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INTROTUCTTION

The Bureau of Mines and the Alabams Power Co. Jointly conducted a first experi-
ment In underground gasification of coal at Gorgas, Ala,, during the fell and winter
of 19h6-47, This preliminary experimanti/ showed that it wae not difficult to main-
tain combustion of coal underground, and that cosl in place could be completsly
gasified, It wae noted thet the high temperature developed by the gasification of
coal in place brought ebout changes in overlying strate that appesered to be favorable
to the procesa. The high temperatures ceused the roof rock to become plastic, Ho
expand, and to gettle down on the mine £loor directly behind the remcting coke face.
These resulis were pramising enough to warrant further investigatlion of the process.
It wag believed that if this action gould be controlied mroperly with roofs of simi-
lar compositlon, it would tend to force the gas-making fluids underground against
the coal faces. Plane for the second experiment were bamged in part on this favor-
able roaof action, end the muccesaful operation of the planmed initial straightline
passages depended on this fact.

Gorgas wag chosen as the gite for the second experimsnt for the following
reasong; A tract of coal land of sufficlent size was available and isolated from
the main body of coal; the roof rock was simiiar in composition to that encountered
in the first experiment; and the overlying strata were thick enough to eliminate
gome af the operating difficulties that had been encountered, In addition, power,
water, and machine-shop facilities as well am an adequate supply of labor were
available in thle area, and the friendly cooperatlon of the Alabama Power Co.
further reccmmsnded this site for the planned experiment.

In 1948, the Alabama Power Co. entered into a nonprefit contract with the
Government whereby, under the supervision of Bureau of Mines' personnel, the com-
pany would construct and operate such parts of the mroject ae directed, and the
Government would relmburse them for the direct costs Incurred. Further, the Gorgas
gite, inclvding surface area and the underlying coal bed, was provided by +the
Alsbamz Power Co. without cost to the Government.

Both the Burean of Mines and the Alabama Power Co. &re interested in under-
ground gasification of coal, the Bureau from the standpoint of developing low-cost
rrocesses for manufacturing synthesis ges to produce synthstic liquid fuels as well
as the utilization and conservation of natural resources, and the Power Co. from
the standpoint of power generatlon,

In this second underground gasification experiment i+t was planned to utilize
the mrinciples of the "stream method", wherein the gag-malking Fluids flow past a

7/ Dowd, Jemes J., Elder, Jemes L., Capp, J. P., and Cohen, Paul, Experiment in
Undergreound. Gasification of Coal, Gorgas, Ala.: Bureasu of Mines Report of
Investigations 416k, 1947, 62 pp.
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coal face and make conbact with it, The exposed face is the PTull thickness of the
coal bed, and, as the carbonaceous materiasl is gasifiled, the face recedes, It wae
decided to use & straight-line passage in the coal bad with inlet and outlet con-
nectiong to gasify the coal exposed, and to advance the cambustion of an area by
canstructing nev inlets or outlets off the line of the criginal passage as nseded,
Thua, an area would be gasified in roughly trienguisr increments., Thls aystem was
dependent on the roof action in an adjacent buwrnmed-ocut increment, so that the blast
medium would alwaya he forceﬁ against reacting coal faces. The roof action in the
VISt caporimont Was Woughnh aldoyuibe b0 aake Wiis plAn applicabis. 11 was Gdeulided
to use elr asg a gasification mediim, as 1t was believed that the information ob-
tained would be fundamental and, by using air, the cost of the gas-making fluilds
would be reduced materially, as compered to using oxygen.

The mrimary objectives of this second experiment at Gorges were to extract the
energy contained In unmined coal and to obialn Fundamental knowledge relating to
underground gasification of coal. In partleular:

1. To determine the guantity of coal that can be gasified from a glven initial
cambustion zone and the shape and extent of the burned-out sren formed by this
gesification.

2. To determine the quallity and quantity of the air-blowv mroduct gas generated
at the conditions of the experiment,

3. To determine the operatlcmal characterietics of the system as deaigned and
conetructed, inciuding such fundamental factors as the optimum length of passage,
the optimum rete of fluid flow, and the pressure drop encountered.

k, To obtain information regarding the action of heat on the overlying strata,

5. To obtain fundemental technical and economic information with regard to the
choice of plant eltes, installations, and operating procedures, including the inatal-
lation and testing of air inlets and gas outlets, both as vertical boresholes to the
coal bed and as stoppings in the coel bed near the outcrop.

SUMMARY AND CONCLUSTONS

The second experiment in underground gasification of coal at Gorges was oper-
ated contlnuously for 22- l/a months without any great difficulty. As showa in
Figure 1, the initial development consisted of 1,100 feet of double entry between
borahole IT and the entry seal driven horizantally in ‘the coal bed and a gingle
entry 300 feet long comnecting borehole IT with borehole I. These entriss provided
a pasgage for the gas-making fiulds along the coal faces, Five large-dismeter bore-
holes on 300-Foot centers were drilled fram the swface to the entries, and subse-
quently two additional lesrge-diammeter boreholes were drilled near the perlmﬁter of
the reacting zone in order to introduce air at the horizon of the coal bed and to
remove gas and products of combustion, An air blast of approximately 7,500 c.f.m.
usually wag employed, but 2t tlmes a reduced blapt rate was used. The operational
characteristics of the installation were gtudied, and records were kept of the
volume of alr admitted to the system, tem@er&tuzes at various pointe underground,
and other pertinent data,

One obJjective was to determine the quantity of cosl that can be gasified from
an Initial opening in the coal bed. During the operation, 10,485 tone of moisture-
and ash-free coal was cansumed, underlying an area of §3,690 square feet, ar 1,92
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acreg adjacent to the original entry. Up %o the time the project was discontinued,
no difficulty had been experienced in maintaining combustion, and nc limit as %o
the ultimate quantity of coal that could be gasified from a given opening had bsen
determined.

It was part of the original plen to extend gesification to cover a large area
of coel bed by providing new inlets and outlets by drilling boreholes off the line
of the original entry and tangent to the perimeter of the burned-out area. This
was done In the course of the experiment, and it was found that the gasifisd aresa
could be extended thus. A borehole drilled 75 feet east of borehole [T made con-
tact with the reacting face and was utilized to advance the face further. It
appears thet there is no definite limit to the area of coal bed that may be exploited
in this manner.

A pecond objJective was to determine the quality and quantity of the product
gases produced when using air for combustion. Gaseous products having & heating
value of 90 fHo 150 B.%.u. per cubic foobt were obtained at times during the opera-
tlon of the project. During the operatlion between borehole II and a new borehele
VI (see Fig. 6} drilled at the perimeter of the burned-out area, & combustible gas
with & heating velue of 90 B,t.u. per cubic foot was produced at a rate of 9.L
miilion cubic feet per day. In this instance the effective period of operation was
only 8 hours, because the walls of the outlet Tused and the borehole was destroyed,
Bubsequently, during operation of the section between barehole III and another new
borehole, VII, & moduction of 6.7 million cublc feet per day of gas with a heating
value of 72 B.t.u. per cublc foot was attained.

In each of the above instences, the new borehole was drilled at the perimeter
of the burned-out aree, which resulted In & product of Improved quality as well as
the extension of the gasification over a larger ares,

It was found that maintaining efficient contact between the gas-making fluids
and the carbonaceous faces was a perequisite for recovering maximwm energy from the
coal either in the form of a combustible gas or as sensible and latent heat in the
gaseous products., A larpge mroporiion of the work at the molect was therefore
directed toward obtalining efficient contact.

Partial solutions were achieved, and various procedures were indlcated for
Turther attack. The uae of the 10-foot wide openings underground did not promote
efficient contact between the coal faces and the gas-making fluids. The dimensions
of the original openinge should have been esmaller in order to obtein a better prod-
uct, Soame success was achieved in feorcing contact beitween the coal faces and the
gag-malking fluids by f1lling void spaces underground with fluidized solids., During
periods in which this procedure was used, contact efficiency probably was increased
fourfold. TFurthermore, uniilization of new inlets and ontlets near fresh coal faces
and off the line cf the criginal underground openings provided hetter contact. As
has been shown in the body of the report, the rate of combustion of coal wae in-
creased from 9 to 18 and thence to 30 to 4% +tone per day. These incresses in the
rate of coal consumpbion paralieled increames in the guality of the gasecus products
obtained,

Another purpose of the experiment was to determine the optimum rate of air in-
put for a given system. Consideration of the resulis obteined and a study of the
moisture Inflow to the system indleates that the flnid flow must be maintained at
guch a quantity that the heat losses fram the evaporation and disscciation of
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molstire do not become excesslve. No eritericn as to the permissable limit of heat
loss due to moimture was established, but it is believed that the volume of fiuid flow
through the system must be maintained large enough so that the heat loss from this
cauge does not exceed 5 to 15 percent of the heat of combustion of the coal consumed.
If the fluid flow was reduced 1n quentity, the heat loss from this sowrce tended to
increase beyond these figures, and an adequate temperature level could not be main-
tained. Thrine terinds of oneration when the rate of fluld flow was relatively low,
the percentage moisture content of the effluent gases was high, and heat losses from
the system were excessive. Under such conditicns the operating cheracterisiics of
the system deteriocrated rapidly.

Heat balsnces obteined during the operation consistently show maximum energy
recovery in the effluent geses during prolonged periods of operation in one direc-
tion at the highest air-input rates aveilable at the project. Thie stands out
during & long cycle operation in the course of the period October 5 to Decembar 22,
19&9, and during & periocd when operating bhetween boreholes V and IIT Jjust befare
cooling was started., In the first of the above periods, the heat loss to under-
ground strata during mrolonged cycles at high discharge temperatures and maximim
gir-input retes averaged approximately 20 percent, whereas with intermediate air-
input rates the loss amounted to 26 percent, mnd with low input air rates the loss
was 36 percent. These figurss indicate that high rates of coal consumption and
high rates of fluid flow are desirable in underground gasificatlon.

The action of the immediate roof in regions outside the original underground
papcages where the coal was burned out has not yet been completely assessed. The
information available indicates that this roof ceme down behind the reacting coal
faces and tended to force the fluid flow toward the face, It was expected that
bloating of the roof rock would completely £ill the space where coal had besen
consumed, Although definite evidence is lacking, there are indications that
partial bloating occurred., The gradual increase in back pressure during each of
the operating periods shows that the passageweys between the inlet and outlet
boreholes became more constricted with the time in spite of the fact that the
volume of coal consumed Increased with time; however, in every instance, holes
drilled into the burned-out area admitted alr or weter and emitited gas., It was
evident that in places where the coal was burned out a restricted Tlow of gas
existed., Prolonged exposure of the strata above the corl bed to heat ceused
cracking and added to the permesbility of the burned-out area, In all cases the
growth of the burned-out area resulted in deterioration in operating characteristics.

The measwred rate of advance in the area hetween bareholes I and II ranged be-
tween 1.25 end 2 inches per day. I+t was likely that this rate was exceeded in the
arsa between boreholes VII and III; however, the rates here were not measured.
Theoretlcally, the total heat lost to the strata showld decreasse with increasing
rate of advance of the reacting face. The source of heat is the reactlon, and,
with a higher rate of advance, less total time would be available for heat ‘o psne-
trate into the rock above and below the coal bed,

The operation at Gorgas indicated that the optimm conditions for underground
gasif'ication employing the stream method reguired high rates of reacilon and rapid
movement of the coal faces uwnderground in order to minimize heat losses from the
system, In addition, the operation consistently indicated that when fresh cozl
faces were exposed near the inlet or outlets Lo the system, the best contect effi-
ciency and the bhest energy recovery, either in the form of a combustible ges or as
heat, were obtained,
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Studies were made of lealege from the wdergrownd system diring verious periocds
of operation, These indicate that leakage increased graduslly with time up to
approximately %0 percent of the total fluid input and remained falrly constant at
this figure. There were indlcations that the increase in lealmge was influenced by
subaldence of the strata overlylng the burned-out region causing cracks through
which the gas escaped. OSeveral Initial lesks were found In early operations, but
these accounted for only a small proporiion of the leakage that eventually occurred.
The filgure of 50 percent was exceeded when higher pressures were placed upon the
underground aystem by closing off or choking the gas outlsts. It was possible that
long exposure to heat and submequent drylng of strata increased lemksge., Further,
the applied air pressure could force molsture back into the capillaries of the
gtrate and thus reduce the sealing effect of water.

An obJective of the experimént was to determine the optimm length of under-
ground passage that could be used, It was found that quadrupling the surface area
of the coal faces initially available increased the rate of consuwmption of cosl by
a factor of approximately 2.5, This was based upon a comparison of the operation
between boreholss I and IT, before any fluidized sand was injected underground, and
the operation between boreholes II[ and V,

Various itypes of equlpment and construction were tested during the experiment.
It wae Tound that the inetaellation of a water Jacket between the borehole casing
and the concrete surface seal was very effective for handling hot gasesm, and exit
bareholes were operable for long perilods., Refractory-lined borsholes whers hot
gages were handled were not superior to unlined boreholes, and the extra cost of
using refractariess In future instellations does not appear Justified. Using pres-
swe-grounting techniques In areas surrounding an cutlet hole a8 a means of decreage-
ing porosity of the stratm that was traversed by the opening appears to be advan-
tageous. This technique can be used also in decreasing leakage over limited areas,
a8 the grout will £ill horizontal and vertical cracks intercepted by the hole,

The construction of the entry seal was adequate for the service reguired.
Leakage from this seal was not excessive, but a more satisfactory comstruction
calls for inletting the seazl to a greater depth in the bottom rock and improving
the application of mressurs-grouting techniques. The use of supporting brickwork
around the base of the boreholes serving as inlets end oubtlets might help in pro-
longing the life of the openings in question, however, there was litile difference
between the service obtained at borshole VII, where 1t was not possible to use this
construction, and the service of the brick-supported borsholes, I to V.

The technicel feasibility of & process must first be proved by exzperiment and
trial before a definite econcmic evaiuation can be made, Processes for the under-
ground gasiflcation of coal are still in the experimental stages, but several re~-
sults that appear to be favorable from an economic viewpoint have been obtained.
The quantity of coal that can be gaeified from an initlel opening in the coal bed
is mresumably limited, but %o date no definite limit has been reached, More than
5,000 tons of coal fram a bed 42 inches thick have been gasified fram the ribs of
an initial 300-foot entry in the coal bed. It hes been poseible to enlerge the
area of coal consumed by constructing new inlete/outlets near the combustion Faces.
The energy of the coal can be brought out of the ground as sensible and iatent heat
of the effluent gases, and qualitatively it has been shown that this energy can be
utilized in & gas turbine. Cambustible gases can be moduced underground on the
coal ribe, but inadequate control of contact beiween the carbon faces and the Fag -~
making fiulds has so far prevented cobtaining this gas above ground for more then a
few days at a time.
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Installations for the underground gasiflcation of coal can be intended for any
of the Tollowing three uses:

1. Complete combustion of coal underground with air, and utilization of the
heat energy in gas turbines or in raising steam, 3By this method an over-all thermal
efficiency from coal consumed 4o elecgtric power generated should run from 15 to 20
percent of the heat of combustion of the coal, This may be compared to the operation
of a steam-generating power plant using 1 pound of coal for the wvroduction of 1 kilo-
vatt-hour, plus the mining of the cosl vwherein 1 pound is left underground for every
pound produced. Here the over-all thermal efficiency is approximately 12,5 percent.

2., The moductiom of producer gas by gasification of the coal with air and
utilizatian of the combustible gas in gas turbines, for raising steam or for other
applications requiring heat located near the pit mouth. To date a continuons supply
of gas has not been produced because of loms of efficient contact.

3. The mroduction of synthesis gas by gasification of the coal with oxygen and
steam and the subsequent uillizatlion of the gas in the manufecture of synthesis
ligquid fuels or organic chemicals. No experiments were made with an oxygen-steem
blast during the second Gorgas experiment. It mey be poseible that thie method will
be more generally satisfactory than (2) because of the high rates of combustion and
consequent high temperature lsvels that should result.

A new inatellation 1s being constructed at Gorgas for additional investigation
of the process of underground geasification. The American bed, which lies under +the
Pratt in this area, will be gasified, and an electrical system of connecting iniets/
outlets in the cozl bed will be tried, The additional cover over the Americen hed
and the greater distances to ite outcrops should aid in preparing a system that will
be much tighter with respect to gas leakage. The electrical system of connecting
inlets/outlets should reduce site-development costs greatly and eliminate all under-
ground lgbaor, It will also result in the preparatiaon of a high-temperature fuel bed
at the begimming of gesificatlion operations and reduce the time %o heat a new system.
Several geometrical changes will be made in the shape of the underground pessagss in
an effort to increase contact efficiency and immrove control of the system,
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underground workings. J. P. McGee, John Holden, and A, E, Sands, &1l of the
Morgentown, W. Va., station of the Bureau of Mines, respectively alded in the in-
stallation and operation of the gas turbines during that phase of the experiment,
in designing and installing the sand fluldization equipment, end in organizing and
training laboratory personnel. The Southern Ressarch Tnstitute, Birmingham, Ala,,
designed equimment to determine the location of the burning coal face underground,
Thanke ere due the personmnel at the Gorgas mroject, both that of the Bureau of
Miner and that of the Almbama Power Co. for its cooperation and loyalty.

DESCRIPTION OF THE AREA
Location

The site chosen for the experiment was in the NE 1/k and SE 1/4 of the IW 1/k,
sec, 17, T. 16 8., R. 6 W., Walker County, at Gorgas, Ala. This area is an irregu-
larly shaped, hilly iract of land (see fig. 2} on all sides of which the Pratt coal
bed outcrops owlng to a valley on the north, the Warrior River on the east and
south, and Baker Cresk on the west. The coal bed underlies this area at & depth
ranging from 100 feet at the entry seal to 162 feet at borehole I (see fig. 3).

Description of the Overburden

The gtratum overlying the Pratt coal bed is comprised of shales and sandstones,
with shales predominating. Small vertical slipe are frequently pregent in the
overburden, and some of them extend from the coal bed 4o the surface. (enerally
they are local in character, but some continue for considerable distances, Four
holes were diamond-drilled in the area in order to obitain cores for setudy of the
overburden. These holes were designated core drill holes 2 to 5, inclusive, and
the locations are shown in figures 1 and 3. The complete log of these holes
Tollows:
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Geology

The coal measures of Alabama occur in the Potieville formetion of the Pennsyl-
vanlia period. The rocks asscciated with the coal beds are shales and sandstones,
At the experimental site, the core-drill receords show relatively few thin beds of
sandstones interspersed with the mredeominating shales. Bedding planes are parallel,
and there are no faults or unconformities at the site. Visual inspection of core
samples (see fig., 3) show the shale to be clomely laminated, of an invisible grain
gize, and a dark slaty color, The sandstones are strong and are not laminated;
they have sharply defined upper and lower bed faces, a Tine visible grain structure,
and a light-grey color. A concentration of sandstone beds is noted between 20 and
40 feet above the Prath coal, Another such concentration appears 20 to 35 feet
below the surface at the hill top.

Laboratory permeability tests were made on core samples of roof rock, The
resuiis of these tests are given below:

Type of Distance above top
.rock Fermeability of coal bod
Sendstone Impervious 14, 11 in,
do. do, 2ft, 0 in,
do. do. 2 %, 1 in.
Shale do. 2 ft. 5 in,
do. do, 2%, 7 in.
do. do. 2 ft. & in.
do. do. 2 £+, 11l in,
do. do. 3 ft. 1 in.

Siderite (FeC0;) was found in the bottam rock, 1 foot 7 inches and lower,
below the coal bed, and 6 feet 11 inches and higher in the rock ahove the coal
bed. This mineral occurred as bands less than 1/2 inch thick and as nodules
embedded in shale,

In general, the rocks are only fairly resistant to erosion and thereby con-
tribute to the topography of the regicn, which im that of a dissected peneplain.
It is characterized by steep-sided, narrow ravines and gullies. The hilltops are
relatively flat, and weathering of the surface rocks on them has progregsed to a
depth of approximately 25 feet. The hilltops lie at an elsvation of 500 to 600 -
Teet above sea level, and the base of erosion is the Warrior River, which at Gorgas
is approximately 250 Teet above sea level,

Where the siratum along hillsides hae been exposed by excavation, numerous
mud seams can be seen, These are joint planes that have been opened by slumping of
the hillside and refilled by deposited clayey material. The mud seams offer little
regtriction to the flow of fluida, Although several mud sesme were encountersd in
care-driil holes 2 and 5, on the hilleides, no cracks whatever were observed in
cares from core-drill holes 3 and 4 below the limits of wemthering., This fact led
to the assumption that the stratum back from the outcrops and under cover 50 or
more feet thick was undisturbed and should prove relatively gas-tight.

