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PREFACE 

More than 500 fires are now burning in abandoned coal waste banks and 
coal deposits in the United States. Once established, such fires can 
burn for decades, and extinguishing them by conventional methods such 
aa surface sealing to exclude air, excavation to remove fuel, or flush­
ing to cool the fire zone is usually difficul t and always expensive. 
Burnout Control, a technique developed by the Bureau of Mines for the 
control of abandoned fires, involves the accelerated combustion of coal 
in place with total management of the heat and fumes produced. A burn­
ing waste bank or mine is placed under negative pressure relative to 
the atmosphere, and heat and combustion products are drawn from the 
combustion 2.one thlough an exhaust ventilation system. Heat produced 
appears as sensible heat in the exhaust , at temperatures as high as 
1,000 0 C (1,832 0 F), and can be recovered for the production of steam, 
hot water, process heat, or electricity. 

The Bureau's first field demonstration of Burnout Control was at Ca­
lamity Hollow in Allegheny County, PA (near Pittsburgh). Calamity Hol­
low was the site of an underground mine in the 1900's and was surface 
mined in the 1940's. In the winter of 1961-62, a fire of undetermined 
origin was discovered in the exposed coal. In 1963, the Bureau con­
structed a trench barrier around the fire and a surface seal over the 
affected area, The fire was isolated, but not completely extinguished. 
In 1979, when the Bureau began work on the Calamity Hollow ~1ine Fire 
Project, to demonstrate controlled burnout, the fire was still smolder­
ing on the hot side of the trench barrier. The project, which was 
begun in December 1979 and ended in July 19 8 2 , cons isted of the design , 
construction, operation, and subsequent dismantling of a Burnout Con­
trol ventilation system. 

This report is the fourth in a five-part series that describes the 
Calamity Hollow Mine Fire Project. The first report , part 1, describes 
the design and construction of the field installation. Part 2 will 
present the results of a continuous 4-month burnout operation. (Be­
cause part 2 involves the analysis of a substantial body of data, it 
will not be published until after publication of parts 3, 4, and 5). 
Part 3 describes the instrumentation used to control and monitor the 
progress of the burnout operation. This part (part 4) and part 5 both 
deal with the closeout phase of the field demonstration. The quenching 
of the fire is described in this report, and part 5 will describe the 
final excavation and backfilling of the heated zones. 

The reports in this series document the Calamity Hollow controlled 
burnout demonstration, which showed that (1) controlled in situ combus­
tion is a feasible method for controlling underground fires in aban­
doned mines, (2) the resultant thermal exhaust output is sufficient for 
energy utilization, and (3) water injection with fume exhaustion is a 
potentially effective method for cooling large underground fire 2.ones. 
Further trials of both Burnout Control and water injection with fume 
e)~haus tion are planned. 
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CALAMITY HOLLOW MINE FIRE PROJECT 

(In Five Parts) 

4. Quenching the Fire Zone 

By Robert F. Chaiken, 1 Edward F. Divers,2 Ann G. Kim,3 

and Karen E. Soroka 4 

ABSTRACT 

The Bureau of Mines demonstrated a novel water-injection fume­
exhaustion (WIFE) procedure for quenching underground coal fires and 
fire-heated rock as part of its Calamity Hollow Mine Fire Project. The 
Bureau's existing Burnout Control ventilation system was operated at a 
vacuum level just sufficient to exhaust the underground fire zone, and 
water was introduced into the mine through existing boreholes at a rate 
of 3 to 4 gal/min per borehole. The resulting steam and heated gases 
were exhausted from the mine, and this led to a rapid and relatively 
uniform cooling of the entire fire zone and surrounding rock strata. 

An advantage of the WIFE procedure is that the progress of the cool­
ing process can be monitored. Measured exhaust temperatures decreased 
from 592 0 to 162 0 C (1,100 0 to 324 0 F) during the 30-day quenching pe­
riod. I Energy balance computations suggested that SO pct or more of the 
burning coal mass was extinguished during this period. Analyses indi­
cated that cooling to 100 0 C (212 0 F) with possible complete and perma­
nent extinguishment of the approximately I-acre underground fire zone 
might have been achieved if the WIFE procedure had been extended for an 
additional 20 days. Recommendations are given as to how the WIFE pro­
cedure may be improved. 

1Supervisory research chemist. 
2Mining engineer. 
3Chemist. 
4physical scientist. 
pittsburgh Research Center, Bureau of Mines, Pittsburgh, PA. 
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INTRODUCTION 

The Bureau of Mines undertook the Ca­
lamity Hollow Mine Fire Project (1-2)5 as 
the first field trial of its new~urnout 
Control concept for controlling under­
ground fires in abandoned coal mines" 
After a 4-month controlled burnout at the 
site of the Calamity Hollow (PA) fire, 
the fire was quenched and the fire zone 
was subsequently excavated and back­
filled. This report describes the WIFE 
procedure used to quench the Calamity 
Hollow fire and presents the results 
obtained. 

