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INTRODUCT ION

The Bureau of Mines and the Alabama Power Co. Jointly conducted & flret experl-
ment in underground gasificatlion of coal at Gargas, Ala.,, during the fall and winter
of 1946-47,. This preliminary oxparimantl/ showed that 1t was not difficult to mein-
tain cambustion of coal underground, and that coal in place could be completely
gaglfied, It was noted that the high temperature developed by the gasificatlaon of
coal in place brought about changes in overlying strata that appeared to be favarable
to the proceas. The high temperatures caused the roof rock %o bLecame plastlc, to
expand, and to settle down on the mine floor directly behind the reacting coke face.
These results were rramising enough to warrant further Investigation of the process,
It was believed that if thle action could be controlled proporly with roefs of simi-
lar camposition, 1t would tendi to force the gas-making flulds underground against
the coal faces. Plans for the second experiment were based in part aon this favor-
able roof ection, end the succesaful operation of the planned initlal stralgntline
passages depended on this fact.

Corgac was chosen as the slte for the second experiment for the following
reagsons: A tract of coal land of sufficlent slze was avallable and lsolated fram
the main body of coal; the roof rock was similar in camposition to that encountered
in the first experiment; and the overlying strata were thick enough to eliminate
same of the operating difficulties that had been encountered. In addition, power,
water, and machine-shop facilitles as well as an adequeate eupply of labor were
available in thiec area, and the friendly cooperaticn of the Alabama Power Co.
further recaommsnded this aite far the planned experiment.

In 1948, the Alabama Power Co. entered into a nonprofit contract with the
Government whereby, under the supervision of Bureau of Mines' personnel, the com-
pany would conctruct and operate such parts of the mroject as directed, and the
Government would relmburse them for the direct costs incurred. Further, the Gorgas
slte, Including swrface area and the underlylng coal bed, was provided by the
Alabama Power Co. withont ccat to the Government.

Both the Bursau of Mines and the Alabama Power Co. are Interested in under-
ground gasification of coal, the Bureau from the standpoint of developing low-cost
processes for manufacturing synthesis gae to mroduce synthetic liquid fuels as well
as the utilization and conservatlion of natural resources, and the Power Co. from
the standpoint of power generation.

In thie second underground gasificatlion experiment it wae planned to utilize
the principles of the "stream method", wherein the gas-making flulds flow past a

I/' Dowd, James J., Elder, Jamee L., Capp, J. P., and Cohen, Paul, Experiment in
Underground Gasificatlon of Coal, Gorgas, Ale.: Bureau of Mines Report of
Investigations 4164, 1947, 62 pp.

I
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coal face and make contact with 1t. The exposed face le the full thickness of the
coal bed, and, ns the carbonaceous material 1s gasified, the face recedea. It was
declded to use n straight-line passage in the coal bed with inlet and outlet con-
nections to gasify the coal exposed, and to advance the combustion of an area by
canstructing new Iinlets or outlets off the line of the ariginal passage as needed.
Thus, an area would be gasified in roughly triangular increments. Thie system was
dependent on the roof action in an adjacent burne-out increment, so that the blast
medium would alwaye bhe forced against reacting coal facea. The roof action in the
firet experiment was thought adequate to make this plan applicable. It was decided
to use air as a gasification medium, as 1t was believed that the informatlon ob-
tained would be fundamental and, by using alr, the cost of the gas-making fluids
would be reduced materially, as campared to using oxygen.

The mrimery obJectlives of this second experiment at Gorgas were to extract the
energy contained Iin unmined coal and to obtaln fundamental knowledge relating to
underground gasification of coal. In particular:

1. To determine the quantity of coal that can be gaslifled from a given Initlal
cambustlon zone and the shape and extent of the burned-out area formed by thils
gasification.

2. To determine the quality and quantity of the alr-blow product gas generated
at the conditlons of the experiment.

3. To determine the opera.lonal characteristica of the system as designed and
canstructed, Including such fundamental factors as the optimm length of passage,
the optimm rate of fluld flow, and the pressure drop encountered.

I, To obtain Information regarding the actlan of heat on the overlying strata.

5. To obtaln fundamental technical and economic Information with regard to the
cholce of plant sites, installations, and operating procedures, including the inetal-
latiorn and testing of air inlets and gas outlets, both as vertical boreholes to the
ccal bed and as stoppings in the coal bed near the outerop.

SUMMARY AND CONCLUSIONS

The second experiment Iin underground gasification of coal at Gorgas was oper-
ated continuously for 22-1/2 months without any great difficulty. As shown in
flgure 1, the initlal development conslated of 1,100 feet of double entry betwesn
barehole IT and the entry seal driven horlzantally in the coal bed and a single
entry 300 feet long connecting borshole II with barehole I. These entriess mrovided
a passage for the gas-making flulds along the coal facea, Five large-dilameter bore-
holes on 300-foot center's were drilled from the surface to the entriea, and subse-
quently two additional large-dlameter boreholes were drlilled near the perimeter of
the reacting zone in order to introduce alr at tho horizon of the coal bed and to
remove gag and wvroducts of cambustion. An air blast of approximately 7,500 c.f.m.
usually wes employed, but at timee a reduced blast rate was used. The operational
characteristica of the iInstallatlon were studied, and records were kept of the
volume of air admltted to the system, temperatures at various pointe underground,
and other pertinent data.

One obJective was to determine the quantity of coal that can be gasified from
an initial opening in the coal bed. During the operation, 10,485 tons of molsture-
and ash-free coal was consumed, underlying an area of 83,690 square feet, ar 1.92

4380 -2 .
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acres adjacent to the original entry. Up to the time the proJect wez discontlnued,
no difficulty had been experlenced in malntaining combustion, and no limlt as to
the ultimate gquantity of coal that could be gaslfied from a given opening had been
determined,

it wvag pari of the original plan to extend gasifisation tc cover a large area
of coal bed by mroviding new inlets and outlets by drilling bareholes off the line
of the ariginal entry and tangent to the perimster of the burned-out area. This
was done In the course of the experiment, end it was found that the gasified arca
\ " could be extended thus. A borehole drilled 7% feet east of barehole II made con-
| g tact wlth the reacting face and was utilized to advance the face further. It
\ > 1 appears that there 18 no definlte 1limit to the area of coal bed that may be explolted o
. - in this manner, :

A second cbJective was to determine the quality and quantity of ths product
gases produced when using air far combustlion. Gaseous producta having a heating
value af 90 to 150 B.t.u. per cublec foot were obtalned at times during the opera-
tlon of the proJect. Durlng the operation between borehole II1 and a new borehole &
VI (see fig. 6) drilled at the perimeter of the burned-cut area, a combustlble gas iia
with a heating value of 90 B.t.u. per cublc foot was produced at a rate of 9.L

million cublec feet per day. In this insntance the effective period of operatlon was =
only & hours, because the walls of the outlet fused and the borechole was destroyed. .
Subsequently, during operation of the sectlon between borehols 1II and another new 49

barehole, VII, a mroductlon of 6,7 million cuble feet per day of gas with a heating
value of 72 B.,t.u. per cublc foot was attalned.