Description of the Coal Bed

The Pratt bed dips approximetely 1°55' in the direction & liitle emst of south,
In this aree the coal renges in thiclmess from 40 to ki inches. Vertical Pace cleats
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in the coal are closely spaced, averaging 20 cleats to the foot and running
8. 50° W. Starting at the top, the coal bed can be described as Follows:

Inchey
T Bright coal
2 Bone
7 Coal
1/2 Bone or fusain
2l Coal with streaks of bons or fusain

Ansiyais of the (Coal

Standard channel samples of the coal were ohtained at five locations within the
experimental mine eand were sent to the Central Experiment Station of the Bureau of
Mines for analysis. The coal is high-voletile A bituminous, rated as "good coking."
The analyses are given in table 1.

Two benched channel samples were obtained from the mine, and the analyses
given in table 2 shov that the maximm svifur concentration occurs in the top
benches of the coal bed,

In one instance the forms of sulfur in the coal were determined, and these
resulis are given in table 3.

Analyses of samnles taken of the immediate floor and roof at various locations
in the geeification mine are given in table k4.

Laboratory Test of Roof Rock

In addition to the analyses of the roof rock given in table 4, additional
tosts were made to determine the effect of heat on this material., When & sample
was heated to 2,400° F., a considerable degree of expansion occuwrred, but there
wag no evidence of flowing. Heating another sample to 1,5000 ¥, and holding it
a% this temperature for 30 minutes resulied in a decrease in weight of approximately
0.6 percent and an increase in volume of 1.7 percent. The test samples at tempera-
tures up to E,hOOO I, gove a permanent expansion, and there was no evidence of
cracking or crumbling in the small fest pleces. The large sample from which the
test specimens were obtained showed same evidence of cracking elong the bedding
planes during handiing, presumable due to drying.

A small diamond-drill core sample of roof rock was tested by mounting in &
refractory shell about 1-3/4 inches thick and placed on top of a gas furnzce in
guch a way thet the botiom surface of the roof sample was exposed to the full
furnace temperature, The furnace temperature was raised to 2,080G ¥, over a period
of 2-1/2 hours, A fev chips were observed cracking locse from the bottom of the
sample when the temperature reached 2,100° F. As the temperature was increased, a
larger chip was dlslodged. When the itemperature reached 2,375° F., the botiom of
the sample fused, and no further changes were noted. In general, this sample of
roof rock withstood high tempgr ture betier than did a large slab that was tested
prior to the firs{ experimentt/, under similar conditlions except for size of the
gample,

8/ Work cited in footnote 7.
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TABIE 3. - Sulfur forme found in Pratt-bed coal, underground
gasification mine

Laboratory Sulfur forms, percent

No. Condition 1/ SWitate Byritic Organic Total
G- 3508, i U 0L 055 0.50 1,05
2 .01 .59 .51 1,11

3 .02 72 .61 1.35

1, Sample as-received; 2, dried et 105° C.; 3, molature- and ash-free.
Drill core, hole 3; thls core was cbtained at the exact locatlion of borehole IT
{see figs. 1 and 3).

5/

Site Preparation

Locating the Prati Coal Quicrop

In the srring of 1648, a bulldozer wag used *o uncover the Pratt coal outerop in
the immediaste vicinity of the project to aid in determining the best location available
for the underground workings, The uncovering of the outerop and the data from the
diamond~drill holes established the cantinuity of the Pratt coal bed and showed that it
wag completely lsolated from the main hody of coal., It was the general opinion of all
concerned that complete isolatlon of the body of cosl that wvas to be utilized wes de-
sirable, although no difficuliy was anticipated with respect to extinguishing the fire,

CONSTRUCTION

Access Roads and Buildings

After uncovering the coal ouicrop, the bulldozer was used for clearing the land on
top of the hill so that the necessary office, laboratory, and storsge buildings, could
be erected and the esquimment Inestalled. Access roads were built from ths project site
to the public highways leading to the Gorgas Steam Plant,

A prefabrlicated-steel office building, laboratary, and warshouse were bullt,
Wood~frame buildings with galvanized sheet-steel siding were erscted to house the com-
pregaor equipment and for instrument houses, pump house, and additicnal warehouse space.

Mining

Figure 1 showa the plan of the underground openings. The outerop at the north
end of the project was faced up with a4 dbulldozer, and an entry and alr course were
driven 10 feet wide each and separated by a 10-foot coal piliar, The coal was drilled,
shot without undercutting, and hand-loaded into chain-and-flight conveyors, which were
extended between move-ups by 6-foot lengths until their maximum length of 300 feet was
reached, A 30-inch belt conveyor was installed, and the chain-and-flight canveyors
ware loadsed directly on the belt. The belt was extended as required and led directly
into a bin (see fig. &) at the outcrop., The coal was loaded dirsctly from the bin
Into trucks, During mining an average advance of 20 feet per shift was achleved In
each entry.
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When the enitry and air course had reached a point 141 feet from the pit mouth,
headings bt feet wide were driven for 25 feet from the weat rib of the entry and the
east rib of the air course. A L-foot crosscut was driven through the coal piliar
connecting these headings. Thus, a place 80 feet long and 4 feet wide was excavated.
It was extended 2 feet into the bobtom rock and 6 feet into the roof rock, and the
entry seal wall was constructed (see fig 5). An escapeway was constructed later
to simplify chenging of the explosion disks at the entry seal.

Mining of TU8 SNTries resented Notning unlsusl, ‘ne roul CUCh was Loavy aud
reguired close timbering for approximately the first 125 feet from the portal. Inby
this point the voof was firm, and the draw rock was supported by safety posta.
Ordinarily, 2 to U inches of roof fell as the coal was shot. The floar rock was
hard, Influx of water fram the rcof cccurred at two poinie inby the lccation of the
entry seal, At each of these points a considerabls volume of water was found ini-
+ially, but after a few days the infiow nesrly ceased. The floor was crdinarily wet,
and water frequently appeared in shot holes drilled in the lower half of the coal bed.

Ventilation was provided by a small, electrically driven mine fan exhausting &t
the air course portel and by two porteble, electric, suxiliary fans with collapsible
tubing set 15 feet outby the last crosscut. The portable blowers delivered approxi-
mately 3,200 cublc feet of air per minute to the entwry faces. All eafeiy precautlons
consistent with good cosi-mining practlce were obmerved during the mining and under-
ground construction worlk.

The entry seal (see fig, 5) consists of a three~course wall of firebrick backed
with steel buckstays. The top and inby sides of this wall were pressure-grouted to
the roof and surrounding stratum by mesns of neat cement admitted through the four
t-inch borehcles shown. After grouting the wall, the inby and outby exposed surfaces
were grouted with a refracitory cement applied with a cement gun. Later, the alr space
along the outhy face of the seal wag filled wilth concrete made from cement, rock dust,
and sand, The 24-inch outlet pipes were set in concrets, as shown, and the explosion
diske were get in flanges anchored to the cancrete surrounding the outlet pipes.

A fen end fen house were erected and connected to the escapeway in such a way
that at all times men could travel underground to the entry seal without danger of
interruption of alr supply. The portals of the alr course and entry were fitied with
doors and regulators so that the air flow could be controlled as desired when work at
the entry seal was necessary.

The roof of the entry fram the partal to borehole I wae supporied by 60-pound
gteel rall set In hitches in the top coal and secured by wedges of stone or brick,
The steel rails were approximately 13 feet long and were placed on 2-foot centers.
The alr course was timbered with wood safety posts, and, where necessary, 3 by 8-inch
wooden croes collars were used.

Drilling

The over-all plan of the proJect is shown in figure 1. The enitry and alr course
were connected wlth the swrface installation by means of the Iarge boreholes, I to V,
inclusive. In addition to the original boreholes shown ip figure 1, two other large
boreheolea were drilled later at other locations. A number of test holes were also
drilled before the start of the experiment and additlonal holes were drilled during
the course of the operatlon. All of the holes drilled, except the 6-inch pressure-
grout holes, are shown in figure 6,and the specifications of each are given In table 5.

4380 - 1k -




60 POUND STEEL RAILS ON
4 FOOT CENYERS

e enAy

60 POUND RAILS LAID
ODASE 7O BASE FROM
SEAL YO CROBBLUT

L Al COURSE
N

13" FIREQRIGK WALL WITH

BRONEN-UP REFRACTORY

. BACKING AND PRESSURE
GROUTED FRCM SURFACE

FOR GAS SEAL

.o o 15" % 9" BRICK PU.ASTER
—— T* STEEL CHAMNEL HTH] ;
~ - s H
RIS i
0
| I — . T

- / P O
RS u‘_:

7

77

FROM SEaL

AN \r\\\

- i)' TQ OQUTCHOP

i

;

w

& PLAN VIEW OF ENTRY SEAL

WiTH 8-B SECTION
v
STEE: BUCKSTAYS
FEEY IEIl= S o e g e i
3
o] l:{ -1 .l-.-},::: H —= SR | -
Pk Ey :;. L e
L__Jki T L] ML -] —
r--1§ r{r--*}r*-;” F“Fﬂ*‘m{““}rﬁ. r.l[::fﬂ . ]
R R T IR r“..““'ﬁ**r isaESalininalinm Y
1 el £l [N T T
1] 13 {41 11 i“ IR I TR ¥ 1 )nd !' 1 !i __L
SECTION A-A

Figure 5 - Entry seal.






‘uo1ypoo] But|jup pup ‘esinod UIn ‘Aljus JO MBIA UD|Y - g @by

-:*M
g BEKL
! n'ouatod g M (R RLEIF I B BIOIBUDD
N Ew o4 2 g s
I std nne ;..w.. u cHig el 8 *HE L] LHE Lel ) )
R LY b i I o t-— - +
_ — T - M -y _—— “ $_ T— - — - ) “u.
Y = [ — e T
w.l.z ok %it.?ﬂ%L e g M G T .1 T OTT; ¥
i w 3 HE [ oy _ni &,
ol 2 oML %_b.gau, wuid
fow L - o M
FEHL
BIHLY,
OF -t 1A TICHEVOA Y
SL ey as as a T -1 o Tt o o8 {14
.onE oot

IS Leind _ R
, _.\l 5l 21DHIY0E al u.ﬂzuuunlﬂi_.ﬂ_sl w » u..o..u..onl/ / m
i/ - - - - bl b -4 - - - - - - - - - - H—
,,\“._g - —— = —pe——————% T e - 3=
¥
\ﬂ — 8 SFIE GiM: 30K .3:3\ m
) m oot ¥ oot ol m

va
#ONZLNO 0L 1¥i—

@ N






0} JOPID UT 374 WOUL-{) UR §}ia POAISIC edok moTod oesiy /R
Supdima JOJ pondTIUn? pEy joofond oy JO woiywicdo Joglw DSTITID ook 0oTlU Sooyl \.M
WL goa 30029 jUCES? QwoU 14097 00 PuUw GF Ucomyog yidop w gu oTog uy PooyTd nos odid woul-nr 1o 3507 of I8

- 4T -

Gagtn
"Buyswo yuwi-g oug oouTd

TTHOD PSITHCGIED U 0 TOJ INO-POUMG T UT PoTDIeq LITUNOM fun oT0g o puw ‘oWl Jo suBuer
‘OUDTIUAGTS DESU} UHOMINS WIUID UT OEURIY Troi3los Sayd o swimbiw ojui
‘pajeu ov tdedzo Bupows oog poon oun odyd pawpreis /T

[ “topawd Tioh ‘op Got ] \lw
‘D3OI SH0d oz T 8T-3 00 rop oot 2] \Mm
Aot Bupanp jucmoes 24 POTTTRATVE “on 10T El i
3WE0 g3TA GTOR POTITI C 6T mout g Te0d 034f s 9 mﬂ
To08 AZio DUIgnoad Jo) go70)
rog ont oz gt~z
rog ot o9 £9°9 TROO 24098 "3 [418 g Jo/TET B8
roq 08T log geE g
“og of 0o 97 "TD4309 ofuf Twed gfnoagn | CopaT E] ..\..mm.ﬁ S
og CET oz gtz g
“ag of o} £9'g *op SUEqT g 1\mﬂ HE
“og oty o3 gtz /5
req ot in-g £9°g ‘op 0sT B — 70T BS
“og Legky 0°2 gt'e i
“eq of Fio 22 FUes GInoagy, grLeT g w/es HS
*oq sET in-z mm.m ‘ /o
©q ot 09 99 OO0 o3ul 94T g /3 08
ot geT oz gtz fER
‘oq of ing 99 U0 yHnoamy LyT [} vk BS
re of 99 £9'g ‘T304 04WY Tuod gnoyy | GE9T g \..u\w.m g
req of o'y oo ‘op "yt 9 ,\u\ 5 BS
“oq ot 1075 £9'5 ‘op ks g \m\\ﬂ 5B
od 0t in'g £9°g TH09 THN0L 19T ] \w_\.mm Hg
g et lo-g fo'g “Twos esngw *3] g peddets | LU4CT g s
3usTa0 guay gz oo £9°g ‘mogqoq GRUT 3L 4°Z PER TU0S JSnoay: 253 g “&w s
BETOH pirag
*oTon Uy OSooT
Bupmes ur-§ {ouoy a9t F1ilas o8 [
3T Jway 0z lo*a £2°g oy a1 G Pl
370 Gang K
ro@ oyt %.m Mm.m
‘o ot ‘g 94 Top e L1 5 /09T BE
‘o am,ﬁ o'z mm.m - VoTid
‘oq o og 9°9 ‘op 4T 9 -7 GT HL
~og ™ e gE"2 \a\mm
og 0t oy o5 % *op ST g nl 25
‘oG ot 04 o5t E ToR 9Lt 9 £T Ex
‘0@ of 0y 06§ -op pET 9 2T HI,
g of 0 ot ‘op g5T g TY HL
‘oq of 0y o5t “op &6 g o1 EL
“og og fors [ op fal=14 9 & L
‘og of €0y I ‘op 64T g g BT
“og of oy 0% % *op 291 G Logn
‘ag of 0y [l ‘ep 251 ] 9 L
‘og ot 04 sl ™ -op g1 9 [:34
req of fo'r 05ty *op 85T a  HL
“oq of £0q 06 # ‘op TSI 9 14
‘e of o'y [slagt "op 29T 9 2 EL
JUGTID 359)] of 2008 05Ty T902 03Uy 91 ] THE
GOTOY 290k
PUGE JUSTGY *TUOD GAOGE *3J T IO BUIYT 00" gt clrer Tm330q ORUT C3F 0°C YUY TWO0 Jo Cul oy udnoaur [ &evoy g1 JTIIA B
LoD 3201 Twoe Jo doj esoqw *3J Ty A0 LGT 81701 clot TWOMROY C3UT "4 GUT pUW TEOD JO Cur gy gduoayy | £-oor HT JEA B
- auny] - - “op CIgTT gt A
‘o £roft 056Y 0002 “op Craft ge AT BE
‘od oGt 05761 00'02 “op G GqT a2 IIT I"
Lmaanagoy 0" 45T 0561 00'02 ‘op 0951 [+ ot
[ Foadic " B Teod 3o dog 3y T 25T [5 I EE
AOTOUGION 4 OTLIN0AGTUT oHIwE
Tuoys punoJgw Fooy ‘y3dsg gogeuy AAYDUT GTOY JO umy30E qo0) gFousiy I TN EAE
30053 Jo sdLL A1 SURTY ! 3o oL TR ‘oToy | 'oToU 3o
Touzes Uy ToUIN TF Jo | Ioqomurp
/U0 tdog TEarmy

1oofodn USTIUoJTems “auroy TTTD-Wne oy Jo susiiwoitiseds - "¢ ®IEV]



Table 6 gives a survey of the deviation in diameter obtained in churn-drilling a
28-inch~digmster hole through strata of the nature found at the project site.

To ald in estimating the comstruction time required for churn-drilling holes, &
record of the averags rate of drilling waes kept. These rates are given in table 7 and
include setbing-up time for the drili rig,

TABLE 6. - Veriation in diemeter of borehole II with depth

Depth from surface, | Dlemeter,| Depth from surface, Diameter,
feet incheal/ feet incheal/

P2 29 Lo D 29.5

30 niiarnccnnans 29 12 55 P 30

o35 T 29 10C: cvvennevrennnsnas 29.5

o 30 105 tentnnrinnennenns 30

i S 30 1 o 30

510 T 29 1i5..... ferrrereieaen 29

55 DR 29 =] o D 31

B0ui et cennnnannnnans 29 L2 S 31

< T 29 g 1 T 30.5

(S 29.5 B T 31.5

T et svuranrvannnnnss £9.5 T o 32

<o 24,5 B T 31.5

S P 29,5

1/ Bit gaged at 28 inches.

TABIE 7., - Rate of churn drilling holes of various diameter at Gorgas

Wominal dlameter Footage Rate of driliing, feet per hour
of hole, inches copgiderad Average Maximumg Minimum
28 438 0.57 1.46 0.38
18 283.5 1,67 2.02 1.48
6 6000 3.80 7.30 1.83

Before drilling the large boreholes I to V, inclusive, the area through which
each hole was to be drilled was pressure-grouted with cement. The arrangement of the
pressure-grout holes is shown in figure 7. Grout was appiied In the unlined holes
from 30 feet below the surface to the coal bed. The cement ugage and other details
of pressurs grouting are given in table 8. This shows that after two or three holes
had been grouted at each location, the last one or two holes refused grout in each
case, {20 bags were reguired 4o £ill the hole) end the aree was therefore presumed o
be tight and the cracks in the strata filled.

Reference to table 5 indicates that refractory cement was used to grout the 20-
inch casing at boreholes IT, III, and IV. In each instance a castable refractory of
high alumine content was used for filling the first 10 feet of the enaulus ad jacent to
the top of the coal bed. C(astable refractories of lower alumina content were used
for filling the remainder of the annuiue, and the type of refractory at each of the
three boreholes was varied to obtain a comparisen as 4o their individual characteris-
tice for this service.
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TARIE 8, - Results of mressure grouting at boreholes I to V

Maximm grout
Tims for Cemsnt used, pump pressure,
Location Holel/ grouting, howurs bags p.8.d.g.
BH Toveesvennnnnne 1 I 19 225
22/ 10 20l 250
3 7.3 30 600
b 6.5 19 500
BE Il ivunennosnos 1 } 16 205
2 10 296 k50
3 Te5 3k 560
L 6.8 26 700
BE ITT..viuvvnnans 1 13 300 450
2 11 300 700
3 6.8 25 700
N 6.8 27 800
BE IV.iveesncasanas 1 iz 63 50
2 7 22 1,000
3 11 163 175
h 6.8 el 800
212 1 10.5 &7 600
2 T 27 1,000
3 6.5 20 800
b 6.8 20 800
1/ The holes are numbered in the order in which they were grouted.

g/ Grout was forced out the side of the hill 37 fest below the suwrfece elevatlion at
barehole I. ’

Each of the large boreholes, I to VII, inclusive, was fitted with a swface seal
gimilar to those shown In figwre 7. In order to accommodate the seal, each borshole
had been resmed to 54 inches diemeter for varying depths, as shown in table 9, After
placing the water Jacket, the anmulus was filled with concrete, and the surface pad
wes poured, [The purpose of the water Jacket at each borshole was to maintein a tight
seal between the concrete surface piug and the borehole casing and was not intended
ag a meang of cooling the effluent gas.

TABLE 9. - Reaming boreholes I to VII

Reaming to 54 inches,
Borehole depth, feet
T 20.5
Ittt e s 17.5
O 20.5
Vo ettt tsaesnensnnnarenanss 23.5
Ve iiaririnenronssssnacnsans 25.0
VL, e s vueetovsonsssauses 2a.,0
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Boreholes Il to V were drilled into crosscuts, which intercomnected the under-
ground pasvages. Borehols I was drilled into the single entry at the southernm end
of the mroject, and boreholes VI and VII were drilled into the coal bed near the
burning coal faces during operaticn. At the elevation of the ceal bed, horeholes I
to V were supported by fire-brick structures similar to that shown in figure 8. The
purpose of these siructures was to support the roof rock adjacent to the borehole
and to prevent plugging of the bottom opening.

