfidly when tile TIME,rain

htyers ignited. Figure 2-4.--Temperature-time profiles for 12.7-mm-thick lay-
. The rrlaxinlutn temperaturc's attained by lhc _arious ¢_il ers of 20-gal/ton oil shale at hotplate surface temperatures of

shales do not sho_ a correlation with their grade. 280° and 290° C.
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Figure 2-5.--Temperature-time profiles for 12.7-mm-thick lay- TIME, min
ers of fine oil shale and coal dusts at minimum hotplate surface
ignition temperatures. Figure 2-6.--Temperature-time profiles for 12.7omm-thick lay-

e:s of 20-gal/ton oil shale at several hotplate surface tempera-
tures.

heated at 300° and 310 ° C during the process of finding the
minimum ignition temperature. "Iemperature-tlme profiles re-
corded at 290 °, 300 °, and 310 ° C are presented in figure 2-6.
The samples heated at these three hot-surface temperatures ali

ignited, but less time was required for the initiation of the 500 1 _ i T 1 [ I
accelerated heating phase when the surface temperature was
higher, as expected. The maximum temperatures attained

inside the layers, do not correlate directly with the surface o 4oo- .,w.,.._.-.4-__'_"_l, -

temperatures of the hotplate. More likely, the maximum tj,,. _,_. _.,.

temperature is a function of the packing density of each layer =
and the resultant available oxygen inside the layer. ,,-_ 3oo

I.iJ
The temperature-time profiles for the thin, 6.4-mm oil ,',

/y .... KEY "l.._

shale layers, differ somewhat from those for the 12.7-mm-thick +-ua200 _-" ,, 20gol/ton,325°C --layers" instead of a plateau, the slow rise in temperature was • 53gal/ton, 290°C
followed by a drop in temperature, manifested as a shallow _ • Pittsburgh coal,300°C, 1 I I I I 1 I
trough. The final, faster increase in the temperature of the _°°o 5 lO 15 20 25 :50 :55 40
layer came after this trough. The plots !'or the 33- and TIME,rain
20-gal/ton oil shales in figure 2-7 are typkal. The thin layers
of the 50-gal/ton oil shale behaved in a similm manner. Unlike Figure 2-7.--Temperature-time profiles for 6.4-mm-thick lay-

ers of 20- and 33-gal/ton oil shales and Pittsburgh coal at
the oil shales, The thin coal layer showed neither a plateau nor minimum hotplate surface ignition temperatures.
a trough, but only an uninterrupted rise to the peak tempera-
ture, as depicted in the figure.

The temperature-time histories for the 25.4-mm-thick
layers that underwent ignition are largely similar to those
observed with the 12.7-mm-thick layers, but in place of a

plateau, the slow rise in temperature was directly succeeded by 600
a period in which the temperature rise inside the layer occurred I I 1 I I I I

at an increased rate. This change in rate is evident as au upward KEY ...._._..,.o..
bend in the plots, at times more pronounced than at others, as 500 - v 50 gol/ton, 200°C .tiC' ._

seen in figure 2-8 for coal and for the 50-gal/ton oil shale, and • Pittsburghcoal, 210°C
in figure 2-9 for the 38. l-mm-thick layer of the 33-gal/lon oil ..,,...,.w-'

temperature-time profile that was measured just _ 400- .¢.,:,:..,...rshale. The

under the surface is also included in figure 2-9 (and shown as ,-,-G / .,I"
= /' !¢

"Surface"). This profile is fairly representath,,e of many of the r.. 3oo • _,

hotplate tests. The coincidence of smoke evolution with the "" ("":"*/

very fast rise in temperature at the surface is also typical. The g ._"•"
much longer time periods required for thick layers to ignite and __ 2oo ,4"
reach maximum temperatures are :dso seen in figures 2-8 and .._"
2-9. Finally, a temperature-time history for a 25.4-mm layer of Ioo (,"
50-gai/ton oil shale, heated at a surface temperatme of 380 ° C
(much higher than the minimum ignition temperature of 2(X)° C)

l I I I 1 1 1
is presented in figure 2-10. 0 50 _oo _5o 2oo 25o 300 350 40o

The temperature-time histories for layers that did not
ignite, regardless of thickness, are similar. The temperature TIME,m,n

rose slowly to a level that was in most cases below that of the Figure 2-8.--Temperature-time profiles for 25.4-mm-thick lay.
==vtgzatl. t_zH|)_,ZlatUl_:,alzU tit',di1tilL: [rC|i'lj)Cfd[Ui_ICru=e " _tlld avail- ers of :)u-gal/lon oil shale and Pittsburgh coal at minimum
tually reached a plateau, as shown in figure 2-4 for the hotplate surface ignition temperatures.
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400 I I _ t i ,_ / 20-gal/ton oil shale. The time to reach this final plateau

.f" _ increased with increasing layer thickness.IpIcA The minimum hot-surface ignition temperatures for ali,,o...,.. the samples at the various layer thicknesses are summarized in500

/ _ table 2-2, which also includes the maximum temperatures that
n.-I'u L.ayer_ J" | \A were reached inside the geometric centers of the layers for the

" | respective hot-surface temperatures and the tin}es to reach200- _..,,._,,-"" , -
rv _.,B.. ] these maximum temperatures. The densities of the various
uJ y.,w.x" layers are also shown in the table. Minimum ignition temper-

a.w lO0 - -- ,_

1_ atures were not determined for the coarse dusts. The maximum

.,,,i-" Surface - hot-surface temperatures at which these dusts were tested are
t--.- if ___,L..._-.a_A--_'-,_"_"]" shown in the table, as well as the respective maximum temper-

,,,,A_ L-'Smoke atures attained within the layers at these hot-surface tempera-
0 I I I I I _ tures. The relationship between the minimum ignition temper-

50 I00 150 200 250 500 ature and layer thickness is shown in figure 2-11.
t. TIME, min

Figure 2-9.--Temperature-time profiles within layer and just Table 2-2.--Minimum hotplate surface ignition temperatures of
under surface of 38.1-mm-thick layer of 33-gal/ton oil shale at oil shale and coal dust layers (10 cm in diam)
minimum hotplate surface ignition temperature of 210 ° C.

Minimum
Layer Maximum Timeto

thickness Layer hotplatesurfacetemperature maximum
and dust density, ignition within layer,_ temperature.
sample g/cm3 temperature, oC min600 T T _...... -] , _ ] °C

i FINE-SIZE DUST
500 -'--"""--'--'---"-'-"-J

• 1 6.4 mm
/.t i Oil shale:

400 /.,t/* |-_ 20-gal/ton ................ 0.69 325 425 2133-gal/ton ................. 62 290 420 23

_-_ 3oo ,/-,"/" 50-gal/ton ................. 55 250 419 20
_/_ -_ Pittsburgh coal ............ 52 300 385 15

"' /" I 12.7 mm
_ _j Oil shale:,,, 200 L-

P ,7 | 20-gal/ton ................. 78 290 411 59

/,7 1 33-gal/ton ................. 63 260 436 6050-gal/ton ................. 62 230 397 49

ico _/ I Pittsburgh coal ............ 52 240 386 77
,/ t 25.4 mm

o t i i ' Oil shale:
o 20 3o 40 50 6o 70 8o 9'0 too

20-gal/ton ................. 83 260 383 147
TIME, min 33-gat/ton ................. 63 230 482 163

50-gal/ton ................. 64 200 392 158
Figure 2-10.--Temperature-time profile for 25.4-mm-thick Pittsburgh coal ............ 55 210 560 363

layer of 50-gal/ton oil shale at hotplate surface temperature of 38.1mm 2
380 ° C. Oil shale:33-gal/ton.... 74 210 >389 (3)

COARSE-SIZEDUST

12.7mm
Oil shale:33-gal/ton... 0.97 >390 405 424
Pittsburghcoal............ 77 > 380 373 547

25.4mm
350 I I 1 I I I I l Oil shale:33-gal/ton... 1.02 > 390 383 469

[ _ ii Pittsburgh COQI _ At12.7geometriCcmin diam.Center'

_ _00 p__a ' " 20gal/ton _ 3 Terminated at 263 rain.• 53 gol/ton " Smoke was evolved and shale underwent a smoldering reaction.

/ _ • 50 gol/ton [ 5 No visible change was noted.
i_ _& /

The main objective of the tests was to determine the
minimum hot-surface ignition temperatures of the dust layers.

z • In general, this value for a given dust and layer thickness can
0 200 be determined in a reasonable number of tests As seen in table

E" 2-3, which summarizes results for ali the tests of 12.7-
t......o mm-thick layers of the 20-gal/ton oil shale, tests at 250 °,

I150 1 1 I 1 I l 280 ° and 290 ° C were sufficient to deterrnine the minimum
5 IO 15 20 25 30 :55 40 hot-surface ignition temperature. However, hotplate tests for

many of the samples were also conducted over a much wider
LAYER THICKNESS, mm range of temperatures, including temperatures well above the

Figure 2-11.--Minimum hotplate surface ignition tempera- minimum ignition temperatures. This was done in order to
tures lcr [ir,e oil :_,,-,u...... and Fittsbui'gh _,.,..,-----' MU:_I:_""-" .....¢1} .I ......Ilbllll_tlgll:---- ,.,f .._.._-_cc'_cclh...._fire hazar_c..................................i_nriPr Cll,-hpnncl{tir_nq Fnr e×amp!e, tbp

layer thickness. 12.7-mm layers of the lean oil shale were tested at surface

_
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temperatures tl.tat ranged fron.t 250 ° to 378 ° C. lnforrnatior_ observed only in the tests with the 50-gal/ton oil shale, most
garnered in the tests is presented in table 2-3, including layer often with the thin, 6.4-mm layers. Glowing. was due to the
temperature at the time smoke was observed, o×idation oi +char on the layer surface, at edges or near cracks.

In addition to the ig.rtitiot.t criteriot.t of a rise in the A residue of ash was left after the g,low.
temperature of a layer of at least 60° C above the hotplate The ignition process in a 12.7-turn-thick layer during one
surface temperature, another criterion is that of visible evi- ot+the tests with the 50-gal/ton oil shale dust is seen in figure
dence of combustion, su¢'h as red gloss' or flame. However, 2-12. The black spots on the surface are the locations of
flamirlg combustion was not observed in any of the tests with reacting areas (2-12Bto D). At the end of the test (2-12D), the
the six samples, even at hot-surface temperatures well above whole layer is black, owing` to conversion oi+ the kerogen to
the minimum ignition temperatures. Glowin_ _:_rticles were char. The volatiles coming off the layer are also discernible.

Table 2-3._Hotplate test results for 12.7-mm-thick layers of 20-gal/ton oil shale dust

Hotplate Vapor or smoke _ Maximum Time
to 3Tmax,_surface Appearance Termination temperature maximum

temperature, within layer, °C
oC Temperature," Time. Temperature, 2 Time, oc temperature,

°C min °C min min

250 ........................................ ND ND ND ND 203 22 - 47
280 ........................................ 214 10 260 32 263 26 - 17
280 ........................................ ND ND ND ND 276 26 - 4
290 ................................... 180 6 4200 86 411 59 121
300 .................................... 189 5 420 43 429 48 129
310 ........................................ 198 4 401 43 401 42 91

350 ........................................ 565 1 429 26 458 39 108
378 ........................................ 568 1 462 29 478 40 100

ND Not detected.

Vapor is white, whereas smoke has gray or yellow hues; at higher temperatures, smoke is darker.
o At geometric center.

3 Difference between maximum temperature attained at geometric center of layer and hot-surface temperature.
'_ Hotplate was shut off at 67 min, 8 min after maximum temperature was attained, but before sample reacted completely. Sample was left on hotplate to cool

and was still smoking at end of test (86 min).
Smoke appeared soon after sample was placed in ring.

 JIF'

Figure 2-12.--Typical hotplate test showing ignition process in 12.7-mm-thick layer of 50-gal/ton oil shale dust.
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MAXIMUM TEMPERATURES ATTAINED The dust layers did not undergo flaming combustion in
INSIDE LAYERS any of the tests. Glowing combustion was observed only in

some of the tests with the 50-gel/ten oil shale layers and

As was indicated in the previous section, tests were also occurred most often with the 6.4-mm-thick layers.
conducted at surface temperatures much higher than the

minimum ignition temperatures of the layers• The intent was to EFFECT OF LAYER CONFINEMENT
determine the highest temperatures that would be attained
within the various layers, and at the same time, to look for
signs of visible combustion, such as flame or glowing parti- The hotplate test procedure specifies the use of a metal
cles. Such information is helpful in the assessment of possible ring of a known size and thickness tor the confinement of the
fire hazards of ignited layers. Detailed results showing maxi- sample during the tests. But dust layers accumulating on

equipment surfaces can be unconfined as weil. A few tests were
mum temperatures for the various samples at selected layer conducted to observe the behavior of unconfined layers. The
thicknesses as a function of the hot surface temperature are
given in the appendix to part 2. Pertinent values were chosen unconfined layers were prepared in the usual manner, with a
from these tables and combined in table 2-4. standard ring, and then the ring was carefully removed. The

fine oil shale dusts tended to stick together and retain their
layer shape, even without the support of a ring. The coal dust

Table 2-4.--Maximum layer temperatures attained in various
tests (fine-size dust) lacked this sticking tendency, and upon removal of the ring,

fine cracks developed in the layer. The cracks and open sides

Dust Layer Hotplate Maximum permitted easier diffusion of air into the heated layer, and as asurface temperature aTmax,2 result, the layer attained somewhat higher maximum temper-
sample thickness, temperature, withinlayer,1 °C atures. However, the minimum hot-surface ignition tempera-

mm gO oC ture for the coal layer remained the same as for the confined
Oil shale: layer. The minimum hot-surface ignition temperature of the

20-gel/ten.......... 6.4 320 356 36 12.7-mm layer of 50-gel/ten oil shale likewise was not changed
325 425 100 by the absence of the ring.350 442 92

Do ................. 25.4 250 264 14
260 383 123 PARTICLE SIZE EFFECTS

33-gal/ton .......... 12.7 250 231 -19 Previous work by the Bureau (12) documented the effect260 436 176
270 456 186 of particle size on the minimum hot-surface ignition ternper-

ature of coal dust layers, namely, that coarser particles had a
Do ................. 25.4 230 482 252 higher minimum ignition telnperature. In order to see if oil

50-gel/ten.......... 25.4 200 392 192 shale behaved in a similar manner, fine and coarse oil shale
220 397 177 dusts of the same richness, 33 gel/ton, were tested. The tests
240 439 199 with the coarse material were done at a layer thickness of 12.7
260 403 "143 mm. None of the coarse dust layers ignited according to the
378 520 142 ignition criteria of the test, even when heated on surfaces

Pittsburgh coal ..... 6.4 280 310 30 whose temperatures were as high as 390 ° C. The minimum
300 385 85 hot-surface ignition ternperature for 12.7-mm-thick layers of
310 392 82 the fine 33-gel/ten dust was 260 ° C.
330 424 q4 The maximum temperatures achieved inside the coarse shale

Do..................... 25.4 210 560 350 layers at their geometric centers are presented in table 2-5. From
380 566 186 these results, it is somewhat difficult to predict the naininauna

Atgeometric center, hot-surface ignition temperature (i.e., a'l'max > 50 ° C) of this oil
2Difference between maximum temperature attained at geometric center shale lhr this layer thickness. One test of the coarse sample at a

of layerand hot-surfacetemperature, layer thickness of 25.4 nun and at a hot-surface temperature of
about 390° C also did not result in ignition; the maximum

lt is apparent from the data in table 2-4 and in the temperature measured inside the layer was 383 ° C.
appendix that in almost ali the tests the maximum tempera-

tures registered at the geometric center of the layers were less Table 2-5.--Hotplate test results for 12.7-mm-thick layers of
than 500 ° C. In most of the tests the maximum temperatures coarse 33-gel/ten oil shale dust
were less than 450 ° C, for both the oil shales and the coal, even
when the hotplate surface temperatures were high. The few Hotplate Maximum Time to
exceptions in which temperatures greater than 500 ° C were surface temperature maximum _Tmax,̀_
seen were tests with 25.4-mm-thick layers of the 50-gel/ten oil temperature, within layer, _ temperature, °C°C °C min
shale and of coal. The oil shale required a high hotplate
surface temperature ( - 380° C) to achieve a temperature above 230............................. 204 49 - 26255 ............................. 229 26 - 26
500 ° C, while the coal sample reached 560 ° C when heated at 267 ............................. 247 27 -20

a hotplate temperature of 210 ° C. The coal layer sagged, 275 ............................. 253 27 -22
especially at the center, and lost almost 27 pet of its original 290 ............................. 283 32 -7

weight" some ash formed as well When the same laver 310 ............................. 309 32 -1• " 350 ............................ 374 32 24
thickness of coal (25.4 mm) was heated on a 380 ° (" hot 390 ............................. 405 24 15

surface, essentially the same naaxirnum temperature, 566 ° C, ' At geometric center.
was recorded. However, less time was required to reach this 2Differencebetweenmaximumtemperature attainedat geometric center
,--,-,;,-,, ,-,f J_',,,, and hot.surface temperature.
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Coarse Pittsburgh coal behaved in the same manner as did 20-gal/ton oil shale at this layer thickness is 290 ° C. But even
the coarse oil shale; it did not ignite, e,.'en at high surface at the Io`'`"er temperatures there is a small weight loss, rnost
temperatures. In two tests v,ith 12.7-mn] layers at hotplate probably due to loss of moisture. The minirnurn ignition
ternperatures of 300 ° and 381.)° C, the rnaximurrl ternperatures temf_erature for the 50-gal/ton sarnp[e is 23(I° (_'; a srnall
attained inside the centers of the layers were 271,,I° and 373 ° C, `'`"eigl]t loss was lbur|d at 205 ° C. The data clearly show tl]e
respectively. At the same layer thickness, the minimurn hot- deper|dence of the extent of kerogen decomposition on the
surface ignition temperature of the firm coal dust ,.','as 241,)° C. ten]perature of the hotplate.