The project site was a 1.8-acre iso­
lated zone of the Pittsburgh Seam under 
shallow cover (approximately 35 ft) in an 
area of Jefferson Borough, PA, called Ca­
lamity Hollow. The Burnout Control sys­
tem was designed, constructed, and under­
went shakedown tests from December 1979 
to December 1981 (1). An operational 
test was conducted from January to May of 
1982 to evaluate equipment, control meth­
ods, and instrumentation (2), as well as 
various aspects of the Burnout Control 
concept itself. Continuous suction on 
the mine intensified the existing fire, 
leading to exhaust temperatures as high 
as 900 0 C (1,650 0 F) and thermal output 
levels as high as 6 MW, with the fire 

spread over approximately 1 acre. Of the 
estimated 17,000 tons of combustibles 
available at the 1.8-acre site, 1,100 
tons was consumed. The effects of subsi­
dence, vacuum level, and inlet borehole 
placement on the underground burning pro­
cess were studied. 

On May 4, 1982, preparatory to complete 
excavation and examination of the fire 
zone, the WIFE procedure was initiated 
to extinguish the fire and cool the sur­
rounding rock strata. The procedure was 
novel in that it took advantage of the 
fume- and heat-exhaustion capabilities of 
the Burnout Control ventilation system. 
Water was injected into the fire zone 
to create steam, which in turn was ex­
hausted from the mine. The steam served 
several purposes: (1) Its formation from 
liquid water slowed the combustion pro­
cess by extracting heat from the fire 
zone; (2) its presence underground acted 
to exclude oxygen from the burning coal; 
and (3) its exhaustion from the mine car­
ried substantial amounts of heat away 
from the underground hot zones. The fire 
was not completely extinguished, but sub­
stantial cooling was accomplished within 
a 30-day period using the WIFE procedure. 

BACKGROUND 

The use of water to quench fires is 
probably as old as fire itself, so it is 
not surprising that water injection has 
often been considered as a means for 
fighting fires in abandoned underground 
coal mines. What may be surprising is 
the general lack of success that has been 
experienced with the use of water injec­
tion (through boreholes and/or surface 
saturation); the method has only been 
successful in areas where ground condi­
tions and the mine topography permit 
total inundation of the mine (1). Such 
ground conditions rarely exist for coal 

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

seams above the ground water table; and 
below the water table, an abandoned mine 
would most likely be flooded, and hence 
it is unlikely that it would be on fire. 

The Bureau had previously experimented 
with underground water sprays and streams 
injected through boreholes and with sur­
face water saturation as possible meth­
ods for extinguishing a fire in a shal­
low mine (3). In each case the efficacy 
of the extInguishment procedure was ques­
tionable. It was observed that where di­
rect contact between the water and the 
burning coal was known to occur, extin­
guishment was achieved; but there was no 
way to insure such direct contact over 
a large fire zone--even from boreholes 



drilled on 10-ft centers through the fire 
zone. In fact, some evidence points to 
the possibility that water injection by 
itself might have enhanced the spread of 
the fire--presumably by spreading heat to 
previously unheated areas of the mine. 
The steam, when formed, pressurizes the 
fire zone, causing heat and fumes (possi­
bly containing combustible gases such as 
hydrogen, methane, and carbon monoxide) 
to flow beyond the boundaries of the 
original fire zone. Griffith, in his 
classic report on mine fire control (3), 
concluded that it would be difficult-to 
use water alone to extinguish a fire in 
an abandoned coal mine. 

The basic problems encountered in using 
water to extinguish underground coal mine 
fires are as follows: 

1. The water 
uted over the 
cannot run off 
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must be evenly distrib­
entire fire zone and 

in channels to areas out-
side the fire zone. 

2. Although the formation of steam by 
water contacting hot material can cool a 
fire zone, the sensible heat of the fire 
remains underground and can be spread 
throughout the mine to new areas, making 
them more liable to ignition. 

3. To completely extinguish a mine 
fire and eliminate the possibility of 
reignition, all burning and heated mate­
rial in the mine must be cooled to 
temperatures below approximately 1000 C 
(212 0 F). This could require the deliv­
ery of extremely large volumes . of water 
over inordinately long periods of time. 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge the 
contributions of Joseph P. Slivon, Jr., 
physical science technician, and John R. 
Odoski, engineering technician, Pitts­
burgh Research Center, Bureau of Mines, 
Pittsburgh, PA; and Roy Laverick, Tim­
othy Fircak, Harold Smith, and Francis 
Kelly, operators, Boeing Services, Inc., 

Pittsburgh, PA, for their contributions 
in technical and mechanical phases of the 
field operations at Calamity Hollow. The 
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BURNOUT CONTROL VENTILATION SYSTEM 

The Burnout Control concept for con­
trolling abandoned coal mine fires has 
been discussed in detail in a previous 
report (4). Briefly, the concept in­
volves complete burnout of the fuel 
responsible for the fire. The control 
technique involves exhaust ventilation of 
the mine fire at vacuum levels of 10 to 
50 in H2 0. The ventilation induces air 
flow over the fire zone, which acceler­
ates burning, while heat and fumes are 
exhausted to the surface by the fan. A 
depiction of the Burnout Control system 
constructed at Calamity Hollow is shown 
in figure 1. 