Surface Tguimment

A 20~inch-diameter alr-blast manifold was Installed to comnect the large bore-
holes with the compressor units (see Ffigs 9 and 10)., The manifold ls shown in figure
9, and 8 more deteiled plen is shown in figure 11. The connections to the boreholes
were valved, so that each could be used either as an air inlet or a gas outlet. The
air-inlet velvea were 20-inch, worm-gear, cast-iron plug valves, and the hot-gas
outlets were flapper-type valves febricated at the moJject and operated as indicated
in figure 11. The faces of the latter valves were gaslketed with asbestos and fitted
with cables for opening and closing from the ground. When closed, they were bolted
to the stack to minimize leamlage. ZEach of the horeholss wap fitted with an internal
water spray, thermocouples, and sampling connections, The thermocouples normally
were located at the gas-sampling point and 40 feet below ground level. At times,
thermocouples were placed at the elevaetion of the cosl bedand at various other depths,

Recording flow meters were installed in the air manifold as well as temperature-
and pressure-measuring devices, The primary ailr sowrce for the project was & recip-
rocating compressor powered by an 80C-horsepower synchronous motor heving a rated
capacity of 7,200 c.f.m. of free alr at a dlscharge pressure of 30 pounds per aquere-
ineh gege {see fig., 12). Auxiliary ailr-campression equipment consieted of two rotary,
positive~-pressure, lobe-type blowers, one of which was powered by & 100-harsepower
motor and hed a rated capacity of 1,600 c¢.f.m. of free air at 10 pounds per square-
inch gage. The other unit had & rated capacity of approximetely 7,000 ¢.f.m. of free
air with a discharge pressure of 2 pounds per aguare-lnch gege and was powered hy a
T5-horsepower motor.

Two skld-mounted gas-sampling rigs were bullt and cornected to the outlet stacks
as desired., These umiis included a primary condenser, a coke filter ftower, secondary
tubular candenser, a gas pump, an after condenser, and flow-measuring equipment aa
shown in figure 13. The gas leaving the unite was piped to the laboratory, where
iron~oxide boxes, a 1l00-cublc-foot gas holder, and & prsssure regulator were installed.
From the ircn-oxide boxes, the gas sampls was piped to a recording calorimster and to
a recording gravitometer in the laboratory building. The gas was analyzed on elther
grab or continuous samples by means of Bureau of Mines preclsion-type Orsat equimment.

Electrical power far the proJject was obtained from a hl-kv, transmission line of
the Alabama Power Co., which passed over the site. A 1,000-kw. substation was installed
and delivered cuwrrent at a primary voltage of 2,300 for use at the project. ALl motors
of 75 harsepower ar larger were direct-connected 4o 2,300~volt mservice, GSecondary
transformers were installed where a voltage of 110, 220, or 440 was reguired by the
various installations.

To provide the water needed, two 150-gallon-per-minute, 400-Foot-head, centrifugal
pumps were Installed at the Warrior River, approximately B/k mile from the site of the
experiment. Water was required for ccoling product gas, for circulating in the water
Jockets of the bhorehole seals, for cooling the reciprocating compressor, and for var-
ious other purpeses. The river mmps delivered the water to a 3,000-gallon tank on
the site., An aubomatic float switch was Installed to control operaticn of the pumps.

k380 - 18 -
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A I25-horsepover horizontal steam boiler was instelled at the site to provide
steam far purging the system or for such other purposes as might be desired.

Sand Drier and Fluidizetion Eguipment

During the course of the experiment it was found that relatively large quan-
tities of dry sand was required for fluidization and inJectlon underground, and a
gand drier, as shown in figure 14, was constructed fram materials evailable at the

roject.

This unit has 8 capaclty of approximately 2 tons of dry sand per hour. The
vibrating screen was installed on the discharge end of the drier, so that the
finished dry sand had a perticle size of 1/10 inch or less. .

Sand-fluidization eguipment was fabricated as shown in figure 15. These
units were similar in design to the pulverized-coal feeders developed at the
Morgantown station of the Bureau of Mines, They were fitted with a hoist for
charging and were operated intermitiently. RFach fluidizer had a capacity of
approzimately 5,000 pounds of sand, and they were operated over exiended periods
at & discharge rate of 60 pounds of dry send per minute. The fluidizers were con-
nected to an air campressor rated at 22% cubic feet of free alr per minute, with a
digcharge pressure of 125 pounde per square-inch gage. Approximately 125 to 150
c.f.m. of air was regquired for 2 sand-discharge rate of about 60 pounds per minute.
Owing to the abrasiveness of the fluidized sand, it was expectsed that scme diffi-
culty would be encountered in maintaining the shut-off valves from the fiunidizer.
It was found that by using overslzed plug valves simllar in design to those com~
monly nsed on campressed-air drills, wherein the port opening was egquivalent o
the inside diameter of the sand line, good service could be cbtained.

Underground Temperatire Measurement

Fech of the test holes (TH 1 to 16) shown in figure & was equipped with a
chromel-alumel thermocouple inside ivl/uminch standard pipe, the hot junction
being loceted at the elevation of the coal bed. The 1-1/L4-inch pipe was welded
to & flenge-type fitting at the top of the 4-inch casing of the hole. The instal-
lation permitted measuring the temperature and pressure or collecting & gas ssmple,
Lead wires were run to a switchboard in the laboratary where temperatures could be
read periodically on either a recording or an indicating potentiometer. At the
entry seal, thermocouples were imbedded in the concrete of the stopping and were
installed at the level of the coal bed on the east rib of the air course and nesr
the west extremity of the seal iiself. ILeads from all thermocouples installed in
the outlet mtacks and the zir manifold alsc were run Lo the laboratory.

Locating the Combustion Faces

The thermocouple installation in the test holes described in the preceding
paragraph was used for locating the combustion Taces underground., A second method
of locating the combustion faces also was provided,

On the west rib of the single entry, at a point 100 feet north of borehole I,
8 2«inch hole was drilled horizomtally in the coal bed normal to the line of the
entry and to a depth of 30 feet, A similar hole was drilled 100 feet north of
bareheole IIT on the west rib of the entry. Stoinless-zteel capsules with rupture-
dipk assemblies were charged with 39 grams of mercwry, sealed, and placed in these
horizantal holew at 5-foot intervals. Between the capsules, the hole was filled with
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refractary cement, The capsules were designed to explode at & pressure of about
1,300 pounds per square inch and a temperature of 1,350° F. A special sampling
system was installed at No. I and No. II toreholes, so that a sample of the lssuing
gases was sent through a cooler, & liquid trap, & pressure regulator, a filter, a
flov meter, and thence to a recording-type, photo-electric mercury detector. When
the corbustion face reached a mercury capsule, the capsule exploded, and the detec-
tor indicated the mresence of mercury vapor in the effluent gases:

Gas~Turbine Insitallatlon

I+ wes declded to install two aircrafi-iype turbo superchargers to obtain some
information on the posaibilities of operating gas turbines In connection with under-
ground gagification. At borehole III, the gas~turbine installation shown in figure
16 was congtructed. It consisted of five cyclone-type lmock-out chembers acting in
parallel for the removal of dust and clinker from the effluent gas. The diachargs
fram the lnmock-out chambers was comnected to the intakes of two gas turbines con-
nected in parallel. In sach turbo-compressor, the turbine and the air compresszor
were mounted on the same shaft, Two stages of compression were obtained as alr was
edmitted to one compressor unlit, and this discharged into the inbteke of the second.
The discherge from the second compressor was added to the air siream entering the
underground system or discharged to the atmosphere. All units comprising the gas-
turbine installation were mounted on concrete foundations. The knock-out chambers
and the hot-gas handling lines were insuwlated with 2 inches of magnesia asbestos
lagging. Steel barricades were erected around the turbo-compresscr units, and an
adequate oil-cooling and storage system was Installed. The g#s discherge from the
gas turbines was vented to the atmosphere through a 20-inch stack. Bellowa-type
expansion unites were provided in all gas linss leading to the turbo-campressor unilts,

OFERATION
Operation of the project was divided into several periods. Varioue problems
developed, and certain operationzl changes were made. In each insiance the changes

were planned either to correct difficulties encountered or to obtain information
regarding the effect of certain variables on the mrocess.

Firing the Project

Each rlb of the 300-foot single entry between boreholes I and IT was undercut
to a depth of 1% inches, and the loose coal obtained was piled against the ribs.
Approximately 15 tons of coml was placed arcund the base of borehole I and along the
ribg of the entry. Several cords of pine wood was stacked on top of the coal, and a
number of thermite fire bombs was placed in the pile of fuel., One hundred galloms
of fuel oil was poured down barehole I. The 1,600-cubic foot-per-minute compressor
was started; the air valve at I and the stack valve at II were opened. A% 3:00 P.M,
on March 18, 1949, a thermite bomb was dropped down borehole I, end operetion of the
roject began,

Firat Operating Period, March 18 to June 21, 1949

It was orlginally plamned to opsrate the project by using a unidirectional flow
in the 300-foot length of single entry between boreholes I end II. Ailr was admitted
at borehole I, and the effiuent gas was sampled and vented at borehole IT. T% was
planned to uwse a low alr input at the stert and gradually increase the flow to the
optimum rate, The purpose of the low Inltiel air flow was to set up a steble com-
bustian zone near the base of borehole T and to carefully builld 1t wp by gradually
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increasing the air-input rate. IT a combustion zone of the proper size could be
egtablished in the first half of the passage, the remsinder of the path would serve
as & reduction and distillation zone., High temperatures had to be developed in
crder to bring about the desired roof scticon as gquickly as possible.

Special thermocouples were instelled for use in the initial phases of the
operation., They were placed at the top of the coal at the base of borehole I; on
the floor of the entry at distances of 60 feet, 120 feet, 180 feet, and 240 feet
north of borehole I; and at the top of the coml at the base of borehole IT.

Figure 17 shows the variation in temperature at these points from March 18 unitil
March 29. These temperatures Indlcate that the limits of the cambustion zone
approached the base of borshole II, This was shown primarily by the temperature~
time curves of the thermocouples located 180 and 240 feet north of borehole I and
also by the thermocouple at the base of borehole IT. The thermocouples located

60 and 120 feet north of borehole I resched peak temperatures approximately 70 to

80 hours after the start of the cycle and then showed & decrease. It cannot be

said definitely that the entry cooled as indiceted by the drop in these temperatures,
becange quantities of roof rock could have fallen on the hot junctions of these
thermocouples and effectively insulated them. The thermocouple at the base of bore-
hole I, which was in the entering air stream at the coal-bed level, showed no change
during the pericd; therefore, the combustion rate at the base of borehole I must
have remained low, even though the fire was sterted in this region. Most likely, the
locus of maximm combuetion moved downstream some distance from the initial firing
point before a high-temperature, relatively intense, combustion zane was established,

Table 10 gives the major operating results during the peried March 18 to 29.
The air flow was incressed gradually from 2,025 to 5,290 cubic feet per minute, At
the start of the run, the effluent gas contained soms carbon dioxide but was largely
unreacted air. The carbon dioxide and oxygen contents of the effluent gas increessed
and decreased, respectively, and the rate of coal consumption reached r maximm
during the 5l-hour period between the &7th and 118%h howrs of operation. This pesak
in operating conditions occurred during the same perilod thaet the temperatures on the
thermocouples 60 and 120 feet north of boreshole I reached & maximum, At this time,
contact between gas and ccal was at its best. Following this peried, the over-all
temperature level underground was low, and the limite of the combustion zone were
epproaching borehole I, It was helleved that higher underground temperstures would
give better results, and to accomplish this it was decided to reverse the flow
periodically,

TABIE 10. - Qperating results from March 18 to 29, 1949, cycle 1

Average Rate of coal
Time, alr Flow Average analyses of effluent gzes, percent conswnption
hours c.f.m. L GOy 111, Os Hy, GO CHy, o tons per d&yé/
25.6 2,025 1.8 - 19.4 - - - 78.8 1.5
3.5 2,805 3.2 - 19.7 - - - 77.1 2.3
38.3 3,245 11.2 - 6.9 - 0.5 - 81.4 10,0
51.2 3,665 114§ 0.7 5.8 ©.1 1.3 0.2 80,5 1k.3
93.3 5,250 7.3 A 1.5 - A - 80.4 1.7
10.3 4 &0 6.2 L1 11.8 - L - 81.8 8.5
16.7 5,290 5,9 - 12.3 - 1 - 81.7 8.3
18, h,ns 5.5 | €.1 B.7 - 1 - 81.6 5,2
257.%

1/ At 60% F., 30 Inchee Hg,, dry.
2/ Basis of molsture- and ash-free coal,

k380 - 21 -



In the course of this first operating cycle, the over-alli resistance to flow
increaged. The change was small, and the effect was masked by the variation In
quantlty of input air and the tempersture level underground. Some roof must have
fallen to account for the total increase.

Following this first cycle, the flow was periodically reversed; borehole IT
and borehole I were alternately made the inlet and outlet, The effluent-gas tem-
poralurgd werdg CLUSEE an o asis upwr witien W o eliect ese porluGlc roveroals in
flow, The average operating conditicns for the remainder of the period March 29 to
June 21 are summarized in tebles 11 and 12, In these tables the results ocbtained
during individval cycles are averaged by weeks and direction. Table 11 summarizes
the resulis when blowing in at borehole I and removing the geseous products at
borshole II. Table 12 summarizes the results obteined when blowling from borehole IT
to borehole I.

In the course of the 15 weeks of operation given in table 11, the carbon dioxide
and oxygen content of the effluent gases remsined nearly constant, although with the
pasaing of time there was a smlight decrease in carbon dioxide content and & slight
increase in oxygen content. The heating value of the product gases remained low for
the entire period. The maximm tempereture of the effluent gases for each cycle was
periodically raised from 700° to 1,100° F., and this ifemperature was the criterion
uged in limiting the time for each cycle. As the discharge temperaturs was ralsed,
the operating time required to reach that tempereture first increased and then de-
creasged to the previous value, indicating that the over-all temperaturs level of the
underground system was graduwally lnereasing.

In the sixth week of operation, an attempt was made to raise the temperature
level by spraying fuel oil into the entering air at horehole II., About 500 gallons
of 0il was added to the input air duwring two consecutive cycles in the direction
borehole II to I. Adding the fuel oil caused the temperature to rise at the basze of
the inlet borehole; but there was no other apparent effect upon operating conditions,
and the use of oil war discontinued.

When mining of the underground entries was completed, it was found that water
regularly floved into these passages. This water drained south to the pump hole,
vhere 1t accumulated. It was then pumped from this sump and measured, The water
infilov during the periocd mreceding the firest operating period averaged 1.7 gallons
per minuwte, From March 18 until June 21 the sump was periodically pumped dry, and
for the entire pericd the water averaged 0.2 gallan per minute. It was presumed thet
of the water entering the mine, 1.5 gallons per minute, was evaporated in the combus-
tion zone and was evolved with the gaseous products. This gquentity wes approximately
equivalent to 0.0h mol of water per mol of dry gas. In tables 11 and 12, the value
of 0.1 mol of water per mol of dry gas has been assumed., This assumption was hased
on later analytical determinations of the water actually associated with the effluent
gas, bearing in mind that 40 percent of this figure can be Justified from nermal in-~
flow of water and evaporation in the combustiom zone, After June 21, temperatfures
rose to such a high level in the viginity of the water sump that the deep well pump
had to be removed.
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Table 11 zlso indicates that the averesge rate of coal consumption increased
with time during the period. Heat balances on the sysiem showed that the energy
originelly contained In the coal was belng brought out mincipally =s sgensible and
latent heat in the product gases, The heat of combuestion of these gases varied be-
tween 10 and 42 percent of the energy originally coniained in the coal and this
percentage increased with time. The heat lost to the surrounding underground strata
decreased from 56 percent a8t the beglnning of the period to between 10 and 14 percent
at the end. A numerical average of these figures as given in columm 19 of table 11
indicates that approximately 22 percent of the heat of cambustion of the coal was
abgorbed by the surrownding strata.

Results of the gycles for flow In the direction borehole II to borehole I are
given in table 12. With the exception of heat balances, the resultis are similar o
those glven irn table 11. Again, the heat balances show that the coal energy was
brought out of the ground largely as sensible and latent heat In the product gases.
The heat of combustion of the dry gas was low, and the total energy deliversd above
ground in the course of this period increased with time. The major difference caused
by the reversed direction of flow was the quantity of hest lost to the wndergroumd
gurrowndings. A numerical average of the values given in colimn 19 of table 12 in-
dicates that abount 34 percent of the heat was stored underground in contrast to the
22 percent heat loss when blowing in the opposite direction.

In this period of operatilon, 877 tons of moisture- and ash-free coal was con-
sumed, as calculated from the material balances obtained on the aystem. This figure
1z based an the total gquantity of alr admitted, analysis of the coal in the reglon
between horeholes I and IT, and analysis of the effluent gases. No correction has
been applied for possible lenlmge from the underground system. This factor will bhe
discuseed later.

A gradual increase in flow resistance through the system was noted during the
courge of this 15-week operating periocd. From the 8th to the 15th week, the input
alr rate was maintained at the maximum capacity of the reciprocating compressor for
most of the time, Under this comdition, the back pressures may be compsred readily,
This compariscn 1s shown in table 13,' The apparent increase can be attributed to two
factors: (1} the increase in over-all temperature level of the underground aystem
required additional pressure to overcome expansion of gases underground, and (2) falls
and fugion of roof rock itended to block the underground passages, It is believed that
the second effect predominated, because this particuler roof' should have fumed and
became plastic at combustion temperstures,

The results demonstrated that the roof action along the 10-foot-wlde single entry
was not sufficlent 4o provide efficient contact between the air and thes coal faces,.
Gag produced at the coal faces was mixing and burning upon meeting air that had not
contacted carbon. It is shovn in tables 11 and 12 that large amounts of air was pass-
ing through the system without reacting with carban or gas. In several instances
cycles were run at reduced air-input rates without any appreciable change in the
characteristics of the syatem. This further substantiated the belief that quantities
of air was traveling through porous strata without contaecting cerbon. In a system
contalning parallel fiow patha of constant dimenslons, the proportion of the total
flow foliowing any path doses not change with the total flow through the aystem.
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TABLE 13. ~ Back-pressure develomment during the initial operating pericd from
March 18 to June 21, 1649

Resistance to floui/, pounds per sgquare inch gage

Woeek 8 9 10 11 12 13 h 15
Direction of flow

BH T 40 BE I . 0enurransnrees 3.7 3.9 L,1 b5 4.8 L8 b9 1' 5,0
BE IT 50 BT Tuvrereennnnnnas 3.6 3.8 3.8 L.y 4,8 b7 L,7 b

Average Ffor both directions. 3.7 3.9 k.o k.5 b7 4.8 k.8 4.9
;/ The back pressures reported are for all cycles In which the input-air rate wag
aover 7,000 cubic feet per minute,

Two tests were made to determine permesability characteristica of the coal and
the overlying strata. In each instance the technique wes similar, A constant mwes-
sure of 10 pounds per squere-inch gage was applied to the underground system, and
test holes 1, 3, 4, 6, 7, 6, 9, 10, 11, 12, and, at times, 5 were opened, and gas
was alloved to bleed off to the atmosphere. The bottom-hole temperature and the
flow and analysis of the effluent gms issuing at each test hole were measured per-
iodically., These mezpurements were made over & periocd of 4 hours in the first test
and 8 hours in the second. i

The results obtained during the second test on May 10, 1949, are summarized in
table 4. Test hole 5 was in the combustion zone, and test hole b was near, although
the low flow indicates 1t was not yet in the combustion zone. Test holes 1, 6, and
T wers cloze to the cambustion zone, as evidenced by the bottom-hole temperatures,
but were still in coal. Test hole 8 was relatively far removed from the reaction
zone but was connected by same fissure, as indicated by the relatively high gas flow.
Test holes 9, 10, 11, and 12 were siill relatively far from the reaction zone but had
some connection with it. The effluent gases were miztures of coal-digtillation
products, producer ges, alr, and moducts of combusticn,

It weg possible to collect samples of light oil and tar being evolved &t several
of the holes, and thie was done on subsequent eccasions. The test showed that there
wae same possibility of gas flow through the laminstione of the cosl bed, but the
reslstance to flow was high. It did not prove that the entire path of travel was in
coal, but in each ingtance a portion of the path was through coal,

Whlle the system was under pressure, the adJacent hillside was exasmined to de-
termine whether lealmpge existed. At a point about 500 feet west of barehole 1T, at
the elevation of the Pratt coml outcrop, a very small volume of gas was escaping.
The gas flow was below the coal bed, through the coal bed, and through strata just
over the coal bed.
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Seccand Operating Period, June 21 to October 5, 19k0

The first operating period indicated thet contact between the gas-maling fluids
and the coal frces waes incompiete. This was largely respansible for the low over-all
temperature level underground and resultant poor utilizetion of the coal, It was
decided to drill holes along the line of the ariginal entry conmectlng barsholes T
and IT and to inject & fluidized solid into the void spaces believed to exlst In an
effort to Improve contact between alr and coal faces.

Sand holes 1 to 6, inclusive, were drilled at the locations shown in figure 6
according to the over-all mpecifications given in table 5. Sand holes 1, 2, and 6
were thug on the center line of the original entry, 5 was on the west rib line of the
entry, and 3 and 4 were hottomed in a region where the coal had been consumed., The
drilling of these holes furnished the firat direct evidence of the characteristice of
the burned-out area, and a resume of drllling notes from each hole follows:

Drill NHotes

Sand hole 1, SH 1

Distance above EBlevation of top of coml 392.3 feet
Pratt coal, feet Remarks
7.6 Ko effect of heat or caving observed above this point.