In each af the above inatances, the new borehole was drilled at the perimeter
of the burned-out area, which resulted In a product of lmproved quallty as well as
the extenslon of the gasifieatlon over a larger area,

It was found that miintalning efflclent contact between the gas-meking flulds
and the carbonacecus faces wes a perequisite for recovering maxlmum energy from the
coal e'ther 1n the form of a combustlble gas oar as penslble and latent heat in the
gaseous products., A large proportion of the work at the mroJect was therefore
dlrected toward cbtalning efficlent contact.

Martlal solutions were achleved, and various procedures were indicated for
Turther attack. The use of the 10-foot wide openings underground dld not promote <
erficlent contact between the coal faces and the gas-making fluids, The dimensione F
of the original openings should have been emaller in order to obtain a better prod- rg
uct. Same success was achleved In forcing contact between the coal faces and the
garo-making flulds by filling vold spaces wndorground with fluldized sollds. During
periods in which thils procedure wam used, contact efflclency probably was increased -
fourfold. Furthermare, utilization of new Inlets and outlets near fresh coal faces 3
and off the line of the original underground openings provided better contact. As -
has been shown in the body of the repart, the rate of combustion of coal was In-
creaged from 9 to 18 and thence to 30 to 45 tons per day. These increases in the
rate of coal conoumption paralieled increases In the gquallty of the gaseous products
obtained.

-

Another purpose of the experiment was to determine the optimum rate of air in-
put far a glven system. Conslderation of the results obtalned and a study of the
molsture inflow to the system Indicates that the fluld flow must be maintained at
such a quantity that the heat losses fram the evaporation and dissociation of

e T AT
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molature do not became exceselve. No criterion as to the permissable limit of heat
loss due to molsture was emtabliphed, but it is believed that the volume of fluid flow
through the syetem must be maintained large enough so that the heat loss from thie
cause does not exceed 5 to 15 percent of tho heat of combustion of the coal oonsumed.
If the fluid flow was reduced in gquantity, the heat loss from this source tended to
increase beyond these fligures, and an adejuate temperature level could not be main-
tained. During periods of operation when the rate of fluld flow was relatively low.
the percentage moisture content of the effluent geses was high, and heat lossges from
the system were excesaive. Under such condiilons the operating characteristics of
tire system deteriorated rapidly.

Heat balances obtained during the operation conslatently show maximum snergy
recovery 1in the effluent gases during prolonged periods of operation in one direc-
tlon at the highest alr-input rates avallable at the prolect. Thls stands out
during a long cycle operation in the course of the perlod October 5 to December 22,
1945, and during a period when operating between boreholes V and III Jjust befare
cooling was started. In the firat of the above periods, the heat loss to under-
ground strata during prolonged cycles at high discharge temperatures and maximim
alr-input rates averaged apmroximately 20 percent, whereas with intermediate air-
input raites the loss amounted to 26 percent, and with low input air rates the loss
waa 30 percent. Theme figures Indlcats that high rates of coal consumption and
high retes of fluid flow are desirable in underground gasification.

The action of the immediate roof in regione outside the original underground
paspages where the coal was burned out has not yet been campletely assessed. The
information avallable Indicates that thism roof came down behind the reacting coal
faces and tended to force the fluld flow toward the face. It was expected that
bloating of the roof rock would campletely fill the space where coal had been
consumed. Although definite evidence im lacking, there are indications that
partial bloating occurred. The gradual increase in back pressure during each of
the operating periods shows that the passapgeways between the inlet and outlet
boreholes became more constricted with the time in epite 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 water and emitted gas. It was
ovident that in placea where the coal was burned out a restricted flow of gas
existed. Prolonged expoaure of the strata above the coal bed to heat caused
cracking and added to the permeability of the burned-out area. In all cases the
growth of the burned-out area resulted in deterloration in operating characteristics.

The meusured rate of advance in the area between boreholes I and II ranged be-
tween 1.25 and 2 inches per day. It was likely that thls rate was exceeded in the
area between boreholes VII and II[; however, the rates here were not measured.
Theoretically, the total heat loet to the strata should decreasec with increasing
rate of advance of the reacting face. The source of heat is the reaction, and,
with a higher rate of advance, lesa total time would be available for heat to pene-
trate into the rock above and below the coal bed.

The operation at Gorgas indlcated that the optimum conditions for uaderground
gaoification employing the stream method required high ratee of reaction and rapid
movement of the coal faces underground in order to minimize heat losses from the
system. In addition, the operation consletently indicated that when fresh coal
faces were exposed near the Inlet or cutlets to the oystem, the best vontact effi-
gclency and the beot ensrgy recovery, elther in the form of a combustible gas or as

heat, were cbtalned,
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Studies were made of leakage from the underground system during various perlods
of operation. These Indicate that leakage incressed gradually with time up to
approximately 50 percent of the total fluld input and remained falrly constant at
this figure. There were indlcations that the increase in lealnge was influenced by
subsidence of the strata overlylng the burned-out reglon causing cracks through
which the gaa escaped. Several Initial leaks were found in early operations, but
these accounted for ¢ .ly a small proportion of the leaknge that eventually occurred.
The flgure of 50 percent was exceeded when higher pressures were placed upon the
underground system by cloasing off or choking the gaa outlets. It was poaslble that
long exposure to heat and subsequent drylng of strata increased lealk ~e. Further,
the applled air pressure could force molsture back into the canlllari! 1 of the
strata and thus reduce the sealing effect of water,

An obJectlive of the experiment was to determine the optimm length of under-
ground. paseage that coulda be used. It was found that quadrupling the surface area
of the coal faces initlally avallable Increased the rate of cansumption of coal by
a factor of approximately 2,.5. This was based upan a comparlson of the operatlan
botween boreholes I and II, before any fluldlized sand was injected underground, and
the operatlon between boreholes II[ and V.