This same fume exhaust technique, if 
applied under conditions such that coal 
burning is inhibited by the presence of 
water or steam, should result in con­
siderable heat loss from the mine and 

cooling of the underground heated zones. 
Some evidence of such a cooling effect 
was noted during the 4-month controlled 
burnout at Calamity Hollow. During March 
1982 (60 to 87 days into the continuous 
controlled burnout), several severe rain­
falls occurred, each of which resulted in 
a marked temporary lowering of the ex­
haust temperature (table 1). Three sepa­
rate rainfalls (during Julian days 64-65, 
76, and 76-776 ) each resulted in a sudden 

6All subsequent references to days in 
the form "day 78" or "days 120 to 155" 
refer to Julian days (i.e., calendar days 
in which Jan. 1 is day 1, July 1 is day 
187, etc.). Continuous operation of the 
Calamity Hollow Burnout Control system 
began on day 4 (Jan. 4, 1982); water in­
jection began on day 125 and was com­
pleted on day 154. 
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decrease in exhaust temperature ranging 
from 100 0 to 200 0 C (212 0 to 392 0 F) fol­
lowed by a slower recovery. Since each 
of these rainfalls was accompanied 
by considerable surface water drainage 

downslope across the ground directly 
above the fire zone. it was surmised that 
some of the water was being drawn di­
rectly into the mine fire through crev­
ices in the ground. 

TABLE 1. - Effect of rainfall on exhaust temperature 
during continuous burnout 

Diesel 
electric 

Rain-
fall 

1 •••• 

2 •••• 

3 •••• 

Julian Exhaust Temp 
date temp. drop, 

(day:h:min) °c °c 

64:20:00 555 

} 64:21:00 418 137 
65:17:00 557 

76:11:50 623 

} 76:12:25 523 100 
76:15:00 609 

76:20:00 618 
} 206 76:21:00 412 

77:05: 10 618 

Station 2 

Recovery 
time. 

h 

20 

3 

7 

Elbow 

Average 
exhaust 

flow rate. 
scfm 

5,500 

7.440 

7,200 

>-- Intake air 
.. Exhaust 

FIGURE 1. - Burnout Control system at Calamity Hollow. 



To reduce runoff over the fire zone, a 
diversion ditch was constructed around 
the fire zone on day 78. On day 91 it 
rained intensely, but this rainfall had 
no observable effect on the exhaust tem­
perature. Apparently the diversion ditch 
prevented water from entering the fire 
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zone and eliminated the subsequent cool­
ing effect of rain. The cooling effect 
from the March 1982 rainfalls !ndicated 
that the planned WIFE quenching procedure 
could sufficiently cool the mine to sim­
plify the subsequent excavation phase of 
the project. 

WATER DELIVERY SYSTEM 

To apply the WIFE procedure at Calamity 
Hollow, a water delivery system was de­
veloped based upon an available supply 
from an 8-in diam municipal main approxi­
mately 900 ft from the fire zone. The 
water was stored in an 18,000-gal surface 
pool at an elevation sufficient for grav­
ity feed through a branched manifold of 
pipe and tubing to boreholes in the fire 
zone (fig. 2). The system was designed 
to distribute a total of up to 150 gall 
min of water to as many as 50 boreholes 
and to use second-hand flexible hosing 
that could be throttled by simple squeeze 
clamps (fig. 3). 

The storage pool was placed near the 
high (north) end of the field site, as 
shown in figure 4. Two 4-in-diam plastic 

drainpipes extended from the pool to the 
eastern and western edges of the fire 
zone. Four-inch-diameter plastic tees 
were fitted on the top and bottom of a 
vertical pipe inside the pool. Outside 
the pool, the pipe extended across a 
wooden bridge to a 4-in-diam tee fitted 
with a 4-in-diam plastic plug which 
served as a fill point for starting si­
phoning action from the pool. Four-inch­
diameter valves in the main line near the 
manifold controlled the water flow rate 
from the pool. They were located 150 ft 
from the pool and were approximately 4 ft 
lower than the bottom of the pool. Re­
ducing fittings and valves connected the 
tee to lengths of fire hose. For connec­
tions to nearby boreholes, 1-1/2-in-diam 
hose was used; for connections to more 

2-in water line 
4-in plastic tee with screwed 

connection and 4-in plug for filling 

4 -in plastic tee 

Water storage pool, 
18 ft by 4 11 high, 
approx 18,000 gal 

To similar 
drain system 

~-in plastic pipe 

Hose clamp 
to throttle 
(typical) 

FIGURE 2. 0 Water distribution system. (All dimensions, except pool height, are diameters) , 
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distant uoreholes, 2-in-diam hose was 
used. At some point the 2-in-diam hose 
was connected through a 1-1/4-in-diam tee 
to 1-1/2-in-diam hose and a 1-1/2-in-diam 
steel four-way valve. The three remain­
ing branches of the four-way valve sup­
plied water to the boreholes through 
1-1/2-in-diam fire hose (fig. 2). The 
water flow rate to each borehole was con­
trolled by a stainless steel tangent­
adjust hose clamp. A short piece of pipe 
was inserted under the clamp to insure 
reasonably tight shutoff, when desired. 
To minimize inlet air leakage, each hose 
was sealed to the borehole with duct 
tape. The branched manifold water system 
using reducing fittings, tees, four-way 
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valves and different hose sizes was nec­
essary to deliver essentially equal vol­
umes of water to each borehole despite 
the differences in elevation and distance 
to the storage pool. 