Lost water, steam issued from hole.

5.6 Bit fell guddenly after several blows at 7.6 £t., indicating a
cavity overlain by & slab of rock.

2.6 Drilied with constant stresm of water. Inough water retained in
hole to bail cuttings. GCuttings were bright red, result of heat
and oxidatlion,

0.k Drililed through caving material, Cuttings red.

5.5 Slow érilling due to caving through horizon of coal bed. No
voids obeerved, Cutbings Ffireclay (bottom rock) and red rock.
Bottom of hole.

Send hole 2, SH 2

Elevation of top of coal 387.5 feet
Remsrks
9.0 Ne effect of heat or caving observed above this point, Hot steam
Issued from hole, Water run into heole induced down draft of air,
Red =moke observed issuing in puffs from borshole II.

8.7 Measured 4-inch void space when bit lowered in hols,
6.7 Drilled at & normal rate with constant stream of water in hole,
5.3 Irilled at very slow rate. Three houwrs further drilling failed

to make mrogress. Driller's opinion bit deflecting from in-
clined slmbd. Bit gcornere rounded. Botbom of hole.
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Sand hole 3, SH 3

Diatance shove Elevation of top of ccal 386.2 feet
Pratt coal, feet Remarks
95.5 Inleaknge of alr or gas, lndlcated by bubbling,
T0.5 Increessd inleakage observed over mreceding 5 fesi.
25.5 Cuttings show no effect of heat.
20.5 E&lex;leo::cup}a :Lnﬁ?.e measured temperature 82° ¥, A few hrown
15.5 Surface temperature of bit when withdrawn from hols 120° ¥,
Cuttings normal shale color.
10.5 Bit temperature 162° F. A few red particles in cuttings.
7.5 Bit temperature, elsc bailed-water temperaturs 190° F. Loss

of water noted. Cutbtings contein brown and red particles,

2.5 Stesm (from drilling water) isswing from hole. Bit temperature
203% F. Fine cuttings, many red &nd brown particles.

Send hole 3, SH 3

Remarks
0.3 Very fine cuttings, appearance Bimiisr o crushed ccke, light-
reflecting surfaces.
-1.2 Breek through of gas intc holes, rapid loss of water. Cutbings

black, shiny, cellular, fine, PFast drilling.
5.0 5low drilling. Hard material. Bottom of hole,

Sand hole 4, SH &4
Elevatlon of top of coal 385.2 feet

Remarlks

55.7 8light inlealmge of alr or gas.

35.7 Increased Inleskage noted.
25.7 Wealk, light-gray shale, no indleatlion of heat effects.
20.7 Cuttings a8 above; bit temperature 120° T,

15,7 Cuttings as above.

10.7 Cuttings very coarse, many red particles, Bit temperature 190° F,
5.7 Fine, dark-gray shale, few red particles, Bit temperaturs 203° F.,

caving into hole.

L2 Sterted to lose water.

0.7 Tine, dark-gray shale, few red particles., Bit tempsrature 214° F,
-2.8 Loat all water.

~3.9 Coarase, lightweight, black, celiular cubtdings slightly attracted

by magnet. Hole had filled 3 feet when bit returned.

~b .5 Cuttings as above, Hard drilling. 3Bailed 7 feet of water.
Bottom of hole,
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Sand hole 5, SH 5

Digtance above Elevetion of top of coal 386,6 feet
Pratt coal, feet Remarks
30.2 Bit lukewsrm,
25,2 Cuttings light-grey, coarse shale. Bit temperature 100° F.
20.2 Cuttings as above. Bit temperature 105° F.
15.2 Dark-gray, coarse cuttings, slight discoloration., Bit
temperature 150° I,
10.2 Dark-gray, coarse, many red particles., Bit temperature 182° F,
5.2 Coarse Cut‘tin356 mixture.of bif.ac]s: and red particles., Bit
temperature 190¥ F.  Slight inflow of gas.
L2 Lost water.
3.7 Steam and gas lssued from hole.
0.7 Large volume gas and steam,
-3.5 Soft or loose materilal,
~3,6 Bottem of hole, hard meterilal,
Send hole 6, SH 6
Elevation of top of cosl 389.3 feet
Remarks
26 Cuttings show brown discoloration.
2L Cuttings as above, bit warm,
16 Cuttings contain red particles, Bit temperature, 140° T,
11 Few red particles, Bit temperature 175° F.
8 Hard drilling. Many red particles, Bit tempersture 190° T.
5.5 Hard drilling, Stean issuing from heole, Bit temperature 1900 F.
0.% 5 feet fast drilling. Bit temperature 200° F. No gas Tlow.
~3.5 Bottam of hole,

The frilling notes fram SE 1 and 2 indicate the mresence of voide at horizons up
to 9 feet above the top of the coal, which no doubt were caused by the roof action
alang the line of the single, 10-foot wide entry., SH 6 also was drilled along the
line of the single entry, bub not until sand filling of the voids at SH 1 and 2 had
been completed. Definite indications of the presence of volds was not obtained, and
the lack of gas leakage at a horizon amly 6 inches above the top of the coal bed in-
dicated that some succese had been achieved in inJecting Fluidized sand.
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The drilling notee from SH 3 end SH 4 do not indicate the presence of voids in
the overliying strata, Smell cracks in the strats were indicated at horizons 50 to
100 Peet sbove the top of the coal bed. Semples of the drili cuttings were tfaken
at regular intervals near the top of the coal bed, and the enalyses of these cuttings
are glven in table 15, It must be remembered that cuttings removed from a chwm-
drill hole sre not exacitly representative of the strata through which the blt passes.
Sloughing off of material above the sampling point and incomplete balling %end to
cantaminate the sample. The samples were obtained by using all possible precautions
to minimize these effects, and the analyses yielded qualitative informaticn as to the
action taling place underground.

TARIE 15. - Analysis of drill cutiings, sand holes 3 and 4

Sampling polnt, Volatile 3/
distance above top | loss,2 Ultimete analiysis, percent=
of coal,}/ feet percent Bydrogen [ Carbon Witrogen | Sulfur | Ash
Send hole 3, SH 3

24 SR “uae 5.9 - - - - -

2 8 4.7 - - - - -

s . 6.1 - - - - -

B I 6.2 - - - - -

1 J PR vo e 3.3 - - - -
L e 0.0 ~ - - - -
- ceeaend . 1.6 - - - - -
- 3.0 i, . 10.7 0.2 11,1 0.3 0.9 |87.9
-k Ceiaaeaa 23.0 0.3 21.9 0.4 1.1 |75.6
Sand hole 4, SE &

o P caeiea 6.7 - - - - -

20... tesnerasen 5.5 - - - - -

5 JUPU eeeeans 5.9 - - - - -

X o P, 3.7 - - - - -
5. veeian P 0.3 - - - - -
O..vun e C.0 - - - - -

-kl P 26.3 0.3 26.2 0.4 0.8 |71L.5
I . Q.7 0.2 11.4 0.2 0.6 87.7

;/ The original thickness of the coal bed ranged between 3.5 and 3.75 feet,

2/ The sample was dried at 215° F. to remove moisture, then reheated to 500° ¥. to
remove loosely combinsd moisture, ete. (all samples lost up to 0.2 percent on
reheating to 500° ¥, except two, which lost 0.3 and 0.4 percent), then reheated
to 1,500° F. and this fipal loss reported a&s volatile loss.

i/ As-received basis. ZEach anslysis adds to Just over or Jusit under 100 percent

without comasideration of the presence of oxygen.
guentity of hydrochloric acid socluble sulfide,

Each sample contained a small
These factors may be due to the

reducing conditions existing in the region where the samples wers obtalned.

The analyses indicated that virituslly all cerbon had been gasified, although scme
remalined near the level of the bothtom of the coal bed.

The drilling notes and the analytical data of table 15 indicate that physical
changes in the strata due to heat effects had occurred at horizons ranging fram 7.6
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to 15 feet above the coal and in SH 6, which was drilled much later than SH 1 or 2,
at a horizon 26 Fret above the coal. Visual examination of the cutbtings did not
indicete any bloating or expansion of the roof rock., SH 3 and SE bk, vwhich were off
the 1ine of the entry, did not lose water at the coal-bed harizon during drilling.
The bit went through material that was easily drillied, and no volds were found;
these facts indlcate that the roof in thies arem may have fused and come down hehind
the reacting coal face, as was expected,

Sand InJjection

Upon completing sand holes 1 and 2, a suantity of sand wes dried, screened,
fluldized (see figs. 14 and 15), and inJected into the underground voids at these
locations, Operation of the prolect was continued as sand was InJected.

Sand was chosen for filling the volds, because the cost waa reasonable, it was
sasy to handle, and it had adequate refractary propertles.

gtandard 1-inch pipe was placed in the sand hole to a point 1 foot above the
bottom. The l-inch plpe was sealed in the hole by means of a flanged commection at
the top of the surface cesing. To help keep the hole open and to blow sand back into
crevices, an air line was cannected to the surface casing, and air was passed down the
annulue between the sand line and the strate., Sand was inJected untll the hole plupged
frequently; the sand line was then shortened 1 foob, andé the process was continued.
A sand hole was abandoned only when there was no longer any possibility of injecting
a reasonable quantity of sand st eny horizon intercepted by the hole.

It was found adviseble to inject sand during periods when the mrolect was oper-
ated at full blast rates, because under these conditioms the stream of gas and air
tended to cerry sand away from the hole. Moisture collection in a sand hole tended
to cause plugging, and at times it was necessary to vent hot gas at the sand holes in
order to dry them.

On June 21, 1049, sand injection was started at SH 1, Injection at the various
holes was continued as rapidly as possible throughout the second operating period
ended October 5. SH 1 to 6 and test holes 1 to 5 were ultimately used for sand in-
Jection in the area between boreholes I and IT, and solids were injected wndergroumd
until March 3, 1950, Table 16 gives a summary of the quantities of solids inJected
in this area to October 5, 194G, and slsc to March 3, 1950,

Sand holes SH 1, 2, and 6, along the line of the entry, took 86 percent of the
total solids injected underground, whereas send holes SH 3, 4, and 5 and the test
holeg TH 1 to 5, inclusive, which were in zress originally underlaln by coal, refusged
to admit a large quantity of sand. This, again, shows that the voids underground
existed primarily along the line of the origimal entry. Most of the sand was injected
at horizons relatively close to the top of the coal bed. The one exzception was test
hole ™ 1, which received solids at & horizen 100 feei above the coal bed.

In February and March 1950, rock dust (pulverized limestone) wes substituted for
send and InJected &t sand holes SH 3 and 5. The cblect of these tests was to deter-
mine whether a very small particle size would facllitate pemetration of underground
crevices. The results Indiceted that & larger guantity of rock dust could be injected
at a given horizon, but it was noi believed that the increase was significant.
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TABLE 16. - Sand injected between boreholes I end II

Sand inJection, pounds
Cumuiative total through -

dJuly 30, | Aug., 27, Oct. 5,
1949, 1949, 1949, Mar. 3,
Hole Location 6th week | 10th week | 16th week| 1950
SH 1 Center of entry: 200 feet north of
jo2 i S Ceeeaan 151,756 | 131,3%0 | 33,540 § 131,740
SH 2 Center of entry: 100 feet north of
BE Livvarannunnninne Ces s - 131,340 141,410 151,140
SH 3 19 feet west of center of entry:
106 feet north of BH I......... . - - - 13,050
SE 4 19 feet east of center of enbry:
90 Peet north of BE I........... - - - 1,320
SH 5 West rib of entry: 110 feet north
of BE .. iiinivernanrnnnina cran - - - 6,450
SH 6 Center of entry: 150 feet north of
BE Tuiteeirvenonenenansenneesnes - - - 15,020
TH 1 15 feet west of center of entry:
50 feet north of BH T.vereereann - - oo 8,750
TH 2 15 feet east of center of enitry:
100 feet north of BH I..0vuuinnn. - - 3,960 3,960
3 15 feet west of center of entry:
150 feet north of BH T....uvenus - 6,270 6,270
TH 4 25 feet east of center of entry:
200 feet north of BH I.......... - - 4 130 L, 130
T 5 15 feet east of center of entry:
250 feet north of BH T..iuv.eun., - - L W60 L kG0
Total solids injected, pounda... 131,540 262,880 292,190 346,090
Percent of +total solids injected 38 73 85 100
Volums of solids injectedd/, cu.ft. 1,450 2,890 3,210 3,800
Percent of volume of original entryl/ 13,8 27,5 30.6 36.2

the second operating perilod.
30.6 volume percent of the original entry.
tion on the resistance to flow through the aystem.

Includes 11,860 pounds of rock dust.
Includes 2,160 pounds of rock dust.

Measured bulk denslty of dry sand, 91 pounds per cubic foot.

Original enfiry volume: 10,500 cubic fee

t.

Solids injection in this area was 85 percent complete by October 5, the end of

At this time, enough solids had been inJected to £ill
Table 17 shows the effect of sand injec-
The resistance to flow increased

steadily as sclids were injected, and during the 16 weeks of this operating period
flov reslstance doubled.
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Figure 18. - Variation in effluent-gas composition with time for first and second operating periods,

March 18 to June 21 ond June 21 to October 5, 1949,






RATE OF GOAL CONSUMPTION, TONS OF MOISTURE AND ASH FREE COAL PER DAY

DIRECTION OF Fi.OW, BOREHOLE IF—T

@
20 "/rﬁ.‘@:_

/

D
6 Py a }_’Q,A:-—'m’r

o] ‘;3",/"‘6";;
12 - s
A °
@ ©
. b ° |
-]
4 &
0
20
DIRECTION OF FLOW, BOREHOLE I—4L A
' o} 1] "*e‘_,..ﬂ—-—u—""
I8 D
C e
e ¢ __..MT"/‘
" /"‘)——D/j/ e ¥
@
W_‘,&" o
&
2
4
0
0 2 4 6 B 10 12 4 16 18 20 22 29 26 28 30
OPERATING | WEEK
<+ t 3T PERIDD e 2 Np PERIOD |

Figure 19. - Variation in rate of coal consumption with time for first and secend operating periods,

March 18 to June 21 ond June 21 to October 5, 1949,
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Figure 20. - Variation in heat stored underground with time for first and second opemtmg periods,

March 18 to June 21 and June 21 to October 5, 1949,
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TABLE 17. - Back-pressure development during the second operating period,
June 21 to October 5, 1949

Resistance to flowﬁ/, pounds per sguare-inch gage

Week,vurvneaerawanl 2121345617181 93020 |12 {13 j24 | 15 | 16
Direction of flow:
BH I to BE II.....!5.2(5.8]16.5{6.7|7.518.118.718.418.616.719.01/9.3i9.719.9110.8|12.0
BA IT to BH I.....|k.9!5,515.916.3(7.0|7.417.6{7.8}7.8{8.0}8.2{8.819.3}[9.31 9.8{11.0

Average for both
directions......|5.115.7i6.216.5(7.3]7.818.218.118.2|18,418.619.119.5(9.6}10,3]11.5

(WE)

}/ The back pressures reperted are for all cycles in which the input-air rate was
over 7,000 cubic feet per minute,

Tables 18 and 19 contain summaries of the results obtained during operation of
the proJject fram June 21 to October %, 1949, Table 18 lists the results for cycles
with the blast in the direction borehole I to borehole IX, The oxygen content of
the effluent gases decreased with time, and the carbon dioxide content increased.
The calorific valus of the effluent gases, although remaining low, increased wilth
tims, as 4id the rate of coal consumption. For the Cirst 11 or 12 weeks there
appeared 1o be an increase in the over-all temperature level wnderground.

The repulits given in table 19 were obtalned with the blast in the direction
borshole IT to barehcle I and were quite similsr to the above, except that the gain
in carbon dioxide and loss in oxygen content of the effluent gases were more pro-
nounced, The rate of consumption of coel aelmost dowbled during the peried for flow
in this direction. The itemperature level underground appeasred to increasge in this
operation for the first 14 weeks of the psriod.

In the second operating period, 1,564 tons of moisture- and ash-free coal wae
consumed, as calculated from material balances on the system. No correction hae
been applied for popsible leakage from the underground Bystem,

Figures 18, 19, and 20 illustrate the variation of effluent gas composition,
the rate of cosl consumpiion, and the heat stored wmderground or lost Lo sirata
adjecent to the system far both the first and sgecond operating pericods (see tables
11, 12, 18, and 19). The curves indicate that best over-all conditions were obtained
during the period from the 25th to the 30th weeks. The results indicated that coan-
tact between the gas-making fluids and the coal faces improved during the period of
pand inJectlion,

Third Operating Period, October %,to Decembsr 22, 1949

Results of the mecond operating period showed that improved centact between the
gas-meking fluids and the coal faces was obtained by injecting fluidized sand, It
was noted that dwuring the last 7 or 10 deys of thls opermnting period the time re-
guired for the effluent gases to reach & predetermined temperature increased, This
indicated & general deterioration in operating characteristice. Further, the diffi-
culty in injecting fluidized sand became excessive, and it sppeared thet camplete
control of contact between reactants would not be achieved solely by injecting sand.
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Figure 21. - Burning gas ot borehole |1.






Operations hed never heen carried on over an extended period after the ftemperature of
the effluent gases had reached predetermined velues, and it was decided to lengthen the
cycle time and to determine the maximm effluent gas temperature that could be handled and
the gensral operating characteristics of long cycles with relatively high effluent-pgas
temperatures.

The results of these long-cycle operations are summarized in tebles 20 and 21,
When the effluent gases reached a temperature of approximately 800° F. in the out-
let borehole 1t was noted that a sudden and very rapid increase in temperature
occurred, This tempersture rise was accompanied by an increase in carbon dioxide
content and a substantial decrease in oxygzen content. Just prior to this temperature
change, the effluent games averaged 24 B.t.u. per cubic foot, and indications were that the
tempsrature increase wes caused by combustion of the make gases with excess air, which
occurred only when the temperature level of the reactents had reached a high enough value.
During this pericd a flame cone was apparent at the top of the 20-inch dismeter outlet
stack, as shown in figure 21. The appearance of this Flame come could be modified by
changing the input air rates. This extensive secondary cambustion musit have originated
at the level of the cozl bed and probably at some dlstance from the hottem of the ocutlet
borehole, because the indications were that the rate of coal copnmumption incressed greatly
after the temperature rome. It was alsc noted that the time lapse before secondary com-
bustion of the meke-gases sitarted increased as the operating sge of the system increased,
indicating further deterioration in operating cheracteristics. The operation of the long
cyclea at the high effluent-ges temperatures resulted in utilization of relatively large
quentities of coal near the outleds.

After the extensive mecondary combugtion started, the installstion was operated for
periods of 1 4o 34 hours, The input-air rates were varised as indicated in tebles 20 and
21, with but little effect upon the effluent-gas compomition, It was not possible to take
advantage of the high temperature level existing near the outlet and to establish a zone

where the reductlion of carbon dioxide to carbon monoxide would tele place.

The effluent gases produced during operations at elevatsd outlet temperatures con-
tained 63 to 86 percent of the heat of combustion of the coal largely as sensible and
latent heat. The gases could be utilized either directly for raising steam or, after
tempering with air, for operating gas-turbine units. The rate of coal consumption aver-
aged 24 to 27.4 tons per day when opersting with an input air rete of 7,300 cubic feet
per minubte, the higheest cozl consumpiion rate yet attained at the project. During the
period October 5 to December 22, 1949, 1,347 tons of moisture- and ash-free coal was
consumed,

Boreholes I and II operated satisfactorily at the high temperatures, and no 4iffi-
culty wae experienced with slagging of the walls at either location. Borehole I was en
unlined hole, and horehole IT was cased with 20C-inch steel pipe backed with k inches of
refractory cement.
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Use of Test Hole 10 as an Inlet/Outlet and Instaliation and
Operation of Borehole VI

A primary obJjective of the operation at Gorgas was to advance the resclting coal
faces over an area of coel land by drilling boreholes off the line of the original
underground passages and providing new inlets /outlets to the coal bed at the perim-
eter of the burned-out ares underground. The [irst two operating periods indicated
that in the srea between borsholes I and IT & low effective-temperaturs level under-
ground and inadequate contact efficlency were obiained. It was believed that the use
of a short path underground would tend to decrease over-zll heat losses to the sur-
rounding strata and result in a relatively high effective-temperature level underground.
Gas samples obiained from test holes near burning coal ribs had indicated that a com-
hustible gas war being produced where the contact efficiency was high. Consequently,
during the third operating period test hole TH 10 was tried as & possible gas inlet/
outlet. {See fig. 6.)