Various types of equipment and construction were tested during the experiment.
It was found that the installation of a water Jacket between the borehole cesing
and the concrete surface seal was very effectlive for handling hot gases, and exlt
bareholes were operable for long periods. Refractory-lined bareholes where hot
gases were handled were not superlor to unlined boreholes, and the extra cost of
using refractories in future lnetallatlone doee not appear Justifled. Using preas-
auwre-grouting techniques in areas surrounding an outlet hole as a means of decrean-
ing paorosity of the stratum that was traversed by the opening appears to be advan-
tageous. Thie technique can be useu also in decreasing leakage over limited areas,
as the grout will fill horizontal and vertical cracks intercepted by the holas,.

The construction of the entry seal was adequate for the service reguired.

Leakage from this seal was not excesaive, but a more satisfactory construction
calls for inletting the seal to a greater depth In the bottam rock and Improving
the application of messuwre-grouting techniques. The use of supporting brickwork
around the base of the boreholes serving as inlets and outlets might help in pro-
longing the life of the openings in question, however, there was little difference
betwean the service obtained at borehole VII, where 1t was not possible to use this
construction, and the service of the brick-supported boreholes, I to V.

The technical feasibllity of & process must firat be proved by experiment and
trial befare a definite econamic evaluatlion can be made., Processes for the under-
ground gaslfication of coal are atill in the experimental stages, but several re-
sults that appear to be favorable from an economlc viewpoint have been obtained.
The quantity of coal that can be gasified from an initial opening in the ceal bed
ils presumably lim’ted, but to date no definite limlt has been reached. More than
5,000 tons of coal fram a bed 42 inches thick have been gasified from the ribe of
an initial 300-foot entry 1n the coal bed. It has been posalble to enlarge the
area of coal consumed by constructing new inlets/outlets near the combustion faces.
The energy of the coal can be brought out of the ground as senslible and latent heat
of the effluent gases, and qualitatively it has been shown that thie energy can be
utilized in a gas turbine. Cambustible gases can be iroduced underground on the
coal ribs, but inadequate cantrol of contact between the carbon faces and the gas-
making flulda has so far mrevented obtailning thls gas above ground for more than a
few days at a time,
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Installations for the underground gasificetion of coal can be intended for any
of the following three uses:

1. Camplete combustion of coal underground with air, and utilization of the
heat energy In gas turblnes ar in relsing steam. By this method an over-all thermal
efficlency fiom coal consumed to eleatric power generated should run fram 15 to 20
percent of the heat of combustion of the coal. This may be compered to the operation
of a steam-generatling power plant using 1 pound of coal for the production of 1 kilo-
watt-hour, plus the mining of the coal wherein 1 pound is left underground for every
pound produced. Here the over-all thermal efficlency 1s approximately 12,5 percent.

2. The mroduction of producer gas by gasification cf the coal with air and
utllizatlan of the combustible gas in gas turbines, for ralsing steam or for other
applications requiring heat located near the plt mouth. To date a continuous supply
of gaa has not been produced because of loss of efficlent contact.

3. The production of synthesis guns by gasification of the coal with oxygen and
steam and the subsequent utilization of the gas in the manufacture of aynthesis
liquid fuels or organic chemicals. No experiments were made with an oxygen-3team
blast during the smecond Gorges experiment. It may be possible that this method will
be more generally satlsfactory than (2) because of the high rates of combusilon and
consequent high temperature levels that should result,

A new installation ls belng constructed at Corgms for additicnel investlgation
of the process of underground gasification., The American bed, which lies under the
Pratt in this area, will be gasified, and an electrical aystem of connecting inlets/
outleta in tho coal bed will be tried. The additlonal cover over the American bed
and the greacer distances to 1ts outecrops should ald in preparing a system that will
be much tighter with respect to gas leakage. The electrical system of connecting:
inlets/outlets ghould reduce site-development costs ;reatly and eliminate all under-
ground labor., It will also result In the prevaration of a high-temperature fuel bed
at the begimning of gasification operations and reduce the time to heat a new system.
Several geometrilcal changes will be made in the shape of the underground passages in
an effort to increase contact efflciency and improve control of the system.
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underground workings, J. F. McGoe, John Holden, and A. E. Sands, all of the
Morgantown, W. Va,, station of the Bureau of Mines, rospactlively aided in the in-
stellation and operation of the gas turbines during that phase of the experiment,
in designing end installing the sand fluidizatlon cquipment, and in orgenlzing end
training leboratory personnel. The Southern Reseerch Institute, Birminghem, Ala.,
designed equimment to determine the location of the burning cocel face underground.
Thanks are due tile personnel at the Gorges proJject, both that of the Bureau of
Mines and that of the Alabeama Power Co. for 1ts cooperation and loyalty.

DESCRIPTION OF THE AREA

Location

The site chosen for the experiment was in the NE 1/4 and SE 1/} of the W 1/4,
sec. 17, T. 16 S., R, 6 W., Walker County, at Gorgas, Ala. This area 1s an irregu-
larly shaped, hllly tract of land (see fig 2) on all sides of which the Pratt coal
bed outcrops owing to & valley on the north, the Warrior River on the cast and
gouth, and Baker Creek on the west. The coal bed underlies this area at = depth
ranging from 10C feet at the entry seal to 162 feet at borshole I (see fig. 3).

Description of the Overburden

The stratum overlying tho Pratt coal bed is comprised of shales and sandstones,
with shales predominating. Small vertical slips are frequently present in the
overburden, and scme of them extend from the coal bed to the surface. Generally
they arse local in character, but some continue “or considerable distances. Four
holes were dlamond-drilled in the aree in order to obtain cores for study of the
overburden. These holss 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
follows:




Depth
Fram- Te- Thickness Material

fi. In. Ft. In. Ft. In.

0 0 2k (s} 2L (¢} Saft brown sandstone.

2k 0 gL 9 a1 5 Shale.

91 ] @ & 0 g Sandy shale,

92 6 102 [o] ] [ Wenthersd shale.

102 0 a7 9 5 9 Broken shale and sandstons.

1qa7 ] ns 0 k 3 Gray mandstone with shale streakn.

112 0 1 1 9 11 Sandy shale.

323 LAY 12h 3 2 & Sandatone with shale streeksa.

128 3 131 8 7 5 Derk shale.

o 33 T-aR 1 11-1/2 Sendy shale,

133 7-1/2 134 3-1/2 0 8 coal.