The downhill sloping terrain and 1-1/2-
in-diam minimum hose size allowed ade­
quate water flow (1 to 5 gal/min) at 
grade into each borehole. The water head 
ranged from 4 ft at the closest boreholes 
to 12 ft at the furthest. The single 
storage pool with the manifold system was 
sufficient to supply water over the en 
tire 1.4-acre area believed to encompass 
the fire zone . 

QUENCHING PROCEDURE 

The initial plans for quenching called 
for injection of about 2 to 3 gal/min of 
water into each of the boreholes at the 
boundary of the fire zone. The steam and 
any combustible volatiles formed would 
therefore be Gwept over interior hot 
zones as they migrated to the exhaust 
hole (figs. 1 and 4), leading to further 
heating of the gases and possible 
incineration of the volatiles. After 
the boundary zones cooled, the water­
injection process would then be extended 
inward toward the exhaust manifold. 
Eventually all boreholes (about 50) were 
to be injected simultaneously. During 
injection, the exhaust ventilation system 
would be operated at a vacuum level just 
sufficient to prevent venting from the 
boreholes. By observation this level was 
determined to be about 3 to 4 in H20, 
which corresponded to an exhaust flow of 
about 4,000 scfm. 

However, several factors influenced the 
implementation of these plans: 

1. To reduce operating costs, it was 
decided that quenching operations would 
be carried out for only one shift per day 
within the normal work week. Water in­
jection and fan operation would commence 
at the beginning of the day shift and 
stop at the end of the shift. However, 
the large sliding gate valve at the top 

of the exhaust manifold (fig. 1) would 
remain open to allow for continuous natu­
ral ventilation (the chimney effect). 

2. Quenching was started before in­
stallation of a required second connec­
tion to the municipal water main. This 
meant that not all the boundary boreholes 
could be injected simultaneously at the 
start of quenching. Additional holes 
were added as the water supply increased. 

3. There was some difficulty in estab-· 
lishing a pre-set uniform water flow to 
each borehole. 

4. After 21 days of single shift oper­
ation, during which time the exhaust 
temperature dropped from 592 0 to 263 0 C 
(1,100 0 to 505 0 F), it was decided to at­
tempt round-the-clock water injection and 
fan operation. About this same time 
(days 145-146), balancing problems were 
encountered with the fan which led to 
discontinuance of forced ventilation, but 
the water injections were continued. 
During the remainder of the quenching 
process, heat was exhausted only through 
the chimney effect (except for a 1/2-h 
fan operation on day 155, following the 
start of the site excavation). 

Table 2 summarizes water injection data 
and resultant temperature decreases. 
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TABLE 2. - Chronology and results of quenching procedure 

Water-injection data Exhaust 
Julian Number of Duration, Total Ave rate per temp, Comments 

day1 boreholes h volume, borehole, °C2 

injected gal gal/min 
1253 •••• 8 0.5 1,500 6.2 592-530 1st day of quenching. 
126 ••••• 12 2.5 2,500 1.4 562-487 
127 ••••• 13 5.1 13,700 3.4 605-445 
130 ••••• 16 6.7 23,000 3.6 555-430 Monday atter idle 

weekend. 
131 ••••• 16 6.5 22,400 3.6 467-412 
132 ••••• 16 3.5 19,400 5.8 405-367 Pool emptied for new 

water line. 
133 ••••• 20 6.7 29,200 3.6 378-362 
134 ••••• 27 6.7 40,800 3.8 353-350 
137 ••••• 26 6.8 37,200 3.5 317-326 Monday after idle 

weekend. 
138 ••••• 32 7.0 54,000 4.0 279-320 
139 ••••• 36 1.8 20,100 5.2 278-308 Fan startup problem. 
140 ••••• 35 7.0 66,500 4.5 264-301 
141 ••••• 35 6.0 18,800 1.5 259-256 Fan off for balancing. 
144 ••••• 48 7.2 75,500 3.6 230-266 Monday after idle 

weekend. 
145 ••••• 48 6.5 88,500 4.7 248-263 Attempted continuous 

operation. 
145-146. 48 15.5 238,200 5.3 246 Fan breakdown. Start 

of con.tinuous water 
inj ection with fan 
off. 

147 ••••• 48 24 351,800 5.0 238 
148 ••••• 48 24 393,200 5.4 213 
149 ••••• 48 24 227,000 3.3 199 
150 ••••• 48 24 227,000 3.3 188 
151 ••••• 48 24 227,000 3.3 180 
152 ••••• 48 24 227,000 3.3 174 
153 ••••• 42 24 153,400 2.5 165 
154 ••••• 20 24 190,000 6.6 163 
155 ••••• 10 24 73,100 5.1 162 Excavation started. 

Temperature after 0.5 
h of fan operation. 

10nly working days are listed. 
2Where 2 temperatures are shown, they are the 0730 (time) and 1430 temperatures, 

respectively; single temperatures are 0730 readings. 
3May 5, 1982. 

Almost 2.8 million gal of water was in­
jected over the 30-day period, leading to 
a drop in exhaust temperature from 592 0 

to 162 0 C (1,100 0 to 324 0 F). Data on 
accumulated water and heat flows during 
the entire quenching operation, as dis­
cussed in the next two sections, yield 
some insight into how the WIFE procedure 
worked at Calamity Hollow. 