During the tests with the coarse 33-gal/ton oil sl]ale, it Weight losses `",'ere also determined in tests will] the
,,`',as noted that the packing density of this dust (0.97 g/cre 3) 6.4-rnm layers of the 50-gal/ton oil shale at the minimum
was higl]er than the density of the fine 33-gal/ton oil shale ignition ten]perature of 250 ° C and at temperatures just below
(0.63 g/cm_). To eliminate the possibility that the packing this value. The resuhs for these tests, sho,,vn lr| table 2-7,
density influenced the resuhs, layers of the fine dust were indicate that in addition to the hot-surface temperature, the
pressed by hand to increase their density to 0.79 g/cm _. TI]ese heating time at any specific temperature or temperature range
layers `.','ereprepared before the tests. The ring ,,`"asplaced on a influences weight loss. Con]parison of the resuhs with those
piece of fine alun]inun] foil and filled with the dust, and the st]own in table 2-6 suggests that layer thickness can also affect
dust `.`"ascompressed. The compressed dust layer in the ring, the extent of decomposition. Temfmrature-tirne profiles for
along with the lk:fil, ,,`.'asslid onto the preheated hotplate. The tests 2 and 4 from table 2-7 are depicted in figure 2-13. The
layer thermocouple `'`"asnot used in these tests. Instead, a fine profiles show thal both layers attained a temperature of
thermocouple `'`"as inserted into the layer with its junction at _ 250 ° C before they ignited. Hov,'ever, a much higher hotplate
about the geon]etric center of the layer. For the compressed layer, surface temperature of 326 ° C `',,'as required to ignite the layer
the minimum hot-surlace ignition temperature was 270° C, in test 4, in which a lower heating rate was used.
as con]pared with 260 ° C for the uncon]pressed layer. Thus, Two residues from 12.7-mm layer tests of the 20-gal/ton
la.,,er density has a relatively minor effect on the rninimunl oil shale were analyzed for their heating values v,'ith an
ignition ternperature as compared with the effect of particle adiabatic bornb calorimeter. The resuhs of these tests togelher
size. with additional pertiner|t information are as follows:

WEIGHT LOSS _e,.,,d.,. ; _,,,,d,., e

\Vei_zht loss values for 12.7-toni-thick layers of 20-and Holpiatc surface (cmpcralure .................... o(... 28() 35(1
" MaMnlulll lempuraltirc _silJlm hlyt'r, mca,,tlrcd al

50-gatiton oil shale dusts heated at various tenlperatures are geometric center .................................. o(-.. 263 458
shown in table 2-6. The minimum ignition temperature of tile Residueheating _.aluc ......................... []Iu lh.. 1,390 2111

loss iii heating _aluc, ha,,ed on 1,8111 Btu lh for

Table 2-6._Weight losses for 12.7-mm-thick layers of 20- and unreacled20-gal Ion oil qmlc ................ pcl.. 23.4 SS.3
50-gal/ton oil shale dusts lh|al_eightIos_..................................... pet.. I.7 9.()

Kerogen',_eigh!loss (portion of kerogen [hal
Hotplatesurface decomposed Io volaliles),based on kerogen
temperature,°C Weightloss,pct contentof I I _[ pet .............................. pcr.. 15.5 81.8

20-gal/tonoff shale:
250 ................................................................... 1.2 The losses it] kerogen content should be sin]ilar to tt]e respec-
280....................................................... 1.7 tire losses in heating values, but they are somewhat lower. The
28o ......................................................... 23 kerogen content of this raw oil shale is not known accurately
290................................................... 5.2 and could be less lhan 11 pet; this would partly explain the300 .............................................. 5,6
310 ........................................................... 6.3 disparity. Another uncertainty it] the kerogen `'veighl loss
350.......................................................... 9.0 values arises from their mode of calculation; they are deter-

mined from relatively srnall differences between t`'vo large
50-gallton od shale:

205 ......................................... 2 numbers. Loss of moisture should increase the total weight
230 ......................................................... 12.7 lOSS, and hence kerogen weight loss, without affecting the loss
240 ............................................................ _4.2 in heating `"alue. However, oil shales in general contain `"ery
250................................................ 152 srnall amounts of moisture, and moisture loss could he
255 ..................................... 16.5 neglected On the whole, though agreetnent is quile _,ood.260 ....................................... 16.2 ....
300 ................................................. 17.6 The results show that a hotplale temperature of 350° (7,
404 ................................................... 258 which generated a rnaxirnum temperature close to 460° C

Table 2-7.--Results of hotplate tests with 6.4-mm-thick layers of 50-gal/ton oil shale dust

Timewhen Layer temperature WeightTest Hotplatesurface Maximumtemperature Timeto maximum hotplatewas whenhotplate
temperature,°C withinlayer,_°C temperature,;'mm shutoff,:' mm wasshutoff, °C loss,po

1.... 250 390 21 41 190 13.6
2 250 419 20 26 230 192
3 .............. :_240 225 8 NAp NAp NAp

290 401 61 63 380 23.2
4 4 245 224 8 NAp NAp NAp

265 233 54 NAp NAp NAp
290 253 77 NAp NAp NAp
326 440 111 111 440 24.0

NAp Not apphcable
At geometnccente;

2Fromstart of test.
3For38mm, thenslowly raisedto 290° C
4For37mm, thenslowly raisedm staclesto 265°. 290° and326° C
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500 , I --,- l , I ' _ ' _ ' and smoke. Reactions were also evident in the color changes oi'P

the oil shale from beige tc.) black (char fornmtion) and togray-black (a char-ash mixture). Yet, weight losses in ali the

400 tests were small, of lhc order of ! to 3 pcr.
For coal dust layers that diel not ignite, very small weight

n,- " losses were also observed. In a few of the coal layers, very small

DI... 500 weight gains were recorded because of surface oxidation. The
"_ coal sample that did lose appreciable weight was the 2_.4-

n"' _ _ .£<y....cw_--o.....o.._/_ mnl-thick layer that ignited and reached a maximum ternper-:_ ,x:_'"<::" ature of 560 ° C. Weight loss was 26.8 pcr. A change in volurne

,,, 200 <-o-.-o'"_iI..- ncreasehotplate also occurred and the coal layer collapsed, especially in the
245 ° C temperature central portion. Such changes did not appear in any of the oil

shale samples, although a small degree of shrinkage irr the
IO0 , I , , , _ , J , t , thickness and in the diameter of some of the layers did take

0 20 40 60 80 I00 I 20 piace.
TIME, rain

Figure 2-13.--Temperature-time profiles for 6.4-mm-thick lay. GAS SAMPLES
ers of 50-gal/ton oil shale at two hotplate surface temperatures.

(;as samples were collected above the layers in some of the
tests, usually during the emission of gases and/or smoke.

inside the laver, sufficed to decompose most of the kerogen. These reaction products are diluted by the ambient atmosphere
Even during retorting, when much higher temperatures are as soon as they emerge from the layer. Additional dilution
attained, the kerogen does not decompose completely into gas occurred during sampling with a fine hypodermic needle. As a
and oil. Part of it converts to char that remains within the result, the combustion products constitute a very small part of
spent shale, any gas sample, and the results serve only to identify the gases

The coarse 33-gal/ton oil shale was evaluated at a 12.7- that form and their relative concentrations. The height above
mm layer thickness, for a range of surface temperatures from the dust layer at which the sample was taken and the sampli_,g
230 ° to 390 ° C. None of the samples ignited, according to the time were kept as uniform as possible. Sorne results of the
ignition criteria of this test. Nonetheless, at the higher hotplate analyses of tl,ese gas samples are presented in tables 2-8 and
surface temperatures the samples reacted and emitted vapors 2-9 for oil sha_e and in table 2-10 for coal.

Table 2-8.--Gas analyses results for samples collected above 12.7-mm h,yers of 20-gal/ton oil shale dust

Hotplatesurface Layertemperature Concentration
temperature, at timeof vol pcr ppm CO:e-CO

°C sampling,_°C ratio02 Ar N2 CO_ CO CH4 C_,H6 CzH" C_H_ C3H8 C3H6
300....................... 308 20.7 0.93 78.18 0.15 0.04 ND ND ND ND 7 4 3.8
310....................... 332 20.3 .93 78.25 .40 .11 ND 20 20 ND 18 18 36
350....................... 359 19.7 .93 78.40 .68 .22 200 40 40 ND 25 36 3.1

ND Notdetected.
_Atgeometriccenter.

Table 2-9.--Gas analyses results for samples collected above 25.4-mm layers of 50-gal/ton oil shale dust

Hotplatesurface Layertemperature Cor,centration,vol pct CO.,-CO
temperature, at time of

°C sampling,_°C O2 Ar N:, CO;_ CO CH4 C_H6 C:eH4 ratio
250....................... 390 20.0 0.93 78.27 0.69 O11 0.02 0.006 0.003 6.3
260....................... 280 17.7 .94 78.56 2.20 .46 .08 .023 .012 4.8

380 19.5 93 78.31 1.06 .15 D3 .008 .005 7.1
380....................... 300 19.6 .93 78.38 .84 .21 .01 .009 .006 4.0

380 20.6 .93 78.21 .22 .03 ND .003 D01 7.3
ND Notdetected.
_Atgeometriccenter.

Table 2-10.--Gas analyses results for samples collected above 25.4-mm layers of Pittsburgh coal dust

Hotplate surface Layer temperature Concentration, vol pet CO:,-CO
temperature, at time of

°C sampling, _ °C O_ Ar N:, CO;, CO CH,_ C:,H_, ratio

210 ....................... 290 200 0.93 78.40 0.43 0.23 0.02 0.002 1.9
406 18.3 .93 78.23 1.40 .90 .17 D44 1.6

380 ....................... 413 19.8 .93 78.24 .60 37 .04 .014 1.6
429 19.7 .93 78.41 56 .35 .04 .0t 1 1.6

_At Qeometnc center.
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The resuhs in table 2-8 show increased amounts oi+(70 2 oil the order of 1 to 2 tnm in thickness, l,'rom the trends found
and CO combustion products with increasing layer tempera- irl the layer tests, it was clear that surface temper;+tures in
ture. CO-, is more abundant than CO in the three sanlples. The excess of 300 ° C would be required for ignition of very thin
hydrocarbons are present in trace quantities in ali the samples, accunlulations. The ignition criterion used in the sprinkle tests
but results suggest a trend for increasing anlounts at higher was the formation of glowing particles, partly because rneas-
temperatures. Higher hydrocarbons, up to C_, were also urement of temperatures was not practical. Nonglowing par-
detected in trace quantities, but are not reported. No attempt ticles, or piles, also pyrolyzed, but the heat generated was not
was made to detect hydrocarbons above C_ or to analyze sufficient to overcome heat loss, and as a result oxidation of
condensed products, the formed char with its concurrent glow did not occur.

The compositions of gas samples collected above 25.4- Glowirlg occurred when the char oxidized, and in most
rnm layers of 50-gal/ton oil shale are presented in table 2-9. cases il happened after the formation of small, rounded
For these thicker layers, peak arnounts of gases were found, in globules by the oil shale particles. This agglomeration of the
general, when the layer temperature was about 300 ° ('. By small particles is believed to be due to the wetting of the
about 300 ° C, a black crust formed on top of ali the layers in particles by the oil that is generated by reacting kerogen. The
these test.,,. This crust may have reduced the flow of air into the lowest surface temperature at which glowing was observed
layers and flow of products out of the layers. The CO-,-to-CO when the 50-gal/ton oil shale dust was sprinkled on the heated
ratios are higher for the rich oil shale than for the lean oil surface was 330 ° C. Higher temperatures were required for the
shale. The effect of layer thickness on this ratio was not leaner oil shales. The 33-gal/ton oil shale did glow at about
e_aluated in this test program, but could also be a factor. 340 ° C and the 20-gal/ton shale at 38()° C, but the glow was

II is of interest to compare the above results with values not as bright and not as many part!ties reacted ali tile way lo
found for gas samples collected above 25.4-mm-thick layers of the glowing stage. At these high surface temperatures, reaction
coal (table 2-10). Slightly larger amounts of (_'Ha and CzH_, oi" the dust was almost instantaneous. (;lowing particles were
and of the other hydrocarbons (which are not shown here) not observed when fine coal dust was sprinkled on surfaces
were found, but the differences were small. The main differ- close to 400 ° C in temperature.
ence is seen in the ratio of CO: to CO, which is much smaller The surface temperatures al which the particles glowed
ox_ing to the larger amounts of CO emanating t'rom the coal and the estimated layer thicknesses were used to extend the
layer, curves of figure 2-11, representing minimum hot-surface

In general, the only combustion gases found in significant ignition temperatures as a function of layer thickness. The
amounts arc ('O, and ('O. The hydrocarbons are present in resultant curves, shown in figure 2-14, can be used cautiously
trace amounts. I11ali cases, ('O.: is present in larger amounts for interpolation, keeping in mind that the ignition criterion
than ('O, and tile ratio of CO e to (.'O is larger for the oil shale for the very thin layers differs from that for the thicker layers.
than for the coal.

Finall.v, gas samples were collected during the layer tests
conducted in the flammable atmosphere. Results of analyses TESTS IN FLAMMABLE ATMOSPHERES
of some of these samples are shown in table 2-11. 111these

tests, confinement affecled the gas composition results. The The tests were conducted with 25.4-mm-thick layers of
accumulated combustion products reduced the oxygen concen- firm 50-gal/'ton oil shale and coal dusts at surface temperatures
tration inside the enclosure. Therefore, it was necessary to of about380 ° C. With the onset of ignition in the layer, a flow
determine _hether there _,'as sufficient oxygen for the com- of air of about il l_/'minwas first directed downward over the
bustiblegases in the enclosure to propagatea flame. Calcula- layer to enhance the development of substantial areas of
tions showed that sufficient oxygen was available to sustaina glowing particles. When the air in the enclosure was then
flame or explosion, if a suitable ignition source had been replaced with a flammable methane mixture, glowing was
present. This was verified by igniting the mixture in the dimmed and then suppressed. Replacement of lhc flammable
enclosure _ith a lighted match, atnlosphere with a fresh flow of air renewed the glow. In no

case was the flammable atmosphere ignited by the layers.
lt is important to note that the reacting layers themselves

SPRINKLE TESTS emitted gases and vapors, and thereby changed the coml'm_si-
tion of the atmosphere in the enclosure. To ascertain the

Dust sloxvly settling on hot surfaces will initially form presence of a flammable atmosphere, gas samples were taken
small, uneven islands of very thin layers. Sprinkle tests were inside tile enclosure and analyzed by gas chromatography.
conducted in order to simulate this initial stage of layer Resuhs of the analyses, displayed in table 2-11, showed tlm
formation. In these tests, the fine dusts were sprinkled from a presence oi small amounts of C(), He, and ('()e. Methods exist
spatula onto tile heated surface. lhe deposits that formed were for calculating the flammability of any mixture of coml_ust ible

Table 2-11.--Gas analyses results for samples collected above heated layers of 50-gal/ton oil shale and Pittsburgh coal inside
flammable gas enclosure

Dust Layer Hotplate Concentration

sample thickness, surface Conditions during CO_,-COtemperature, sampling vol pcr ppm ratiomm ............................................................
°C O;, Ar N;, CO, CO CH4 H:, C_,H_, C;,H 4

O0 shale 50-gal/ton 12 7 360 Smoke and flammable atmosphere 162 086 726 23 033 75 0 18 575 320 7.0
Do 25 4 365 Smoke ............................ 18.7 94 78.9 1.1 29 1 ND 100 130 3 8

Smoke and flammable atmosphere 16 7 86 722 1 6 32 8.3 ND 375 90 5.0
P_ttsburgh coal 25 4 360 Smoke ........................ 177 93 78.0 1 7 1 10 4 10 515 120 1 5

Smoke and flammable atmosphere 156 86 72 3 20 1 95 69 35 665 130 1,0
14.3 85 71 1 24 2,20 85 60 885 180 11

ND Not detected.
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400 _ _ w i , r I flammable atmosphere. Ignition of the gas mixture did not
occur at any time. The flammable atmospheres were readily

o _l, KEY ignited by a lighted match thrown into the enclost, re.. \
350- \ • Pittsburgh coal _

uj_ _ N • 20 gal/ton
n-D ,_\ _ _ • 5:5 galIton HIGH-TEMPERATURE HOTPLATE (> 400 ° C)

I-..-<500 -"_ \ \ ' _ • 50 gal/tan _

\\\_. _A The high-temperature hotplate consisted of a thick stain-
ne

n_ less steel plate atop a circular heating coil. l.ocal variations in
=; _ \ the temperature across the plate surface were large and fol-

250 - lowed the pattern of the coil.
z Both the 50-gal/ton oil shale and coal dusts reacted

__m immediately upon being placed on tlae hottest portions of the
I---200 - - plate, which were easily discerned b',a dull red color. The:w
t.9 surface temperatures were at least 470 ° C, and probably

higher. Large amounts of volatiles and yellow-brown fumes
150 J l t I I 1 t were emitted. Temperatures measured inside thir_ layers of oil

0 5 IO 15 20 25 30 35 40 shale were on the order of 570 ° C, and red glowing particles
LAYER THICKNESS, mm were evident. Red glow inside thicker layers was also observed.

When coal was placed on the hot surface, glowing
Figure 2-14.--Minimum hotplate surface ignition tempera- particles formed. A mixture of fine and coarse coal particles

tures for fine oil shale and Pittsburgh coal dusts as a function of was tested, and crackling sounds were heard. The coarser
layer thickness, including values from sprinkle tests, particles disintegrated and at times even flew apart" these

events were accomparfied by tiny sparks.
and inert gases (13). These methods ',','cre applied to the The only time flaming combustion occurred was when a
atmospheres inside the enclosure, and they ,,,,,eredetermined to piece or particle of either oil ,;hale or coal came in direct
be flammable, contact with the bright red heating coil (> 750 ° C). The flame

In addition to the layer tests, sprinkle tests with fine coal flashed back to the pile, which was located on the central
and 50-gal/ton oil shale dusts were also conducted in a portion of the stainless steel plate, about 6 cna away.

DISCUSSION OF RESULTS

MINIMUM HOT-SURFACE IGNITION lt is always helpful to compare experimental results with
TEMPERATURES values found by other researchers. However, published exper-

imental results for hotplate tests of coal and oil shale arc
The hotplate minimum ignition temperatures were very scarce, and the ones available were not obtained by exactly the

reproducible in the tests with the oil shale and the coal samples, same test procedures as were used in this study. Ignition criteria
Small variations in the packing densities and in arnbierlt condi- also vary from one publication to another.
tions, such as humidity and temperature, did not noticeably For Pittsburgh Seam coal dust (80 pet through 200 mesh),
affect the resuhs. Perhaps the difference of 10° C between the minimum ignition temperature, as determined by the
ignition and nonignition is a sufficient margin to compensate for modified Godbert-Greenwald furnace test, is 170 ° C (15).
such effects. When the same coal was tested in a hotplate test, in which the

The minimurn hot-surface ignition tenaperaturcs decrease layer dimensions were 1 in. in diameter and % in. iri height and
in an orderly fashion with increasing oil shale richness for the the confining ring was made from a 40-mesh screen, the same
fine oil shale dusts with similar particle size distributions. The temperature of 170 ° C was obtained (12). This is somewhat
greater amount of kerogen in the richer oil shales and the surprising since the small layer dimensions and nonisothermal
larger amount of volatiles released by them at a lower temper- conditions in the latter" test are conducive to heat loss, and a
ature during decomposition combine to generate merc heat higher ignition temperature would have been expected. In the
during air oxidation, t.ee and Sohn (14) investigated the modified Godbert-Greenwald furnace, the minimum ignition
ignition characteristics of ',,arious grades of Green Rb, er oil temperature of the Pittsburgh Seam coal from the present test
shale and determined that the energy required for ignition series was determined to be 175° C.
decreased with increasing shale grade. In the hotplate tests, Hotplate tests with oil shale dusts were conducted by the
ignition energy is represented by the hotplate surface temper- Tosco Corp. under Bureau contract. In these tests, a 35-
ature, but it cannot be calculated accurately because of the gal/ton oil shale (minus 200- plus 325-mesh fraction) was
unknown amounts of heat loss to the surroundings, tested on a hotplate whose surface teml_crature was set at 200 °,

The other systematic change in the minimun] hot-surface 230 °, and 260 ° C. Only the vaF.,rs that evolved during the test
ignition temperatures o1" ali the tested diists related to layer at 260 ° C ignited when a pilot fhimc was passed over the dust
thickness. The minimum hot-surface ignition temperatures (10). A few samples of 10-, 20-, and 30-gal/toll oil shale dusts
decreased with increasing layer thickness. The ignition process were also tested in the modified Godhcrt-(ireenwald furtlaCe,
on the hotplate is very sensitive to heat loss, and any provision and a nominal ignition temperature of 200 ° (" was reported
that decreases heat loss aid,, the process. The thicker layers (10). However, the test data and ignition criteria arc not
reduce heat loss lrom the layer, and the result is a lower presented in sufficient detail to determine the minimum igni-
ignition temperature, tion temperatures of the various samples. When a 50-_aal/ton



oil,,halev,as tesledinthe nlodiried(hn.lberl-(+;reen`'vaMfur- TEMPERATURE, °C

uacc, a nliuimum ignitiontemperatureoffSO° C was reported 350 300 ?50 200
(15);tileequi`'alentminimunl ignitiontenlpcralureof the IOO I l I
50-gal ton oil shale from tile pIeSellt tCsl series ,,,,itsdetcrIllilled

to bc 175 ° ('. - KEY
.&smentioned intheintroductiontctpart2,hotphltetests -- • Pittsburghcoal

of coal and oil shale `'_,ere also conducted by the Bureau (9). - • 20 gallton /

F'ul_erized I"htsburgh Seam coal and ttlree oil shales (19-, 25-, .... • 33 gal/Ion / 7" .,
and 48-gal. ton' 95 pet througll 200 mesh), `'`"cre tested. For
unconfined, 25.4-mnl-tllick layers of Pittsburgh coal dust, tile E
minimuin ignition temperature ',`"its 210 ° ('. A 50-mm-thick E
laver of the same coal ienited irl 200 ° (" after 400 nlill of _ -
continuous heating. The minirnum hot-surface ignition tem- wz
perature', for 50-rnnl-thick layers of tile three oil stmius `'`"cre ,,,"
3()<)°, 240 ° and 200° (', respectively. The results for tile _ I0 --
25.4-turn-thick coal laver are tile sam: its `'`"cre found iii this I--
stud``. Tile results for tile oil shales sho`'v the same trend as in n,-

m
this study but CallnOt be directly compared because thicker >.-
layers ,.`'cre used and tile ignition criteria and test procedures
D'rCFCelifl'erent.