13k 3-1/2 13« 52 O 2 Bans.

136 s5-1/2 137 5-1/2 3 0 Conl,

137 5-1/2 137 6-1/2 0 1 Bone.

37 6-1/2 138 41,2 0 ic Fire clay.

138 h-1/e 138 [3 s} 1-1/2 Bonms.

1368 6 1k0 8 2 2 Shele.

10 B k1 3 <} 10 Sandntone with black atreaks.

Hole 3
Depth
Fram- To- Thicknesa Materiel

B OB B N N A

c 0 1k 0 1k o Red clay.

1k 0 £ 0 2 0 Soft brown eendatone.

16 0 32 o 16 o Dark-gray sandstone with thin shale
streaks.

32 0 41 o] 9 0 Gray sandy ehale.

L1 [¢] 5 0 15 (o] Dark-gray eandstane with thin shale
strosks.

56 0 61 0 5 0 Fina-grain 1light-gray, sandy shals.

61 c 8o 6 19 6 Light-gray, sandy shale.

Bo 6 we 9 20 3 Gray sheale, alightly sandy.

00 9 143 8 k2 11 Sapdy shale with atreaks of gray
pandetone.

143 8 18 k i a Dark shals.

158 L o & 1 2 Gray sandstone.

1kg 3 150 2 0 8 Dark shale.

150 2 15k 7 4 5 Sandy chale.

15 7 155 2-1f2 0 7-1/2 Coal.

155 2.1/ 158  k-1/f2 0 2 Bone.

155 Lk-1/2 158 3 2 10-1/2? Coal.

158 3 158 b 0 1 Bone.

158 N 150 o] 1 8 Blue shale.

160 © 161 11 1 11 Hlue shalo.

161 11 163 4 3 5 Gray oandstone with thin stroaks of
ghale.

Hole &
Depth
From- To- Thicknesa Material
. o e R B R
0 a 1k 5] la o Clay and Qirt.
1k 0 20 9 6 0 Soft hrown sandstomie.
20 o] 23 L 3 iy Gray eandatons.
23 4 26 2 z 10 Yary saft Lrown sandstans.
26 2 32 3 4] ki Sandy shals.
32 ] 33 5 [o] & CGruy randstone.
33 5 35 3 i 1C Dark chale witk send sireaks.
35 3 35 5 c 2 Gray sandstons.
35 5 51 6 ] i Dark okals with eand etreaks.
k1 6 k2 9 1 3 Gray sendstone vith shale uiresks,
L2 9 43 9 1 o] Sandstons .
43 9 52 ] 9 [¢] Sandy shale.
52 9 51 @ 8 3-1/¢ Sbals with sandstone etreaks.
A1 1R Ay Ty 1 L-1/2 Gray sandetane.
(=] 5 71 9 9 L Dark shale with sandetene atreaks.
T1i 9 81 (] ] 9 Shale w!th sandstone stireake.
81 & 91 5 9 11 Elus nhale wlth eandstone streaks,
91 5 95 10-1/2 4 s-1/2 Blue shale with sandstama.atruaks.
G5 10-1/2 of 8 [} 9-1/¢ GSandstone.
96 8 g8 1 2 3 PFlus shals with sandstune streaka.
o 11 58 1 5 (s} Bandstons.
59 11 101 2 1 3 Alus mhals with sandstone atreaka.
101 2 111 1 q 11 Shale with randatone streaks.
11 1 115 9 5 8 Shele wit: sandstone atreaks.
115 9 120 5 5 8 Dark shale.
12c 5 #o 10 G 5 Gray sandstone.
170 10 122 8 1 10 Sandy shale.
122 B 123 L o 8 Coal.
123 L 123 T ¢ ; | Bome.
123 7 126 6 ' Coal.
126 é 127 6 i 5 (o] Shale.
127 6 1ag 3 - 2 Sandy chele.
129 8 132 4 2 < Sandatone.
Kole &
Dopth
From- To- Thiclness Meteriali
R B O E K IR
0 0 10 (o] 10 (] Ovarturden and trown sandstone.
10 0 37 =1 ¥ 10 Weathered sandstane.
17 10 22 9 k 11 ghale.
22 9 24 0 1 3 Blue ghalo.
24 4] 20 10 S 10 Shale with sandstans streaks.
29 10 32 T 2 9 Rlus shalse.
32 T 33 5 ¢} 10 Shale,
33 3 'S 1c 8 S Shale with sandstane sireaks.
kK1 10 7 2 % i Black shale.
L7 2 .48 17 1 8 Sandsctone with shale st-eaks.
L8 10 51 & 2 8 Sandy shale.
s1 A 52 2 0 8 Coal.
= 2 52 ] [¢] 2 Bone .
] in s b G Coal.
55 L “8 -8 2 4 Shale.
58 a 60 7 1 11 Sandy shale.
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Geology

The coal measures of Alabama occur in the Pottasville formatlon of the Pennayl-
vanla perlod. The rocks ascoclated with the coal beds are shales and sandstones.
At the experimental site, the core-drlll records show relatively few thin beds of
gandstones Interspersed with the predominating shales. Bedding planes are perallel,
and there are no faults or unconformities at the slte., Vlsual lnspection of core
samples {see fig. 3) shov the shale toc be closely laminated, of an invisible grein
glze, and & dark slaty color. The sandstones are strong and are not laminated;
they have sharply defined unper and lower bed faces, a fine visible grain structure,
and a light-gray color. A concentratlon of sandstone beds is noled between 20 and
Lo feet above the Pratt coal, Another such concentration appsers 20 to 35 feet
below the surfase at the hill top.

ILaboratory permeability tests were made on core samples of roof rock. The
resulis of theae tests are given below:

Typo of Distance above top
rock Permeabillty of coal bed
Sandstone Impervious 1, 4l 1n,
do. do. 2 T, 0 K.
do. do. 2 £h5. L . :
Shale do. 2 £t 5 1n, 2
do. do. o P il =1
do. do. 2., T d
do. do. e f+. 11 1m,
do. do, 3 ft. 1 in.