This test hole was midway between BH I and BE IT and 35 feet eant of the origi-
nal entry 1ine. The combustion zone was near this point, and TH 10 was coanected to
the air menifold, and attempts were made to inject air into the hole or by reversing
the flow to remove gas from it, At each Buccessive attempt to force air in or take
gag out, & greater flow was aitained. However, the effliuent ges had not made good
contact with the coal face, as shown by the fellowing typical effluent-gas analysis:

Percent
OO whsnvsnmrsranasesnsncasanrosnnsss k.o
Ti1. e feae e . wne 0.4
O . b e 17.5
He, fre e e beane e . 0.0
] 0 ‘e Cheenn s 0.2
CHlYvrvannasrnneannnnnnas Cabe e eees 0.8
Howwverewnnanns . . e T7.1

Subsequent inspection of the hole revealed that it was plugged Tor the first
2 feet sbove the top of the coal bed, and it contalned 2.5 feet of water above that
point. Apparently the gaer was entering throupgh crevices some distance above the
coal bed, for temperature surveys indicated that & stream of cool air entered 33
feet above the coal bed. The hole was left open for several weeks during normal
operation of the project. A strong flow of gas was maintained, and & bottom-hole
temperature in excess of 1,300° F. was reached eventually, but good contact with the
cambustion face was never establishsd,

Despite the failure to utilize TH 10 as a gas inlet/outlet, it was decided to
drill a new borehole off the line of the original entry and {o continue this phase of
the investigation.

Borehole VI was drilled at the location shown in figure 6, It was 14 inches in
diameter and was cased with 1lO0-inch-diameter steel pipe to within b feet 6 inches of
the top of the coal bed. (See table 5.} Cuitings obtained 4 feet above the coal bed
contained red particles. The rock (shale) was very weak at this point, and the sidss
of the hole caved badliy. Thermal sffects had resulited in weakening the sitrata, as
shovwn by comperison of theze cuttings with the cuttings from holes drilled in areas
unaffected by heat. When the coal bed was drilied through, and after the casing was
set, particles of what appeared Lo be low-temperature coke were blown from the hole.
Gaz ismaued freely Tfrom the hole when the drill pierced the coal bed.
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BE VI was completed and put into operation on January 30, 1850. Alr at full
capacity of the reciprccating compressor was Intreduced at BH VI, with the gas out-
let at BH II. The initial resistance to air flow was high, but it soon decreased,
perhape as 8 result of buwrning passageways throngh the coke near the bottam of the
hole, The ges analyses for this cyele (No, 572) 1s shown in teble 22 and indicates
camplete utilization of the oxygen but preduction of very little combustible ges.

TABLE 22. - Operating results, borehole VI-borehole I1I

Arerogs ocnolyzic of oPfluent snm I
Heating Temperature of
Length |Average value, Mol efflusnt gas
of air B.t.u. weter | Av, Max.
Cycle|cyele,| flow, Percent per cu.|per moll temp.,{ temp.,
No. |hours lc.f.m.1/ €0, [T11.] o, [E, [ €0 [CH,[ X, tt.1l/ |dvy gas| ©F. op,
1 2 3 L 5 6 |7 8 9110 11 12 13 1h

Direction of flow, BHE VI to Il
570 8.0 7,720 |25.2] 0.1}{0.9] 0.6} 0.8lo.2|t2.2] 8.6 0.159] 327 Lok
Direction of flow, BH IT to VI
513 | 8.0 | 5,79 | 3.3 .ol .4hi.0[13.8]1.0}70.5] 90  |%/o.e00{1,138 | 1,482
Direction of flow), BE VI to IT
57k 7.75 | 6,360 |18.1] .0{6.9{.9 91 W52, 7 11 0.2hh{ 316 hss
Directlon of flow, BE II to VI
575 | 25 | 6,980 | - | -] - - | -]-]- - - 1,600 -

Heat balancei/, percent of heat of combustion of coal consumed

Unaccounted for and
Rate of gomrl |Sensible heat Heat of Senslble and presumsd stored
Cycle; consumption, |content of dry| combustion |latent heat of underground,
No. }tons per éayﬁ/ effluent gas of dry gas | water vapor by difference
1 15 16 17 18 19
Direction of flow, BH VI to IX
572 60.7 3.6 5.7 5.6 8.1
Direction of flow, BI II to VI
573 31.7 20.1 87.0 k.0 -
Direction of flow, BH VI to II
57k 36,4 k.6 9.9 9.9 75.6
Direction of flow, BH I to VI
575 - - - ” -
1/ At 60° F., 30 inches Hg., dry.
2/ Basis of moisture- and ash-free coal,
3/ Heat balance is based on 60° F.
E/ Assumed to be the same as the average of cyeles 572 and 5Tk,
j/ During this cycle borehole VI slapged and plugged,

=

e
[@s)
o
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The direction of blast was reversed after 8 hours, air being introduced at BH II,
and gaseoug products were removed at BH VI. A sustained production of combugtible
gas, averaging 9.4 million cubic feet per day at 90 B.:.u. per std, cu. ft., was
achieved during this cycle, (See cycle 573, table 22). The combustible constituents
of the gas were predominantly carbon monoxide and hydrogen. The oxygen-nitrogen
ratio in the gas was less than that of air and indicates that some of the hydrogen
being distilled from the cosl was probebly being burned. The gas was produced
at & relatively high temperaturs, reaching a maximum of 1,480%° I, in the borehole.
Alr input dwring this cycle was reduced from the normal value of about 7,500 c.f.m,
te 5,790 c.f.m. because of the high resistance "to flow imposed by the underground
system (the back pressure averaged 21.3 p.s.i.g.) as well as the relatively high
exit-gas temperatures. The heat balance (table 22) shows more “heat being extracted
from the system than was furnished by the coal consumed. An equilibrium waz not
reached during this cycle, and this unbalance was a funciion of the past histary
of the system. (i.e. heat stored underground during previous operation),

The direction of blast was again reversed after & hours. During cycle 574
(table 22) the input air averaged 6,360 c.f.m., and the resistance to flow 21.4
p.s.i.g. The gas, as during cycle 572, contained little combustible matter, ang,
in addition, unreacted oxygen appesred in the gas,

The direction of blast was reversed Tor the third time after 7.7% hours. As
before, a high resistence to air-gas flow was found:; the back pressure was 20.6
p.s.i.g. Shortly after the start of the cycle, the effluent ges caught fire and
burned &t the outlet for approximately 15 minutes., The flame was extinguished, and
gag ol unknown compositlon was produced at approximately 1,2000 F, for about 1 hour.
At this time, the recorded outlet temperature increased sharply to aboutb 1,800° F.,
and flismes and molten mriterial issued from the borehole., The air supply was cutb
off, end the flames were allowed to mubmide., Upon attempting to introduce air into
BH VI, it was found that the hole was completely stopped. The following day, the
underground system was placed under a pressure of 23 p.s.i.g. in order to investi-
gate the obstruction. Only & slight fiow was observed at BE VI, Inspection of the
hole indicated & stoppage 60 feet below the surface and 90 feet above the coal bed.
Attempts were made to open the hole by blasting and by chuwrn drilling through the
obstruction, but very little progress was made. Numerous pieces of iron-bearing
slag somevhat harder then tool steel were thrown from the hole during blasting. In
view of the difficulty and probable high cost of opening the hole, it was abandoned
and sealed,

The operation of BH VI, although brief, showed that wnder certain conditions it
was possible to produce combusiible gas in apmreciable volume on 2 sustained basis,
During cyele 573, good contact was cbtained between eir and carben in a high-tempera -
ture environment. Physical conditions - location, shape, and area of openings avail-
able for passage of air and gas near the junction of the borehole with the coml bed -
provided contact that improved the quality of the gas. It was evident that choking
of the air passageways, perheps by the slagging or bloating of the roof rock, began
during cycle 573. Chiliing the heated rock upon reversal during cycle 57L opened
passages for air end gas, which permitied them to escape contact with carbon. During
the final cycle (575), previously unreacted oxygen mixed with combustible gas in or
near the boreheole and the mixture ignited, causing the walls of the hole to slag.

later, a slight flow of gas was observed from BE VI. Inspection of the hole

revealed water mtending above the stoppege, Thie gas, therefore, entered the hole
through the walls, probebly from TH 10,
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Sampling of Gases at Various Test Holes and Congtruction of Borehole VIT

The progreas of combustion in the coal bed was determined by a itemperature-time
record at each of the several teat holes whose locations are shown in figure 6.
During the operation, many of these test holes were burned into; and during the fall
of 1949 and the winter of 1950 gas samples were taken at several of these places in
an effort to obiain a better understanding of the reactiona taking place underground.

Mt n A7 anmdndmo 6 mmmows A Fhe eoo enelvesa dhtainad a+ feast hales A and
oo : oF the ~ao pnela el a a4t hele

‘‘‘‘‘ ) e e e—

13, which were burned into during September 10Lkg, All of the average analyses given
were obtained with the air-gas flov in the indiceted direction, and the test holes
were close to the outlet from the system. When samples were taken with flow In the
opposite direction, the analyses showed that the gaes at these points was unreacted
air containing some products of combustion.

TABLE 23. - Average analyses of gas samples talen at test holes 6 and 13

Heating value,
Anslysls, percent B.t.u. per cublc
Perlod averaged Co, Ii1. Oy H, co CHy, | H, foot, dry
TH G, direction of flow, BH IT to BH I
Oct. 19 to Dec. 22, 1940) 10.0 0.2 1.8 | 8.6 7.8 2.2169.k 79
Dec. 22 to Dec. 31, 19h9ii2.k .2 1.2 | 3.8 5.6 1.2175.6 Ly
January 1950.......] 10.9 .2 2o b2 8.2 1.474.9 58
February 1950......112.1 .2 3] bk 5.1 BTl 43
March 1950.........]33.2 WL 2 1 ko L6 Blrr.i 38
April 1950.... ... .| 174 1 2 e 2.3 771 2k
TH 13, direction of flow, BH I to BH II
Oct. 19 to Dec. 22, 1ohg| 8.8 0.2 0.2 { 8.3 |10.k | 2.2169.9 a7
Dec. 22 to Dec. 31, 194g|11.2 .2 .3 ] 2.8 6.7 177,77 L6
Jamwery 1950.......112.2 2 .2 13.8 6.8 1.0175.8 L8
Februery 1950......; 1.6 .2 R .7 BiT7T7.2 33
March 1950.........}17.8 .0 .6 b LT .3180.0 7.3
April 1950,........[18.0 0 1.1 .2 0 .1180.6 1.7

The analyses indicate that a combustible gas wes being made on the reacting coal
faces, ALl of the snalyses given in table 23 are average and cover considerable
lengths of time. Individual samples taken during Qctober often were of much beiter
gquality than the average for the period, and cerbon menoxide and hydrogen at times
sach exceeded 20 vercent by volume, As the age of the system increased, the distance
from the reacting face tec the sampling point increased, and a steady deterioration in
guality of the samples was noted. In April 1650, substantial amounts of oxygen began
to appeer in samples from TH 13 and TH 6, and the heating value of the gas was reduced
materially. )

During the period covered in table 23, many samples of gas were obtained from
test holes 7, 8, and 12, All of these samples showed that the flulds flowing at the
point of sampling were largely unreacted air containing same producis of combustion
and ceal distillation. These streams of high oxygen-content gases were Indicative of
poor contact efficiency and were respomsible for secondery combustion of the gases
produced at the coal faces.
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The brisf operation of borsghole VI and the enalyses of gas samples taken near
a reacting face showed that when the contact efficiency was improved, a product of
better quality resulted. This led to the decision to construct another borehole,
VII, off the line of the original eniry and to set up and operate & new reaction
zone between BE VII and BE IIT, TFurther, it was decided to block off the entry and
the air course bvetween BH III and BE IT with fluidized sand, and to attempt to set
up & single-face high-temperature reaction zone. '

In preparetion for the new borehole, test hole 15 was drilled at the locatlon
shown in figure 6, and it was bottomed on February 7, 1950, in a region vhere the
conl had been burned out. In order to locate the perimeter of the burned-out area,
test hole 16 wae drilled and completed on Februery 1, 1950, This hole, 65 feet
east of BH II, was botiomed in a reglon where the coml had been carbonized, and the
carbon was present as low-temperature coke. Steam and gas flowed from the hole when
the drill reached the horizon of the coal bed, but the flow of gas was small, It
was decided to drill borehole VII 10 feet east of TH 16.

Borehole VIT was completed on March 28, 1950, and the specifications are given
in tables 5 and 9. It was fitted with a water Jacket and swrface seal gimiler to
that shown in figure 7. Ae the drill spproasched the horizon of the coal bed, warm
rock vas penetrated about 8 feet above the top of the cozl. No volds were found,
and water was retained in the hole throughout. No flow of gas was found, and the
particles of coel appearing in the drill cuttings were hard and bright, with shiny
faces and sharp edges. No physical changes due to heat were noted, either in the
coal or in the overlying strata.

Upon completion of borehele VII, various atiempts were made to burn into it as
quickly as possible. During April and Mpy, samples of gas were talen at this bore-
hole, of which the following snalysis is typical.

Percent
OO0+ vrvenennnnrnnas e . 17.0
Til. ...... . cenre s . . 1.h
Opernenrernnnns e erenen 2.1
Howevsonaannes P Chhaaaaas 6.2
CO... Paerensraa ey vensen sarv e . 1.8
CHh...‘.. ..... Phareererreas ereanaasan 12,5
N e vnneneonnnnns e, 59
Heating value, B.t.u. per cu. ft. dry. 181

Gas pamples were also obtained at test holes 1% and 16, and the following
analyses are typlceal of these:

Percent
TH 15 TH 16

1 ceeen . 8.0 5.9
T1i. weuenns, R, b e . .3 .2
0 P e . L1 8.3
Eo..vws ces hrreriaenan Ceaens 3.2 2.8
310 TR Cere e Cerebateeeanan B I b5
CHyvvnennns e eranee e te et e e .0 .0
Houuuns e e e ceeree T9.9 76.3
Heating value, B.t.u. per cu. ft. dry 36 ho
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Degpite the many attempts made to burn into borehole VIIT quickly, i1t was not
until Mey 30, 1950, that the combustion zone finally reached this point. The bare-
hole was then sealed off, and final preparations were made to put the sectlam between
boreholes ITY and VII into operatiom.

Doring the period Januery to March 1950, eand holes 7 to 13, inclumive, were
drilled along the center lines of the entry and air couwrse between boreholes I and
TTT a+ the Toratioma ghoum in Fionre A When mand hnla O was Arilled 1+ was Fonmnd
that the coasl had been burned out along the entry beyond this point, although 1t was
posaible to drill into the bottem rock below the orlginal coal bed, Sand holes 10
and 13 showed that heat effects had caused some roof falls in this region, and that
the perimeter of the combustion zone was very near. Sand holes 7, 8, 11, end 12
were driiled into the original entry and air cowrse, and although some rocf fall was
noted, the physical changes due to heat effects were found to be siight.

Fourth Operating Period, December 22, 1949, to June 5, 1950

It was decided to discontinue the long cycles used during the third operating
period because of the high rates of coal consumption in areas adjacent to the outlei
boreholes and the inability to set up a high-iemperature zone where efficient reduc-
Yion of carbon dicxide to carbon monoxide would be obtained. During the constructlion
and testing of borehole VI and the construction and burning inte of burehole VII, 1%
wag planned to operate the mroject m regularily scheduled and frequent reversal
times,. The purpose was to ftry to concentrate the active combustion zome at the mid-
point of the path between boreholes I and IT and to consume coal at the highest
attainable rate in this region,

The results obtained duwring this period of operatlion have been summarized in
tables 2k and 25, The cycle lengths were maintained at approximately 8 hours during
the first 22 weeks of the period and at approximately 12 hours during the last weelks.
The effluent-gas analyses indicated a steady detericoration in operating characteris-
tics with time, the carbon~dioxide content decreasing and the oxygen content increas-
ing. The rate of coal consumption decreased with time. The heat unaccounied for and
presumed stored underground, as shown in figure 22, decreased with tims when the
dirvection of flow was BH I teo BH IT and varied irregularly when the dirsction of flow
wase BH IT to BH I.

During the fifth week of operation, the air-input rate was decreased from 7,600
cubic feet per minute to 2,000 cubic feet per minute in order to determine the effect
of reduced air-input rates on the effluent-gas compositicn. This chenge in rate of
air input hed no effect on the guality of the product gases.

Table 26 gives the resistance to flow that was obtained during the period. This
registance increased slightly during the first half of the operating pericd, posslbly
due to the injection of some fluidized solids underground. During the lazst half of
the period, the resistance to flow decreased, indicating an opening of strata in the
region between borsholes I and IT,

During this fourth opsrating periocd 2,038 tons of moisture- snd ash-free coal
was consumed in the region between boreholes I and II. The total coal consumptlon
in this area for the first four perilods was 5,876 tons, as caleculated from the mate-
rial balances, with no correction for possible leakage.
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HEAT PRESUMED STORED UNDERGROUND, PERCENT OF HEAT OF COMBUSTION OF COAL CONSUMED
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TARLE 26, - Back-pressure develomment during the fourth operating period,
December 22, 1049, to June %, 1950

Week 1 2 3 ) 5 617 8 9 10 11 § 121 13| 14

Resistance to flcwi/, pounds per square-inch gage

Direction of flow:

I T4 BEII....00.5 (o2 oo o2 to ko siin g alin st nhin zlo 7io ol s
BE II %o BH I.....|9.7 |8.9 |8.7 |8.9|9.119.3| 9.8] 9.7 9.6/9.5| 9.8|9.3]9.5|10.2

Average for both
directions,.....|19.6 9.1 8.9 {9.1]19.3 1 9.4}10.1{10.0{10.0{9.7[10.1{9.5]9.7 |10.4

Weel 154 16 1 17118 |19 [20 |21 |22 {23 {24 |25 26 | 27

Resistance to fiowé/, pounds per sguere-inch gage
Direction of flow:

BH I to BH II.....[10.2] 9.5| 9.2{ 8.918.6|9.0| 9.0|8.9|8.718.7]8.6] 8.8|8.k

BH IT to BE I.....| 9.6] 9.1| 8.8] 8.418,2(8. 4| 8.4} 8.218.218.1171.9] 8.k]8.3
Average for both
directions......] 9.9] 9.3] 9.0] 8.7(8.4 {8.7| 8.718.6|8.5{8,k]8.,3| 8.6|8.k

4/ The back pressures reported were Ffor all cycles In which the Input air rate was
over 7,000 cublc feet per minute.

Fifth Operating Perlod, June 5, 1950, to Qctober 7, 1950

As discussed previously, sand holes 7 to 13 were drilled Into the sniry and the
air course between boreholes II and III, and 1t wae decided to block the entry or
west passage as completely as possible before operations were started along the path
between boreholes VII and IITI. ®Mach of the sand holes in this area wes cased by
grouting 2-inch pipe to m distance 7 to 15 feet above the top of the coal bed. This
wag dong to prevent applying air pressures of about 100 pounds per asguasre inch on the
strata through which the hole was drilled. It seemed likely that the overburden
cracked somewhat as a result of applied alr pressure during sand inJection in the
region hetween boreholes I and IT. Thile cracking adversely influenced contact effi-
clency as well as leakage from the system, and it was desired to eliminate this
posslbility.

Fluidized sand wae injected at sand holes 7, 9, and 13. Also, a small amount of
sand was InJected at sand holes 8, 10, and 1l in the air cowrse or east passage.
Operetion of the passage between borsholes VII and ITI was started on June 5, and
immediately after starting, send was injected as rapidly as possible at sandholes 8,
10, and 11. After the air course or east passage became partly plugged, more sand
was injected along the line of the entry. This procedure was carried on for several
weeks, Table 27 is a summary of the sand inJecticon.
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The Pirst cycle in the region beiween boreholes VII and IIT wes operated with
the air input at borehole VII and the effluent gases discharged at IIT. Full capa-
city of the reciprocating campressor, 7,670 cubic feet per minute, wes used for
7»1/2 hours, and the effluent gases showed virtually complete oxygen utilization and
a resulitant high-carbon dloxlde content, The rate of coal consumption was high, and
the average temperature of the effluent gases was comparatively low. After 7—1/2
hours of operaticn in this direction, the flow was reversed. The temperature of the
effluent mases rose very rapldly, and after only a few minutes of operation with full
air rate the input air was reduced to 2,000 cublc fest per minute in order to main-
tain control of the system. After 4% minutes, analysis of the elf'lusnt gas at bore-
hole VII showed complete oxygen utilization, and the gas had a heating value of 113

B,t.u. per cubic foot, owing mrimarily to the presence of hydrogen and carbon menoxide,

The effluent-ges temperaturss were reiatively high even at the 2,000 cuble feet per
minute Plow. In view of the sxperience cbtained during operation of borehole VI, the
cycle was discontinued and the flow reversed. The second cycle in the direction VLI
to IIT was again carried on for T-l/é hours, the effluent ges showed complete oxygen
utilization, & lower carbon dioxide content than during the first cycle, and a heat-
ing value of 49 B.t.u. per cublc foot. The rate of coal consumption increased to

52 tons per day. After thia cycle, the flow was reversed and again reduced to
approximately 2,000 cubic feet per minute, the effluent gases being removed atb
borehole VII. This cycle showed complete oxygen utillzation and & heating value of
the effluent gases of 151 B.t.u. per cubic foot. The effluent gas temperatures were

high.