Iiihotplatetestresultsmentioned earlier(I()),for a
.15-eat'tonoilshale,the minimunl hot-surfaceignitiontem-
perilturè'_asnot gi`'en.IIlsteild,testswere CoIldtlcIed;.li
_ariou,,hotplatesurfacetelnperatures,ilndtileemittedvapors
_ere te,,tedforignitabiIityby a pilotflame.A similareH'oft

``+'t,,made illthi,+studytodeterminethehotplatetemperature I I l ] l l
at _ahich e`'ol``ed gases m)uld be ignited bv a Marne. Attempts 1.6 1.7 1.8 1.9 2.0 2.1 P.2
to ignite the vapor,, atld or smoke emarmting from layers of tile RECIPROCAL OF IGNITION TEMPERATURE
5(t-gal ton oil shale witll a pilot l'lame ',`"ere seldonl successful. (I/T), I0 5 K
V<hel_the layer temperature `'vas ill least 3(R)° (', tile tlarne from
il lighted match held above tile layer flashed back to tile layer, but Figure 2-15.--Semilog plots of layer thickness versus recip-

rocal of minimum ignition temperature (in kelvins) for fine oil,,`"itsnot sustained. The only time ignition of vapors by ii lighted
match ,,`'it,, repeatedly successful was when the 50-gal/ton oil shale and Pittsburgh coal dusts.
shale, or coal dust, was heated on tile higtl-tempcrature tlotphlte
at '_urlacc Ienlperaltlres above 47() ° ('. Also, when particles of tile
till shale or coal Ii,li l'r('mt tile stainless steel plate onto the barc coil l.ong-duration hotplate tests, in which the hotplate sur-
(surface temperature > 750 ° ('), the.', ignited instantaneously and face temperature `',,'+.tsinitially lower than the mirlirnum ignition
tile llarne flashed back to the nearby layers. Thus, Ilanunable gas temperature but then was slowly raised to temperatures that
mixtures `'`'cre formed only whell volatiles were generated at a were much higher than the minirnun_ ignition temperature,
high rate and in large ".luar_tities by rich oil shale in COlltact with failed to ignite the sltrnples. Whatever the events that lake piace
ii high-ternperature surface. ,,','hen tile oil shale dusts undergo prolonged heating at temper-

Plots of the minimun3 ,,ot-surface ignition ternperature atures lower than their minimum ignition temperatures, mrne-
`'crsus layer thickness, as sho,an in figure 2-14, arc not linear Ilo,,`" they become more resistant to additional, and rnore
and thus are not easily extrapolated. However, when the energetic, tilermalstimuli. These results indicate an increase in
IogarittlnlS of laver thicknesses were plotted as a function of relative safety E)r dust layers accumulating slowly over long
tile reciprocal values of tile ignition temperatures in kelvins, as periods of tittle on hot surfaces.
suggested iii tile hotplate test procedure and us shown in figure
_ I_ straight linesrestilted for the thrce oil shale dusts but not
for the coal dust. A conlprehensi_,e theoretical analysis or MAXIMUM TEMPERATURES ATTAINED
hotplate test results, by Bowes and lb,.vnshend (16), correlates INSIDE LAYERS
tile logarithm of tile function 6 F"/r e with the reciprocal of the
ignitionternperature. The function, ill which t ix hall' the layer With a t'e_,vexceptions, tile maximunl temperatures at-
thickness, lis the minimum ignitiontenlperaturc, and8 isa tained inside the layers of oil shale and coal wlmn they were
complex combinatioil of various parameters, is proportitmal to heated at their respective n-_inimunl hot-surface ignition tem-
the rate of heat evolution per unit volume of reacting mass. peratures were about 400_+_20 ° ('. Higher tetnperatures were
The slopes of the resultant straight lines yield activation energy found in the 12.7- and 25.4-mm-thick layers of the 33-gal/ton
`'alues. Several assurnptions and additional data are required ()ii shale (436 ° and 482 ° (', respectively}. The highest temper-
l_r evaluation t)t h, and this ,.`"itsnot done for this report, ature ,,','+.ts560 ° (', for the 25.4-mm-thick layer of firm coal

The ph)ts 1or the 20- and 50-gal/ton oil shales in tigure dust.
2-. 15 are parallel, ,,vhile the slope of the line for the 33-gal,'ton The maximunl rise ill layer temperature above the mini-
oil shale more closely resemhles tile slope of the Lipper portion mum hot-surface ignition temperature (,X'Fmax), for the vari-
or the coal curve. As stated earlier, the 33-gal/ton oil shale ous samples, is shown in table 2-12. The nlaximLlni rise in
originated fr(ml a ditIerenl location than the two other oil tenlperalure, in general, increased with increasing layer thick-
shales and probably uontains different proportions of the ness for the samples, allhough the increase `'`"as less pro-
compollnds constituting the im_rganic matrix, or possibl.v even nounced for the 20- and 50-gal/ton shale dusts. This increase
other r1_inerals. lim reason rot the nonlinear behavior ,.)I the ix due to the reduction in heat lOSS; the thicker layers iii essence
coal is IlOt known, acl a,, irv',t!!i!!OF_ T.hc i!!_._,:i!!!tl!!!rise ]!! temperature i,rcre:ased
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Table 2-12.--Maximum rise in temperature (ATmax) _ inside capable of restricting ait'l'lo_ through the layer and thereby.
layers heated at their respective minimum hot-surface n]inimizing exothern]ic reactions. The contributions l'rom cxo-

ignition temperatures, degrees Celsius thermic surface oxidation reactions are reduced for layer,, of
coarse particles that have smaller overall surface areas, More

Dustsample 6.4mm 12.7 mm 254 mm time is required to evenly heat II'tc coarse particles throt,ghout,
Oil shale: ],ld a slower heating rate results. Finally, and tnost itnpor-

20-gal/ton ................................. 100 121 123 tantly, the decomposition products that forrn inside the larger
33-gal!ton .................................... 130 176 252 particles have zt longer diffusion path and, consequently', n]ore50-gal/ton.................................. 169 167 192

Pittsburghcoal .............................. 85 146 350 time to undergo further decompositior_. This leads to coking
_At geometric center, of the gas and oil products. As a result, the amou, t of thermal

feedback from vapor oxidation is reduced.
()ii shale pyrolysis and ccn]bustion and oil shale retorting

with increasing grade for the thin layers of the oil shales. The have bee,] extensively studied. The many parameters evaluated
same cannot be said for the 12.7- and 25.4-rnm layers of oil include particle size and heating rate. Although layer tests were
shales, mainly because the values for the 33-gal/ton oil shale not utilized in these studies, the results regarding particle size
are not in line with the values for the other two oil shales, effects are valid for comparison with the results of the layer
Maximum increases in temperature inside layers of some of the tests. Galan and Smith (18) used thermogravimetric analysis to
samples that were tested at higher surface temperatures than evaluate the effects of transport processes on the decomposi-
the mininlun] ignition temperatures were essentially the same tion of small samples of Colorado oil shale and fot,nd three
as those in table 2-12. modes to be important. These were intcrparticlc, intraparticlc,

To achieve higher temperaturc,_ in reacting solid fuels, and particle-to-fluid transport phenomena, l)ecomposition
contributions from vapor phase reactions are important. Such rate, measured as weight loss, decreased when particle size was
vapor phase reactions, which in general occur as fian]es, were greater than 0.4 rnrn. Galan and Smith conducted their tests in
not observed. The volatiles generated by the reacting layers a nitrogen atmosphere; thus, oxidative decomposition was not
were either not present in sufficient quantities to be in the a factor.
flammable range, or else the temperature at the surface of the Campbell also studied the effect of particle size on oil
layer was louver ii]an that required for ignition of the flamn]a- degradation inside shale particles (19). He attributed coke
ble mixture, Similar gas mixtures are generated by other forn]ation within the particles to slow heating rate, ratherthan
pyrolyzing fuels, such as cellulose. Yoshizawa and Kubota to particle size. A Colorado oil shale dust with particles
determined the temperature of self-ignition of such mixtures of smaller than 800 #m was used in the tests, it] either nitrogen or
CO, ('Hz, ('_,Ha, ('eH,,, and C(), in air to be 540 ° C (17); self-generated atmospheres. Essentially, the results agree with
ignition occurred at or near tile rich flares]able limit. The the layer test results, because larger particles are heated at
33-gal, ton oil shale and the Pittsburgh Seam coal did generate slower rates.
high temperatures when heated it] thick layers, but the comhi- Suuberg (20) studied the pyrolysis of bitunlinous coal that
nation of the required flan]mable gas cc,ncentration and layer _'as heated it] an atmosphere of helium at a fast rate. Particle
surface temperature for initiating fianring combustion was sizes tested ranged from 74 to 1,000 /_m. Less tar and more
evidently not attained, char formed when particle size was increased. He also suggest

mass transport effects and secondary reactions within or on
the particles as an explanation of the resuhs.

EFFECT OF LAYER CONFINEMENT Nagy and Verakis (12) present data obtained in the
Godbert-Grecnwaid furnace test that show increases in the
minimun] ignition temperatures of coal dust layers with in-

When layers are not confined by a metal ring, diffusion of
air into the sides of the sample increases, but at the satnc time creasing particle size. Fhc ignition temperatures reported fortwo coal dusts, one a 20-pet and the other a 75-pet minus
heat losses also increase. In the few tests that were done, the same 200-mesh coal, were 210 ° and 170° C, respectively. These
minimum ignition temperature was lound for both the confined dusts are similar in size to the coarse and fine coal dusts
and unconfined layers. These results suggest that a balance, or utilized in the present study and for which the corresponding
equilibrium, was established, in which the effects of diffusion minimum hot-surface ignition temperatures were determined
and heat loss cancelled each other. However, it should be noted

to be >380 ° and 240 ° (2, respectively, for a 12.7-mm layer.
that slightly higher maximun] temperatures were attained inside
the unconfined layers. A more detailed examination of this Although the same trend is seen, the rcsuhs arc not directlycon]parable to those of this study because of the different test
parameter would bc worthwhile, especially since most dust methods employed.
accumulations on hot surfaces arc not confined. Pahner and Tonkin measured ignition temperatures of

conical dust layers on hot surfaces (21). For a cork dust, the
ignition temperature increased with increasing particle size.

PARTICLE SIZE EFFECTS Although the.,,' do not report the effect of particle size on the
minimum ignition temperature of coal dust, the mininlun]

The n]inimun] hot-surface ignition temperatures for the ignition temperature found by them for a 25-mm-thick coal
coarse 33-gal/ton shale and coal san]pies were greater than dust layer consisting of particles <0.063 nm] in di]me]or
400 ° ('. The exact values were not determined because tile',' (minus 230 mesh) was 210 ° ('. This value is identical to lhal
were greater than the highest temperature the hotplate could found it] the present study for fine Pittsburgh coal of approx-
attain. In comparison, tile mininaunl hot-surface ignition imately the same particle size and layer thickness.
temperatures for the 12.7-mm-thick layers of the fine 33- The importance of these rest, ltslicsin the fact that much
gal/ton shale and coal dust wcrc 260 ° and 240 ° (" respectively, higher hot-surface temperatures arc needed to initiate reactions
Several factors contributed lo this significant difterence. The and ignite a layer comprised of larger particles or of a mixture
coarse samples had a wider particle size distribution than the of small and large particles. Such layers can tolerate higher
fine samples. Consequently, a greater layer density resulted, surface temperatures without igniting.
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WEIGHT LOSS also be fornled by oxMation of tile evolved CO as it diffuses
through tile layer. The temperature of tile evolved gases as they

Kerogen, the fuel-bearing portion of oil shale, constitutes effuse from the layer is probably too low for oxidation in the
a relatively snlall part of the <.:tilshale by either `'veight or ambient air.
volume. The nlajor portion of the oil shale is a matrix of Samples of gas emanatin,? I'rom cores of spent oil shale
inorganic compounds. In the range of tenlperatures encoun- undergoing char combustion ,,,,'ere collected by Manor (22).
tered in the layer tests, tile inorganic portions of the shales do When the cot,: was tleated at 483 ° C, the ratio of (2702 to CO
not undergo arB' significant decomposition, and ttle observed in the gas sample `'ras about 4. Tile ratio is dependent oll the
weight losses reflect solely the decomposition of kerogen and temperature of tile char and increases at higher tenlperatures.
the evaporationofthesnlallamountofnloisturepresentinthe These results are very similar to those found for sarnples
oil shale. Results of weight losses show that the 50-gal/ton oil collected above the oil shale layers and suggest that the char
shale underwent appreciable decomposition (on the order of 50 that formed on the surface of many of the oil shale layers as
wt pet of kerogen) at a hotplate temperature of 230° to 250° C, well as inside some of the layers generated combustion gases,
while a surface temperature of 290 ° (2, was re,tuired for a Temperatures of about 600 ° C or more, depending on char
sirnilar degree of decomposition of the 20-gal/ton oil sllale, reactivity, produced self-sustaining reacticms between the char
These data support the previous resuhs of lower ignition and air in Manor's tests. This nlay be tile temperature of the
tenlperatures Ibr higher <.)iishale grades. Higher temperatures, glo,,ving particles observed in some of the layer tests.
arot, nd 350 ° C, ,,,,ere required for a more complete kerogen The gas samples that were collected above the reacting
decomposition of both oil shales, coal layers contained relatively larger amounts of CO than

Not only hot-surface tenlperatures but also layer thick- samples collected above the oil shale layers. Only traces of
ness, exposure tinle on the t1<.)Isurface at any specific temper- flammable hydrocarbons were detected in any of the gas
ature or _emperature range, and packing density of tile hayer samples. In general, eH.+ was present in larger amounts than
affect the extent nf weight loss. Althougtl packing densities ,,,,,ere tile higher hydrocarbons in gas samples taken above the
`",cre sirnilar for most of ttle layers oi" any one sample, the)' still coal. This was not alv,'ays the case in samples fronl the oil
varied frorn test to test. Variations in density `'`'ere greater for shales.

the thin layers. Availability of oxygen to ttle reacting layer and Even considering the fact that the gas samples were
heat loss front the layer depend strongly on layer density, and diluted with air during sampling, none of the flammable gases
they in turn influence the maximun_ temperatures attained were found in quantities anyv,,here near their lower flamma-
inside the layers and the resuhant weight losses. The results in bility limits. The limits in air are the follov,'ing:
tables 2-6 and 2-7 reflect the corrlbined effects of tile various

parameters OITweight losses in the hot p[ate tests. Gas I.ower./hlmntal,hty hmt'l,

In addition to the decomposition of kerogen, oxMation ro;t,ct
attd pyrolysis reactions of kerogen and its decomposition cc) .......................... t2.5

(-'tta ......................... 5.11
products that ]ornl volatiles also contribute to tilt:' `",'eight loss. ('.lt ......................... 3.0
These reactions drive the smolder v,,ave through tile reacting (,H., ....................... 2.7
layer. Irt these hotplate layer tests, tile hot surface provides an
energy l'lm`' in a direction that opposes tile flow of oxygen. File concentrations of these gases in the collected samples were
The air diffuses into the layer mostly from the top anti, in the much smaller. Hydrocarbons such as C2H 4 and C.,tt_, sensitize
process, actually reverses part of the energy flo'+_.This nlode of mixtures of CO and CH4 and can Iov,'er their ignition temper-
reaction, knov,n +.tsreverse smolder, depends on and is limited atures. Ho,,vever, the gaseous mixture tlas to be wilhin tile
by oxygen availability and heat transfer, which are interdepen- flammable limit to ignite.
dent. lt may also intertere with the upward flo',s of combustion In view of the above, the absence of flanling during tile
products, tests may be explained. The first requisite R'_rcornbustion is the

In man',, of tile hotplate tests in which tile oil shale layers formation of a flammable mixture. This, however, is not
ignited, only chars l'orrned, and even then, only a part of the sufficient to ensure the autoignition of the mixture. A critical
layer con`'erted to char. The additional oxygen and energy surface temperature--the ignition source--is needed as ,,`"ell.
needed for the oxidation of tile char and l'orntatiolt OI ash yeas ]'lie highest layer surface temperatures in the layer tests `'`"ere
apparently not a,,ailable, about 370':' ('. They were recorded for 25.4-toni-thick layers of

\Vhen the coarse 33-gal/ton oil shale layer was heated al a 50-gal/ton oil shale and of coal thal were heated on very hot
high hot-surface temperature (380 ° (.'), it underwent chemical surfaces ( - 38(1° C). File maximum layer surface temperatures
changes that were obvious to tile eye, yet both weight loss and in nlost of the other tests in which ignition occurred were
temperature rise `',,ere minimal. The reason is mainly coking of lower, even as low as I i ! ° C. These lower temperatures are a
tile generated volatiles within the larger particles. Mininlal good indication thal gas flux at the surface was minimal. They
weight loss also occurred when layers of coarse coal were also point to the lack of energy input or feedback from gas
heated in a similar manner, phase reactions near tile st, rface into the solid. Without such

interactions, flaming conlbustion cannot occur. The small
amounts of flammable gases generated by the oil shale are due

GAS SAMDLI=S to tile relatively slow snlolder-type reactions that arc al least an
order oi' magnitude slower titan flame reactions.

Ali the gas samples collecled above tile heated layers at
various hot-surl'ace temperatures and at different periods
during the tests did not contain large quantities of flamnmble SPRINKLE TESTS
gases, l)ilution during sampling was partly responsible for
these restllts. Ihc only tx`'o gases found in any ,,ignificant .,\s was demonstrated in the htyer tests, the hot-surface
concentrations were C(), and C(). ('C): was present in larger ignition temperatures increased with decreasing layer thick-
quantities, +.ts seen in tables 2-8 to 2-I(). (_'()., is a direct lleSS. Sprinkle tests prm'ide a means for evaluating the behav-
decomposition product of the oil shale and the coal; ii mar ior of very thin layers or small piles ot' dust Oll hot surfaces.
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The ignition criterion chosen Ibr the tests was the formation of stationary flammable mixtures by an open hot st, rlilcc, and
glowing particles, still higher temperatures are needed to ignite flowing mix,arcs

When particles of fine oil shale dust ,,,,'ere sprinkled on a by a hot surface.
sufficiently high-tempera,,,re surface, they reacted instanta- Finally, the part played by a combustible substance placed
neously, emitting smoke and volatiles. Glowing particles `,vere on a hot surface in the ignition process of a flammable gas
seen when the char on the surfaces of the particles reacted with mixture, and especially its effect on the ignition temperature of
air and formed CO-, and/or CO, leaving behind a residue of the flammable mixture, is of direct interest. ro test this
ash. cornbined effect, Guest {25) placed a very fine bituminous coal

The glowingbehaviorwasnotseen`,vithsingleparticles, lt on a 12.5-rnnl-wide nickel bar heated to 933 ° C. At this
was observed when a le,,,,' particles combined together to form temperature, a 6-pet natural gas-air mixture in contact with the
a larger mass, thereby decreasing heat loss. Hot-surface tem- bare bar was ignited. The presence of the smoldering coal
peratures in excess of 340 ° C were required for glowing particle (which did not flame) did not reduce the metal bar temperature
formation with 50-gal/ton shale dust, and higher surface at which the gas mixture ignited to below 933 ° C. Rather, the
temperatures were required for leaner oil shales. The number presence of the gas mixture suppressed the combustion of the
of glowing particles and degree of brightness increased with coal. Unlike coal, other substances such as pyritic dust and
increasing grade of oil shale. Ext, dation of shale oil may be a pine sawdust aided the ignition of the 6-pet natural gas-air
contributing factor in the agglomeration of the fine oil shale mixture by emitting volatiles that reduced the bar temperature
particles. In sprinkle tests of coal dust, glo`,ving particles were necessary for ignition of the flammable mixture. But like coal,
not observed at hot-surface temperatures close to 400 ° C. these substances had their own combustion suppressed by the

gas mixture. When the same test was repeated with a stream of
air blown over the coal to aid combustion, the temperature of

TESTS IN FLAMMABLE ATMOSPHERES the bar required to ignite the flammable mixture was lowered
by 130 ° C from that required for ignition by the bare bar.