WATER FLOW 

Cumulative water flow curves were con­
structed (fig. 5) from the daily data on 
water injection (table 2) and from daily 
measurements of the water flow rate from 
three seam-level surface seeps located 
along the southern area of the old strip 
operation highwall (fig. 4). Total flow 
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FIGURE 5. - Cumulative water flows. 

from these seeps increased to about 
150,000 gal/d. This increase in surface 
flow coincided with increased borehole 
injection to approximately 230,000 gal/d 
(days 145-147). The water discharge had 
a temperature only slightly above normal, 
and its pH was approximately 6, which was 
slightly below normal. 

The difference between the injection 
and seep flows (1,500,000 gal total) rep­
resents the sum of (1) water that vapor­
ized, (2) water that was absorbed under­
ground in the region of the fire zone, 
and (3) water that flowed out of the fire 
zone to other areas of the mine (e.g., 
through the isolation barrier). The 
amount of water that evaporated could 
not exceed the exhaust mass flow rate of 
about 3,000 g/s maximum, or about 68,000 

gal/d. The actual water in the exhaust 
was not measured; however, if it is as­
sumed that 10 pct of the exhaust mass 
flow was water, a total of approximately 
200,000 gal of water was exhausted dur­
ing the 30-day period. This would leave 
1,300,000 gal to be accounted for by run­
off to other areas of the mine or absorp­
tion by the strata in the fire zone. 
Estimating that the ground strata in the 
approximately I-acre injection area could 
contain as much as 10 pct water, by 
volume, would account for 1,000,000 
gal,7 leaving 300,000 gal of water as 
runoff to other areas of the mine. At an 
estimated rate of 20 gal/min, this under­
ground runoff could not cause significant 

744,000 ft2 x 30 ft (overburden) x 0.1 
x 7.48 gal/ft} ~ 1,000,000 gal. 
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subsidence or other damage to the mine; 
no water-related damage was observed dur­
ing excavation. 

Comparing the decreases in exhaust tem­
perature and the daily amounts of water 
injected (table 2), it cannot be assumed 
that if a small amount of water is help­
ful for extinguishment, then more water 
is better. The water-utilization effi­
ciency defined by the daily rate of tem­
perature drop with respect to the amount 
of water injected averaged about 5 x 10- 4 

DC/gal for the 10 days prior to day 146 
and 5 x 10- 5 DC/gal for the 10 days 
following day 145. This factor-of-l0 de­
crease in water-utilization efficiency 
may have been due in part to stoppage of 
the fan operation (after day 145), but 
from a comparison of figure 5 and the 
heat-flow data shown in figure 6 it is 
obvious that 65 pct or more of the water 
injected at high rates after day 145 was 
simply channeled out of the mine and so 
was not useful for quenching purpeses. 

HEAT FLOW 

Determination of cumulative heat ex­
haustion over the entire quenching period 
(fig. 6) was complicated by the intermit­
tent fan operation and the final fan 
stoppage after day 145. While the in­
struments in the exhaust manifold were 
suitable for measuring volume flows 
greater than 2,000 scfm, their accuracy 
at the lower flow rates which resulted 
from natural ventilation was highly 
questionable. However, estimates of the 
natural ventilation flow rates were made 
from consideration of the buoyancy forces 
developed by the density difference and 
pressure head which existed along the 
exhaust manifold with the fan off. 

The upward buoyancy force (6P) devel­
oped by the difference in gas density at 
station 1 (fig. 1) in the manifold (p,) 
and at the top of the manifold, in the 
elbow (Pa), can be written as 
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FIGURE 6. ~ Cumulative heat flows. 



where height pf the manifold elbow above station 1, cm, 

and g gravitational constant (980 cm/s 2 ). 

The pressure drop for gas flow between two points (1) is given by 

~p = f j'5v2 9.-/a, 

where f friction factor, dimensionless (taken as 0.03), 

p average density of flowing gas, g/cm3 , 

a = inside radius of manifold (33 cm), 

and v = gas velocity, cm/s. 
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(1) 

(2) 

The following expressions are used to describe the densities p and Pe, which actu­
ally refer to positions between the monitoring stations: 

and 

The density Pe is not measured 
densities measured at stations 
using equations 3 and 4, yields 

v2 

or v2 

directly; it is estimated 
1 and 2 (fig. 1) • Equating 

[ (P2/Pl) - 1 ] 2ag 

(p2/pi) + 3 -f-

= [ 
(TtlT2 ) - 1 ] 2ag 
(TtlT2 ) 

--, 
+ 3 f 

to be the 
equations 

(3) 

(4) 

average of the 
1 and 2, and 

(5) 

(6) 

where Tl and T2 are the measured absolute temperatures, in kelvins, at stations 1 and 
2, respectively. 