Siderite (FeC0,) was found in the hottom rock, 1 foot 7 inches and lower,
below the coal bed, and € feet 11 inches and higher in the rock above the coal b4
bed. This mineral occurred as bands less than 1/2 inch thick &and as nodules .
embedded in &hale,

In general, the rocks are only fairly resistant to erosion and thereby con-
tribute to the topography of the reglon, which 1s that of a dlssected peneplain.
It 1s characterized by steep-slded, 1marrow ravines and gullies. The hilltops are
relatlvely flat, and weathering of the surface rocks cn them has progreused to a
depth of approximately 25 feet. The hilltops lies at an elevatlcn of 500 to 600
feat above sea level, and the base of eroslon 1s the Warrior River, which at Gorgas
is approximately 250 feet above sea level,

Where the stratum along hillsides has been exposed by excavatlion, numerous
mud seams can be geen, These are Jolnt plenes that have been operned by slumping of
the hillside and refilled by deposited clayey material. The md seams offer little 4
rgstriction to the flow of flulds. Although several mud secams were encountered In i
core-drill holes 2 and 5, on the hillsides, no cracks whatever were observed in :
cores from core-drill holes 3 and 4 below the limits of weathering. This fact led
to the assumption that the stratum back from the outcrops and under cover 50 ar
more feet thick was undisturbed and should pirove relatively gas-tight.

e e
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Description of the Coal Bed

The Pratt bed dips aprroximately 1°955' in the direction a 1lttle east of south.
In thls area the coal reangee in thickness from 40 to L& inchea. Vertical face cleata
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in the coel are clogsely spaced, averaging 20 cleets to the foct and running
. 50° W, Starting at the top, the coal bed can be descrlbed aa follows:

Inches
7 Brignt coal
2 Bone
¥ Coal
1/2 Bone or fusain
2k Coal with otreaks of bone or fusain

Apalysis of the Coal

Standard chamnnel samples of the coal were obtained at five locations within the
experimental mine and were sent to the Central Experiment Gtation of the Bureau of
Mines for analysis. The coal is high-volatile A bituminous, rated as "good coking."
The analyses ars given in table 1,

Two benched charnnel samples were obtained fram the mine, and the analyses
fiven in table 2 zhow that the maximum sulfur concentration occurs in the top
benches of the conl bed.

In ong instance the forms of sulfur in the coel were determined, and these
results are given in table 3.

Analyaesz of samnlea taken of the immedinte floor and roof at various locations
In the gasification mine are given in table k,

Laboratory Test of Roof Rock

In addition to the analyses of the roof rock given in table 4, additional
teats were made to determine the effect of heat on this material. When a sample
was heated to 2,400° F., a conslderable degree of expansion occwrred, but there
was no evlidence of flowing. Heating another sample to l,500° F. and holding it
at this temperature for 30 minutes resulted in a decreasse in weight of approximately
0.6 percent and an incresse in volume of 1.7 percent. The test samples at tempera-
tures up to 2,400° F. gave o permanent expancion, and there was no evidence of
cracking or crumbling in the small test pleces. The large sample from which the
test specimens were obtained showed some evidence of cracking along the bedding
planes during handling, rmresumatle due to drying.

A small diamond-drill core sample of roof rock was tested by mounting in a
refractory shell about 1-3/14- inches thick and placed on top of a gas furnace in
such e way that the bottom surface of the roof sample was exposed to the full
furnace temperature. The furnace temperature was relsed to 2,080° F, over a period
of 2-1/2 hourse. A few chips were obeerved cracking loose from the bottom of the
sample when the temperature reached 2,1000 F. Ao the temperature was increased, a
larger chip was dlslodged., When the temperature reached 3,3750 F., the bottom cf
the sample fused, and no further changes were noted. In general, thls sample of
roof rock withetood high temperature better than did a large slab that was tested
prior to the firat experimentt/, under @imllar conditions exceut for size of the

sample.

_87 Wark cited in footnote 7.
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1. - Chemical analynis of Pratt-bed coal, wndsrground gesificetion mine
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Fualbility of sah,

Proximate  percent Calorific ture, %P Real
Laboratory Ultimate, percent value, Initial specific
No. Molsture Ash Sulfur B.t.u. daforsstion | Saftaning gravity
D-135702/ 5.3 0.2 1.3 13,010 2,520 2,650 1.3k
- 9.7 1.3 13,7k0
- - 1.5 15,210
D-135712/ k.0 13.5 17 12, k20 2,470 2,680 1.38
- 1k.0 1.8 12,930
- - 2.0 15,040
D-135722/ 1 2 12.5 2.1 12,850 2,k20 2,520 1.37
2 - 12.8 2.1 13,130
3 - - 2.4 15,050
D-~135732/ 1 % 1 10.0 1.6 13,000 2,520 2,620 1.3%
2 - 10.7 L.y 13,590
- - 1.9 15,170
D-135742/ 9.0 LT 13,490 20 2,570 1.33
b 9.2 1.7 13,850
3 - o. - 1.9 15,250
l.? 1. Sample ss-roceived; 2. Dried at Moisture- and ash-fres,
2/ Location of coal samplas (see fig. 1). £ rt. northvest of borshole I on laft rib.
D-13771, 50 rt., nortiwest of borehols I1 oo laft rib of alr sourse. D-13572, 50 £t. oorth of borehols TIT on loft rib of alr course.
D-13973, &9 rt. narth of be=shols IV on left rid of air courne. i0 f't. north of bareholes ¥V o left rib of air course.
TABIE 2. - Chemical analyais of benched channel pamples of Prati-bed coal, underground gasification mine
Fusibility of ash,
Prox Calorific tam ture, °F, Real
value, InTtiaT specific
Mols b B.t.u. | deformmtion Bﬂﬂe _pravity
.6 3. 12,820 2,100 2,280 1.38
3T 1. - 2,0k0 , 990 + 2.00
2.0 1. 13,350 2. 710 2,760 1.35
2.8 8 1k, 360 2,530 2,350 1.30
.8 1. 13,290 2,260 2,520 1.35
k.0 5.6 |11.9 T1.b 5 k.1 13,100 1,560 2,050 1.37
17.3 29.3 |=0.7 36.9 1.0 - 2,760 2,860 + 1.86
32.8 2.2 [12.6 T0.8 1.5 3.0 12,800 2,080 2,470 1.39
1s.7 2k.2 |s8.2 30.3 2 - 2,600 2,870 + 1.96
34.8 %8.8 k.4 79.8 1.7 7.2 1.k 15,310 2,230 2,3 1.350
33.3 #3.2 |10.% 73.1 1.6 8.3 1.5 13,150 2,380 2,550 1.35
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/ Sampls as-recelved. y
/ location of coml samples (ses fig. 1), D-13576 to D-13580, inclusive, &2 ft. north of borehols IT om laft rid of air course.
D-13581 to 13586, inclusive, 38 ft. north of borehols IV on left rib of air course.
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TABIE 3. - Sulfur forms found in Pratt-bed coal, underground
gnsiflcation mine
Laboratory Sulfur forms, porcont
lNo, condition L/ Bulfate Tyritic Orpanic Total
c-973982/ 1 0.01 0.58 0.50 1.09
2 .01 .59 AL AR
3 .02 72 61 1.35

1/ 1, sample as-recelved; 2, dried at 105° C.; 3, moisture- and ash-froe.
2/ Drill core, hole 3; this core was obtained at the exact lccatlon of barehole I1I
(see figs. 1 and 3).