The main purpose of the tests in the flammable atmos- Guest's results are analogous to the rest, Its seen with the oil
pheres was to determine if the temperatures attained by the hot shale and coal dust layers in the flammable atmospheres.
dust layers were sufficiently high to ignite methane-air flam- These latter atmospheres interfered `,vith the glowing combus-
mable mixtures. The tests were conducted so as to create tion and dimmed it.

favorable conditions lhr ignition of a gas mixture. The 12.7- Crookston conducted tests similar to the ones in this
and 25.4-mm-thick layers of 50-gal/ton oil shale and coal program using a 10-pet methane-air mixture (10). A hotplate
dusts were placed on a 350 ° to 390 ° C hot surface, and airflow capable of being heated to temperatures in excess of 538 ° C
was then directed over the layers to promote glowing combus- was utilized. Various shapes, sizes, and thicknesses of layers
tion. These ienited layers, with areas of glowing particles were used in the tests with three oil shale dusts of 15, 25, and
ranging from 25 to 50 mm in diameter, did not ignite the 35 gal/ton. The flammable mixtures were not ignited in any of
methane-air atmospheres that were then introduced into the the tests. Thus, results of both test programs are in agreement
enclosure. Instead, the flammable atmosphere.,, reduced and regarding the inability of the hot layers of oil shale to ignite a
dimmed the glo`,v. Most readily ignited concentrations of flammable mixture of methane and air. Both Crookston's
methane-air atmospheres range from 5 to 9.5 pet meth:mc, results and the resuhs of the tests conducted by the Bureau are
depending on the type of ignition source (23). The methane to be expected. The temperatures of the hot surfaces of both
mixtures utilized in the present tests ranged from 7 to 10 pet, the hotplates and the dust layers are much lower than the ones
and none of these were ignited by the areas of orange- quoted by (iuest for ignition of such flammable mixtures by
red-colored glowing particles, ,.`,hose temperatures `,`,'ereat least hot surfaces. Even the flammable gases generated by the
600 ° C. Thelatestexpcrimentallydctermincdminimunlauto- heated layers themselves, which can probably be ignited at
ignition temperatureofa7-pct methane-air mixture is 601° C lower surface temperatures than those required for the
(24). A spherical stainless steel vessel (coated with boric acid) methane-air mixture, were not ignited by the heated oil shale
was used in the determination, and ignition lag times were layers.
between 17 and 20 s. Higher temperatures are required to ignite

CONCLUSIONS

The minin_um hot-surface ignition temperatures of a suite • Glowing particles were observed in the standard layer
of three fine oil shale dusts and one coarse oil shale dust and tests only with the 50 gal/ton oil shale dust, most often with
of one fine and one coarse coal dust were determined and the the 6.4-mm-thick layers. They were also produced when the oil
fire hazards of the layer ignition process evaluated, shales were sprinkled on the hotplate when its surface temper-

Test results are summarized as follows: ature was > 340 ° C. The surface temperature lhat produced
• Hot-surface ignition tetnperatures increased with de- glowing particles increased with decreasing oil shale grade.

creasing oil shale grade and layer thickness. The number of glov,'ing particles and their intensity increased
• Hot-surface ignition temperatures increased with in- with increasing oil shale grade. ,Sprinkled coal dust particles

creasing particle size. did not glow even al a surface tempera,arc of 390 ° ('. Thus, to
• Hot-surface ignition temperatures for the 50-gal.,'ton oil attain glowing, relatively high surface temperatures combined

shale were similar to those of Pittsburgh coal dust for lhc 12.7- with sufficient air are needed.
and 25.4-mm-thick layers. For the 6.4-rnm-thick layers, the • Flanms were not observed in any of lhc laver tests, and
minimum ignition temperature of tile oil shale was hw, er than the tnaxinlunl temperatt, re attained inside the geometric cen-
thai of the coal by 50° C. ters of the shale layers were not higher than 400 ° (" in most
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cases. Higher tempcr_aturcs resulted only ',_,hcnlhc lavers were The fire hazards of oil shale tlusl layers on Iiol surfaces
heated on the hotplatc at tcmperatttres much higher than lhc with teml'_eraturcs up to 400 ° (." are those associated with
mininlum hot-surface ignition temperatures, t:lamc_, were ob- smoldering and glorying combttstion, in locations where such
served only when particles oi' oil shale or coal _sere sprinkled hzt/ards arc unacceptable, the maxinlttm surl'acc tenlpcrattne
on zt cherry-red hot surt'acc of.a heating coil at about 750 ° ('. of heat-producing equipment should hc at least I()° to 20 ° ("

• I)uring the hotplatc texts, large amounts of volatilcs Io_,ver than the minimttm layer ignition Icnlpcrattlre OI+ tile
and smoke wcrc gcneratcd by the oil shale and coal dusts, dust. As demonstrated in this study, lhc minimunl hot-surface
These volatilcs contained flammable gases such as hydrocar- ignition temperattlres of oil shale dust layers vary significantly
bons, C(), attd at times hydrogen, but their concentrations with kerogen conlcrtt, particle size, and layer thickness, and
,,','ere bclo_,v the flammable limits of such gases and they were these parameters should bc considered whcn specifying maxi-
not ignited by the reacting hot layers it_ any of lhc standard murrl surface temperatures.
tests. These volatiles wcrc seldom ignited even by alightcd Federal standards for utlderground mines that operate
match unless the hotplatc surface temperature was high within zt combustible orc body and liberate methane, and in
enough ( _ 370 ° C) to induce extensive decomposition of a rich which a concentratior_ of 0.25 pet or illOlC of methane has
oil shale, e.g., 50-gal "ton shale, been detected or ignition of methane has occurred, require that

• Flarnmable methane-air atmospheres that passed over ali clcctrtcal and intcrnal-conlbustion-powclcd cquipmcnt
reacting rich oil shale or coal dust layers on 350 ° to 390 ° C hot used in or beyond the last open crosscut bc approved by the
surfaces were not ignited by them cvciJ when these layers v,erc U.S. Mine Safety and Heahh Administration under the appli-
glo,._,ing. To ignite such atmospheres, much higher laver tem- cable requirerrLer_ts of 30 CFR, parts 18 through 36 126). This
peratures or flaming cornbustiorl is required. Such tempera- would limit the maximum surface lernpcratures of electrical
tures were not attained in any of the layer tests, even at high and meclmnical equipment to 150 ° C and of the external
hotplace surface temperatures, surfaces of exhaust systems of diesel-powered equipment to

• The minimum hot-surface ignition temperatures of oil 204 ° C, as in coal mines. These temperatures are 50 ° C less
shale dust layers increase gradually when the layers are heated than or near the 200 ° C mirfimum hot-sttrfacc ignition tem-
on surfaces whose temperatures are initially slightly lower than perature determined in this study lhr the 25.4-mm-thick layers
the layers' n_inimum ignition temperatures but are then slo,.,,13' of fine, 50-gal/ton oil shale dust. The implementation of these
raised to levels higher than the minimtml ignition tempera- surface temperature limits in undergrourld gassy oil shale
tures. These results suggest that dust layers that slowly accu- mines should prevent the ignition and smoldering conlbustion
mulatc on hot surfaces are safer than freshly deposited dust. of oil shale dust layers in ali but the richest shale deposits (>50

• in texts with coarse oil shale and coal dusts, the gal/ton). Indeed, the temperature limits are conservative for
temperatures inside the layers did not risc 50 ° C above the the majority of existing oil shale mines, in the cvcnt that a dust
hot-surface temperature, even when the hotplate temperature layer would ignite because of contact with a hot surface below
was close to 400 ° (" and the oil shale and coal dusts underwent 400 ° C in the presence of a flammable methane-air rnixture,
decomposition. Therefore, the minimum ignition temperatures the smoldering layer would not attain high enough tempera-
of the coarse dusts are higher than 400 ° C. tures to ignite the gas mixture.
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APPENDIX.uMAXIMUM TEMPERATURES ATTAINED iNSIDE VARIOUS
LAYERS OF OIL SHALE AND COAL DUSTS

Dust Layer Hotplate Maximum Layer Hotplate Maximumsurface temperature _Tmax, 2 Dust surface temperature _Tmax, 2
sample thickness, temperature, within °C sample thickness, temperature, within °Cmm mm

DC layer, 1 DC oC layer, 1 DC

Oil shale: Oil shale--Continued

20-gal/ton ............... 6.4 270 227 - ,_," 50-gal/ton .............. 25.4 200 392 192
300 284 ,) 210 375 165
310 319 9 220 397 177
320 356 36 230 407 177
325 425 100 240 439 199
325 418 93 250 425 175
3,.,g 442 92 260 403 143

378 520 142
Do ....................... 25.4 220 176 - 44

240 213 27 Pittsbur,-' coal .......... 6.4 250 234 - 16
250 262 12 260 248 - 12
250 264 14 280 310 30
260 383 123 295 341 46

300 371 71

33-gal/ton ............... 12.7 250 212 - 38 300 385 85
250 231 - 19 310 392 82
250 220 - 30 330 424 94
26O 436 176
270 456 186

1At geometric center.
2 Difference between maximum temperature attained at geometric center of layer and hot-surface temperature.
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PART 3: FLAMMABILITY AND SPONTANEOUS COMBUSTION POTENTIAL
OF COARSE OIL SHALE AND EFFECTIVE METHODS OF

EXTINGUISHMENT

By Staff, Pittsburgh Research Center, U.S. Bureau of Mines

ABSTRACT

The U.S. Bureau of Mines conducted large-scale ignition and fire extinguishment tests on
up to 85-ton oil shale rubble piles at the Bureau's Lake Lynn Laboratory. The objectives were
to identify the ignition potential of rubble piles and to investigate different methods of
extinguishing rubble fires. Large rubble piles of oil shale were easily ignited with burning
liquid fuels. However, ignition or spontaneous combustion did not occur when a low-
temperature heat source was applied for a long duration. Once ignited, oil shale rubble pile
fires became increasingly difficult to extinguish as the fire progressed into the deeper recesses
of the pile. Foam blankets were not particularly effective in suppressing deep-seated fires
because of the short lifetimes of the foams. Water was effective in extinguishing deep-seated
oil shale fires but not particularly efficient, lt took up to 1.7 times as much water to
extinguish a fire as anticipated on the basis of a simple cooling model, assuming 100 pct
utilization.
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INTRODUCTION

Unplanned fires are a constant threat to the economic shale mirm where the size distribution ranges from dust to
well-being and personnel safety of organizations that mine, about 6 in (15 cre). At this location, the self-heating was
process, or stockpile combustible materials such as oil shale observed and has been easily controlled by digging out and
and coal. The potential for oil shale fires has been recognized isolating the hot spots, in a large waste pile of raw oil shale
since the native Indians and earl}' pioneers attempted to use dumped on the side of a gully near the crusher at the Anvil
pieces of oil shale to construct campfires (1).' In some Points Mine in Colorado, fires have been burning for a
countries where there are boilers or furnaces designed to considerable period of time, producing air pollution and
handle high-ash fuels, raw oil shale is used as an energy source, retorted oil. The Tosco Corp., under Bureau contract, ,,,,'as
Accidental fires have occurred in underground oil shale mines commissioned to investigate the nature of this fire and recom-
as a result of the ignition oi" retort gases, methane, and liquid mend methods for extinguishment, lt concluded that hot spent
fuels (2-4). Fires in surface facilities have occurred in crushers, shale dumped over the raw shale from the crusher was
in the vicinity of retorts, and in stockpiles or wastepiles. The probably the initial ignition source (6). Hov,'ever, some of the
fire hazard in oil shale mines is likely to be less severe than in hot spots did not appear to be related to the dumped spent
coal mines or coal processing plants, but the quantity of shale.
material to be handled is so large that fires in oil shale mining In an effort to provide additional information on the fire
operations are almost inevitable, hazards of oil shale, personnel at the Bureau's Lake Lynn

Spontaneous combustion of oil shale is iii defined and Laboratory performed suppression experiments on burnip.g oil
difficult to simulate in controlled experiments of any reason- shale rubble piles to evaluate procedures found effective for
able size. Those ins/ances in which spontaneous combustion or extinguishing coal and wood fires. A slow-heating test was also
self-heating of oil shale is thought to have occurred have been conducted to determine if the rubble could be ignited by a
in large outdoor stockpiles where the source of heat is the sun low-temperature, long-duration heat source, simulating a sell'-
and where wind and precipitation may play important roles, heating event.
Small-scale self-heating tests of oil shales in an adiabatic To help definea strategy tL_rcombating unwanted oil shale
calorimeter indicated a low self-heating tendency, comparable fires both underground and on the surface, the present strategy
to that of the higher rank bituminous coals (.5). However, for fighting coal mine fires was reviewed and those features
smoke has been seen coming from a stockpile at a western oil applicable to oil shale fires are summarized in this report.

EXPERIMENTAL PROCEDURES

PILE CONSTRUCTION AND INSTRUMENTATION pile were superimposed on the videotape from two television
monitors focused at right angles to each other. Thus, the

Over 250 tons-" of Colorado oil shale was shipped to the decrease in temperatures could be detected during the fire
Lake Lvr, n Laboratory for fire tests. From this tonnage, four suppression exercises. These readings were updated every 10 s
piles were constructed against a limestone highwall, and dirt and stored every 5 to 15 min to provide a continuous record of
was filled at the ends to stimulate a section of a large rubble temperatures throughout the tests. Each burn was recorded on
pile blasted from a lace or dumped over the edge of a large videotape.
storage pile (fig. 3-1). The oil shale, as received, contained
about 35-gal/ton kerogen, ranged in size from <1 to 10 in
(25 4 cm) varied in color from a light buff to a dark brown or ->. ' '

• , _ . _ . r .,'_ i" '°'." '"-':_'_...- ."_....-; ?f"black, and generally was striated .... _. - ' 'r -, r'
During formation of each test pile, a predetermined ..... r'": , , , .:..... - k7 _ ,.--a t7"_ - ,,- _.,_f

number of sheathed thermocouples were inserted. These were , ; , _,_.- - -,-..... _ /
subsequentl}' used to monitor temperatures at various loca- f ' ,* , ,
/ions in the pile. Where it was expedient, the thermocouples ' _ ; ,' ,' ,_

were grouped in bundles of two, three, or four, so that they Highwall ., i' , ,
]

could be located at predetermined depths along the centerline '/ ' t'
of the pile. Most of the thermocouples were placed on the , • , . , - J.-' .' • i ' ".;_ m_;'° '" " ' ' "- " " ' '

centerline plane starting at the toe of pile and extending into _ l t ;_',J_' " -, : ...._'_ .'H_ghwall/
,. _ ' ,"g.3 ..... " _' ' • "thepileat ")-ft (61-cm} intervals to within 1 ft (30.Sem) of the / _._:._._.:.." . :-/ ,

bottom. Others were placed on 2-ft (61-cm) spacin,.s above the t ._ _;_ - :_:" ' :':"q"t ' it"'. " 'a ".._ '_ "4 " ' '-' I " ,'_i":'_t.:"-_7"}a: '" "' _ ' "
bottom rows commencing about I ft (30.5 cm) from /he "%4_., t,. 't _,_,{_"_-.'.... ,',, _ _, t

bottom. Additional thermocouples were placed on either side - - "_,:'_." _ ':''.-' ..--",;.rubble I'
" " _.,t" .," "_; i " -" " ,,..., " , ;

of the centerline about 1 ft (30.5 cre) beneath the surface. This . /,"-_._:, ,./ _1,,.._, .(.._ ., , {
configuration of thermocouples made it possible to follow/he " Incombustbe" ','c:....,, ,...,..... :.q&,_._,_...... . . ' ./.

progress of the fire. The thermocouples were fed into a _ "'. :1 *&_ " "
earth ., -_. , _.,..,1t, '( " '

48-channel analog data logger and relayed to a data acquisition . . _-::./..?_._..__7_. y-
computer. The temperature data in the various segments of /he ,. _- . ,

.. Trays, .,,"

2, 24 by 84 by 4 tn
_ltalic numbers m parenlhcsc._ r_:lcr to ilcms it] lhc" lisl at rclercnce, al t|l_. end ,'_,p,o, scare,+,

•_:f par: 3.

:lh thi_ report, the term "IOn" means _horl Ion Figure 3-1 •--Rubble pile configuration.
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IGNITION SOURCES i
t

_ r .i .. ,- z.,' •

The oil shale rubble fires were ordinarily ignited with 20 .:. _ .-, .- ,'- . ;-
gal (75.7 L) of diesel fuel contained in two 2-ft (61-cre) by 7-ft - _ -r ''_ ..... ¢" ....... : ' i -" "_ ,.,vt
(213-cm) by 4-in-deep (10.2-cre) trays embedded in the toe of _" " 7 .i- ---...4 . -- r

tile piles. The diesel fuel was ignited by tile flame from a small ' r , .,/ , ' i t
pouch of black poveder, which was initiated from a remote ' .. _ _ , : i 't'
location usintz electric matches. In some cases a small amount l , ,, /

of gasoline ',',,as added to the diesel fuel to facilitate ignition. H,ghwall " ' ;. ' t, / ,

In one of tile fires (rubble fire 2), an electric tmater was i _. . ' .,:_"_-'! ...... " ' t
,. -.,_- .... -,-. .- -,a._ ,_ '

used to slowly heat the center of the pile in order to simulate , _ . ..... =-; ..,., , _ .

a spontaneot, s combustion event (fig. 3-2). The ,leater con- .",_ '_.',_t' T-' "_-_':'_:/.:v_.,,:. .... ,.: .t,,,_ ;' /t
sisted of a 55-gal (208-L) metal drum (36 in (91.4 cre) Iontt_by. i ' ..1..2.,.........;. .-..a..._,g,_,:.,,.- . '_
22 ill ('_ 9 cre) diam)equipped with t,,'o U-shaped heating :, ,. ' ,,_.{_"'.,_J,._,!,.".,_Z_;_#,_ ,"...,.,<t.Oil shale .' ' )

elements attached to tlle,.q,drum lid. The elements were 28 in " - _i_. ': :_._ :"j; rubble _ ; : j(71 1 cre) long with a ,.qn (1.27-cm) diam and could produce• , .¢.;>- ,'--:2 _'i,L } ;,. t

2,500 W at 240 V (8,530 Btu/la)(2,151 kcal/h). The voltage .-" !_7_>;7:.Z-,.L5 • ,':" :_'_p' ""*g _' ', i
to tile heater ``,,'as independeptly controlled by a ``';.triable Incombustible',a-(._,._ _,4{'_:.::;f .k-""'; ':,'
transformer. " " eorth ".A'' .'.'.i","2_"f . "" "_Drum"k :--L[-,_; ...- " ez ,n diem by 36 ,n long

....'"-'=.'r---:_,
I " k" I ,,'"

EXTINGUISHING AGENTS o 6 " Trays, ..
ADDrO_ Scqle, ft 2, 24 by 84 by 4 in

A nurnber of different extingu2shing agents ``,,'ere used in
the fire suppression activities. They were selected on the basis
of general applicability and availability and are listed here for Figure 3-2.--Rubble pile configuration with heater.
reference.

• Ansul Protein Foam--A high-density foam containing
hydrolized protein;

• Ansulite--Anaqueousfilm-formingfoamcontaininga normally obtained with a foam. Since in some mine fire
fluorosurfactant; situations a vast supply of water may not be readily available

• DAP--Diammonium phosphate; to fight a fire and since in some instances it is necessary to
• MSA General-Purpose Foam--A foaming agent based control the spread of surface flames, suppression with foams

on alky-aryl sulfates and alcohol, used with both high- and was included in the test program.
low-expansion nozzles; Although it is to be expected that nledium- to high-

• MSA Ultrafoam--A foaming agent containing a vari- expansion foams have shorter lifetimes than low-expansion
ety of surfactants and a biodegradable detergent; and ones, the.,,' were included along with low-expansion foams in

• Water. the test program. How the wind might affect the application of
Ordinary water, or water with additives that decrease the high-expansion foanl was of interest, lt was decided to include

surface tension, yields a better penetrating quality than that a ``vide range of foam densities•

EXPERIMENTAL RESULTS

RUBBLE FIRE 1 across tile surface of the burning oil shale pile seems to have
been governed, at least in part, by the textural makeup of the

The first oil shale rubble pile ``'`'asabout 28 ft along the pile. The surface of pile 1 consisted of a relatively large
highwall, ``,,'as piled over 10 ft (3.04 m) high against the proportion of coarse shale(fig. 3-6)providing ample passage-
highwall, and had a base of 10 ft (3.04 m) from the toe to the ways for air to reach the fire area. The strong, steady wind
highwall, lt contained approximately 85 tons of oil shale, from the southeast at the time of this burn helped accelerate
There were 21 thermocouples implanted in the pile to monitor the burn, whicll in 23 h spread up across much of the surface
the progress of the fire (fig. 3-3). [he pile ``'`'asignited with 20 with temperatures as high as 1,100 ° C. Simultaneously, the fire
gal of diesel fuel placed in two 2-ti (61-cre) by 7-ft (213-cm) by was penetrating the pile at a slower rate, reaching a depth of 2
4-in-deep (10.2-cre) trays embedded in /lie toe of the pile. or more feet (61 cna) from the surface and near the back of the

The ignition, which occurred about 12:30 p.m., is shown pile in about 27 h. The surface and horizontal velocities of the
in figure 3-4. The pile burned about 25 h before suppression leading edge of the combustion are shown in figure 3-7. The
activities were begun, l)uring lhc first hours of the burn, surface velocity was constant at 2 fl/h (61 cna/h), and tile
following the depletion of the diesel fuel, flames from the horizontal velocity was constant at about {).25 ft/h (7.6 cre/h).
burning shale reached heights of 6 to 14ft (1.8 to 2.44 m) (fig. Several suppression trials were conducted with rubble fire
3-5). The fire ``',as partially supported by a nearly constant l.-rtleyincludedthe uscofa high-expansion foam, the use of
wind blowing across tile pile. a low-expansion foam, and finally, the application of water•

Wind gusts were occasionally up to 750 ft/rain (228 The exerciseswith foam were conducted to determine foam life
m/rain) during the first day of tile burn and up to 600 ft/rain under fire exposure and the effect of foam on surface temper-
(183 m/rain) the second day, subsiding only moderately over- atures. Water was used in an atternpt to attack the deeper
night. The rate of spread of tile heat and flame fronts into and seated portions of the fire.