The actual volumetric flow rate (in actual cubic feet per minute) is then 

V (aefm) (7) 

where the numerical factor converts cm3 /sec to ft 3 /min, which when converted to stan­
dard conditions becomes (numerically) 

(8) 

Here, the temperatures must be expressed in kelvins. Using the recorded daily tem­
perature data for stations 1 and 2 during the times when the fan was off yielded an 
almost constant value for the natural ventilation flow (1,960±80 scfm). This calcu­
lated constant flow velocity with the fan off was integrated with the flow values 
measured with the fan on to yield the cumulative result shown in figure 6. During 
the quenching period, 300 million Btu of heat was exhausted from the mine. 
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ANALYSIS OF RESULTS 

GENERAL 

Figure 1 shows the recorded exhaust 
temperature and the mass flow and heat 
flow rates versus time for the 30-day 
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FIGURE 7 •• Exhaust temperature, moss flow, 

and heat flow during quenching period. 

125-155). Al­
though the fan was not all the 
time, significant quenching was achieved, 
as shown by the consistent daily de-
creases in exhaust rature. 

The short-term 
observed each day, 
the 

peaking temperatures 
particularly in 

associated 
The tem­

perature peaks were very similar to those 
observed tests of the 
Burnout Control p. 28, 
28), which at the time of those tests 
were attributed to the of vola­
tiles built up in the mine when the fan 
was not operating. The appearance of 
these would then 
indicate active coal and solid 
coal probably in excess of 
300 0 C (512 0 F). The fact that these 

tended to decrease 
time is additional 

evidence that the burning coal was being 
extinguished. 

ENERGY BALANCE 

the WIFE pro­
cedure is of the amount 
of heat drawn from the mine may allow the 
determination of the of extin­
guishment that has been achieved. To 
illustrate this point, consider the ener­
gy balance for a control volume that en­
compasses the entire underground mine 
fire and affected rock overburden. The 
energy balance can be as 

where 

(9) 

"" rate of heat release by 
combustion, 

rate of heat exhaust 
the ventilation 
(i.e., through the exhaust 
manifold) • 

dot above the variable denotes the 
derivative of the variable with re 
to time. 
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. 
Qv rate of heat absorbed by water evaporation, 

. 
and QR == rate of heat absorbed by rock overburden. 

In terms of measurable definable 9 can be written as 

. 
M,C p (T, - To) + + (10) 

where Me mass rate of coal combustion, 

heat of combustion, cal/g, 

. 
M, mass rate of gas exhaust at station 1, 

heat capacity uniform throughout control 

T, exhaust gas temperature at station 1, "c, 
ambient reference temperatuI'e, "c, 

. 
Mv mass rate of water 

heat of of water, 

mass of rock g, 

and rising rate of rock temperature, "C/s. 

One form of the above energy balance which is of interest is 

(1 

. 
H~re Ml is equated to sum of its components: air (Ma ), combustion products 
(Me). and water vapor ) . 

Under conditions such that the major portion of the exhausted heat comes from the 
heat of combustion, such as would occur during tate or possibly in 
the early of the term be and equation 
11 becomes 

(12) 

where $ is the effective fuel-to-air ratio (Me/Me) for the combustion process. 10 

convenience, units of the 
this section. 

1 be better visualized 
My 0, ~He 6,900 cal/g, 

a value of $ == 0.11; i.e., 
values of 
This 
of coal. 

eCGS) system are used in 

stoichiometric combustion of coal, with 
0.35 cal/g-"C, and (TI - To) ; 2,200" C. 

it takes about 9 g of air to burn 1 g 
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For various burning conditions where Ma 
is kept constant, equation 12 relates the 
amount of coal burning directly to the 
exhaust temperature T 1 • Thus, it is pos­
sible to define a quenching efficiency 
(~) in terms of measurable quantities by 
normalizing the ~ determined at any ctime 
(t) by its initial value, provided Ma is 
kept the same: 

( 13) 

Applying equation 13 to the data pre­
sented in table 2 is somewhat tenuous 
b¥cause (1) water vapor in the exhaust 
(My) was not measured, (2) the daily on­
and-off operation of the fan would upset 
the establishment of a quasi-steady-state 
energy flow, and (3) there is uncertainty 
about when heat transfer from the rock 
overburden becomes significant. However, 
since the mine vacuum level was kept 
reasonably constant during fan operation, 
it is believed that Ma and the size of 
the effective control volume were approx­
imately constant during fan operation. 
This means equation 13 could be applied 
to the data taken over the first 21 days 
of the quenching operations, with the 
assumptions that (1) the final value of 
Tl each day (i.e., at the end of the fan 
operation) represented the quasi-steady­
state exhaust condition and (2) the value 
of My can be estimated from the water­
injection rate. The data shown in fig­
ure 5 indicate an approximately constant 
rate of accumulation of water in the 
mine for days 125-145 corresponding to 
an overall injection rate of 18,000 galLd 
or 800 g/s. Taking this value for My 
and the following values for the other 
parameters: 

Ma 3,000 gis, 

540 callg, 

0.35 cal/g-OC, 

6,900 callg, 

equation 13 yields 

= _ [2311Tt + 7,450 J 
~t 1 19,700 ~ llT t 

(4) 

Figure 8 shows a plot of equation 14 
using the final exhaust temperature data 
from table 2, for the first 21 days of 
quenching. The data suggest that about 
33 pct of the burning coal was extin­
guished during this period; however, 
these results are rather sensitive to 
the assumptions that were made. For ex­
~mple, decreasing the assumed value of 
My by a factor of 10 significantly in­
creases the quenching efficiency to 48 
pct at the end of the same period. This 
is also shown in figure 8. In addition, 
equation 13 (and equation 14) implies 
that heat transfer between the rock and 
the venting gases can be neglected. This 
is questionable for exhaust temperaturec 
below approximately 350 0 C (662° F); be­
low 350 0 C significant burning might not 
occur. Significant heating of the ex­
haust by the rock will result in cooling 
?f the rock or a negative value for the 
TR term in equation 11. This in turn 
would lead to lower values of ~t for the 
later stages of quenching and hence 
higher quenching efficiencies (~t) than 
those calculated using equation 12. 