During the first week, the alr in the directlon borehole VIT to IIT was main-
tained at 7,500 cublic feet per minute, and both the time and rate of air input in
the direction borehole IIT to VII was increased gradually. Throughout the first
week, oxygen wiilization was high but decreased slightly. UYhe heating value of the
offluent gases at borehole III ranged froam 21 to 49 B,t.u. per cubic foot, and at
berehole VIT from 56 to 151 B.t.u. per cublc foot. Operation in the directlon bore-
hole ITI to VII was mailntained for 51 hours. The gas production averaged 6.7 million
cubic feet per day with an average heating value of T2 B.t,u. per cublic foot. In
the direction borehole VII to IIT, operation was maintained for 102 hours. The gas
production averaged 11.5 million cubic feet per day, and the heating value 33 B.t.u,
per cubic foot.

Inring the second week of operation, the full capacity of the reciprocating
compresgor was used in each direction, emd the cycle times were veried from 8 to &
to 6 hours. Some oxygen appesred in the effluent gases, especially when borehols
VII was used as an outlet., Contact efficiency hetween the gas-making fluide and
the carbon faces was higher when the direction of flow was from VII to ITI than when
the flow was from IIT +o VII.

Operation in the direction borehole IIT to borehole VII was maintained for G4
hours. @Gas production averaged 9.8 million cubic feet per day, and the heating value
averagzed 50 B,t.u. per cublc foot. In the direction borehole VII to borshole IIX
operation was maintained for 77 hours. Ges production averaged 11.5 milllon cubic
feet per day, and the heating value averaged 26 B,t.u. per cubic foot.

Thisg operation was continued for the entire period, June 5 to October 7. Table
28 gives opsraiing resulls for each cycle with the flow direction from borshole VII
to borehole III for the first 5 weeks of the period. Table 29 gives operating re-
sults for the same pericd when the direction of flow was fram IXY to VII. Examina-
tlon of thesme two tebles indicates that the efficiency of contact was greater when
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the direction of Flow wae from VIT to IIL then when the direction was from IIT to VII,
and eleo the rate of deterioration was lower. On several occasions during this 5-week
period, the input-air rate was reduced from the usual flow of 7,500 cubic feet per
minute, and, regardless of the flov direction, in neariy all instances the heating
value of the effluent gases increased with lower alr inpute. Where a reduction in

the input air rete resulited in the mroductien of a gas of higher heating value, the
oxygen content of the effluent gas decreased. In each case the Increased heating
value was largely due o an increased hydrogen and methene content of the effluent
gases, The apparent lmprovement in quallty of the mroducts was due to an unbalance

in the equilibrium conditione resulting from the change in flow rate. Relative to

the total volume of fIuids flowling, the volume of coal-distillation gases increased,
the moisbure concentration and the resultant dissociation of moisture increased, and
the %total heat liberated wmderground by the combustion of carbon dscremsed. The net
result of these chenges was an increase In heating value of the products obiained,
Thie increase was & function of the heat storage and high temperatures obtained
during paest operations,

Tables 30 and 31 glve the operating results obtained duwring the last 13 weeks
of the operation, In these tables the data are averaged by weeks. The oxygen con-
tent of the effluent gas was greater when the flow direction was ITI to VII than
when the direction was VII to III.

The rate of coal conpumption from June 5 to October 7, at flows exceeding 7,000
cubic feet per minute, ranged from 23 to 54 tons per day. This rate of cosl consump-
tion was higher than was mreviously achieved., The rate of coal consumption and the
contact efficiency decreased as the operating age of the section increased. The
heat losd to the surrounding strate was greater when the flow direction was horehole
III %o beorehols VII. When the flow direction was VII to IIT, 60 to 75 percent of the
heat of combustion of the coal consumed was brought sboveground in the effluent gas.

Material balances, uncorrected for possible leakage from the gystem, indicated
that 2,875 tons of coal, calculated on a moisture- and ash~free basis, was consumed
during this period. A total of 8,751 tons of coal was consumed from March 18, 1949,
to October 7, 1950.

Table 32 shows the variation in pressure reguired to force 7,000 or more cubic
feet per minute of air underground in this section. The Increasing resistance to
flow during the filrst 7 weeks coincides with the period when the mejor portion of
the sand was injecied underground.

Operation of the Gas-Turbine Installsaiion

During operations concentrated in the regilon between bareholes VII and LTI it
was declided to set up & small gas turbine at borshole III. The primery purpose of
thig installation was to increase the air input at bhorshole VII and to obtain oper-
ating characteristics of the system, using flow rates exceeding the maximum pre-
viously employed. It wes also dssired to learn something of the operating charec-
teristics of the system at a higher average pressure, and & further objective was to
determine whether the effluent gases could be used in a gas turbine without requiring
excessive cleaning of the gases to prevent solids accumulation and corrosion and
erosion of the turbine blades and suxillary seguipment.
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Diractien of flow, barehele VI to IIT.

TALIE 28. - Oporating resulte, £irat 5 wookn of porlod June 5 to Detober 7, 1950,
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Directic: of flow, borehols ITI &y barohaln VIT

to Gctoser 7, 1950,

TATE 29. - Operating rooulits, firat 5 weekn of period Juno
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TABIE 32. - Back-pressure development during the I'ifth operating psriod,
June % Lo October 7, 1950

Resistance to flowi/, pounds per square-inch gage

Week 1 2 3 b 5 6 7 8 9
Direction of flow:
BH VIT 0 BE IIT..veevrvvnansas] B51 2080 22020 22,71 128} 12.612.6) 11.9| 11..8
BH ITT 40 BE VIT. eeunuuonvenss - 112,50 13.k ) 4.9 15,11 15.2115.3 | 15.4 | 15.7

Average for both directions... - 11,7 12.3113.3 ) 13.4 } 13.9 | 1,01 13.7 13.8

Week 10| 11| 12| 13| W |t oyl e

Direction of flow:

BH VII to¢ BH IIT...... P I g - 1.4 011,301 11,2 10,5 10.4 1 10.3
BE IIT to BH VII. .vvevuruennns 156 - 15,b115.3115.5 15,10 13.7 ] 1h.0} 141
Average for both directionse... | 13.7| - 13.4713.3 {134 | 13,2 | 12,1 12,2 | 12.2

;/ The back mpressurss reported are for all cycles in which the input-air rete was
over 7,000 cubic feet per minute.

A single turbo-gupercharger wniit was installed at borehole III and tested during
geveral cycles at & temperature range of U00° to 600° F. It wes found that the
maximum pressure obiainable at borshole III was 10 pounds per square~inch gage, and
under these temperature and pressure conditions, one turbo-supercharger unit would
not operate at an adequate efficiency level to pump air into the menifold ageinst
the dischiarge precsure of the reclprocating compressor, Further, the low temperature
of the effinent pases favored the deposition of terry material on the turbine blades,
and after a few hours' operatlion this deposit caused a serious drop in the turbine
efficiency. With an input pressure of 10 pounds per square~inch gage, it was Tound
that the single twrbine wnit would operate at a speed of 14,000 to 16,000 r.p.m,

Because these tests showed that a singls turblne unilt wes inmdequate to pump air
at the reguired pressure, & second turbine was installed. The itwo turbo-supercharger
unite were comnected as shown in figure 16. The turbine ends of each machine were
connected in parallel, end the compressor ends were connected in Beries, This instal-
lation permitted & greater mass flow through the turblnes and gave two stages of air
compression., Preliminary tests on the units comnected in this manner indicated that
the campressors could be used to increase the air input to the mine. A series of
tests were carried out during five cycles, and the results of the last test, given
in tables 33 and 34, are representative of what could be accomplished with these
unlte under the exzisting conditions.
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During the testing of the turbo-supsrchargers, the project was operated with an
average presswre of 17.5 p.s.i.g. on the input air and 9.4 p.s.i.z. on the effluent
gas, The average pressurs on the underground asystem was thus 13.5 p.s.i.g. Teble 33
shows that throughout the test the oxygen content of the effluent gas was negligible,
the rate of coal consumption was high, and the heating value of the geses discharged
from the turbines increased steadily with time. The heating value increased slowly,
a5 shown in table 33, dbut from a visual standpoint it was very marked. From the
third period through the eighth periocd the gam discharging from the twrbines burned
gteadily. At first the flame was visible only arocund the perimeter of the turbines,
where the gases entered the discharge stacks; but from the FPouwrth through the eighth
periods the gas discherged from the two 20-inch stacks was burning, and the height
of the flame cone increassed wlith time. The increased total pressure and the resultant
increase in partial pressure of the oxygen underground resulted in a general immrove-
ment in gas quality and in operating characterisiics.

Resulte of the turbo-supercharger operation are summarized in $able 34, Under
test conditions, the speed of each unit renged from 1%,000 to 16,000 r.p.m. The
cyclone-type Jmock~out chambers installed ahead of the turbines removed & small quan-
tity of fine dust, and occcasionally quantities of dust wen® through the turbines.
Txamination of the turbine blades following this test and including gome 30 hours of
pricr operation d4id not reveal any serious damsge or build-up on the blades. This
ves Qualitative only as effect of the dust on the blmding would have to be determined
over long operating periods,

Throughout the test, water was sprayed into the effluent geses at the base of
borehole IIT to prevent the temperature from rising above 1,400° F. The temperature
level was held at the desired value, but et the end of the eighth period, the refrac-
tory lining slumped and blocked borehole III at two pointe, This slumping took place
at points 42 and 52 feet below the surface of the ground. At each elevation the
blocked portlon was not extensive, for it was later possible to rsopen the borehole
by punchking & hole through the obstructed regions. A length of steel rail having one
end forged into a bit, and the whole welghing approximetely 600 pounds, was allcowed to
fall freely & distance of 15 feet. A few blows pufficed to punch through each chatruc-
tion. Further tests with the turbo-supercharger units were not made,

The turbo-gupercherger test showed gqualitatively that it was possible *o use the
efflvent gas meoduced by underground gasification., Although the operating efficiency
of the asroplane-type turbo-supercharger units was not high, the test showed that if
the outlet pressure was increased to & more satisfactory level and more efficient uniis
vere installed, the recoverable energy would be increased at leastl three or four times.
Further, the heating value of the gas vas wasted in thiz test and conld be utilized in
a more sfficient instaliation. By making these changes, it should be possible to supply
an wmderground gesification system with air and make available a considerable portion of
the energy of the coal avellable as & product.

At the time the turbo-supercharger test was made, the system had been opersting
conbtinuously for 18 monthe, and a large area of coal had been consumad. During the test
it was not possible to raise the discharge pressure of the effluent gases ahove 10 p.8.1.2.,
which indiceted that there was lealage from the system. Earlier tests had shown it should
have been pomsible to operate at at least 30 p.s.i.g. An analysis of the test results
indicated that the average leekage from the system during the turbo-supercharger test was
62 percent of the input air, As it was not practical to imolate the portion of the in-
stallation from borehole III to the entry seal from the section including boreholes I,

11, end VII and the path %o borshole III, it wag decided %o discontinue any further tests
at elevated pressure and continue operation of the project in the section from boreholes
IIT to V.
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Operation in the Section Between Boreholes ITI end V

Following the turbo-supercharger tests and blocking of borehole III with fallen
refractory, the operatlens were continued between boreholes VII and III at reduced
flows., The average air input was 1,650 c.f.m., and the results obtained have been
shown in table 35, iltem 1.

it wag desired to establish a high-temperature zcne in the region between bore-
hnles TTT snd TV hefare onevation between III end V was started. Alr was admltited at
barehole VII, and the product gases were removed at IV. Perlodically, the flow was
reversed, The operating results obialned are given ag items 2 and 3 of table 35:

At the conclusion of operations between VII and IV, air vwas admitted at borehole
TII, end the product gases were removed at IV. Periodic reversals were accomplished,
and the operating results have been shown ag items 4 and 5 of table 35, Table 35
shows that there was bypassing of the combustion faces underground, as evidenced by
the high oxygen content and the low carbon dioxide content of the effluent gases,

In final preparation for operaticms in the section between boreholes IIT and V,
a long cycle was run between boreholes III and IV, Air was admitted at III and the
geses were discharged at IV. The time was prolonged wntil the temperaturs of the
effluent gases was 950° F. when 1% gallons per minute of apray cooling water was
being admitted at the base of borehole IV, The calculated temperature of the gases
was 2,000O F. Immediately after atteining this condition, horehole IV closed,
borehole V was opened, and the flow was from borehole IIT to borehole V.

The product gases were removed at borehole V until thelr temperature had risen
appreciably. Flow was then reversed, and the effluent gases were removed at borehole
III. The objective was to blow in at borehole V, remove the gases at IIT, and to
conbinue the cycle in this direction as long as 1t was possible to do so. Gas flow
in this directlon was decided upon becesuse 1t was belleved that there would be minl-
mum leakege, a5 the inlet borehele was located in an area where combustion had not
yet taken place, and the outlet or low-pressure borehole wae adjacent to a regiam
thet was known to be subject to leaksge. A water smray was used in borehole IIX
to mrintain the temperature of the effluent gases at & value not exzceeding 800° F.
in the borehole. Flow was reversed when repairs were needed at the outlet atack
and during the initial part of the operation when it was desired to obtain a high
temperature level in the sectlon between boreholes IV and V.

The results of the operatimm between boreholes IIT and V are summarized in
table 36.

Tt wae desired to show what effect the 600-foot length of sectlon between
boreholes V and IIT hed on the operating characteristice, as well as to test the
system and equipment under prolonged operation in one direction with high effluent
gas temperatures, A comparison of the results of the ecperatian in the section be-
tween boreroles IIT and IV with those obtalnsd from IIT to V indicates that the
longer path of travel resulied In better contact between the gas-meking fluids and
the reacting coal faces. Also, 1t was possible to operate the system In cme direc-
tion for a long period, and although the effluent-gas temperatures near the base of
the outlet borshole were at a temperature level above 1,900° F., it was quite
practical to use a water spray and cool them to any desired level and handle them
in the exlsting borehols.
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The heat balances given in table 36 indicate that the quantity of heet stored
underground or lost to the swromding strata wes grestly diminished during the ex-
tonded operation in one directian. The rate of coal combustion was epproximately 2.5
times that for the operatian in the aingle entry between boreholes I and IT during
the period of Merch 18 to June 21, 1949 (see tables 11 and 12), This latter fact was
indicative of increased contact efficlency due to the increased length of passage and
surface area exposed.

In the period of operation fram Getober 7, 1950, to February 7, 1951, a totel of
2,004 tons of molsture-and ash-free coal was coneumed, making the cumlative total
coal used 10,845 tons.

Borshole IV was located at the midpoint of the path between borsholes V and ITI,
and a thermocouple wes ingialled in borehole IV at a point five feet above the top of
the coal bed., A tempsraturs-time record of this thermocouple was made during the
operation of the long cycles in the flow direction borehole V to III (see fig. 23).
Thie figure indicates that the regiom adjacent to the base of borehole IV did not cool
during extended periods of operation but, rather, showed a tendency to climb. Tais
temperature indicates the stabilization of the combustion zone and a gradusel incresase
in its temperature level rather than s movement of the combustion zome in the direction
of flow of the gas-making fluids.

While operating on long cycles, the actual leaslage from the system betwsen bore-
holes V and Il was determined teo be about 10 to 15 percent. That 18, of the total
gquantity of air admitted at borehols ¥, 85 to 90 percent was removed as effluent gases
at barehole ITT, The actual leskspge hetween III and V could very easily be less than
the indicated velue, as 1t was lmown that the region beyond borehole IIT was prone to
leekage, and same af the gases could very easily have been leaving the system in this
section as well as at borehole I1IL.

After 877 hours on stream, 1t was belisved that operations could be contlaued in
this menner for an indefinite time before serious failure of the inatallation occurred.
However, it appeared that very little additicmmal information could be obtained, and it
wvas declded to make one additimmal test at a decreesed sir-input rate and then dis-
conbinue operation of the mrolect.

Operation of the Project at Various Input-Alr Rates

Tollowing operatlons in the sectiom boreholes IIT to V and during the period
January 20 to February 7, 1951, a test at low input alr rate was made. Alr was admitted
at borehole VII, end the product geses were removed at borehole IV, The alr rate ranged
between 830 and 1,270 cubiec feet per minute. It was assumed that the combustlon zone
would be concentrated in the section between borehcoles VII and ITI. and that the products
of combustion would be reduced in the sectiom between boreholes IIT and IV. This latier
pection was at & high temperature level as a resnlt of previous long-cycle operations,
the roduct gases being removed at ITI, Thus, a combustion and preheating zane followed
by a reduction zone would be available,

Turing the first 10 days of this test perlod the heating value of the effluent gas
dscreased, as shown in teble 37, which sumarizes results of the test. At the explration
of this period, and for an interval of approximately 18 hours, several variations In the
air-input rate were iried, as follows: Using borehole III am en inlet, the same equivalent
flow was taken out bhorehole IV and the residual capacity of the 2,000 c¢.f.m, blower was
removed from barshole VII in an effort to decrease the water content of the effluent gas.
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This split flow 4id not imyrove the operating characteristice of the system, and the flows
sgain were changed. The full capaclty of the 2,000 c¢.f.m. blower was admitted at borehole
IV, and geses were discharged at borehole VII in an effort %o raise the temperature level
of the path hetwsen borsholes VII and ITI. A% the explration of this 48-hour period of
changing flow, borehole VII was again used as the inlet, and the flow ranged between 830
and 970 cubic feet per minute, An orifice plate was installed at the discharge at bore-
kole IV, mo that the presswre wndergrownd would be incresmsed plightly. This period of
operation was continuned for 7»1/2 dayse. During the last day of operation the flow was
changed slightly, so that the full capaclty of the 2,000 ¢.f.m. compressar was again putb
underground at borehole VII, The equivalent flow at bhorehole IV was maintained as befare,
and the excess capacity of this blower was bled off the system at borehele I. This last
change was another effart to reduce the moirture concentration in the effliuent gas at
beorehole IV,

Table 37 shows & decrease in heating value of the effluent gas with tims for the
Tirst 10 days and a relatively constant heating wvalue for most of the fipal T—l/? days of
the test, although during the last 24 to 36 hours some additional decrease was noted,
During the first 10 days' operation, the effluent gas contained 57 to 74 percent moisture
and averaged &8 percent. During the last 7-1/2 days of operation, the moisture ranged
between 69 and 78 percent and averaged 75 percent.

During this entire test period, a speciael orifice run was installed on the outlet
of the system, and on the basis of dry alr entering the aystem the lealmge averaged 71
percent during the first 10 days. During the last 7-1/2 days of operation the lealmge
averaged 82 percent. These leskage Figurss indicate that of the original 839 to 1,270
c.f.m. of dry air pumped underground at borehole VII, cnly 29 to 18 percent, respectively,
was avallable for gas making In that part of the path betwesen boreholes IIT and IV. Thie
section was shown to be relatively free of lemlmge during the mreceding long cycle (leak-
age for the section, boreholes V to IIT, was 10 fto 15 percent). The data indicate the
maximm leakage area is south of borehole IIT and includes that part of the path from
borehole VII to borshole TIT,

The gas analyeses ohtained during this test indlcate thaet & large percentage of the
hydrogen must have been derived from the disscciation of weter. Correlating the hydrogen
balances with time shows a steady downward trend in the gquantity of water dissociated and
in@icates & general lowering of the temperature level of the system during the test.
Oxygen belances give results guite similar to those cbitained with the hydrogen balances,
but were of somewhat different magnitude. Gas analysis shows that the heating value of
the product gases was due mmimerily to the distilimtion of coal and the dissociation of
water rather than the reduction of carbon dioxide to carbon monoxide. No doubt a con-
giderable quantity of carbon monoxide wae formed underground during the test and was sub-
sequently burned by oxygen that was bypassing rsacting coel faces. A calculation of the
ratio of the heat output to the heat input, shown in table 37, indicates that more heat
was leaving the system than was supplied by coal combuation.ﬁ/ The calorific value of the
effivent gas was primarily due to uiilization of heat stored in the surrounding strata
during previous operations.