38

LEGEND
• Thermocouplelocation

and number

Note: probes 14 through 19
are 12 in deep 4
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" / #" " ' /ITrays, ,_' " . "_, _',
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Figure 3-3.--Thermocouple locations for rubble fire 1,
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....

Figure 3-5.--Surface flame advance for rubble fire 1.
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+_,,l.::,,. File experimental results arc sunlmarized in table 3-1 in

: terms or the amount and type oi' extinguishing> agent, and time

'_, _...<:+"_' and duration of application, and the qualitative restllts. ]b

:_ measure the total heat content of tile pile and provide a

+4t' convenient way of illustrating the qualitative effect of the
various suppression trials, the weighted-average pile tempera-
ture was used. Figure 3-8 shows lhc suppression trials in
graphical form, where weighted pile lenlperature is plotted as a

+'. function of time. The weighted-average pile teinperature, /',
for n thermocouples was calculated by(i) assigning ali aprlro -

priate control mass, Ps'Ii, (control volunle, V,) It) each lherll]O-
couple, i, whose lel]lperalule, -r,, becanle lh(-' meail vahle ror
the i-th ¢Oillrol re7ioll and (2) averaging over ali the control
masses+ i.e.,

M,-F, -+- M+,]"+ + Pvl,], + ... + M,,-]",,
7_ ~ + (I)

M, + NI+ + Pvl_ + .... +- M,,

For coi]slai]l bulk density, Ph,,_,

M, = #,,,,ii. (Vi), (2)

whict\yields a density-free relation for the average lempera-
lure, T; i.e.,

_ ? v,?, + v,?, + v,?, + ... + v,,i-,,,+- -:-- - - (3)
V I + V 2 -I+ V_ 4.... + V,,

Figure 3-6.--Burning of large lumps of shale in rubble fire 1.
This average temperature, ;i, gives a rneasure of the total heat

conlenl of the pile and l)rovides a convenient way of illustrat-

ing the qualitative effect of the various suppression trials.

Since there was no way of estimating rui]off, the weighted-

,/'- average pile temperature does not provide a quantitative
measure of the true effectiveness of the various exlinguistlirig

LEGEND ." agents.,

• Thermocouple location ,_.,, ,'" As indicated in table 3-1, approximately 25-!D I] (1,530and number _ ......... "
.. < _,.#,--+'.'' , sin) after iii(." oil shale was ignited, a general-purpose foam

0 2 ,SOil shale ["<+;':',," concentrate was used with a 75()-cfm (21.2-m_in]in) foam

Scale,ft + '< _- rubble / generator to blanket the burning pile with a higt]-exparlsion
foam. During the 7-sin application, 3.5 gal (13.2 L) of foam

ac. ,_, , ( concentrate and 155 gal (587 l.) of water were applied. Initially,a,

-;._'__'-- • • -" /-" the high-expansion foam tended to rut] ofl the pile, but as the
•' application continued, a short-lived foam blanket, approxi-

.............. "+." .......... t" malely 10 iii (25.4 mm) thick, was built tip and maintained

(figs. 3-9 and 3-10). This restllted ill a slight drop iii the

12 F..... T -, +..... ,.... •...... r.... 1- .....r.... , , ....... , r .+ ...... average pile temperature, as indicated iri figure 3-8. Shortly
thereafter, the foam blanket disintegrated and the average pile

I the foam blanket, after replenishment, was estimated to be 3
II1 i11.

_1_ F Surface spread //_ .! 500--- I t I l ! I t
400
3oo Foo_t/ +Fo_]rn2

• -i ::)/ /'/

_" I00 Woter 2 '

0 ............ l . . •.............. J............... ++.................._1_.......... ___J
0 4 El 12 16 20 24 21B 1,450 1,500 1,550 1,600 1,650 1,700 1,750

TIME AFTER IGNIT!ON, h TIME, mm

¢';_ .... • i-: ...... :o_ ,11.,_ _.;_ ,lC ,t,;_, ,_u,,= 3 7 Adv-.,,_.¢ uf ,=-.uo,,y'^-"'--¢u_j¢'*uf _.u,,,uu=,uu,,----_".... :-- wave m rlt.jUl¢ 3-g.--Average p,,¢ temperature as a ,u,,cuu,, u, ,,,,,,=
rubble fire 1. for rubble fire 1.
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Table 3-1.--Summary of suppression trials for rubble fire 1

Exhngulshant Application

Trial Quantity.' Trine," Duration, Results
Type gal mm mm

1 ............ MSA General-Purpose Foam (2.2 pcr _n 158 1,530 7 After _n_ttal surface coohng, pile began
water wIth h_gh-expans_on nozzle) ..... to reheat

2 ............. MSA General-Purpose Foam (5 8 pcr in 372 1,560 4 5 Do
water w_th low-expansion nozzle) .......

3 ............. Waler ................................................. 750 1,670 17 After coohng, pde began to reheat
4 ................. do .......................................... 1,750 1,715 30 Do

To convert gallons to biers, rnulhply by 3.785
2 From start of fire.

!

.,, .

£ ia.s:.4

Figure 3-9.--Initial stage of application of high-expansion foam in rubble fire 1.

Figure 3-10.--Final stage of application of high-expansion foam in rubble fire 1.
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Approxinlately 25 rain after the I'irsl foam application, applied. This was probably due lo a blanketing elTecl o1' tile
21.5ga1(81.4 1 )oI'lhegeneral-purpose foam concentrate and foam, which inhibited convecthmal heat loss. In any case,
about 350 gal (I ,325 i.) of v,ater _,_,ereapplied in 4.5 rain using neither the high- nor Io_,,,-expansion foams had any significant
a Iov,-expansion nozzle (fig. 3-II). Again, there _as a .,,mali long-term effect on the course of the rubble fire. In vie_,,,of
drop in averagepiletemperature(fig.3-8) whilethe loi.till this,two applicationsoI'waterwere used in an attemptto
covered the surface. Shortly thereafter, the foam disintegrated extinguish the rubble fire.
and the average pile temperature rose almost to its original The first water application involved about "750 gal (2,839
level. The Io_,-expansi+,m I'oan_ had a life oi+about I0 tnin after I.) of water aucl ;'+'+.isstarted about I h 45 rain after the
theapplicationtermimtted.Thisv,as.,,ignificantlylongerthan applicationof thelow-exparlsionfoam (fig•3-12).The appli-
the higll-expar_sic, n foam used initially. Some of the thermo- cation lasted about 17 rain and resuhed in a significant drop in
couples indicated a temperature rise while the lkmm was being average pile temperature, as showtl in figure 3-8. However,

l

! I

Figure 3-i2.--First application oi water =nrubbie fire 1.
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after tertnination, the a`,vrage pile terriperature started to rise the .suppressicm activities. However, during the first appliua-
again and ;.tr+additional i,750 gal (6,624 t.) of water was tion of water, the tt, level rose abrul+tly to 1.8 pet, gi`,'ing
applied for ;.|bout 30 111iil. lhe second arffflication of v,;.tter indication of a `,vater-gas reaction. There was ;.t ntontentary
failed to bring the deep-seated fire under cotttrol, and on the increase in the ('(), level at this same time.
following da`,' the fire ucmtinued to burn, especially ;.lt the
edges of tile pile. The burning pile was finally extinguished by Table 3-2.--Temperatures just before and just after suppression
digging it out with a front-end loader and spraying each load activities for rubble fire 1
with v,'ater. During this operation, there were occasional but
intense l'h.treur_s as tile hot oil shale was exposed to air. Event temperatures, °C

Temperature difference
The overall effect of the four suppression trials v'ritll Station' ln,t,al Fmal (T,- T,), °C

rubble fire I can be seen in table 3-2 and figure 3-13, `,vhich (T,) (T,)
give the temperatures for each of tile thernlocouples just 0 ............ 27 30 +3
before and immediately after suppression. There ,aas signifi- t ...... 83 48 -35

cant cooling of tile shallo`,`, portions of tile pile along tile 2 ........ 854 610 -244
3 ....... 622 493 - 129

centerlille, t.or example, thermo¢oup!e 4 dropped l'ronl an 4 ....... 907 91 -816
initial temperature of 907 ° to 91 ° C, while thernlocourfle 2 5 ...... NA 223 NA
dropped from g54° to 570° C. Hov,e`,er, there was little eft2'ct 6 . 679 742 +63

7 .... 420 328 - 92
on tile deeper portions of the pile as sho`,`,+nby thermocouple 8 529 307 -222

9, `,`,hich rose lronl tilt initial _,altle of 472 ° to 524 ° ('. The 9 . . 472 524 + 52
nonuniformitv of the application is illustrated by therniocoti- 10...... 258 250 -8
pie 14, which rose lron+ an initial `,alue of 144° (." to a final 11 96 113 +17
value of 1,121° (" during suppression acti_,ities, and by 12 ...... 536 313 -223

thermocouple 19. `,shich fell from an initial value of 4_3 ° to 13 ..... 12 14 +214 ..... 144 1.121 +977
202° C. In anv case, there `,veresufficient hot spots to account t5 ....... 109 61 -48
lor the r_rc_blems encountered in mucking out the lille. 16 .... 360 353 -7

17 .......... NA NA NAl)uring the course of rubble fire I, combustion gay
18 ...... 532 90 - 442

samples ,.,,cre remotely collected b_, a strategically placed 19 ....... 483 202 -281
collecting tube attached to a xacuum pump. While the pile was 20 ........ NA NA NA
burning, ('O 2` ('(), and H e averaged about 4, ().3, and 0.5 pet, NA Not ava,lable.
rcspectivelv. These `,alues dM not change significantly during Seehgure 3-3 for thermocouple locations

/
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/
•, ., .. ,+ 'r ..... '+ _ • x- . /

• -, _ "x+ . .,,. , /
/ i_ + ,i :,r ]_e rjL, L:I*_ .. 4 _ /

• .,--_

#

o';_ -i,_,,e ,, .4t :" :; 6

+:" ., ,, " - . , ,,,:
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Figure 3-13.--Thermocouple readings before (top number) and after (bottom number) suppression activities with rubble fire 1.
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RUBBLE FIRE 2 The smoothed time-tcn11"_eraturc trace l'or thermocotq+le
25, located on the top center or the drum, ixshov,n illl'i_,ure

Rubble pile 2, which inxolved about 65 tons of oil shale, 3-15. This thermocoUl+fle Incasured the temperature of the
+',+tsuonstruuted around the eleutricalh heated drf.lilt ill alder hottest region of the drun+ +,,url'aue. ,\s ix evMent iii rigurc 3-15,
to simulate lt spontaneou,, combustion event. This Js shoxvn iii the surl'aue ten+l+erature respcmded rapidly to ineleased power
figure 3-14, alon+u xvith the location of the 214thermocouples to the clrum and then attaii+ed stable ten+perati_res, ranging
used to monitor the temperatures o1' the pile and the drurn. I'rom 170° to 255 ° C, dependirig oi+ the power lesel. Fhe drum
Since the purpose of tt+e test +aasto simulate a slow, Iox,,- temperature l'ell rapidly when the power was interrur_ted. The
temperature heating, the initial voltage to the internal heaters temperature drop at 370 Ii was attributed to a I.I iii raintall.
was set below the rnaxin+um and volta#e ,+rasincreased three The temperature proriles for thermocouples 24 and 26, located
times during the test period, usually whenever stable temper- on the sides or the drunl, were similar in shape. Hov++evcr,the
atures v+ereattained. The test ran for 5014Ii (21 days), during maxin'mm ternl_eratures attained at a given power level were
_.vt+iuhtime there were three major poxver outa+uestotaling 50 h 45° to 70° C lower than those at the top center or the drum.
and 3.$ in or rainfi.lll. Ambient temperatures ranged from 15° The heat l'rom the drun+ rose til+ and to the rear of the pile.
to 29° ('. Eleven thermocouph.'s (circled in figure 3-14) Figure 5-I++ shows the smoothed temperature prol'iles l'or
monitored the temr_eraturcs or the drunl surface and immedi- thernlocouples 10and 15, located I ft above and I ft bel+ind
ate ,,urroundings du.,'in_, the period, the drum, respectively (nee l'igure 3-14). Features similar to

LEGEND

• Thermocouple location

and number Oil shalerubble

Note: probeSare12in16deepthrough23 (_ _ 4 ,...;._.H
Q jr. ["

o ,; . . k.,+,,,,o,I+?Y ++o"I I 2 •

Scale, ft _-" •

::. . /
5 - ,i. )

°" °f *f" " 'L.i," " /

Trays .____, • • •Drum

SECTION A-A'

+

HIghwall

IncomDuSTID e ,,_,+,,-+', , ' + • / .' ...,+. • , - :"J,-+,r,__+

earth _" _'_. " / . ,, ,.'_t%_. Incombustible

0' I Oil shale -.,Pr "_, J
/ (';"" _ 1 rubble z/

'l <_ '+"t i
/ Z- ;++/ s I + a '-, !

i+l : i:i +"
Trays, 2, 24 by 84 ,i__ Drum, 22 in diamby

by 4in- ,4 qla 56m long
- ,,,241 _

FRONT ELEVATION

Figure 3-14.--Thermocouple locations for rubble fire 2.



45

280 I I I I I i I 1 I I

X

240 -

[]

200- ' ,.- f -_'-" -

o t@

d 16oIz:
::3

"' 120n KEY
=E
w T Increase power
I-- x Power outage

80 - o Rain -
v End test

40-

I

o I I I i I i i T I _ _
50 IO0 150 200 250 300 350 400 450 500 5_iO

TIME _h

Figure3-15.--Temperaturehistoryfor thermocouple25 in rubblefire 2.
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Figure 3-16.--Temperature history for thermocouples 10 and 15 in rubble fire 2.
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those in figure 3-15 are obvious, but arc not as sharp. Once (75.7 I.) of diesel fucl with a small quantity of gasoline added

again, stable temperatures were attained for the various tlrum to facilitate ignition of tile diesel fuel. This ignition can be seen

pov,'er I¢,_els, as _,as tile case for ali monitored locations. Tile ill figure 3- 17. ltle start of this fire was nlore intense than tllat

rnaximuru stable temperatures at the various drtm| pov,er levels of the first pile, because of the use of gasoline to accelerate

for the ttlern|occ_uples in the vicinity of the drum arc stJnlma- igtlition and bur[:ing of the diesel fuel. After starting, tile fire

rized in table 3-3. The temperatures belo,.,, and ill front of the (fig. 3-18) sccmcd to spread o_,cr the surface at a slower rate

drunl were Iov,'er than those above ar|d to the rear. For than in tile first burn and did not seem to burn as violently as

example, at tile highest po_ver le,,cl, thermocouple 12 (below the first one, most likely because of the greater abut|dance of

the drum) was not influenced by tile drunl and thermocouple fines throughout the pile and on rnuch of the surface. During

9 (1 ft in front of the drum) indicated only 27 ° C, while li) and this burn, sporadic winds developed. Hence, the burn was not

!1 (above the drum) read about I00 ° C and 15 (behind the steady and failed to sustain high propagation vciocitics as did

drum} read 54 ° C. The oil shale rubble in contact with the top tile first fire. The heat zone and flanle front advanced fairly

surface of the drum reached a maxinlum stable temperature of rapidly tlp the centerline, ,_vhere the greater number of ther-

about 255 ° C (thermocouple 25), ',_hich _as maintained for 3 mocourfles ',veto located, probably because this section or tile

da.vs before the end of the test. Stations 9 and 12 did not shov, pile contained IL'_,cr fines. ,As the fire progressed, 3- to

an increase--apparently they malfunctioned. 4-ft-long l'lames xvcrc drip, en at times by winds from tile west at

A predictive capability developed by the Burcat! to model speeds up to and occasicmallv over 750 ft Jmin (228 tri/rain).

spontaneous conlbustion ill a l'uel v,ittl an embedded heat There appeared to be considerably more smoke given off

source v_as utilized to project the temperature rise in the rubble during this burn Ihan in the previous one.

pile. As sho_,_,n in appendix A, an aPr_roxirnatc agreement of The surface and horizontal velocities of the leading edge

predicted temperature x_,ith that for tl|ernlocouple 15 was of the combustion wave are shoxvn in figure 3-19. The surface

actlie_ed, velocity _,ent from 4.(1 ft., h (122 cm,'h), to 0.53 ft/h (16 crn/h),
.-'ks sho_,,,n by the temperature data, the heated drum did and tllcn to 0.34 ft/h (11 cm,'hl. The initial high velocity is

not ignite the rubble pile, nor ,acre there any indications that associated _,,,ith the burning of the diesel fuel. The horizontal

the ,,halo near tile drum tmder_vent exothermic oxidation velocity went from (I.53 fl/h (16 cre/h) to 0.32 ft/h (10.4

rea,:ti,ms. Smoke and. or _apors v, cre not observed, and there trh/h) as the combustion wave stabilized.

,.,,a_,,no odor..,kt the highest po,.vcr level, a circular area, about Extinguishment started 25 h and 2(1 rain (I ,520 mir|) after

I ft (30.5 crn) in diameter on the surface of the pile abo_c the the fire was ignited. As indicated in table 3-4, three different

drum, v,a,, v,arm to tile touch and generated a warm airflov,, applications of ['oatll were used, and at times two lk_am

The rapid drop in the temperatures of tile drurr| and surround- generators were used (fig. 3-20). However, intermittent water

ing shale due to pov,er outages and termination of pov, er at the pump problems necessitated cutting back to one loam gener-

end of the test indicated .,,ubstantial heat loss from the pile. ator on occasion. Fhc first application of foam lasted about 40

In order to it|elude the second pile of oil shale rubble in rain and employed Ansulitc, a 6-pcr concentration of aqueous

the suppression tests, the pile ,._as finally ignited using 20 gal film-forming foam (AFFFI i, water. For tile first 20 rain, the

Table 3-3.--Slow-heating test data

T_me,' Power,_-' Maximum temperature. °C, at thermocouple station_-
h (days) W 6 9 10 11 12 13 14 15 24 25 26

72 (3) 2,400 29 20 68 60 15 60 80 34 117 170 125
264 (11) ...... 2,800 31 25 80 81 17 68 96 46 138 200 200
336 (14) ............... 3,100 32 21 91 85 15 71 102 50 150 215 215
508 (21) ............................... 4,000 36 27 105 102 16 87 125 54 184 255 255

From start of test
"' Approximate values.

See hgure 3-14 for thermocouple Iocahons

Table 3-4.--Summary of suppression trials for rubble fire 2

Exbngutshant Apphcahon............................

Trral Quarmty.' Time,:' Durahon, ResultsFoam tepe
gal m_n mm

1 Ansulde (3 pet) ................... 2,700 1.520 20 Significant drop in average pde temperature,
no strong tendency to reheat.

Ansuhte (1 pcr) .......... 2,530 1,540 20
2 Protein (6 pct) ............... 160 1,570 13 Insignificant effect but good foam blanket.
3 50/50 medium-expansion and 1,020 1,620 35 S_gmficant drop anaverage pile temperature

Ansuhte (2 pcr)

--'-TS%o;;V_-fi-g-Z-o_-_o",-,?g_Z"_'_ _,--b_-_--_8-g............................................................................................................................................................
:' From start of fire
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Figure 3-18.--Surface flame advance in rubble fire 2.
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proportioning ,.,,'as3 parts Ansulite and 97 parts water; for the
remaining 20 min, the proportion was cut to 1 part Ansulite

Oil shale rubble and 99 parts water. The 40-min application consumed 130 gal

LEGEND __j._ / (492 L) of Ansulite and 5,100 gal (19,304 L) of water. A lasting

• Thermocouple locat,on___ _" foam blanket could not be maintained with either the 3-or

and number _,[_,_,_ ! _ l-pet AnsulJte mixtures.OLj2 ,:-_.L,, .' Application of the Ansulite foam resulted in a very"_,'__, 'lil/ d_Scale,ft ,4.. ...x-,. -v. ;_/ _.-.. significant reduction in average pile temperature, as shown in
5",- _2, __,/_.,,J/y ,/S

zzo-,,_'_"':,'_*fi,_,'if/" ,<_":, figure 3-21. This, of course, is associated with the large

_" --&'_" quantity of water used in this trial.A 3-pct protein concentrate was used tbr the second foam
14 [ r----T----r---q---T---T---T---T---q---V---r----T---q------ ] application, which lasted tbr about 13 min. The proportioning

4 was 6 parts concentrate and 94 parts water, which consumed 10

f ._4 J! gai(37"9L) Ot'cOncentratealld 150 gal (568 L) Ot"water" As

12 indicated in figure 3-21, this a_plication had an insignificant
effect on average pile temperature. The high-protein foam did,
however, produce a well-consolidated foam blanket that main-

I0[ /_'---- Surface spread ..j rained its integrity lhr about 15 min, a reasonable period oftime. lt adhered to the highwall to a greater degree than the

i Bf/ _ ] foams used in rubble fire I.