Site Preparation

Locating the Pratt Coal Outcrop

In the spring of 1948, a bulldozer was used to uncoveor the Pratt coal outerop in
the immediate vicinlty of the project to ald in determining the hest location avallable
for the underground workinge. The uncovering of the outcrop and the data from the
diamonud-drill holes established the contlnuity of the Pratt coal bed and showed that 1t
wan completely lesolated from the maln body of coal. It was the general opinion of all
cocerned that complete isolation of the body of coal that was to be utilized was de-
airable, although no difficulty was anticipated with respect to extinguishing the fire.

CONSTRUCTION

Access Roads and Bulldings

AT ter uncovering the coal outerop, the bulldozer was used for clearing the land on
top of the hill so that the necessary office, laboratory, arnd atorage bulldings, could
be erected and the equimment installed. Access roads were bullt from the project site
to the public highways leading to the Gorgas Steam Plant.

A prefabricated-eteel off'ice bulldlng, lahoratory, and warehouse were built.
Wood-frame bulldings with galvanized sheet-steel siding were erected to house the cam-
presgor equipment and for instrument houses, pump house, and additlonal warehouse space.

Mining

Figure 1 shows the plan of the underground openings. The outcrop at the north
end of the mroJect was faced up with a bulldozer, and an entry and air courae wore
driven 10 feet wide each and separated by & 10-foot coal pillar. The coal was drllled,
shot without undercutting, and hand-loaded into chain-and-flight conveyars, which were
extended between move-ups by 6-Toot lengths until their maximum length of 300 feet was
reached, A 30-inch belt conveyor was installed, and the chain-and-flight cunveyors
were loaded directly on the belt. The belt was extended as required and led directly
into a bin (see fig. 4) at the outcrop. The coel was loaded directly from the bin
into trucks. During mining an average advance of 20 feet per shift was achieved in
each entry.
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TABIE L. - Chemical analysis of immediste roof and floor adjacent
to Pratt-bed coal, underground gasification mine

Roof samplesl/ Floor sampleal/
Laboratory Ko. D-13529 [ D-13590 | D-135901 | D-13592 [ D-135G3 | D-1358 D-13558
Real apecific gravity..cocesicsrornssvsnsna 2.69 2.53 2.71 2.65 2.64 2,60 2.67
Praxi.maf.eg/, percent:
FT o S AR | G - e - g 2.0 3.2 1.3 3.7 1.2 255 |
Volatils matter...... AR S, el e 6.6 9.0 6.7 6.5 5.4 8.0 6.9
Fixed carbOn. ..cssce-reecsconas I, 4 et : 1 g.1 .7 2.2 1.5 1.9 .1
e, AN - - R P R e A Y 91.3 80.7 91.3 89.6 91.9 87.6 92.3
Ultimte2/, percent:
o L e L P o= iyt TR O . 91.3 80.7 91.3 89.6 91.9 97.6 g2.3
Carbon. ... ov- i e i e e e R g 1.7 9.6 1.9 3ok i k.5 1.8
BREEREIIE 5 0 o i o v B o e i i G i1 7.0 1.2 2.3 1.1 3 5
Analysis of ash:
Loss op ignition at 8009C. ......c.em.ns .2 P 4 .3 3 X 3 .2
PEO0F. 5% = o ot B el B e B e 1 3 ey e 6k .2 67.9 62.4 66.2 72.9 61.3 61.9
ALoOad/ s covhscanensusnny L 8 . 21.8 13.2 22,1 19.6 16.0 25.6 25.2
Feo0uuneruuiiianns ORI = RO 7.0 ik,2 7.8 7.1 5.9 B 5.5
CaOL ..o 3 SRS S (-5 . .5 1.0 5 3 b .3 3
BEEN. . o b it o s W 5o e Wb v 2.0 1.0 2.0 1.6 1.4 2.2 2.2
B0 S o 5 i s s = s P G e e g s i L el . 5 3 .3 2 .2 D
SRR AL - S Al 5.1 2.1 4.6 k.6 3.1 5.6 k.5
Fusibility of ash, temperature, °F.:
Initial defarmation.....oveoa.. e o 2,360 2,130 2,320 2,310 2,310 2,380 2,360
SOl LR o b wrv e Sl R L RS0 5 2,450 2,210 2,460 2, k50 2,470 2,550 2,550
o O SR e N R 2,590 2,590 2,610 2,700 2,680 2,800 2,800

l/ Location of samples (see fig. 1): D-13589, 59 ft. northwest of borehole I, 10 in. of roof rock sampled.
D-13590, 50 ft. north of borenole II, 10 in. of roof rock sampled. D-13591, 50 ft. north of barehole III,
10 in. roof rock sampled. D-13592, 50 ft. naorth of borehole IV, 13 in. of roef rock sampled. D-13593,
50 ft. north of borehole V, 11 in. roof rock sampled. D-13587, 50 ft. northwest of borehole II, floor rock
sample fram O to 6 in. D-13588, 50 ft. northwest of borehcle II, floor rock sample from 6 o 12 in.

2/ Sample as recelved.

3/ The AL,0, includes a smell quantity of manganese oxide (Mn;0,) and any titanlum dioxide and phosphorus
pentcxide that may be present.

L/ By difference.
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Wnen the entry and air courese had reached a point 141 feet from the pit mouth,
headings L feet wlde were driven for 29 feet fram the west rib of the entry and the
east rib of the alr course. A L-foot crosecut was driven through the coal pillar
cannecting thess headings. Thus, a place 80 feet long and 4 feet wide was excavated.
It wae extended 2 feet into the hottom rock and ¢ feet into the roof rock, and the
entry seal wall was conatructed (see fig 5). An escapeway was constructed later

to simplify changing of the explosion disks at the entry seal.