There is insufficient informatio~ at 
this time to quantify the effect of TR or 
the quenching efficiency; however, somE 
consideration can be given to the temper­
ature of the exhaust gas when it i : 
heated primarily by the rock and not b 
coal combustion. The energy balance de 
scribed in equation 10 can be rewritte 
as 

0: 
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FIGURE 8 •• Quenching efficiency versus time. 

Considering a period during quenching 
in which Tl ~ TR (i.e., there is signifi­
cant heat transfer from the rock to the 
venting gas), and assuming Me, Mv, Ml, 
and MR (related to the size of the effec­
tive control volume) are all constant 
with time, equation 15 can be integrated 
to yield 

where B is an 
be determined 
conditions. 

. . 
Me!lHe - Mv!lHv 

M1Cp 

(16) 

integration constant to 
by applicable boundary 

Under conditions of constant fan oper­
ation, equation 16 might be applicable 
to the latter stages of the quenching 
period, duri~g which the heat release by 
combustion (Me!lHe) might be smaller than 
the rock-cooling value (MRCpTR). It is 
useful then to examine the temperature 
data shown in table 2 for days 137 to 

145--late in the quenching period when 
the fan was still operating. Here, time 
is considered to run continuously (as 
versus intermittently), and the constant 
parameters are taken as 

. 
Mv 800 gIs, 

. 
g/ s , 11 Ml 1,300 

!lHe 6,900 cal/g, 

!lHv 540 cal/g, 

Cp 0.35 cal/g-OC; 

leading to 

!lTR - A = B exp (- 1,300 t/MR), (17) 

where A = 15.2 Me - 950. 

11Time-weighted average rate of mass 
exhaust based upon both forced and natu­
ral ventilation. 
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TABLE 3 • ... Least· ·square curve-fitted constants for equation 17' 

t1, /MR, 
t required 

Me, A, B, Variance MR, Predicted RQ3 for TR to 
g/s °c days °c (R2 ) tons T, , °C2 equal 100° C, 

days 
O ••••• -9"50 0.0067 1,260 0 . 99 18,500 179 0 30 
10 •• •• - 798 .0077 1,110 .99 16,100 181 . 14 30 
25 •••• -570 .0097 885 .99 12,800 186 .43 32 
50 ••• • - 190 .0178 506 . 99 6 , 950 191 1,50 35 

'Temperature data taken from table 2 for days 137 (t 1 day) to 145 (t 9 
days) c 

2Day 155. 
3 RQ Dimensionless ratio of coal combustion to rate of rock cooling 

Table 3 lists t:he least·"square con " 
s Cants for equation 17 when it. is ~.urve 

fitted to the data from table 2, taking 
T, ="TR = 326 ° C at t = 1 day, and allow­
ing Me to take on various constant values 
from 0 to 50 g/s. It is readily seen 
from the variance R2 that the T, data are 
fit equally well for all chosen values of 
Me ; however, for values of Me > 25 gis, a 
number of inconsis~encies appe ar. First , 
the value of ~Q indicates that the a~­

cumption that Me6He is less than MRCpTR 
is not upheld. Second, the calculated 
value of exhaust temperature T, at day 
155 (the last day the fan was operated) 
is somewhat higher than the measured val­
ue. Third, the calculated effective mass 
of heated rock (MR in table 3) is far too 
low. 

During the excavation phase of the 
project it was observed that about 1 acre 
of mine area at Calamity Hollow was ther­
mally affected to a height of about 10 ft 
over the bottom of the coal seam. This 
would correspond to an effective control 
volume of about 4.4 x 105 ft 3 , or about 
20,000 tons, of rock and coal. 

The fact that the calculated values of 
MR and T, (for day 155), when Me was less 

0) 

than 25 gis, are reasonably consistent 
with observations suggests that equation 
17 may describe the quenching period af­
ter day 137. Based on the measured ex­
haust heat- flow rate corresponding to T, 
= 530° C at day 125 (about 10 5 Btu/min), 
it was estimated that the burning rate of 
the coal shortly after the start of t he 
quenching procedure was approximately 66 
g/s . Thus the calculat ions in t able 3 
(the case of rock cooling being predomi­
nant) would indicate that a quenching ef­
ficiency of 60 pct or better was achieved 
by day 145 (21 days into the quench oper­
ation)" This value is about twice the 
value of ~ shown in figure 8 (the case gf 
coal burning being predominant , with My 
= 800 g/¥) . The uncertainty as to the 
value of My appropriate fo r these calcu­
lations makes it highly specul ative to 
compare t.he two cases; however, it does 
suggest that the " rock cooling term in 
equation 11 (MRCpi R) may have been sig­
nificant even during the early stages of 
quenching. Regardless, the two mathemat­
ical approaches presented demonstrate the 
potential diagnostic capabilities in the 
WIFE procedure " They also indicate the 
necessity of determining rates of water 
evaporation and air flow if full advan­
tage is to be gained from the procedure. 