The third application of foam utilized a 50/50 mixture of
/2 a medium-expansion loam and Ansulite, which was propor-

tioned 2 parts of mixture and 98 parts water. This was appliedcn 6
_' LI ,_ ,_.--.--*_............Horizontal spread _ for 35 min to maintain the foam cover and consumed 20 gal

.;,-.. (75.7 L) of the 50/50 mix and 1,000 gal (3,785 L) of water. As
4 indicated in figure 3-21, this application resulted in another

significant drop in average pile temperature. However, after the
[/5/_5--- 6 5 " foam had dissipated, which took about 2 min, the tempera-

2[/-/-- tures around the edges ot" the pile began to rise slowly. The
following day, the edges of the pile were sprayed with water lhr
about 20 min. The pile was mucked out with a front-end

0 4 8 12 16 20 24 28 loader, preventing flare-ups. Temperatures at the various ther-
TIME AFTER IGNITION,h mocouple locations just before and immediately after suppres-

sion activities are given in table 3-5 and figure 3-22. Ali ot" the
Figure 3-10.--Advance of leading edge of combustion wave thermocouples, even the deepest ones, registered temperatures

in rubble fire 2. below 100 ° C, which indicates a successful quench.
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Combustion gas samples collected from this fire showed a Table 3-5.--Temperatures just before and just after suppression
predominance of normal air constituents, with a drop in activities for rubble fire 2
oxygen content and corresponding increase in CO_, as the fire
progressed. As in the case of rubble fire 1, there was a Event temperatures.°C

Temperature difference
significant but short-lived rise in the level of hydrogen experi- Station_ Initial Final (T, - T,), °C
enced during the first foam-water application, indicative of a (T,) (X0

water-ga_ reaction. 0 ..................... 39 33 - 6
1 ..................... 167 23 - 144
2 ..................... 502 18 - 484

3 ..................... 182 19 - 163

400 ............ 1.......................... 1........... t 1 4 ..................... 181 34 - 157

/ 5 ..................... 282 35 - 26

o 6 ..................... 535 24 - 51 !
o 300- - 7 ..................... 494 29 -465

8 ........ 467 45 422

D 9 ..................... 562 41 - 521

200- - 10 ................... 284 63 -221
uJ _ Foam 2 11 ................... 149 . 81 -68

o. /t,K_. 12. 32 62 +30

_ ..................

uJ 100- 13 ................... 519 41 -478
I-- 14 ................... 140 83 - 57

15 ................... 84 85 + 1

C I I I 16 ................... 935 96 - 839

1,450 1,500 t,550 1,600 1,500 17 ................... 318 66 - 252

TIME, min 18 ................... 169 23 - 137
19 ................... 349 84 - 265

Figure 3-21.--Average pile temperature as a function of time 20 ................... 231 21 -210
for rubble fire 2. _ See figure 3-14 for thermocouple locations.

_--.................... -'r.................................... -T------? ---_- ..........

' "},.]{.! 94(;_ ""'?'"" "

_" . ...-_=...x _ 53_ %kv,®'. ,
_"" " zo Oil shale rubble a4_) J, .._"

i " :k,\,I i -,, ";"
:" _' f' _eo. ,349 "' ".X .s, i , 'KL_f', 50f',," _2e4 ("

t " m _Drum.... i ,, %";" ' '"_'' i' zz o _ ",61 ;"¢_ ]" .e4 _/
f-

r 935 " _ k i Tro H " L40 _""' t _ ,.,,'- ¢o "_ ...- 'P 85
/_ 96 • .. ..... ; ; • - =,. 318 ys _ 'Q39 . . 83 i"

_': _ ' 66 " _"_, "'-_ , _'i " 33 282 467 • 32 J'_62

FRONTV_EW S_OEV_EW

Figure 3-22.--Thermocouple readings before (top number) and after (bottom number) suppression activities wtlh rubble fire 2.
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RUBBLE FIRE 3 2-fl (30.5- and 61-cm) depths at 2-ft (61-cm) intervals along the
centerline. Two sets of three addilionai thermocouples were

Rubble pile 3 consisted of unburned shale from a previous placed 1 ft (30.5 cm) deep and 5 ft (1.52 m) to either side of the
burn blended v,,ith fresh ra,,,,,shale. The total amount of shale centerline as shown in figure 3-23.
was about 20 tons. The unburned shale from the previous test Rubble fire 3 was ignited with 20 gal (75.7 L) of diesel fuel
was screened through a 3- by 4-in (7.6- by 10.2-cm) screen to placed in two trays at the toe of the pile. A small amount ot"
remove debris and other inert fines. Thus, the pile contained gasoline `,,,'asadded to the diesel fuel to facilitate ignition,
predominantly coarse oil shale, providing numerous air pas- which was accomplished with electric matches together with a
sages throughout. The shale `,,,'asstacked to a height of 7 ft small amount of black powder in plastic pouches. The fire was
(2.13 m), and the distance from the toe to the highwall was allov,,ed to develop for 5 h before the suppression exercise
about 10 ft (3 m). Nine thermocouples were placed at 1- and commenced. The surface and horizontal velocities oi" the

LEGEND

Thermocouple location
and number

Note: probes :57 through 42

are 12 in deep 3.2\ .,.._ Highwall

0 4 3.5 3./ 3.s_..)_- _\. \ ..-_ " L".,."

"_<_6_ "% Oil shale

2_',._ rubble _

SECTION A-A'

Highwall _(

, ,/./?,-._'" - '.' ' _ ' _,L _ _"_h-,-"_..

Incombustible a4"j :'_ °" I "_ ---'_-['" _.. Incombustibleh _' __. ' . ,,_ _. earth
eart.._ .n'_" ._. t a'.9 I 4o\ ,, ',_., _,_, /

Oil shale rubble .<,'< .'._

' L A Ys' 2, 24 by 84 by 4 in 1"-'14' ...... "-1

FRONT ELEVATION
I

Figure3-23.--Thermocouple locationsfor rubble fire 3.
-
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leading edge of the combustion wave are shown in figure 3-24. LEGEND

The surface velocity was approximately 0.4 ft/h (12.2 cm/h) • Thermocouple location z_

for several hours after ignition and then changed abruptly to and number .,_.'•
o 2 J< _"

about 6 ft/h (1.83 m/h) prior to extinguishment. The horizon- .,--:-J. 3_.3; s_:
tal velocity stabilized at 0.5 ft/h (15.2 cm/h) and remained Scale,ft sa .jq]_-".C _.

constant throughout the test. The abrupt change in the surface ss-

velocity is unexplained.

Five hours after pile 3 was ignited, water was applied to Ioi , I , 1
_ "."_" N-..--,-.-..,.'..,-.,?.

determine if water alone could extinguish the fire before it

f

became deep seated. A total of 1,750 gal (6,624 L) of water was ,,3'2
applied in about 25 min. During this exercise, the average pile 8

temperature dropped from in excess of 260 ° C to approxi- ---Surfacespread
mately 75 ° C and continued to decline, indicating a successful uS
extinguishment (fig. 3-25). _ 6 3/z

Thermocouple readings just before and immediately after <

the application of water to rubble fire 3 are shown in table 3-6

and figure 3-26. lt should be noted that ali thermocouples 7, 4 -3O

displayed temperatures below 100 ° C after the application of ,_.,_34 -1
water, which indicated a successful quench. The combustion f,,-/
gas analysis showed no significant departures from the normal 2 "/"'--Horizontal -
composition of air except for small quantities of CO and CO:,. I

i I i I t ]

Table 3-6.--Temperatures just before and just after suppression O 4 8 12
activities for rubble fire 3 TIME AFTER IGNITION, h

Figure 3-24.--Advance of leading edge of combustion wave
Event temperature, °C in rubble fire 3.

Temperature difference
Station' Initial Final (T_ - T,), °C

(T,) (T,)

28 ................... NA NA NA 300 T..................... t .... l .....................

29 ................... 659 89 -570 ]_ - L

30 ................... 129 94 - 35
31 ................... 65 83 + 18 o
32 21 69 + 48 t_" 200

...................
33 ................... 672 97 - 575 _ ...Water
34 ................... 65 77 + 12 _ _./
35 ................... 38 72 - 34
36 23 69 +46 o. I00-

...................
37 ................... 552 86 - 466 t_
38 ................... 422 91 - 331 P" -
39 ................... 789 74 - 715 0 I l I -
40 ................... 67 93 + 26 500 325 550 575 400
41 ................... 24 37 + 13 TIME, min42 ................... 24 57 +33

NA Not available• Figure 3-25.--Average pile temperature as a function of time
See figure 3-23 for thermocouple locations, for rubble fire 3.

i j i

i x.i

• . ,

-:, //_ 24. "' '_ -'__'_ !
_- 57 57 %"_'¢ i 3Z

39 40 %, ' !. -i
789. .67 , 35 3/ 36 ____ ,k'_\

,x 74 93 _, i c;."c7"- "69 /-'.,

, _ _ s52. ,4z2 e9 _ .mg. ,3e _

I-t'¢UN I VIL..W _,ut_ VIEW

Figure 3-26.--Thermocouple readings before (top number) and after (bottom number) suppression activities with rubble fire 3.
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RUBBLE FIRE 4 from about 50 ft/min (15.2 m/min) to about 450 ft/rain (137
m/rain). The fire was allowed to burn for about 24-_ h betore

Rubble pile 4, which contained approximately 85 tons of extinguishment began. The surface and horizontal velocities of
shale, was constructed in a manner similar to pile 1. lt the leading edge of the combustion wave are shown in figure
contained a substantial quantity of fines, which, for the most 3-28. The surface velocity was constant at about 2.2 ft/h (67
part, were localized near the center of tile pile. The dimensions cre/h) for the first few hours of the burn, while the horizontal
of the pile and thermocouple layout are shown in figure 3-27. velocity was about 0.5 ft/h (15.2 cre) during the first 12 h and
A total of" 27 thermocouples ,,,,'ereused to monitor the fire and then dropped to about 0.3 ft/h (9.1 cna/h) for the next 12 h.
extinguishment exercise. The greatest concentration of thermo- The extinguishment procedure for this fire was to apply a
couples was along the centerline, from 1 ft (30.5 cre) off the foam that was generated with water containing a soluble
bottom to within 1 ft (30.5 cre) below the surface. Four extinguishing agent. For this purpose, 550 Ib (24.9 kg) of
additional thermocouples were placed on either side, 4 ft ( 122 diammonium phosphate (DAP) was dissolved in 750 gal (2,839
cre) from the centerline and 1 ft (30.5 cre) below the surface. L) of water to form a 9-pet DAP solution. Six hundred gallons

The pile was ignited with 20 gal (75.7 L) of diesel fuel in (2,271 L) of the DAP solution and 30 gal (! 13.6 L) of MSA
two trays at the toe of the pile. A small amount of gasoline was Ultrafoam concentrate were then applied to the fire over a
added to the diesel fuel to facilitate ignition, which was 1.5-h period. The MSA Uhrafoam, a low-expansion foam
accomplished with electric matches in small pouches of black designed for use with salt water, had previously been demon-
powder, strated to work satisfactorily with the DAP solution, lt fornaed

l-or the fir_;t two burns, the wind had been predominantly a reasonably well-integrated blanket that showed little ten-
from the southeast. However, on the morning of the fourth dency to run off and lasted about 7 min after the final
ignition the wind had shifted to the east-southeast and re- application.
mained such for the most of the day, Wind velocity ranged

LEGEND 5 //

Thermocouple location 15 io f Oil shale _
and number 4 /a'_'/ " " rubble ._.

Note: probes 19 through 26 9 /4 .zj _1 ./-."/Highwall

,,,./.• . / :are t2 in deep
e/3._.,-" __/'..

Scale, li

/ ,,a • i /'.
Trays o,I ,/_-

SECTION 4-,4'

.'_'--_y---'-' -.r .i__ s _ ._L___._.__..____._._,..L

' ! Highwall ,..

, 2_ A.,-- I z_
,-y----'_"--'-"-'_'-'<"_ ....... ":"........ ,--.-_ IncombustibleIncombustible ..,F__''_' , .... " : " I ' . , , , ,_. ,,_

earth _?#./ ,., z._ _ e4 _4_ earth

," A' j./'. 2, " " " e2 .".L.%. :

i ,:<" _9 20 '"_; "._

; Al ## Oil shalel rubble ,_ "_

A'ql--- Trays, 2, 24 by 84 by 4 in

- --,28' - --

FRONT ELEVATION

Figure 3-27.--Thermocouple locations for rubble fire 4.
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Following the application of the extinguishant, the fire Oil
shale _(_appeared to be under control. However, the next morning there

were still some flames issuing from the left side of the pile. The LEGEND _ u'x._._._-_6rub_._..._f'_ t-
fire continued to smolder until it was dug out. During the /_/-o"F_,."* '/
digging, there was no instance of flareup as in the case of • Thermocouple location _7'_OZ. * , /
rubble fire 1. and number _/_,:_,, ..... /

The average pile temperature given in figure 3-29 showed o" ,... _ e:_\..,.,,7.}"-_..'..... t/
L J ,d,/O ", ", "'I, • //2 ," ,

a significant drop associated with the application of the 7._',.,... . . i1 :/DAP-Uhrafoam combination. However, the average residual Scale,ft /
temperature was approximately 200 ° C, which was high
enough to promote the reignition that was noted above.

The thermocouple readings before and after the applica- IO , _ w I , l , f , l , I
tion of the DAP-foam combination are given in table 3-7 and /7" (

figure 3-30. Residual temperatures were in excess or the 4 ea _ld_ " t

average value shown in figure 3-30, especially along the 8 ['+
centerline of the middle of the pile. Analysis of the con]bus-
t•on gases collected from rubble fire 4 showed no significant Surface spr
increase in hydrogen during the extinguishment activities.

d 6
Table 3-7.--Temperatures just before and just after suppression o _ _ Horizontal I

z / //J spread /

activities for rubble fire 4 <z
F--

Eventtemperatures, °C 03 4 --
Temperature difference CZ_ 2 .9

Station_ Initial Final (T'- T')'°C(T,) (T,) !_

0 ..................... 26 125 + 99 2
1..................... 44 73 + 49

2 ..................... 879 248 - 631
3..................... 498 90 - 408
4 ..................... 248 89 - 159 I I t I J I I I _ I 1
5 ..................... 31 37 +6 0 4 8 12 16 20 24

6 ..................... 52 72 +20 TIME AFTER IGNITION, h
7 ..................... 691 627 - 64

8 ..................... 509 534 + 25 Figure 3-28.--Advance of leading edge of combustion wave
9 ..................... 347 345 -2 in rubble fire 4.
10 ................... 67 95 .+28
11 ................... 66 73 + 7
12 ................... 495 484 - 11
13 ................... 481 502 + 21
14 ................... 435 485 + 50

16 ................... 623 374 - 249 ,,r

17 ................... 241 191 - 50
18 ................... 31 34 +3 _ 2001-- i |

19 ................... 207 110 - 97 _ t- Foam 120 ................... 430 394 - 36

21 ................... 60 94 + 34 :E
22 52 83 + 31 LI.I

................... P Ioo_ i 1 1
23 ................... 23 82 + 59 1,400 1,450 1,500 1,550 1,600

24 ................... 71 98 + 27 TIME, mm
25 ................... 36 45 + 9

26 ................... 34 36 + 2 Figure 3-29.--Average pile temperature as a function of time
See figure 3-27 for thermocouple locations, for rubble fire 4.

F-

• /["6

'' 36 "-"" _46.... 248"_ /' /O f 52 /
....._,- , " _;045" " ..... " _"_"_L 89j'.. 4 /.r •$1 072 /

.:"" E - "a .a {{ -w%. 347[ /8 / 57 /k
• w_]_')_ 9/t1" , 5451"9 14. ,_ ,/"Z

• .{" _ _ 167 666 /
J @

• " ' 94 83e "_,

• " 20, 4_0"" ", \ . ,: "435",_s8/
/ • IIO 394e :: _ "" :",#'f• 1509 • 4B5 /' d.... '_ 26 / / 554 45_8}2 "Z4I 03{ /

e r 0,1 shale rubble _ _' Trays ,2_[ <_._, 44 ,_ ...... 623 ,9, -_

jT_ g_ ............ r 11 1 .......
rRONrV_EW S_DEVtEW

Figure 3-30.--Thermocouple readings before (top number) and after (bottom number) suppression activities with rubble fire 4.
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SUMMARY AND CONCLUSIONS

SLOW-HEATING TEST One case addressed by the model is that ill which the
average initial hot shale temperature and the target cooling

()ii shale rubble pile 2 was [lol ignited by the sustained temperature are both greater than 100 ° C. in this situation, the
lo`'v-temperature source nor was there any indication thal tile model equates the sensible Ileal change in the oil shale to lhc
oil shale underwen! significant exothermic reaction. Rough sum of the sensible heat required to raise the water temperature
estimates indicate that the electrical energy expended during (from the pump value to the boiling point), the latent heat of
the slow-heating test totaled about 1.3 x 10'; cal, which is vaporization of water, and the sensible heat required to raise the
enough energy to raise the temperature of lhc entire 65-ten pile steam temperature (from the condensation point--100 ° C--up
to over 100 ° C. However, only lhc shale in immediate con{act to the target cooling value).
with tile heating source or immediately above the source evm Another case addressed by the model is thal in which tile
reached temperatures in excess of 100° C, which indicates average initial hot shale temperature exceeds 100° C and the
enormous heat loss. The theoretical model presented in appen- target cooling temperature is below 100 ° C. !11this situation,
dix A suggests thai for heat release rates associated .+silh a two-step transfer proces.,, is used. in the first step, the model
small-diameter oil shale particles lhc thermal runav,ay time is equates the sensible Ileal change in the oil shale (from its initial
relatively short. This prediction is further supported by exper- hot shale temperature to 100 ° (') to tile sum of the sensible
|mental data from two sources: adiabatic heating experiments heat required to raise the water temperature (from the pump
and thin-layer studies conducted by the Bureau (5, 7) and ,,'aluetotlleboiling point) and the latent heat of vaporization
contract studies conducted for tile Bureau (8). Comparing of water. In the second step, the model equates the sensible
self-heating data for oil shale .+vith that lk_r coal (9) indicates heat change in cooling the oil shale (from 100° C to the target
that the self-heating potential for shales is loxver than that for cooling temperature) to the sensible heat required to raise the
,,rolatile, bituminous coal. Ho.+vever, the resuhs of this te_,t water temperatttre (from the pump value to the target cooling
indicate that the likelihood of the occurrence dfa fire from value). The total cooling water needed is then obtained by
spontaneous combustion events in run-of-mine oil shale is adding the water requirements for the two steps.
sn.tall. Estimated and calculated ,,'alues of the reduction in

average pile temperature associated with the four applications
of extinguishment to rubble fire 1 are given it] table 3-8.

IGNITION

Table 3-8.--Temperature reduction during suppression of
T_vent_ gallons (75.7 L) of fuel oil was more than ade- rubble fire 1

quate to ignite the oil shale rubble fires. Other experiments

conducted bv the Bureau indicate that as little as % gal (1.9 L) Extinguishant Temperaturereduction.°C
of fuel oil is adequate for ignition of sustained combustion in Trial Type Quantity,'gal Estimatedz Calculateda
oil shale. Thus, while ignition from low-temperature sources is

1......... High-expansionfoam.. 158 35 19
apparently difficuh to accomplisl_, ignition from high- 2 ......... Low-expansion foam... 372 30 44
temperature sources is easy. lt follo_vs that the potential fire 3 ......... Water ....................... 750 90 87
hazard of this material either underground oi in surface 4 ........... do ............................ 1.750 100 179
facilities cannot be ignored. ' Toconvertgallonsto liters,mulhplyby 3+785.