On numerous previous occasions the air-input rate was varied in an effort to deter-
mine the eflTect of such variation on the gas quality and on the over-all operating char-
acteristics of the system. In tables 38 toc 41 the results of many of these tests are
aummarized.

9/ The velue of the redio changes, but neat leaving the system remeins greater than the
heat of combustion of the carbonacecus materilal if coke or partly devolatilized
coal was considered as the basis.
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TAZIE 38, - Varistion in oprating reoulis with varying inpit-oly retas; cporating porlod, Daoesber 21, 1545 to Juns 5, 1550; dtrectden of flew, berehels I to bowohols IT

Avorhge annlvois of effluent gno
eneing Namperature of Hoat hul:mce}/ poresnt of hoat of cozbunbien of cool ecnnumed
Tength § Average wvalto, Hal orfivont goo |Aversge rotoe Unsecounted for and
af air B.tu, | wntar [ Av, Mex, of conl Brnoiblo heat Tlost of ; Sennibio end grenpmad aterod
Cycla eyelo, | fiow, Porcent por oy iper ool temp., | temp.,| conpumption, jcotent of deyjcembustienjistent host of underground,
Ta. heuro Gt COny ELEE Oy | Hy § COFCH, | Ny re.d/ jéry gan o, . {tomn per dnyRS jolfiuent gan |of dry gan] water vopor by difference
1 2 3 Els 26 |9 | B 1s 110f 1 12 13 1k 15 16 17 18 19
6.0 7,590 ¢7] o iaslor|oerlore T 5.6 0.173 235 353 1k.3 8.2 3.8 2.0 56.0
3.8 18k a61i 2Rl &) W .olodf 6.6 - - - 6.6 - 9.8 - -
g.o 2,005 {lag| 2l ol 0| .W]3.5] 1 L1 15D §.2 2.0 %2 - -
T.0 1,580 (ii.p o |3 B 2| .2fs3 52 - 216 | 337 6.5 bk T8 - -
8o {2000 frox| @ 2.6 6| A 7Bk B o3l | o i KR 6.7 3.2 21.1 26,1 w56
8.0 2,10 8.5 o (2.5 .2 [v] W Rb.o 5B 233 150 162 5.2 313 g.5 aL.T 634
8¢ [z j7.8] ool s 2 a3mhz|l 52 sho | 3hb 00 L9 3.3 1l.: 48.5 7.1
8o |7800 |hoe] 42kl o2) o2 2Pry] on e | méz | 378 124 Wy 26.0 RL.T fLN
8.0 |75 |6.2] elhensi i 8f .sBoup 2.9 mo | esh | 30 28 ol 7.9 15.9 651
po [ra30 | 68] 02y 9 31 ade 5.5 138 ) me3 | 36h 5.0 8.6 13.0 15.8 61.6
g0 {7,530 | 8.8] b jmz| of .2 zBo.2} 1 Jig]oBsi | 3B 16.0 8.0 zh.2 13.h Sh.h
8.0 | 7,400 | 1.3} .0 20 A| .2] .2|9.9 39 142 2h1 37 15.3 8.7 ] 5.7 [
7% 4,000 5.k 139 3 2 2oy 5.8 »p 233 332 22 0.3 174 B0.E 2.3
8.0 §a,080 jao0|l0a]|v.8 6| .4 Gpok[ 13 /. 304 e | a3y .1 5.9 30.7 123 5E.1
8.0 2,010 9.0 2 sl 9 7| 6[6.0] 1% o3 ke 1] 00 6.2 ER 244 75 ok.7
g0 |2,00 8.8 % ee] 81 el 670 i Js | 189 | am 6.0 1.2 5 g5 558
8.0 2,080 7.97 o3.E BF 31 9fT3 6.1 {gf.10h 155 1 5.0 3.6 7 103 8.4
TL5 4.0 7.590 5.3 0 =7 =2l o 2 P36 2.7 353 297 Loz 11 210 13.6 9.3 oh.7
117 6.8 7,480 3k 2 k2| o o 2hzo]l oo b33 71 39 B.o hr R 263 a B 16.5
19 7.6 7,960 51 .efzz2| o] ol 2Py 2.0 L1102 a3k 329 1.0 n.a 6.6 5.3 711
12 8.0 j8,05¢ | 5.0 ojai 9| 7| 2apoi| T2 - agu ;302 12.6 1.2 aL s - -
Fa3 i ] 7.e00 sl 2 qm.aap A Lo Lopold 5.3 - oky § o3s8 13,1 10.1 15,0 - -
1/ At 66° F,, 30 inches Mg, dry. 2/ Pasts of molnture- und agk-froe seal, 3/ Bont balenco Lo baved em 607 ¥ L/ Avernge of eyclea 5L, 526, 528, 530,
53 and 536 AL 5/ “hverspo of cyelon 700, TO2. TOh aad 705 G/ Aversge of voluen for oyclea 703 and 711

TABIZ 3%. - Variaticn In opersting rotults with varring input-alr reted; opsrating poriod Dscember 21, 1669 to dune 5, 1950; direction af fice, borelnlo I1 to barsholsl

Avorapd apnlynio of offlusnt enn
Henting Temporn tube of Hoat bnl.rm:n;./ persont of hpat of coshustion aof conl cenduend
Tength § Average yuing, Hok of fluent goq Avernge ratoe Unncpounted far amd
Crrto of alr Hot.u, | water | Av. Mz, b cocul Sonoible hoat flost &f | Senalble nnd Fegumod ntared
;Iz gyclke, | flow, Derennf por o |rer mol |temy. , | te=p. ] comnusption, jeentent ef dry combuaticn|lntont heat of undorground,
" houre | c.fomdd 0Oy $ 2111 Oy | il | CO aly [ fn | reld |y gus e, oF, tons per m,é/ effluent gan  |of dry geo| wnier vapor by dsflorence
1 o 3 i 5 1 7 i 9 10 11 pie] 13 1k 1% 15 17 38 19
TT 7070 f.s] o0 3w 0.7 6.31 0.3(10.88 10 0.0 | chy 3 b 7.2 20.7 9.5 2.6
1 2,095 k27| o 7| 2| bjrad 7o - - - 8.0 - 4.2 - -
80 2,050 76 .23z L1 b6 1 - Ik aky 5.0 4.3 21.9 - -
5.3 2,030 |37 0 12 6 s 2| k6 6% o.033 § 1k 15 8.9 1.3 T.8 131.9 71.0
w5 | oage (8] wbeai os) o2 szl oy Biioe7 | ou 8.4 2.0 ek 3.8 a5.8
8o | 2,170 8] wprr] e om| .epd 3 ik - 152 200 5.6 3.2 26.0 - -
go |zare | el of.ay| WM Alrmal 67 ] mash | W §oem 55 3.0 12.8 jUR 69.6
5.0 vyl a2zl o .2 a2aBeo] 6.6 153 a2 | 5ih 11 12,1 210 25,1 u1.8
8.0 £.3 sl 6 h 2 0.2 5.9 oz i o306 1253 13.8 123 15.5 ». 5% .6
8.0 5.7 L) L8] . apeBl 7.3 Jloo § ik prh ] 1.8 10.8 85 132 57.48
4.0 sl ofug 8 .2 op96 3.2 1oy | ec8 u2g 15.6 9.1 1.3 29 707
T3 g8l ke s 2 apw.al o 12.0 o | 253 hog 15.3 81 26.3 16.7 5h.0
8.0 o7 1ine| ok u 2po0l 6.6 .o6g | aun | 3fo 15.3 .4 5k 8.3 679
80 1,0 el ooy 8 3] 6p6A| W s | 300 | WD Th 6.1 Bk 26.5 k5.0
5o 2,100 o1 215 6 2| vofrT A 2y 260§ 307 hay 6.2 7.8 27.9 3.2 Al
.0 | ams | o] miEhoz of spTn| 1 - ke | gD 5.6 9.6 19.5 - -
8.0 {7,050 |27l 2wl of e LR36] B2 ooamd| sy | 568 7.0 335 50,7 2.6 -
[ 8,090 54 a8l 4] .0 207 ] 0307 | 368 L0 13.0 16.5 233 ¥t B Pl
80 7,810 5.8 .o h3al 2| .8l 2p0T 2.7 G103 § 317 450 i2.5 1.3 1.9 m. 2.1
71 7.910 | .8 .o [13.3] .6 2| .opol] @6 - 297 | us8 2.6 13.3 .6 - -
8.0 |60 {72 028 o .6 oy © - 1y | k30 15 & 125 o - -
8.0 7,850 Gkl Lo 9] .ei Lo JBREOC u.9 - 206 Lha 13.9 .9 13.0 - -
1/ At 607 1 . 30 inches Fg., dry. 2/ Basin af cototures end ami-frow conl . 3/ Hent balanea 1 baved on 607 7. L/ Avorage of cysles 525, 427, 29, L3k end
R 5f Avernge of cyelon TO) end 709
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Tables 38 and 39 give resulis of a group of tests made in the section beiween
boreholes I and II during the period December 21, 1949, to June 5, 1950. The oper-
ational higtory before and after the test has been included to show the effect on
over-&ll cheracteristics of the system. In thils period a decrease in the input-air
rate from approximately 7,500 to 2,000 ¢.f.m. had little effect on the quality of the
effluent gases. At the start of the reduced-flov period an increase in cerbon dioxids
content was noted, but very little change in the oxygen content was found, and there
wag & slight increase in heating value, which, during the course of the opsration,
tended to decrease. At reduced air flow there was a marked reduction in the rate of
coal conpumption and usually & decresse in the seneibls heat content of the product
gases. Upon returning to an input-eir rate of approzimately 7,500 cubic fest per
minute, one or more cycles were required to bring the operating level back to that
which had existed before the input-air flow rete was changed. The operating charac-
teristics seemed to indicate a general dscrease in the temperature level umderground
ag a resuli of the decreased input-air rates.

In tables 40 and k1, the results of a series of tests made in the section from
borehole III 4o borehole VII during the operating period of June 5 to October 7, 1950,
have been summarized, %The input-air rates were varied from approximetely 7,500 c.f.m.
to 5,200 c¢.f.m. to 4,000 c.f.m., %o 1,800 c.f.m., and the operational histcry of the
mrolect belfore and after these lower air-input rates are included., A decrease in in-
put-air rate fram 7,500 to 5,300 and 4,000 c.f.m, had little effect on the quality of
the effluent gases and resulted in reducing thes rate of coal consumphion,

In every instance when the input-air rate was reduced to approximately 1,500
c.f.m., the heating valus of the effluent gases firest increased and then decreased
steadily with time until, after several cycles, it reached a value approximating that
which had been obtained before the change was put into effect. In each insiance
several cycles were required at 7,500 cubic feet per minute to bring the over-all
operating level of the project back to that which had existed prior to the change.

A general decrease in temperature level underground was indicetsd when the input alr
rates were reduced to the 1,800 c.f.m. figure. The effluent geses contained an in-
creased percentage of moisture during these flows, which resulted in a higher percent-
age of the heat of combustion of the coal being present as gensible and latent heat
of the moigture in the product gases,

Leakage from the Underground System

Before firing the undergrownd ingtelletion on March 18, 1949, & test was made to
determine leakage from the system. With all outlet valves closed, air was pumped under-
ground until a pressure of approximately 5 p.s.i.g. was attained. The pumping was
stopped, and the messure leoss with time was determined. 'This preliminery test indi-
cated that the leakage Tfrom the system would be approximetely S percent of the input
ailr with an average pressure of about 2 p.s.i.g. underground., It was known that there
was pame lealege Iram the air manifold and at the entry seal, and after firing the
project each of these leaks was stopped,

To measure gas flow, corifices were instslled at the swrface in the outlet stacks
at boreholes I and II. Piping requirements at these points rendered compliance with
orifice-meter installation specifications impomsible, and, for this reason, the orifice
conatent could not be calculated accurately, and the following discussion is based
the assumption that lealmge at the start of operations wae negligible, The data,
therefore, may be regarded ag gqualitative, snd thelr chief wvalue lies in establishing
variation in leslage with time.
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Effluent-gas Tlow data were collected at regular inbervals during operatioms.
These date consisted of differential pressure across the orifice, pressure upsatream

of the arifice, and gas temperature. Molsture content of the gas was determined In
most ingtances. The final leakage figure was bmsed on dry ges outflow at 60° F. and
30 inches Hg. pressure, referred to alr input at the same base conditions.

During the first operating veriod, with flow in the direction borehole I to
borehole II, the data of table L2 indicates leaknge ranging from zero to approximately
3 percent. The average back preasure or pressurs required to force the normal air
flow of apmroximately 7,500 atd. c.f.m. through the system, increased during the same
period from 3.7 Lo 5 p.s.i.g.

In the second operating period, Jume 21 to October 5, 194G, leakage when opsrat-
ing barehole I to barehole II increased from 3 to 6 percent, This accompanied an
increase in the back reasure from 5.2 to 12 p,s.i,g. The leakage and hack pressure
are plotted againet time in figure 24, It was cbserved that somewhat similar trends
were followed by both sets of veluss. During mosit of the first and second operating
periods, the calculated leakege given in table 43 remained at zero, based on gas Llow
cut barehols I. From these ohservations it can be reasoned that the crevices where
leaknge occurred were in an area where the increased pressure at borehole I was oper-
ative, but similar pressure applied at borehole IT was not operative. Litile evidence
was obtalned that the crevices through which leakage cccurred increased in alze or
numbey during the two periods.

The operating period from October % to December 22, 1949 was characterized by
long cycles and high effluent ges temperatures. The effliuent gas volumes were not
measured, The area of coal consumed increased rapidly near boreholes I and IT, and
high resistance to the flow of hot gases developed at coal-bed level near these
borsholes.

Following operations with high effluent gas temperatures and leng cycles, and at
the start of the operating periocd December 22, 1949, to June 5, 1950, leakage increased
to approximately 16 percent, and by June 5, 1950 it had increased to spproximately 18
pergent (see table 42 and fig. 25). In both cases the gas flow was fram borshole I to
borehole IT, as repairs to borehole I water Jacket had rendered thet orifice inoperative.
Figure 2% shows that an increase in back messure early in the period was accompanied
by an increase in lealmnge. Thereafter, a gradual decline in back pressure was noted;
whereas leakage remained nearly the same, It was evident that the rise In back pres-
sure, caused perhaps by gradual subsidence of the strata overlying the burned-out aresa,
had, changed the pattern of air-gas flov underground and diverted more gas to leakage,
It appeared likely that during this peried and the preceding period, October 5 to
Decemher 22, the cross-gpectlonal area of crevices available for leskage increased,
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TABIE 42, ~ Lenlmnps from the underground eystem: direction of #low, borshole I to borchole II

Alr input Average effluent ges
Average Bacik volume cilculated Lealmpge in
Operating Tlow, resgure, as egulvaleni alr, terms of air
wook c.t.m. L/ p.8.1.g. ¢.f.m 2 input, percent
Operating period, March 18 to June 21, 19&92/
Boweonvnnns N damea e e a e ) 7,380 3.7 7,460 0
Baat b anaannnnnenaunanan Can vk 7,490 3.9 7,860 0.k
A0 aannans N Genecanan 7,580 b1 7,510 2.2
1oy eranaanas b 7,560 .y 7,500 -8
= 7,320 4.8 7,160 2.2
I3 e maesnrbeanea s e cna gt 7.,2h0 4.8 7,180 .8
i ir e s 7,200 h.g 6,970 3.2
i TN Pnsaaea s . 7,200 5,0 7,020 2.5
Opereting period, June 21 to October 5, 191é9-1/
e ia s bn v ra et e a e ar s 7,120 5.2 6,860 3.5
B e e e e r ey 7,080 5.8 6,540 2.0
. NN 6,975 6.5 6,810 2.4
B h e ie e enan e aean 7,135 6.7 6,610 7.4
57 7,160 7.5 5,950 2.9
3PN bevanar s 7,10 8.1 6,980 2.2
T on e b ar s s nanecnbnnanatrar s anan . 7,130 8.7 7,100 W
Buvenninenns hwrer e 7,105 8.4 6,720 5,4
= 7,10 8.6 7,020 1.7
L0 i n e ne v man e r s 7,820 8.7 7,080 1.9
. Cererneacnane 7,245 9.0 &,880 5,0
12 iiiacans S esacaeanaeraraniyan 7,135 9.3 7,000 1.9
L 7,090 9.7 7,080 .1
..., wranuans vaanan 7,050 9.9 6,940 1.6
RN neaa 7,245 10.8 5,820 5.9
P 7,075 12,0 6,760 L.5
Operating period, Decembsr 22, 1949 to June 5, 1950&/
B et aa e rasanreaaae e 7,770 9.2 6,560 15.
Fmeancnanene e ik ea 7,585 9.0 5,975 21.2
Bt ianninanan . 7,555 9.2 6,610 12,5
i T N 7,650 .k 6,425 16.0
Bunaiinnaaca b taataaaaae i aaanns 1,570 8.5 6,360 16,0
T anvennnosnonrarianaa 7,565 10.4 6,605 2.7
Bt b Arneannanea e 7,880 10,2 7,040 10.7
L 7,950 10.3 6,820 ih.0
i 7,940 .9 6,560 18.6
I 8,130 10.3 6,895 15,2
Boaenes Venseanasaenars 8,000 9.7 6,745 5.7
3 8,005 9.9 6,995 12,6
2 AWt era e 7,835 10.5 6,355 8.9
2 vaasnaan 1,915 10.2 6,320 20,2
260rannn et A e e tre e rar e 7,890 8.5 6,460 8.1
e W vma s A A esaans 7,900 2.2 6,415 18.8
2 7,860 8.9 6,400 18.6
1 TR, e et 7,720 8.5 6,325 18,1
243 T,720 9.0 6,250 19.¢
2 7,690 9.0 6,250 18.7
=B . b b st a ey 7,670 8.9 6,415 16.4
= T bere e raaaes 7,640 8.7 5,280 17.8
Bl e 7,600 8.1 6,380 16.1
23 SR Fh v beeasa e crneean . 7,595 8.6 5,930 21.3
26.. veeren cainae 7,620 8.8 6,250 8.0
2 P e ar e, 7,630 8.4 £1595 13,6
1/ At 60° F., 30 inches Hg., dry. 2/ The week ended Mar. 19, 10ho = 1, 3/ The week ended June 25,
1ghg = 1, 4/ The woek ended Dac. 2k, 1ohg = 1.
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TABIE 43, - Leakege from the underground system; direction of flow
borehole 11 to borshole I

Alr input Average offluent gas
Averapge Back volume calculated Lesknge in
Operating Tlow, pressurs, ag equivalent alr, terms of ailr
week c.f.m.k/ p.e.l.g. c.f.m.t input, percent
Operating period, March 18 to June 21, 19492/
Toeavsoansnnnans 7,400 - 7,400 0
L 7,450 3.6 '?,3§0 0.9
s eniansonrruns T ,02 Y] T,0%0G o
10ueoavensansnnns 7,695 3.8 7,380 0
A 7,460 bk 7,320 1.9
12 i inraaannns 7,280 i,6 7,00 0
G 7,300 b7 7,410 0
Wi 7,280 k.7 7,280 0
3 PP 7,220 k.7 7,250 0
Operating period, June 21 to October 5, l9h93/
Looaa.. N 7,020 4.9 7,275 0
B rasacnnraaan 7,090 5.5 7,280 0
PP 7,030 5.9 7,180 0
boiiniiiiaa 7,120 6.3 6,910 2.9
o P 7,210 7.0 7,200 0.1
Buvivinnns cerean 7,230 T4 7,310 )
PP 7,180 7.6 7,375 0
- TR 7,190 7.8 - -
Devvvnnenanusanns 7,190 7.8 - -
10ietinansannnnas 7,300 8.0 7,460 0
1/ At 60° F., 30 inches Hg., dry. 2/ The week ended Mar. 19, 1949 = 1.

3/ fThe week ended June 25, 1949 = 1.

Tn the mucceeding pericd, June 5, 1950, to Ociober 7, 1950, with operation be-
tween boreholes IIT and VII, effluent-gas flow date were aveilable only when borehole
IiT was the gas outlet. During the first 6 weeks of this period, effluent-gas volumes
were not obteined, becsuse the use of spray water in the outlet horeholes made 1t
impossible to calculate accurately the volume of gas flowing., Comsequently, the firat
leaknge Pigures obtained were for the seventh week, when the back pressure far the
period reached the meximm of 12.7 p.e.i.g. Teble 4l and figure 26 show that the
lealmge increased for ihe next 7 weeks, despite & constant decline in the back pressure.
Thereafter, the percent leakege and the back pressure continued to decrease with time.
Several extended periods of operation with reduced flow rendered possible the evaluation
of leakage at reduced messures. At an alr input of h,OTﬁ gtd. c.f.m. and back pressure
of 5.7 p.s.i.g., leakege was 42.0 percent, as campared to 46.0 percent at normal air
input. With the air input further decreased to 1,620 std. c.f.m. and back pressure at
2.3 p.s.i.g., the lsekage was 39.5 percent, compered to 4.0 percent at normesl air in-
put, The fraction of entering air diverted to leakmge was nearly constant for all alr-
input rates.