EXTRAPOLATION OF DATA 

The curve-fitted constants for equa­
tion 17 (table 3) can be extrapolated 
to determine the time necessary for the 

control vo l ume tG achieve a rock tem­
perature of 100° C (212° F) , Hhich 
might be taker. to represent permanem: 



extinguishment. T~is was done for each 
of the values of Me shown in the first 
column of table 3; the calculated extin­
guishment times are given in the last 
column of the table. The required extin­
guishment time, which var i es from 30 to 
35 days, would correspond to days 167 to 
172, well into the excavation phase of 
t.he project (which was initiated on day 
154 and completed on day 189). While the 
required conditions for applying equation 
17 are not consistent with thoce of the 
actual quenching operations beyond day 
146, very few underground temperatures 
higher than 150 0 C (302 0 F) were noted 
during the excavation operation. 

Based on the above results, the esti­
mated total time necessary for permanent 
extinguishment of the fire at Calamity 
Hollow using the WIFE procedure would be 
42 to 47 days from the start of quenching 
(on day 125). This can be compared with 
the 2-yr time requirement often quoted 
for permanent extinguishment using con-­
ventiona1 sdrface-sea1ing techniques (~), 
in which underground heat is dissipated 
primarily by thermal conduction through 
the overburden to the surface. 12 

The temperature of 162 0 C (324 0 F) re­
corded on day 155 (table 2), the last 
day the fan was operated, just prior to 
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extensive disruption of the overburden by 
excavation, might be considered to be 
representative of the temperature of the 
total mass MR of the original control 
volume. From the value of MR calculated 
by equation 16 and the measured accumu­
lated heat flows (fig. 6), the total heat 
stored in the ground during the Burnout 
Control operation can be determined. The 
heat content of the control volume at day 
155 can be expressed as MRCp~TR' or 1.8 
x 10 5 MR Btu, Hhen~ MR is given in tons. 
Thus, MR = 18,500 tons (from table 3, for 
Me = 0), the heat remaining underground 
is estimated to be 3.3 x 109 Btu. Adding 
to this the 3 x 108 Btu exhausted during 
days 125 to 155 (fig. 5) yields 3.6 x 10 9 

Btu as the total amount of heat stored 
underground during the nearly 4-month 
burnout operation which consumed an esti­
mated 1,100 tons of combustible materials 
(according to data that will be reported 
in part 2 of this report series). At an 
average heating value of 12,000 Btu/1b, 
this amount of combustible represents 2.6 
x 10 10 Btu, which would put the under­
ground heat loss from in situ coal com­
bustion at 14 pct. This heat loss value 
is consistent with theoretical considera­
tions of burning in an underground chan­
nel (7); the previously calculated value 
was 10 pct for a fire in a 6-ft-high by 
11-ft-wide underground coal channel. 

CONCLUSIONS 

The water-injection fume-exhaustion 
(WIFE) procedure used to quench and cool 
the abandoned coal mine fire at Calamity 
Hollow proved successful in terms of low­
ering the temperature of the approxi­
mately I-acre fire zone and the surround­
ing rock strata prior to excavation of 
the site. Time and funding limitations 

12An effective surface seal must pre­
vent atmospheric air from permeating 
through the overburden to the fire zone. 
This implies that the seal will also in­
hibit convective cooling of the fire zone 
by the permeation of hot gases through 
the overburden to the surface. 

allowed for only 30 days of water injec­
tion under combined forced and natural 
exhaust-ventilation conditions; but even 
so, exhaust gas temperatures were de­
creased from 592 0 to 162 0 C (1,100 0 to 
324 0 F), and perhaps more than 50 pct of 
the burning coal mass was extinguished. 
While complete extinguishment of the Ca­
lamity Hollow mine fire was not achieved 

during this short period, data analyses 
of the time dependency of the falling ex­
haust temperature in conjunction with an 
overall energy balance for the under­
ground heated zone suggest that complete 
and permanent extinguishment might have 
been achieved if the WIFE procedure were 
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extended an additional 20 • to 50 
days total. Even at two or three times 
this total time 
would be far faster than if conventional 

techniques were used. 

The WIFE procedure has a distinct 
over other methods of fire ex-

in that its can 
be monitored The relative-

theoretical analyses 
in this demonstrate the type of 
mine fire 
ducted. 

that can be con­
refinements can be 

made through theoretical considerations 
of 
heat 
how 
considerations 
thermal 

conductive and convective 
However, regardless of 

the theoretical 
the underground 

processes are, accurate 

and measurements of the rate 
tion of the exhausted gases will be re­
quired. Of particular 
concentration of water vapor, 
yield the rate of water 
quasi-steady-state conditions. 

is the 
which will 

under 

concentration was not mea­
sured at Calamity Hollow, reasonable 
estimates of the water rate 
did lead to consistent results in terms 
of the rock cooling rate, the amount of 
rock heated. and the total heat loss dur-

the continuous burnout 
The WIFE is a novel and pot en-

useful method of extinguishing 
abandoned coal mine fires which appar-

can overcome the major problems 
associated with water-injection 
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