Estimatedfromfigure 3-8.
:_CalculatedfrommodeJin appendixBr

EXTINGUISHMENT

The application of 158 gal (598 L) of high-expansion foam
An was pre`'iously mentioned, it is difficult to compare the resulted in a reduction of average pile temperature of 35 ° C,

relative effectiveness of the _arious extinguishing agents used estimated from figure 3-8. The same quantity of .+vater (158
in this series of tests. To compare relati`'e eflectiveness requires gal) (598 [.) would have produced a 19° C reduction in average
near-identical fire conditions. Efficiency assumes proper pile temperature according to the cooling model in appendix B.
placement of the extinguishant `.`'+ithlittle or no waste. There The sn]ali quantity of rnaterial applied here and lhc large error
was no v,a`" of estimating the fraction of extinguishing agent in,,'olved in the experimental `"alue of average pile temperature
that actually rr:ached the seat of tile fire con.tpared .+vith the make it difficult to draw a firm conclusion--the high-
runoff fruction. Irt addition, it was impossible to apply the expansion foam might have had about the same effectiveness
extinguishing agents in a totally effecti`'e manner. There is no as water. TI.te 372 gal (I ,408 11)of low-expansion foam resulted
doubt that some oi" the material ,,,,'as wasted on the relatively it] a 30 ° C reduction in average pile temperature compared
cool portions of the oil shale rubble piles. Notwithstanding, it with an anticipated value of 44 ° ( for the same amount of
is worth`.,,hile to make some attempt at estimating tile el'fcc- .+rater. Thus, tile low-expansion l'oam appeared to be aboul as
ti`'eness of the various extinguishing agents, effective as water. In view of the short life of the toams

For this purpose, a simple theoretical model using sin]pie observed irt these experiments, il is unreasonable to expect ;.my
heat balance equations `.,+as developed for predicting the temperature decline associated with possible oxygen depriva-
minimum amount of v+ater required to bring un oil shale pile tion; tt.tus, these results are as expected.
of arbitrary mass and initial temperature to some Im_er The first application of water resulted in an observed
temperature. The model assumes that the water is utilized _`.ith reduction in temperatures of 90 ° (', compared with a calcu-
100 pet efficiency, i.e., no runoff and uniform cooling, lated value of 87° (', indicating a highly effective application

The model, `..+'hichis presented in appendix B, can also be with little runoff. However, the second application resulted in
used to calculate the temperature reduction associated _ ith ttle an observed decline of only 100° C, toNItared _`.ith un
appliuatiolz oia given quantity of _ater for an eli silaic piie oi expected value oi 1 ]'.-)" (.., lndlcilllng either water _vastc ()n the
given mass and initial temperature, cool portions of the pile and/or significant runoff.
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Using the cooling model, the total arnount of water Calculated and observed temperature reduction data for
required to bring the 85 tons of shale if] rubble fire l from its rubble fire 3 are presented in table 3-10.
initial average temperature of 41(.)° C (fig. 3-8) to a level below
its reignition temperature, which is estimated to be 100° C, is Table 3-10.--Temperature reduction during suppression of
3,072 gal (!1,628 L). rubble fire 3

This amount is to be compared with a total of 3,030 gal
(11,469 L) of extinguishant used on rubble fire l, which Extinguishant:
resulted in a final average pile temperature of about 200 ° C. Type................................................................. Water.

Quantity 1......................................................... 1,750 gal.
These observations, coupled with the fact that the pile Temperature reductlon:
reignited, indicate that the fire suppression activities with Estimated'. ....................................................... 185° C
rubble fire 1 were not particularly efficient or effective. Calculated 2 .......................................................... 199° C

Calculated and observed temperature reduction data for
rubble fire 2 are presented in table 3-9. 1Toconvertgallonsto liters,multiply by 3.785.

2 Estimated from figure 3-25.
3 Calculated from model in appendix B.

Table 3-9.--Temperature reduction during suppression of
rubble fire 2

The application of !,750 gal (6,624 l..) of water to this

Extinguishant Temperaturereduction,°C rubble fire resulted in a drop in average pile temperature from

Foam Type Quantity.'gal Estimated2 Calculated:' 260° C to about 75° C (fig. 3-25). This brought the average
pile temperature to below the reignition temperature, and since

1 ......... Ansulite(3 pct) ......... 2.700 140 262 there `.,,'ereno hot spots (see fig. 3-26) the fire was effectively
Ansulite (1 pct) ...... 2,530 110 141

2 ....... Protein (6 pcr) ........ 160 10 3 extinguished. However, calculations show that ! ,029 gal (3,895
3 ......... 50/50 meOum- 1.020 50 14 L) is required to drop the temperature from 260 ° to 75° C.

expansion and Thus, this extinguishing exercise was not particularly efficient.
Ansulite (2 pct). Calculated and observed temperature reduction data for

' To convert gallons to hters, multiply by 3.785. rubble fire 4 are presented in table 3--! 1
2 Estimated from figure 3-21.
:_Calculated from model m appenOx B.

Table 3-11 .--Temperature reduction during suppression of

The application of 2,700 gal (10,220 [.) of 3-pet Ansulite rubble fire 4
foam resulted in a reduction in average pile temperature oi"

Extmguishant:
approximately 140° C, compared with the calculated reduction Type ............................................................... DAP.Ultrafoam.
of 262 ° C obtained with the cooling model. Similarly, the Quantity _...................................................... 600 gal
second application of Ansulite resuhed in a temperature Temperaturereduction:

Estimated _' ................................................ 65 ° C
reduction of I10 ° C; whereas, based on the cooling model, Calculated:' ............................................ 65° C
only 2,530 gal (9,576 [.) of water would drop the temperature

from its initial value of about 22()° to 70° C. The combined ' Toconvertgallons to hters, mull,ply by 3785
total of 5,230 gal (19,796 1.) of Ansulite (3- and l-pet) dropped _ Est,matedfrom figure 3-29
the average pile temperature from its initial value of 350° to -'Calculatedfrom m, -tel in appendix 8
roughly 70 ° C based on the cooling model. Since the pile
temperature stabilized at this point, the fire was apparently This application of 600 gal (2,271 1.) of the I)AP-
extinguished. Ultrafoam combination dropped the average pile temperature

Only minor cooling was effected by the application of the from about 27() ° to 205 ° C (fig. 3-29), a decline of 65 ° C. The
protein foam. Since only a small quantity was applied, no model in appendix B indicates that 600 ga1(2,271 L) ofwater
great effect `.`.as anticipated. Ihe magnitude of the effect was could produce the same reduction in average pile temperature
consistent with expectations for water, and that it would lake 1,684 gal (6,374 I+) of water lO reduce

The third application of foam resulted in a further decline the pile temperature to 10()° (, below its reignition point. -1he
in ternperature again consistent with expectations for water, l)Al-'-Ultrafoam system was the most effective extinguishing
Hov, e`.er, at this point, the pile ter, tperature was belo_`. I(K)° (' agent used in this series of tests because (I) its cooling effect
and the cooling effect `._a_,not particularly ctficient since the was equal to thal expected for v,'ater, assunling l()0 pet cooling
high energy exchange associated with the ',aporization of water efl'idency, and (2) there was only a slight tendency for rubble
was not a factor, fire 4 to reheat after the application of the extinguishant.

Overall it took 6,410 gal (24,262 1+)of `._ater-foam to bring .Since the application of 630 gal (2,385 1.) of extinguishing
rubble fire 2 dov,.n /rom an initial average pile temperature of agent lo 85 ton of shale averages only 7.4 gal/'ton, the high
350 ° C" to approximately 50° C. The model in appendix B residual temperatures are not surprising. Ho`.,,e`.'er, most of the
indicates that 8,707 gal (32,956 1.) of water is capable of final temperatures stabilized at the values shown in figure
accomplishing this same reduction. Thus, it tna,, he concluded 3-30. This indicates thal the l)AP-foan_ combination ma,,' have
that this exercise was a particularly efficient one. had an overall inhibiting effect on the combustion reaction.

The water I()r water-foam) requirements for stlc'¢esslt_l Figure 3-29 sho',vs this trend, which was not observed in rubble
ex!inguishment can be estimated from the fact thai a total of fire 1 where water was used in the final extinguishing trials.
6,410 gal (_4,,,..'_6"_-l.) of water-foam was used to quench a
65-ton oil shale fire at an initial average pile temperature of
about 350° C'. |his amount equates to about I()() gallon KEY FINDINGS
which is considerably in excess oi the 35 gal:ton used in rubble
fire 1. lt is, theretore, not surprising thai rubble fire 1, which lt was l<)und that large piles o1 coarse oil shale could not

i+, ! . I • I .,.
had an average pile temperature in execs,, of 4()()"- ( ptiol to be igllitcd t)l cau',ed tr> ._cl]-]l_.-a[v,ii], a _u,,_-uu_,.,t_un, ,,,_,-
extinguishment activities, ,.','asnot brought under control, temperature heat source, l'ailute to ignite was attributed to the
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low self-healing tendency of oil shale, parlicularly iii large Iii general, water was ol'lecti_c iii 0xtinguishing deep-
lumps, and lhc high energy losses caused bv wind aiid rain. sealed oil shale fires bill nel parlicularly el'ficieill, li look tip

He,rover, lhc possibility of sponlanootls colnbuslion iii oil Io 1.7 limes as inuch waler Io extinguish a fire as anlicipaled
shale stockpiles cannot be ruled oul, especially iii lhc present0 eli lhe basis of a Sillll)le coo[ili 7 niodel, aSStlllling lO0 pcl
of fires, utilization. ('onsc'quonlly, lh( waler requirelllenls for fighting

lt was possible to predict with a nmihemalical Illodel the real oil shale fires lllgly post., supply problcins.
temperature rise al ;.i fixed distance fronl a heal sour(( iii a ()lie foani-liquid coinbinalion, I)AP dissolved in walor,
rubble pile. [lie prediction of spontaneous conlbtlslion ro- appears promising. This fir0-fighiin7 agolil should be further
quires more detailed inlk)rnlation regarding the particle size explored for possible application iii oil shale aild coal fire-
effect upon the rate of heat production resultanl fronl the fighting operations. The foanl selected, however, should have a
oxidation of oil shale al elevated lenlper_.tltlre, significantly Iollg lifetime. \Vhoihcr stich l.i fOalll call be

Large rubble piles of oil shale were easily ignited with identified is net clear.
burning liquid fuels. Any source of flalning conlbusiion must Based on lh(so lesls, il appears thai the besl approach lo
be regarded as a potential ignition source, fighting oil shale fires would be lo use a levy-expansion foam io

Once ignited, oil shale rubble pile fires became incre;,_- control surface burning and flame spread, _.lnd water or a
ingly difficuh io extinguish as the fire progressed inlo the solulionofl)APiilwaterioatlack lhedeep-se+:iled porlionsof
deeper recesses of the pile. Foani blankets were nel particularly ihe fire. Experience gained here has _hown thai the pile

effective in suppressing these fires because their short lifetime temperatures MuM be lowered io abotli I00 ° C It) prevenl
did nel allow any significant reduction iii heat generation by reignilion. Since lhis is tile boiling poinl of water, the disap-
oxygen deprivation. Low-densilv foams had boiler adhesion pearance of sieani is a good indicator thai the fire is out.

characteristics and longer life. They would be appropriate for Additional general comnlenis on fire-fighting strategies are
controlling surface l'larnes and preventing the spread of fire to contained iii appendix (_7.

unburned portions of rubble piles and possibly the roof and

ribs of underground mines.
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APPENDIX A.--MODEL FOR HEATING AND SELF-HEATING

Field measurements presented in figure 3-16 in the main iJ T _ first-order partial derivative of 1+ with respect
text st'to,+,+'that therrnocouple I0 (1 ft above the drum as shown and a S
in figure 3-14)and therrnocouf_le 15 (I ft away from the drum to S.
and to,+vard the high ,+,+'aliat drum lleight) both showed a
thermal response that rapidly followed the temperature of the Let p,, and o, be ttle densities of tile air and solid shale,
heated drum. For the major duration of the 550-h test, the respectively. Let Cp, and Cp. be the heat capacities for air and
temperature at the surface of the drum exceeded 200 ° C, as shale, respectively. The temperature field T within tile pile at a
shown in figure 3-15. Neither tllerrnocouple indicated that distance r from the center of the spherical lleating source of
self-heating was occurring--there was no evidence ofa thernlal radius R at a time t, denoted by T(r,t), can be rehtted to the
runaway. The temperature at thermocottple i0 was higher than temperature field T(u,S) througl] ttle transfornlations
at 15, indicative of the natural buoyancy of the heated air.

A mathenmtical model was developed to simulate the S - r lA-3)
thermal response at the various spatial and temporal coordi- R
nates for an embedded heated drum in an oil shale pile. For
simulation purposes, tile previously described heat drum ,,,+'as t
represented by a spherical heat source with a volume equal to and u = - , (A-4)T

that of the cylinderical drum. The drum, which had a diameter
of 22 in (55.9 cre) and a height of 36 in (91.4 cre), was replaced
in the simulation by a sphere with a radius of 14.8 in (37.7 cre). where R _< r _< R,, (A-5)
The pile, with the physical properties listed in table A-I, was
treated as a homogeneous isotropic porous bed. Convective
airflow and heat production from chemical reactions were not and r = (O p,, Cp., + 11 -- O) ,o, Cp) Ra/h,.. (A-6)
considered. The former was taken as insignificant because the in the first phase of the modeling effort, tile partial
porous consistency of tile pile would restrict convection within differential equation A-2 was solved numerically using an
the pile until temperatures approaching ignition were achieved. algorithm implicit in time, ill an exponentially stretched
The latter did not occur during tile heating test. coordinate system with spherical symmetry.

The advantage of an exponentially stretched coordinate
Table A-1.--Physical properties of oil shale used in models system is that more inforn]ation is retained in spatial regions

where the temperature field is changing significantly al the
Properly Oil shale Air expense of regions where the temperature is relatively un-

Thermalconductivity(X) .... cal/cm.s°C.. 19 x 10 :' 6.24 x 10 _' changed, which improves computational efficiency. ]'he alge-
Heat capacity (Cp) .................. cal/g°C,, 0.44 0.25 braically transformed equation A-2 ,,,+'asthen written implicitly
Density(_,).................................. g/cm3.. 2.2 1.1x 10 a in time, as a set of coupled finite difference equations using a

spatially centered representation of the spatial derivatives. The
For the rubble pile, an effective thermal conductivity, ,k,., resultant equations are tridiagonal and are transformed into

was defined by a linear combination of thermal conductivities the upper bidiagonal lorm by a Gaussian elimination process.
for air and solid oil shale; i.e., The resultant equations are solved for the temperature subject

to the appropriate boundary condition, specification of either
k,. = 0,k, + (1-O) X,, (A-l) the temperature or the heat flux, at the surface of the heat

source as well as at the surface of the rubble pile.

where ¢, = porosity, The temperature of the spherical heating source was
,k,, = thermal conductivity for air, determined from a linear regression analysis of the drum

and ,k, = thermal conductivity for oil shale, temperature shown in figure 3-17 for the time near 50h. The
functional form used for the drum surface temperature, T,,

The value of @ for the rubble piles was about 0.46. versus time, t, model is shown in the equation
Transient heat diffusion within the spherical pile of radius

R_ is defined by the heat diffusion equation. The solution to T, = 288.0 + 162.1(1 -- e s t'_ " _(' '), (A-7)
the equation expressed in dimensionless space and time coor-
dinates, respectively denoted as u and S, yields a temperature, where t = time, s,
T, which is a function of u and S, T(u,S). and T, = surface temperature, K.

The partial differential equation governing the spherical
diffusion of heat under the condition of no heat production is A computer program was developed to routinely solve the
given by the equation coupled algebraic equations formed from the finite difference

representation of equation A-2 subject to the boundary con-
a T a: T 2 0 f dition at the heating source surface, equation A-7.

0 u - 0 S2 + -S O----S' (A-2) The computational procedure yielded tile temperature
response 1 ft (30.5 cna) from tile source surface shown in tile

O T top portion of figure A-I for tile no-heat-production situa-
-- = first-order partial derivative of "I with respect tion. The bottom portion of figure A-! shows the surface

where ,,9u to u, temperature of the heat source expressed in degrees Celsius.

0: I The value of R was 15 in (38 cm), and R_, the outer radius of
..... se,cond-order partia! ,.!eriva!ive ofT with re,_pec! the oil shale pile. was 53.9 in _137 cn]). "file temperature
0 S z to S, response in figure A-l is in approximate agreement with that
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+of T t +
tuurgy, I.i,, oi'21.4 kc;.il mt+l and a l+retxl+ont.,ntial l'actor, i%, oI'
O.'71j ",, III ''° (" _, xx_.,t_.,d¢turmined. lhu' math_.,matical mt+dci

20 - i+r¢,, iously dencribed wun nioclil'icd Io i_rcdi¢l lhc litllu ruquirud
For thermal rtimtv+ay to occur in a pile of oil sh;.tlu in x_hich an
isothct'lmil ti+,.':ll sotlrc¢ x_.;.is¢mbuddtd. i'h¢ mt+clil'icalion oI"

0 [ I I I the model consists of the additioll oF the heat produvtit+n term
to cqualiorl ,&-2.

°<'J 2°°I ! T T l l.¢t the rate of 11,,.'at l+roductioli b,,.'du'rlot¢d +is O,,, v,,hiuh is

_ixun +ts ;.ill ,&rrhu'niu,s i'¢actioll t+alc:/
'_ 150 _ Qi, - iii, (',, A u I. _r, ll, (,&-8)

_i_ x%hclt' R. :: _;IS COllSl;.illt,
l'l, -_- bulk d¢nsily,

100 __ ('p, = bulk huai capacity,

F/ + +.++u+.& :_ pru-cxponuntial l'[iclor,
and L, - a¢iivalion uncrg),.

501-/-- -- ]hu nolidiiii¢ll.sion;.iliztd l'orln of the huai u'ondtlclioil cqualioil

I ,,\-2, modil'ied to take into _.lCCOl.llll heat flrodtiction, yields

l
- +- (! . _))T_il,_ I , R,I tA-9)

0 I0 20 _0 40 )0 D tl ('iS: + S ('iS

TIME, h In lhc n¢cond pllase oi" lhu modeling (tlToFl,lht_partial

Figure A-1.--Temperature response (top) and drum temper- dilTerunli'dl uquation A-9 _vtis, likewise, solved numerically
ature (bottom). using ;,in algorithnl implicit iii tilil+ iii tin exponentially

strutchud ¢t)ordinai¢ s)'sttnl xvilh sphurical .symmulry.
lt was dcttrllliilcd lor a larg,+ pil+ of tlil shalu xviih ;.in

foi +lhcriilOCOut+l¢ l.g iii liul.ii¢ 1-lB. lhis aTr¢c, nl¢lll is C\l+¢cltd +mbcddtd _pherical hutil ,sourc¢, niairitainud til 150 ° C, that

sillu'c' ;.lir con_¢ctioll, _hich _ii_ iiegl¢ct¢d h¢r¢, would ht lc'ns l'or heat SOllrCc radii greater than 22.2 iii (56.5 t.'lll) thermal
_i<_'nilicant clo_¢r to th¢ high_all alld al lhc Salli¢ lev¢l gis the lllnax_,'a) would o¢¢tir al'icr ;.in elap.sed iimu between 28 and 31
h¢atiil,_, druil_, lt i_ u'\pec'tcd lhat ilalur;ll con_cclioil _ould h. Whereas, For radii less than 14.8 iri (37.7 cre), considerably
d¢_clol_ clos¢r to lhc _url'au'¢ oI' Ih¢ pile x_ll¢ie ;.iir ¢rilels longer puriods of tirn¢ would be required as shown in table
ditcctl_ o_cu thu huatin,_' drUlll. ,,%.-2.