In the early weeks of this pericd, large amounts of sand was injected ilnto the
originel entries between boareholes IT and IIT. The increasing back pressure shows
that the sand wam effective to scme degree in plugglng the entries against gas flow,
The ges flowing from borehole VII to borshole III was therefore compelled 4o pams
through a relatlvely smell burned-out eres near the eend plugs, At the same time,
the gus had ready access 4o the large burned-out area bounded by boreholes I, II, and
VII, where, it has been concluded, the leakege occwrred. The increasing leakage with
decreasing back pressure indicates that the cross-segtional area of the crevices
available for leakege was increasing with tims.
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TARLE 44, - Leekege from the underground system; directicn of flow,
borehole VII to borehole TIT

Air input Average effluent gas
Average Back volume calculated Leakage in
Operating fiow, Pressure, & equivalen7 air, terms of air
week c.f.mui/ p.8.1i.g3. c.f.m.t input, percent
Opesrating period, June % to October 7, 19502/

Toewnannnnananes 7,430 12.6 L, 485 35.6

& 7,410 1l.9 4 485 39.5

s B 7,560 11.8 L 340 ho.,6

o TN 7,450 11.7 i, 050 hs.6
10uiviarueonenens 4,090 5.7 2,360 ha.3

B 4,060 5.7 2,360 h1.8

N~ . 7,530 1.4 i,105 h5,5
13..... cerrere e 7,560 11.3 i, 050 hé . u
T 1,620 2.3 080 39.5
s siriennnnnas 7,670 11k k270 W3

1 et ncan e 7,700 1.2 4,375 k3.2

10 sevrnnrnnenss 7,560 10.5 4,530 40,1

Iy 7,600 10.4 I, 590 39.6

18, cieieiiinnn. 7,730 10.3 h,585 ho.7
1/ At 60° F., 30 inches Hg., dry. 2/ The week ended June 10, 1950 = 1,

While operating in the area betwsen barsholes IV and VII, a series of leaksge
tests were mede, utlllizing specially constructed corifice rune for determining the
effluent gas volume. Table 45 summarizes the results of these teste, Here, instan-
taneous lealkage has been differentiated from over-all leakage, Thig diffesrentiation
has been made because of the extensive velume of the underground system, which acted
ag a storage reservoir for ges under pressure; and when the air supply was cut off,
ges conbtinued to imsue from the system in diminishing volume for several hours., The
gseveral over-all leslmge figures take into account the stored gas recovered during
the "plown-down" periods. Back pressure at the inlet and gas pressure &t the orifice
are included in table 45, because the pressure causing leakage lies between the two
values,

Cycles 1,384 and 1,387, boreholes VII to IV and boreholes IV to VII, respectively,
were operated under normal conditions, When using boarehole IV ap the outlet, leakage
was 53,2 percent, and when borehole VII was the outlel, lealage was 43.2 percent.

The pressure regquired to force air into the system at borehole VII was 10.7 p.a.l.g.,
and &t borehole IV, 15.5 p.8,i.g. These figures indicate that the point of leakage
vag somewhere near barehole VII, because a greater volume of gas pasged through the
Bystem between the boreholes when IV wagm the inlet. When borehole VII was the inlet,
the highest pressures underground were applied nesr that point and caused preater
leakage.

Cycles 1,390 and 1, 393 were made with the gas outlet choked. The effluent gases
rassed through a 3-inch-diameter orifice as they discharged to atmosphere. Thus,
gas pressures exceeding 10 p.s.i.g. were aprlied everywhere in the system. The
determined leakage (table 45) reflects the effect of increased pressure at the point
of leakage. It wasm noted that again the back pressure at borehole IV was subsian-
tlally greater than et borehole VII.
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TABIE 45, - Tests for leakage from the underground system
using various flows and vressures

Alr input Effluent gus Instantansous
Back Average Discharge leskage in terms
Average flow, ressure, volume Dreggure, of air input,
Cycle c.fom. 1 p.8.1.g. c.f.m.l/ p.8.i.z. percent2
Direction of £low, borshole VIT to barehole IV
1,384, ... 7,425 10.7 3,285 1.7 (54.8
3/(53.2
1,390.... 7,400 k.1 1,730 9.8 (76.6
3/(15.2
1,4124.., 7,425 2.0 3,920 2.1 k5,3
1,k10m... 6,190 9.8 3,400 1.7 k5,2
1,hk12¢,.. 5,045 T3 2,820 1.3 ke.5
1,412D... 3,365 L,5 2,080 N ks, 9
1,h12E, .. 1,910 2.4 1,320 .3 hhk.o
1,k17A... 1,850 2.7 1,195 3 43.9
1,h178... 1,850 2.6 1,215 .3 0.8
1,k170,.. 1,810 2.5 1,195 .3 39.3
1,hk27D. .. 1,910 2.5 1,305 .3 39.%
1,417E... 1,985 2.5 1,330 3 38.6
1,h17F... 1,890 2.5 1,250 3 37.1
1,hk17G... 1,920 2.5 1,340 .5 37.2
Direction of flow, borshole IV to borehole VII
1,387.... 7,640 15.5 4,010 3.0 (b7.k
3/(43.2
1,393..... 7,225 17.9 1,800 10.5 (75.2
3/(13.1
1,4184.., 7,340 16.1 b, 015 2.9 hs,a
1,415B... 6,870 15.6 2,650 2.8 61.6
1,h15C, .. 5,630 12.9 3,460 2.2 39.8
1,415D, ., k. 025 9.1 2,750 1.2 34,2
1,k15E... 1,840 h.3 1,085 0.4 L&k
Direction of flow, barehole III %o borehole IV
1,518,... 1,850 1.6 1,730 0.5 0

1/ At 60° F., 30 inches Hg., dry.

g/ The gas volume was recelculrted to squivalent alr through the wae of & nitrogen
balance and correcting for moisture.

3/ Includes gas stored underground measpured dwring "blowdown."

Cycles 1,412 and 1,415 were made with the air input progressively decreased.
Instantaneous leakage only was calculated. In cycle 1,412, borehole IV was the
outlet, and the percent lezkage remalned constant at all alr-Input rates. In cyele
1,415, the percent leaksge varied Irregularly with diminished ailr-flow rates. In
subcycles 1,415 B and 1,415 E, the percent leakage was influenced by an increased
propoertion of water vapor in the gas. The volume of meterial (including waeter vapor
that is not included in table 45), acturlly issuing fram the system reflected closely
the changes in back pressure, due to reduced ailr Iinput.
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Cycle 1,417 represented approximately L week's operation with constant air input
at borehole VIT, with borehole IV the outlet. The determined values of lealmge indi-
cate a slight reduction in leakage with time.

Cycle 1,418 again tested the hypothesis thet lealegs meinly occurred south of
borehole IITI. It will be noted that the air pressurse was very low, and that the cal-
culated leakage was zero. Thus, the hypothesis was confirmed, and it was also estab-
lighed that the area of greatest resistance to gas flow at that time was located south
of borehole III, probably in the neighborhood of the sand plugs in the entries,

At no time during the entire operation of the project was it possible te discover
pubstantial gas ouwlflow at the surface, Several points of small leakapge were found.
The first point of gas escape found was approximately 500 feet west of borehole II,
vhere a small siream crossed the coal outcrop. Gas wes observed bubbling out below
the coal bed, in the ccal bed, and above the coal bed, The amount of gas was initially
very small but increased with time until bubbles were cbserved over approximately 50
feet of stream bed. The gas was accompanied by an ouwtficw of water. The volume of
gas remained too small to have been detected in the gas-Tlow data, The gas at this
point initidlly contained some carbeon dloxide and nitrogen, but after combustion was
established between boreholes III and VII, hydrogen with smaller amounts of methane
and cearbon monoxide also was present.

A Blight inflow of gas was detected in a mine in the Pratt bed approximately
600 feet west of the entry portel. The gas entered at a gingle point through a crack
in the roof rock. The gas was Flammable, hydrogen being the main combustibls constituent.

During heavy rains, bubbles have been observed on the swrface between boreholes T
and II, west of the entry, and inside the limits of the durned out ares. Subseguently,
gracks have been observed in the same area, which indicate wideapread subsidence with
cracking from the coal bed to the surface.

When drilling bareholes VI and VII and sand holes 7 to 13, gas inflow in small
quantities wes noted at mumerous harizons. However, inasmuch as tesit holes 1 to 13
end borehcle I were unlined from the goal hed to within 30 feet of the swrface, gas
under pregsure in the underground system hed access to the strata at all horizons.
Some gas flow was therefore to be expected in permeable beds.

In the absence of definite evidence as to where and how gas lealmpe occurred,
the mechanics of the process may be explained in several ways, Assuming the presence
of pore epaces or crevices [illed with water and of near capillary size in the coal
bed or adjacent strata, gas messure could force the water to flow Lo the outcrop,
leaving the space available for gas outflow, Similarly, 4F small vertical cracks
were presgent and filled with water, drainage of the water into the underground system
would free the cracks for gas lealkmge. A permeasble bed lying some distence above or
below the coal bed could be exzposed to lealmge by caving or thermal cracking of the
intervening strate. The hypothesis best supporited by the avallable evidence has been
that 2 graduai subsidence of the strate occurred above the burned-out area, producing
cracks that sxtended from the coal bed to permeable strata. The gas flows through the
permeable strata and eventually reaches the surface either on the szides of the hill
or by means of Intersscting verticel fismures. Lealkage from thils source probably
would increase marikedly with time anéd would fluctuate with rainfall and minor rock
movements. It has heen assumed that the widespread diffusion of the gas outflow
through the swrface soil accounts for the absence of noticeable mas leakage.
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Quantity of Coal Consumed and the Area of the Burned-Out Region

Three methods have been combined and used to determine the quantity of coal con-
sumed and the location of the perimster of the burned-out area. Material bhalances
were made during all phases of the operaticn, and the quantity of molsture- and ash-
fres coal conaumed has been calculated from them. Thermocouples were ingtalled at
each of the test holes, and a temperaturs-time record was kept at each of these loca-
tions,. lness temperdature udtd are plovted o Llgure £, and Jrom liose curves Gle
rate of advence of the coal feces was calculated. The buwrsting of the mercury capsules
and the time when mercury appesred in the effluent gases has also been used in deter-
mining the rate of advance of the coal face. Alsc, as sand holes were drilled in the
aree, the condition of the coel bed and the drilling conditicne have been incorporated
as additional evidence.

Table 46 summarizes the above data and shows that 10,845 tons of moisture- and
egh-free coel was consumed during operation of the project. This coal would cccupy
83,690 square Feet of bed, and thua the coal underlying 1.92 acres of land was gasi-
fied, Pigure 28 shows the perimeter of the burned-out area at the end of each of the
ma jor phases of the operation as it has been deduced from the data available.

TABIE 46, - The coal consumed and the area of the burned-out region
Coal consumedl/ Ares burned out
Length of | During | Cumulative Cumulative
Operating period, | period,| total, During period, total,
perlod waeks tons tong gquare fest gquare feet
Mar, 18 to June 21, 1949 14 877 877 6,950 6,950

June 21, 1949 to Oct. 5,
19UG ., i 15 1,56k 2,k 12,k00 19,350

Oct. 5, 1949 to Dec. 22,
Oh9. e e 7 1,347 3,788 10,680 20,030

Dec. 22, 1949 to June 5,
19500 sateeussosranaanna 28 2,088 5,876 16,560 46,590

June 5, 1950 to Oct. 7,
1950t tiiiaiinii i 18 2,875 8,751 22,660 69,250

Oet. 7, 1950 to Feb. 7,
B i 18 2,004 10,845 W hho 83,690

1/ Basis of moisture- and ash-free coal.

At this time diamond-drill core holes are being drilled into the burned-out area
in order to determine the condition of the strate overlying the cozl bhed in the ares
where the coal has been consumed., These holes will also be used to determine the
perimeter of this burned-out area more exactly.
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Bffect of Imput-Air Rate and Relnfall on the Total
Moleture Isaving the System

The total moisturs leaving an underground pgasification system is importent be-
cause of ites effect on heat loss. Molsbure may enter the system from any one of
geveral sources, These are humidity of the air supplied, water as a product of
conbustion, water related physically or chemicelly with the coal and adjacent rocks,
free water occurring in pores or crevices in the strata, or water percolating from
the surface. Of these, anly the last two are subject to same conirol. Free water
underground may be collected in wells and pumped out, Surface water may be similarly
collected; or, if the crevices aupplying it are located, they may be grouted to stop
the inflow. The natural humidity of the air has little sigpnificance in this connection,

In table k7, the total moisture leaving the system, as gallons per day, has been
calculated for sxitended periocds during several of the periods of operation. This table
also ghows the input air rete and the ralnfall during the same pericds in order fo show
the relatianship between the three factors. The average moisture leaving the system
increased with each subsequent operating period considered, This may indicate thet the
moisbure entering the system Increases asm the area of the burned-out area increases,
The operating periods considered are in chronological order, and the total area in-
creases from 6,950 to 19,350 square feet during the first periocd of operation given
in table k7, from 30,030 to 46,590 square feet during the second period, and from
46,590 to 69,250 sguare feet during the third period.

Rainfall should influence the quantity of water asccampanying the effluent gases,
but the date obtained do not show any regular relationship. It was probable that the
time lag was sufficient to average out &ll rainfall effects, especlally when the pre-
cipitation is as wniformly distributed over the yesr as 1t was in this instancs.
Variations in the geography and geology of a site could modify the effects of rainfall
from those obeerved at this project.

It was believed that the flow rate of gases through the underground system would
have mome effect on the total quantity of moisture remcved, Most of the date given
refer to input-air rates of approximately 7,500 cubic feet per minute, buit some data
are availabie at rates of approximately 2,000 and 4,000 c¢.f.m. In each instance where
the air rate was reduced, the moisture leaving the system, in gallons per minute, does
not changs appreciably,

The data given in teble 47 indicate thet the water thet was evaporated wnderground
wag relatively constant, regardless of the gms flow., This constancy of water evapcra-
tion indicates thet in en underground gasification inestallation the gas flows must be
large enough so that the heat loss due to moisture remains relatively low. HNo definite
criterion has been established as to the meximum value of the heat loss due to moisture
effects that can be tolerated, but it seems reasonable that it should lie in the range
between 5 and 15 percent of the heat of the combustion of the coal gasified, The
mresence of molsture definitely limite the minimpm air rate thet can be used to advan-
tage in uwnderground gasification.
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TABLE 47. - Input-air rate, rainfall, snd total molsture leaving the syatem

Input-air Molsture lesving
Direction rate the aystenm, Rainfall,
Weel: of flow c.f.m.i/ gal, per min, in.

Operating period, June 21 to Oct. 5, 1hg2/
T toBH IT | 7.1k0 1.6 2,25
T to BE IT 7,190
T to BE II 7,180
T to BH II 7,110
T to BH II 7,090
I %o BE IX T,070
IT 40 BE T 7,10
T 4o BE IT 7,3k0
IT to BH I 7,180
T to BH II 7,080
IT to BE I 7,190
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Operating period, Dec. 22, 1949 to June 5, 19502/
Beeieivunicuinsi s e aracsnvnnseovsss | BE T 4o BE IT 7,810
N da, 7,585

N do. 7,555
e asuiaa e i isbu e o as b ibaa s do, 7,655
T do, 2,090

R do., 7,550
Tereemronuunvuruivvrrurrrvasivaransos . do. 7,845
S A N do. 7,850
B do, 7,950

100 usuu vt uuvavrssviresiuniivsvbesasenasa do. 7,950

Il usevrovovantsvesnvrverasevsvevsnvvns do. 8,130

= do. 7,995

U do. 8,040

e i ba e st e do. 7,850

5 do. 7,920

2 N do. 7,890

I do. 7,850

T do. 7,860

D io. 7,735

=L e do. 7,720

208 do. 7,690

=2 do. 7,670

5 do. 7,620

BB ey i a i i aea s do. T,6h0

£ T da, 1,595

BOy v uruvvrnrsnrro v in e e do. 7,620

= N do, 7,650

AVOIBBO. . tvrvoruvnvivsvvrssvinrsviecnsos
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o

: x a2 x & ®m s =
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Operating period of June %5, 1990 to Coi. 7, 1950&/
Burorrnuiaiiieiiiirinaieuineiviuaasaaes | BE VIZ to BH IIT 7,210
D v evnrananasunssvanennunnoaninntonny do. 7,550

P do, 7,510

LG, eiieiavibrvi i e v i s do. L,oz0

Ll veeunuvvrsnaouennvovnounosvaunuunans do. 4,060

0 do. 7,520

N do. 7,560

A e iiiene i e iab e e u b sa e 2o, 1,620

L do, 7,690

R do. 7,700

e do. 7,560

I PR ao. 7,560

DR do. 7,720

AVOIBED . v vovrurursrurrrvssvassvvunarunn

1/ At 60° F., 30 inches Hg. ary. 2/ The week ended June 25, 1549 = 1,
3/ The week ended Dac. 24, iGhy = 1, L/ The week ended June 10, 1950 = 1.
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Cooling the Underground System

On February 7, 1951, operation of the project wes discontinued, and, in order to
extinguish the fire and cool the underground residue, flooding the system with water
was started. Water was pumped underground at the rate of sbout 60 gallons per minute,
and the steam liberated was discharged at the several boreholes as desired. The water
pumped underground vaporized and was discharged as steam, dissoclated and left the
system as gas, or remained as liquid in the passages underground, Steam or liguid
vater saturated dried strate adjacent to the combustion zone. The sieam that formed,
rovided ite discharge was throttled, asserted a positive pressure underground and
effectively blanketed the system and mrecluded the possibility of air reaching hot
carbon,

From the stert of the cooling process, samples of the gaseous materials dis-
charged at the verious boreholes have been analyzed, This vapor has been of changing
composition, but in many instances it consists of approximately 90 percent steam and
10 percent decomposition products of water with hot carbon together with some coal-
distillation products. An air-free analysis of the dry ges Tollows:

Gas analysis

Percent
COpuvuvrnonranonvinnans 50.1
Til, .o enivenn eheenrre e LT
Hovoruvnrrrnnnnnnnnncons 38.9
COuevvnvnnnresannnennanns .5
CHM.‘................... ,0
Noeveoaonnonnan Ciia e 5.8

[

In figurs 29, the total water pumped underground and the water appearing in the
discharge as steam, both calculated in gellons, are plotted against time since cooling
was gterted. Tor the flrst three weeks, neerly all of the water pumped underground
wag vaporized, and a large quantity of heat wes dissipeted in the steam that was dla-
charged from the system. JFrom the third to the seventh weeks, the proportion of the
vater added that was discharged as steam decreased, and the liguid water remaining
underground increased., At the end of seven weeks it was found that liquid water, to
& depth of 18 feet above the bottom of the coal bed, was present at No. I borshole.
Liguid water had reached a level at No. VII borehole of such height thet no further
steam or gar was being dizcharged at this point, The elevation of the bottom of the
coal bed is approximately 60 feet lower a+t borshole I than it is at the outecrop at
the northern end of the moJject. Eeptimabting from this slope, liquid wafer was present
in the entry and air course at the bottom of the coal bed almost to borehole IIT, In
B weeks of flooding, the effluent vapors heve cooled from initisl diecharge temperatures
of 700° to 1,000o F. to 220° ®,, or approximately the boiling point of water,

In figure 30 the total heat in the dry gas and the total heat in the steam have
been plotted ageinst time since cooling of the project was started. In the Tirst 7
weeks, & totael of 30 billion B.3.u. have been dissipated from the system, which is
equivalent to the heat of combustion of approximately 1,150 tons of coal, As 10,845
tons of coal was consumed during the course of operation of the mroject, approximately
10 percent of the heat of combustion of the coal has been accounted for during these
8 weeks of the cooling pericd,
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Flooding of the underground system is being continued, and liquid water is mesent

at boreholes I Yo V, as shown in table 48,
wag pumped underground in the period February 7 to May 17, 1951.

Approximately 10 million gallons of water
Temperatire measwra-

ments in the various test holes and boreholes Indicate that the average temperature
level underground is now approximately 200° F,

TABIE 48, - Depth of water above the bottom of the Pratt coal bed

Depth of water, Teet

Date BH I BH TI BH IIT BH IV BH V
R £ T ki 26 16 2 -
0 i A PPN 54 b1 28 13 5.7
o055 Ly s s enustasannannsarannansn 55 ha 28 13 5.8
T % NI 55 he 28 13 5.8
4380 -2 -
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