Mining of the entries mesented nothing unusual. The roaf rock was heavy and
required close timbering for approximately the flrst 125 feet from the portal, Inby
this point the roof was firm, and the draw rock was supported by safety posts.
Ordinarily, 2 to 4 inches of roof fell ma the coal was shot. The floor rock was
hard, Influx of water from the roof occcurred ot two points Inby the location of the
entry seal. At each of these polnte a considerable volume of water was found inl-
tially, but after a few days the Inflow nearly cemsed. The floor was ordinarily wet,
and water frequently appeared in shot holes drilled in the lower half of the coal bed.

Ventlilatlon wvas provided by a small, electrically driven mine fan exhausting at
the air course portal and by two portable, slectric, auxliliary fans with collapsible
tubing set 15 feet outby the lmet crosescut. The portable blowers delivered approxi-
mately 3,200 cublic feet of alr per minute to the entry faces. All safety precautions
conslatent witl, good coal-mining practice were observed during the mining and under-
ground construction work.

The entry seal (see fig. 5) consists of a three-course wall of firebrick backed
with steel buckstays. The top and inby asldes of this wall were pressure-grouted to
the roof and surrounding stratum by means of neat cement admi*ced through the four
{-inch boreholes shown, After grouting the wall, the Inby and outhvy exposed surfaces
were grouted with a refractory cement upplied with a cement gun. Later, the air space
along the outby face of the seal was fllled with concrete made from cement, rock dust,
and sand. The 2k-inch outlet pipes were set in concrete, as shown, and the explosion
disks were set in flanges anchored to the cancrete surrounding the outlet plpes,

A fan and fan 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 fitted with
doors and regulataors so that the alr flow could be controlled as desired when work &t
the entry seal was necessary.

The roof of the entry fram the portal to borehole I was supported by 60-pound
steel raill set In hitches in the top coal and secured by wedgee of stone or brick.
The steel ralls were apmoximately 13 feet long and were placed on 2-foot centers.
The air course was timbered with wood safety poste, and, where neceesary, 3 by 8-inch
wooden cross collara were used.

Drilling

The over-all plan of the proJect ie shown In figure 1. The entry and air course
vere connected with the surface inetallatlon by means of the large boreholes, I o V,
inclusive., In addition to the ariginal boreholes shown in figure 1, two other large
boreholes were drilled later at other locationa. A number of test holes were also
drilled before the start of the experiment and additlonal holes were drilled during
the course of the operation. 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.
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TABLI 5. - Specifications of the churn-drill holes, gmmificetion project
Naminal | Bepth Caaing=/
diametar e Extarmal Intersal
of hole, | hole, dimmeter, 4l tar Type af grout
Dwaignatian inckes feat Boltom of hols inches 1nchon Deptk, feat E around ofalng i - |
Larzs Iniet-oullst barsholes 7 = 2/ " |
I 8 At top of coal - - RHone=' None— a3 ]
88 IT F--] do, 20.00 19.50 15k.0 Rafractary —~
2 111 o deo. 20.00 19.50 145.0 Do, . ¥
B IV 28 da, 20.00 19.50 136.3 Do.
BV _ B B da. - - Roe '
BH vl.lf 14 16,5 | Through k2 in. of coal and 1.5 ft. iato bottum, 10.79 10.19 197 or 5.9 fi. nbove top of coal Heat oement "
m vrd/ 18 151.5 | Through &% fa. of coal and 5.0 r£t. into bottom. 12.75 10,00 1.8 or 1 £t. mbove coal, Cement sand .
Teat koles \
™1 4 161 Into coel .50 503 30 Neaty cement.
TE 2 [ 142 do. k.50 L.G3 je Do,
™ 3 6 151 do. b =0 k.07 30 Do,
™ & @ 158 do. L_s0 5.0 o Do.
™ 5 & 158 do. L.50 4,03 30 Do. T
TH 6 6 52 da. .50 PN 30 Do. I
TE 7 [ 162 ao. 4.70 4.0% 30 Do.  yi
™ 8 6 159 do. k%0 .2 30 Do. _‘.-0
TH 9 £ 160 do. h.50 5.00 30 Do. '
™ 10 6 159 do. 5.50 L 0 Da. .
H il 6 158 do. 4.50 &,03 i0 B, g
TH 12 & 158 do. §.50 5.03 30 Da. $
TE 13 & 156 do. 4.50 koo? 10 Do.
TH 1k [ 15 do. 4.50 L0 30 Da. e
1 /8 2.38 2.01 142 Do, Py
m 134 3 TS do. 6.63 o.o7 30 Io. b
s/ 2.38 2.07 130 Da. \
™ 16413 6 k6.5 do. 6.63 .07 30 Do. i
3.50 3.07 180 Do, _
) Pump hole 1
m &/ 6 Vi do. .63 607 ae Neat cement "
I 1150 j.07 164 Fena; 3-in. casing
3fuf Sand holea loocee in hole.
SE ﬁ/" [ 153 Through coal and 2.9 ft. into bottom. 6.03 .7 8.7 Nnat commnt
&R /, 6 154.7 | Stopped & ft. mbove coal. 6.63 607 2.3 Do.
SE 31/‘; é 164 Through ceal 6.63 i { 30 Bo
s’ 1.1{.5’ v 85 do. 6.63 0.7 30 Bo.
sE :éf-.-, é 165 do. 6.63 507 36 B
SR &2 & 163.59 | Through coal into bottom. 6.63 .01 30 Do.
Bl 6 W7 Through coal 6.63 G.ov 30 Do.
S 2.38 2.q7 135 Da
sm 63/% i 146, Into coal .63 0y 10 Da
5/ 2.38 2.07 132 De.
R od/2 6 157.8 Through ccel 6.63 6.0 30 Do.
/ 2.38 e.or 1367 Da.
st 102 & 150 dc. 6. 6.0 30 Do.
2.3 a.07 1ic B,
= ndy 6 149.9 do. 6.9 6.07 30 Do
2,38 2.07 139 Da
SR lEl/y 6 150.% | Through coal into bottam. 6.63 S.07 0 Do.
2.38 2.07 iko Do. .
BB 131/3/ [ 185.% 3 #t. above coal 6.63 w07 40 Do, B
2,38 2.07 150 Do.
, Holes for grouti g entry seal
‘E; 6 97 Into coal % inch 19.5 Filled hole with neat
ap (] 161 do. galvanized cement during later
}A‘J/ & 100 da, chewt-metal 20 cons'ructian.
k= & 100 do. well casing. 20
30 fest of li:-inch pipe was placed in hole at a depth between 30 and 0 feet; neat cemsnt grout was run

1/ Standard pipe was used far caslng sxcept =3 noted. 2]

into mnnzlus to plug vertical cracks in strata betwoen thess elevations.

lengther of timo, and the hole waa usually bottamed in & burned-out area or in carbonlized coal.