I-i_urc ._--16 txhibit_ a rapid t¢ml+cr+itur¢ dctruas¢ at both
staliOil_ +shell +i l+Ox_¢r iltt¢ritil+lic)ii ocu'tiis. l-hi_ d¢croa.s+ is
+\l+hiintd I+_ the ilaltii;.il c'onx¢ciion g¢l_u'raicd b\' tho h¢al Table A-2.--Thermal runaway

sotircu thai ¢oiltillU¢_ to dia_ alilbi+lil air into th¢ Iubhl¢ pik'
v, hil,,., _.ictitl# ;.i,., ;+i h¢;.lt l_i.tml+. The curr¢ni lllo(.l+l igllt)ics Heat source radius, cm Time for therma/ runaway, h
con,,¢ctiot] and F,rcdict,, +.ltime pcri '_d of 33 tl t'or the oil nhalc 18.85 .................................... 75.7

28.27 .................................... 40.8
;.it tll¢ ',url;.ic¢ to mc,oi lrort] 17"7° to t,(+,° (". Thu signit'ic+.lnc¢ oI' 37.7 ....................................... 33.5
lhc coolillg [+_ con_cctic)il is made clear b) ¢\alualing the titli¢
coil_taill lor _i 10-in-dialll I_.n.4 till) oil shale "parliu'l¢" iii

alilbicill air. l-hi,, i+romc'ss x_t+tilct occur if ambionl air _vcr¢ Thun¢ +slirnalu.s arc overly cauliou.s bccatis¢ lh+ .selt'-
c'oiitiiluou_l._ SUl+plitd to the ¢tlxiionilluili o1" the particle, hualiii_, of the oil shale is a .surt'a++ ulTect. The adiabatic

l+h¢ diai+ici¢r o1 1() in (_..4 cml _+in sol¢ctt.'d to ropr¢sunt caloriln¢tcr +xporinleiit.s usud siiiall-diainelur oil shale particles
the lai_c_i l++iriicl¢ iii a rubble pil¢. [ht Iilll¢ COllsiai+t x\as (150 /£rri oi Ic,s.s) with a kurogun l'l+aciion of 37 g,altion.
d¢tcrmiil¢d Ii) bc ";'.9 h, txliictl ioprts¢ills lhc iim¢ lor lhc However the actual ruhhl+ pile lo,si contained large oil .shale
purticlc to cool (13 put o1 th¢ t¢111[_¢i++ilt11-¢dill'urenc¢ bct_0cn lumps and a kuiog_en l'raction of 35 l_al/ton, with diameters as
it+itial _.tlld firial (alilbicilt) t¢il]l+er;Jturts, great ;.is 10 iii (]$.4 cre). The ul'l'ect o1' the parli¢l+ siz+ should

.+\diabutic calorilri¢t¢r Ill¢asurcnlunts x_'01c undurtakull by he txaniined moru closely usirig, a larger calorilneter to prop-
th¢ iJuic,_lti It) d¢ttrmin¢ the l'ir_t-order ,,\rF]li2ilitis lCaclion ralu trly characterizu ihu l'irst-order kinetics a..sso¢iated with oil
paramet¢rs for the oil sh;Jl¢ o\idalion rate. For oil shale with a shale sell'-heatirig.
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APPENDIX B.--MODEL FOR COOLING

li+ obtain an C,,timatc of tIl,,.'minimal u.ater for quenching M (t',) (1()0 I+) . NI,,._,((.',,) (T,, I,,), (B-5)
a rubble pile fire, a heat-exchange model is needed, lhe model
presented hero covers three cases: (11 the target temperature M,,,,,,,_ . N1.... + M,,t,, 11:1--6)
excectls I()(1° (', (2) lhc hot shale temperature in above 10()° ('

alld lhc targ,,:t lernperaltire in below i00 ° (', alld (3) the v_rarlll ,_1,, ((-',,) (l_ I()())
shale temperature in belms i0(1 ° C. M,,,,,,.,_ = -.......

For the heat balances used in the model, lhc notation used (-',, (l()O - 1",,) + AH,.,,,
N'I. ((') (!0() T,) (B-7)in the three cases in ;ts follows: +

C,, (T,, !,, )
M, -= mas.s of the burning rubble, g;
M,, -_ mass of the quenching water for (_'ASE I, g; For (_'ASE 3, when the warm shale temperature in below
M .... =- mass of quenching water needed to Iou,cr the I00 ° (" and tile target temperature in bclmv the warm shale

hot shale temperature to I()O° (,' for ('ASE 2, temperature, equation FI-9 can be used to compute the mini-
g; mum water, M,, .

NI,,,, :: IllaSs ill' quenching _itter needed to Imver lhc

warm shale from 100° (.."to the target temper- (,ASE 3: i()0 ° C > I"t...... > l,, (B-8)
aturc for (_'ASI,.:.2, g;

M........ i = mass of ttle total quenching ,.rater for ('ASE 2, NI, (C,) (I_ ...... - I',) -- h,l,,_ It',,) (I-,, - I,,). (I]-9)
g;

M,,, =: mass of the quenching _ater for ('ASE 3, g; The pertinent thcrmodynan|ic properties of water and o;I
.3H,.,p = heat of vaporization of the w'atcr, cal/g; shale for use with the heat balance equations are as tollou, s:
T,, = tcmperatt, re of the water being applied, °C"
F,, ==target temperature to which tile rubble in to be .xH,.,t , = 538.7 cal/g ill !()0 ° (';

cooled, °C; C, = 0.47 cal/g.°t';

1-t...... :- estimated average temperature of tile mass of C,, :-- !.O cal/g.°(-';
hot or mtrm oil shale rubble prior to quench- and (-', =+0.3 cal/g.°( '.

ing, °C; "1-orelate the engineering units encountered in tile field to those
t, :- average specific heat of the rubble owr the in the heat balances, the appropriate conversion factors are as

temperature range, cal/g.°C; follo,a's: 1 ton equals 907,20(1 g, and ! g of water equals 2.65
t', -- specific heat oi" steam, cal/g.°C; ._ IO 4 gal. For the expected range o1"environmental condi-

and (,, --=specific heat oF _ater, cal/g.°C, tions, tile temperature of the _ater a_ailable lor quenching,
"I,,, would range bctx_'ccn 15° and 40 ° C; i.e.,

For (,'ASl,i 1, vehen the average temperature of the hot oil
shale exceeds the target temperature to which tile rubble pile in 15° t" _< I,, <-_40 ° t'. (FI-IO)
cooled and the target temperature exceeds 100 ° C, equation
B-2can be used to compute tile nlinimum water, M,,. Using tile heat bahmcc for (_'ASE 1, nfinimurn gallons of

quenching water, M,,, were cmnputed for various average
temperatures of the hot rubble and target temperatures for a

(.'ASE I: I t...... > T, _> I00 ° C, (B-i) 50-ton pile and a miter supply temperature of 20° C, using a

M,(C,)(Tf ...... -- -I,1 value of 0.3 for the specific heat of the shale. These values are
:-- M,,[C,,(IO0 +- I-,,) + ..Xl-q,.t, + C,(I-,, -- 100)]. (B-2) presented in table i:1-1.t-or tile specific heats thai demonstrate a linear function

For CASE 2, when the average temperature of the hot of ternperature over the appropriate heat-exchange range,
shale exceeds 100° C and tile target ternperature in belm_ 100 ° v.'hen the specific heat assigned is tile value at the midpoint of
C, eitherequationsB-4,1:l-_ and B-6 or equation B-7canbe tile range, tile above heat-exchange model agrees exactly with

"' the rigorous version based on calculus, i.ortunately, the spe-
used to compute the mininautn water, M,,,,,,,u. cii'ix heat data for oil shale indicate linearity with tCml'_craturc

(;ASE 2: l'h, ,, > 100 ° C > i,,,, (B-3) up to at least 900 ° C (10). _ file choice of 0.3 for (-', is on the" conservative side.

M, ((',) ('1-h..... --- 100) 'Italic nulnbers iii paremhc',c _, icier I_ Iteln,, In lhc list oi icletencc,, ptcccdi,|e

-= M.... lt;,, (100 - f,,) + ..-XH,,,,I, (B-4) appendix A it} part 3,



Table B-1,--Minimum gallons 1 of water for various hot-bed and target temperatures for a 50-ton pile of oil shale

Target Average temperature of pile prior to quenching (Tr..... ), °C--
tempermure

°C 200 300 400 500 600 700 800 900 1,000

190 54.6 600 1,150 1.690 2,240 2,780 3,330 3,870 4,420
180 110 659 1,210 1,760 2.310 2,860 3,410 3,960 4,510
170 166 719 1,270 1,830 2,380 2,930 3,490 4,040 4,590
160 223 780 1,340 1,900 2,450 3,010 3,570 4,130 4,680
150 281 842 1,400 1.970 2,530 3,090 3,650 4,210 4,770
140 339 905 1.470 2,040 2,600 3,170 3,730 4,300 4,860
130 399 969 1,540 2,110 2,680 3,250 3,820 4,390 4,960
120 459 1,030 1,610 2,180 2.760 3,330 3,900 4,480 5,050
110 521 1,100 1,680 2,260 2,830 3,410 3,990 4,570 5,150
100 583 1,170 1,750 2,330 2,910 3,500 4,080 4,660 5,250

' To convert ga;Ions to liters, muir,ply by 3 785
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APPENDIX C.--STRATEGY FOR FIGHTING OIL SHALE FIRES

,Sincetileearlyel'l'ort,,in oilshale mining, concerns about I. l'reventionMeasure and (.'ontingenc',l+lanning
fire hazards hm, e been raised. The greal loss of life in some

urlderground coal mine fires and lhc enornlous associated From ;.in analysis of the currenl str_ltegy employed in the
property and revenue losses have served as reminders of the coal nlinirlg industry_taking into account the important
need l'or an effective strategy to pre_'ent and/or comb_u dil'fererices between nii shale and coal and the differences in
underground mine and surface fires. The capability or extin- mining practices and techniques--one can iden_iry ke.v meas-
guishing an underL.zround or surface mine fire in its early slages ures applicable lo oil shale, l-or a specific oil shale mine, the
is clearly cost beneficial, fire prcvemion, fire-fighling, rescue, and emergency plannirDg

Early studies by the Bureau and by the lbsco Corp. under measures rnight involve some of the following:
Bureau contract suggested possible scenarios relevant lo un- • .Wine desi,kn--slopping sites, conmlunicaticm svslems,

derground and surface oil shale fires. The most comnlon isolation doors, fire detection systems, water distribution
scenarios included surface fires involving acemrmlatcd oil systems, etc.;
shale in retorts, slockpiles, and railroad cars, and spent shale, • ('tmtin_eno' plannin.u--mine incident and emergency
as well as underground fires iii stockpiles, rubble piles, and managenlenl, venlilation, etc.;
crusher bins. Fires involving virgin shale iii the roof, rib, and • .";peckd /e_mrs--rescue, fire-l'ighting, vera)hilton con-
floor ,.',cre also en,,isioned. C'OilllllOil ignition sources included trol, and gas and particulale analysis;
spontaneous combustion, diesel fuel, methane _,nd retort gas • Trainin,u_rescue, rire-fighting, smoke control, and gas
flames, hot exhaust manilolds, and burning explosives in and particulate monitoring;
blasted rubble. • Re,_u/ar (n/,e(Ji#/e sa./'eO' e['[orl.s--nlonitoring tile general

Despite the loss level o1 production o1' oil shale to date, ventilation netxsork to detect a fire situation, running of
unplarmed firesha_,ebeen reported in the Anvil Points _linc ill v,'aterlinesup lo lhc vicinityand checking the water pressure

Colorado along lhc drifts and iii the Colony Nline In C'olorado prior lo blasting, monitoring tile area t'ollo_ving blasting,
during mining and hauling, i.ires l'rOlli secondary JgililiollS making periodic and lollov,'tlirough insl_ections, having some
Iollo_in_: blasting ha_e also been reported in tile Bureau's oxygen self-rescuers readily a_,ailable, and conducling prc_en-
Horsedra_ Mine in Colorado and al lhc White Ri_cr Shale ()ii lativc mainlcnance.

Ni)no. Different mines will require diff_..rcnt sets of measures.
At the Bureau's oil shale nline at Htlrscdra_, _vhcn a Clearly, the design of ali oil shale mine should jncclrporalc

tun)icl had becn driven 25 I1 (7.6 iii) fronl lhc shafl sialic)ii, lhc special lcalures lt) prevcill fires, to de)ect fires, io help col]lrol
gas einissJoi] began lo rise..St)mc el Ihe 2-nl-dccl_ bias)holes ventilation, and lo I'acJlilale lhc fJre-l'JghlJng. NlolC reseateh
_inilied methane. ()ccasionally, evcn with lhc use of blo_ing should he l_Uisued iii order lo broaden lhc choice of possible
vcnlilalJon al a ralo of 12,(1l)() lo I$,(l(iO cfnl (.t41) Icl 425 options available lo a give, ii )nj)le.
m_,mJn), in lhc 11)- by 10-ft {3- b)3-m) drJfl, niinin7 had it) he
stopped _heil the nlt.'lhanc irl lhc relui-il air had reached 1 pet, 2. Underground l:irc-l'ighiing Nli_,ilcgy

Ill No_einber 1978, a nlclhanc igiiilJoll occurred iii tile
research sh_il'l of lhr., Bureau's oil _halc inJlle al Horsedra_. AI The general slraleg) for coillbalin7 underground oil shale
4:30 a.nl., l)ccember 6, 1978, _i iouild _,_,_.isfired. Half an hour l'ircs _,volild scelil It) include lhc l'ollo_ing sic'ps:
later, lhc Illincrs disco_crcd a lirc iii lhc )nuts pile, The nlincr_ ,Slop I. Alcrl lhc ilcarby lilJneis and lhe _url'acc ¢oordJn_i-
had lo relre;.il lo lhc _urlact.'. Durill7 lhc rekl oi lhc day _illd on Ior for fire fighting.
the ilCXl cia), six xcp;.iialC Uxl+lo_ion_ occurred, duc either lo ,Step 2, Nlakc {iii iilJtial ;.isscsSillellt of lhc hc;.ilillg or open
+xplo+i+cs bcin7 Icll in lhc area or Io Inelhanc accuiliulalJoi,_, lJrc _JlualJon.
The fire had spread io lhc _tlrrt>undJilg ribs alld iotll'. The fire .Sic'le 3. I,orinulalc ali +lmliOll I+lali.
was uxlinguJ_hcd by lh_oding lhc _hafl Xxilh _+alei, .Slc'p 4. \Villldrax_ lhc inJncrs _alclv lronl lhe Jnll+erilcd

,,\i lhc \Vhitc Ri_cr ()il %halo ,%line oil l)cccmt+cr 5, 1987, aicu.i and Sl:lid iii lhc ic_duc _.llid lirc-l+JghlJng ICi.lnls.
alld bclx_c,Cll JUliC 9 and I], 1984, i_o liic_ tiCCtlircd, _xllicll Step 5. {ll+dalc lhc fire hal+itd zoilc btluiidarJc_ and rcl'Jnc
llaxe bt't.'il alirJhulc'd lo blaslin7 t>l+CralJons. lo c\linTuJ_h lhc lhc aclJoil plait.

lir_i fire, lhc t+tllloln til lhc _hall _l_ I'loodcd. lo cxlJnguJsh Step 6. Fighl thc open I'irc t)r hcalJlig.
lhc 1984 lirc, +l lirc-fiThlin7 Ic;.illl had Irl I+l\ II}tj II (91.4 nii of %icp 7, l(rccl lhc _lllokc ct)nirol haiiicrs.
++iiicrlinc _Jiid clirccil_ all_lck lhc fire, _Jitl _,_.il_.'l. Ihc ilalnc_ %1c1+8. Isolalc lhc' liic _orkJilg _.ilCa.
_c'rc cxlJllguJ_hc'd iii _lboul 3{) inin. ,_it_,l_tj. (;_llhcr lhc kc\ clala l'or Ic;.ikagu', fire JnlcnsJly, heal

\Vilh ihcsc c\-llllplc_ _is b_ickTiouild, lhc Ihrce c_cnlial balance, and c\plosibilily delerniJn_ilions.
cIcillcnls iii lhc _lialcg) it) conlbat oil _ll_ilc' lJrcs can bc Slop I0. Sc'_.llofl' lhc lirc _oikJngs, ii" pos_ilqe,

prc_cnled, lhc lJl_i clcnlciii J_a I_ic_uniali_c-ctullingenc)i._pc %lep II. ('eel lhc scaled-t)IT firc _tlrkings,
til al)prtlacll, _llimll _¢i_c'_ Irl allc_Jciic in_.illcr_ _lltltlltl _i fire %icp 12, Nloliiltlr lhc Icakagc _iiltl 7_is ct_ilil_OsilJon Ior Ille
occ:ur, lhc _t.,c.t)lld is ii _Clit.,lal lypc of al_pio_ich lo I_t., scalcd-otT ;.ilC_.i.

Jnllqcincnlcd Jinnlcdialcly lollo_ill7 lhc dcicclJon til a lirc %lep 13. Vcnlilaic' the cooled IJic _t_ikJilgs.
uiidcrTrtlulid. I tic third i_ _l ._ClicNil ibpu oi _il_l_lt_icll Iobc %Icp 14. ()pcn alid lilOililor lhc coolcd fire _,_,oikillgs.
ilnplcillciilcd iliiinc'dJ_iicl) l_fllo_ill_ lhc dcic'ciJtul ill _l fire on %Icp 15. Rc_cal, mool lurihcr, and rc_unle lhc nionilorJlig
lhc ,qii-lacc' ;.il_ll_,t.'71llUlid. lhc liilic'lr_tlilC I\u aclion iii lhc lira) o1 lhc IJrc _orkillT_ shtluld lhc Iiru rckindle.

al_l_lo_icll i_ iioi _i_ ciJlJcal _i_ lllo_c Ior lhc _cCOiltl and Ihii-d li _lll_tild bc lltllt.'d Ih_.ll lhc h,ugc 7et)nlelrJc_ assocJaled
one's. _illl till _halc illJllcs iililkt., il diiTiculi lo erccl so'als (t.'veii
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low-strength ones) in a short period of time. Smoke control Step 3. Formulate an action plan.
barriers might also be difficult to erect in a short period of Step 4. Secure a water supply and pumps.
time. More research effort on smoke control barriers might Step 5. Construct a dam around the pile, ii" possible, to
prove worthwhile. The large volume of an oil shale mine room permit the recycling of spent quench water.
makes it difficult to change the gas composition by adding Step 6. Take precautions against possible steam explosions.
inert gas to the air in a mine having a large total volume of free Step 7. Apply quenching water.
space. If small portions of a mine could be isolated and Step 8. Alter the pile's configuration following the quench-
leakage kept small, limited inerting might be feasible; however, ing operation, if possible, by digging out the remaining hot
this would require further study. The economics for inerting pockets.
does not appear attractive. Step 9. Monitor the pile following the quenching opera-

Combating a fire immediately following its detection can tion to detect if reheating should occur.
have a heav.v impact on the probability of success in extin- To help control spontaneous combustion in some surface
guishing the fire using direct methods. For underground oil piles, a policy on the height of storage piles should be set and
shale mines, special concern should be givep, to methane followed. By limiting the height of open storage piles to below
emissions and blasting in order to develop an effective strategy a critical value, natural cooling will dissipate the heat from the
for the prevention or suppression of a fire. In general, rnore spontaneous combustion, retard the development of the heat-
effort is needed to refine the present strategy for combating ing and, it is hoped, avoid a flaming surface situation.
underground oil shale fires. Additional efforts are needed to determine the critical height.

Its value would seem to depend strongly on the shale's kerogen
3. Surface Fire-Fighting Strategy content, total mass of the shale pile, size distribution of the

rubble material, and peak ambient temperature.
For a surface situation, the general strategy for combating In helping to refine the strategy for combating fires in

oil shale pile fires would seem to include the following steps, snrface retort vessels, recourse can be made to the strategy
Step 1. Monitor the heating or open fire to obtain key developed by the chemical processing industry. In general,

data. more research should be devoted to the refinement of the
Step 2. Determine, from a heat balance, the minimal existing strategy for combating surface oil shale fires.

water needed for quenching.
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APPENDIX D.--LIST OF SYMBOLS

A preexponential kinetic factor, °C/s T temperature, K or °C
Cp heat capacity, cal/g.°C T, average final temperature, o(-
Cp., air heat capacity, cal/g.°C T_...... estimated average temperature of mass of hot
Cp,. bulk heat capacity, cal/g.°C shale rubble just prior to quenching, °C
Cp. oil shale heat capacity, cal/g.¢'C T, average initial temperature, °C
C, average specific heat of rubble over tempera- T,, target temperature to which rubble is to be

ture range, cal/g.°C cooled, °C
C, specific heat of steam, cal/g.°C T, surface temperature, K
C,, specific heat of water, cal/g.°C _T,, temperature of water being applied, °C
E,, activation energy, kcal/mol.°C T average temperature of rubble pile, °C
M, mass of i-th control cell, q-, average temperature of i-th control cell, °C
M, mass of burning rubble, g u dimensionless time
M,, mass of quenching water, g V, volume of i-th control cell
M,,,, mass of quenching water needed to lower hot AH,,,p heat of vaporization of water, cal/g

shale temperature to 100 ° C, g hl, thermal conductivity oi" air, cal/cm.s.°C
M,, b mass of quenching water needed to lower warm _,,. effective thermal conductivity, cal/cm.s.°C

shale temperature from 100° C to target h, thermal conductivity of shale, cal/cm.s.°C
temperature, g o porosity

M,,tota I mass of quenching water needed to lower hot p density, g/cre _
shale temperature (> 100 ° C) to target tem- Pr, bulk density, g/cre _
perature (< 100° C), g r characteristic time for diffusion of heat

n number of control volumes O T first-order partial derivative of T with respect
Qp heat production rate, cal/cm_.s ,9 u to u Kr radial distance, cm

R radius ot" embedded drum, cm ,9T first-order partial derivative of T with respect
R r radius of spherical oil shale rubble pile, cm 0 S to S, K
R_, kinetic constant, 1.99 cal/K.mol
S dimensionless radial distance '92 T second-order partial derivative of T with re-
t time _ spect to S, K
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