These holes wers drllled after operation of the [roJect had continued for varylng
4/ These holes vere startsd with an B-inch bit in arder to

placa the 5-inch caning.
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Table & glves a survey of the deviation in dlameter obtained in churn-drilling a
28-inch-diameter hole through strate of the nature found at the project site.

To ald In estimating the construction time required for churn-drilling holes, A
record of the average rate of drilling was kept. These rates are given in table 7 and
include setting-up time for the drill rig.

TABIE 6. - Varlation in diameter of borehole II with depth

Dopth from surface, Diameter, Depth fram surface, Diamster,
| feet inchesl feet, inchesl
| R s by .| 29 Ry NN £ 3 29.5

A e A B LI 29 . i R % 08 30

G o A & o o W i3 29 B () SR Y P (0 gl o 29.4

o e S e T S 30 173 L, S WO ) | o * 30

b TR WL L S e 30 114117 s (AR e S, o ¥ W 5 20

7T AP et e S 29 BB s s dd TETE 3 in T . 29

e B e e 29 $205 5 dwagsag 35 e e o 31

e P T e ol ML 29 i S ey : 31

., SR 29 . 1 SR, | 30.5

T ks e £ ol & 4 29.5 LT P e i 4 31.5

e BTN ol s 29.5 T iy 32

e e e 29.5 1 315

R & e i ALt 29.5

Bit gaged at 28 inches,

i

TABLE 7. =~ Rate of churn drilling holes of varilous diameter at Gorgas

Nominal diameter Footage Rate of drilling, feet per hour
of hole, inches considered Average Max imum Minimum
28 438 0.57 1.46 0.38
18 283.5 1.67 2,02 1.48
6 6000 3.890 7.30 1.83

Before drilling the large boreholes I to V, inclusive, the area through which
each hole was to be drilled weas pressure-grouted with cement., The arrangement of the
pressure-grout holes is shown in figure 7. Crout was applied in the unlined holes
from 30 feet belcw the surface to the coal bed. The cement usage and other details
of pressure grouting are given in table 8, This chows that after two or three holes
had been grouted at each location, the last one or two holea refused grout in each
cass, (20 bags were required to fill the hole) and the area was therefore presumed to
be tight and the cracks in the strata filled,

Refercnce to table 5 indicates that refractory cement was used to grout the 20-
inch casing at boreholes II, IIT, and IV. In sach Instance a castable refractory of
high alumina content was used for filling the first 10 feet of the annulus adjacent to
the top of the coal bed. Castable refractories of lower .lumina content were used .
for filling the remainder of the anmulus, and the type of refractory at each of the 'r'
three beoreholes was varied to obtain & comparison as to thelr individual characterie- &
tics for this service.
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TABIE 8. - Results of pressure grouting at boreholes I to ¥

v

Maximum grout

Time for Cement used, pump pressure,

Locatiaon Hole}/ groutling, hours bags p.s.l.g.

L33 gk (S P IS S Sl at h 19 225
22/ 10 204 250

3 7.3 30 600

b 6.5 19 500

BE. L a5 v g ahies i L 16 225
B 10 296 Ls50

g TeD 3k 500

L 6.8 26 700

BE It - 55 i 13 300 L50
2 ik L 300 700

3 6.8 25 700

L 6.8 27 800

W Py -5t e sbve 1 12 63 56
2 T 22 1,000
3 3l 163 175
L 6.8 o2 800

BH ot 5EfLsE 5 bia y 1 10.5 67 600
2 T 27 1,000
3 6.5 20 800
N 6.8 20 800

1/ The holes ara numbered in the order in which they were grouted.
g/ Grout was forced out the side of the hill 37 feet below the surface elevation at
berehole I.

Each of the lrrge boreholes, I to VII, inclusive, was fitted with a surface seal
similar to those snown in figure 7. In order to accommodate the seal, each borehole
had been reamed tc 5S4 inches diameter far varying depths, as shown in table 9. After
placing the water Jacket, the annulus was fllled with concrete, and the swrface pad
was poured. The purpose of the water Jacket at each borehole was to maintain a tight
seal between the concrete surface plug and the borehole casing and was not Intended b
as a means of cooling the effluent gas.

.

TABLE 9. - Reaming boreholes I to VII éﬁ
Reaming to 54 inches, 5

Borehole depth, feet &
W 49 5 5 O 20.5 §
Bl ou vkt s « PR bE T SH TSk d ik 17.5 i
TR 0 5t % 4« SRS SO« 20.5 3
NN T 21.3 -
A R A 8 oo v o, o & 25.0 -
VoLl stroiasin b ik o e 0 5w ions 22.0 I
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Boreholes I1I to V were drilled into crosscuts, which interconnected the under-
ground pasmages. Borehole I was drilled into the single entry at the southern end
of the project, and bureholes VI and VII were drilled into the coal bed near the
burning coel faces during operation., At the elovation of the coal bed, boreholes I
to V were supported by fire-brick structures similar to that shown in figure 8. The
purpose of these structures was to support the roof rock adJlacent to the borehole
and to prevent nlugging of the bottam openlng.

Surface Equipment

A 20-inch-diemeter air-blast manifold was Installed to connect the large beore-
holes with the compreasor units (see figs O and 10). The menifold is shown in figumre
9, and a more detailed plan is shown In figure 11. The connectlons to the boreholes
were valved, so that each could be used either as an alr inlet or a gas outlet. The
air-inlet valves were 20-inch, worm-gear, cast-lron plug valves, and the hot-gas
outlets were flapper-type valves fabricated at the moject and operated as indicated
in flgure 11. The faces of the latter valves were gasketed with asbestos and fitted
with cables for opening and closing from the ground. When closed, they were bolted
to the stack to minimize leaksge. £Each of the boreholes was fitted with an internal
water spray, thermocouples, and sampling commections. The thermocouples normally
were located at the gas-sampling point and O feet below ground level. At times,
thermocouples were placed 2t the elevation of the coal bedand at various other depths.

Recording flow meters were installed in the air manifold as well as temperature-
and pressure-measurlng devices. The primary air sowrce for the project was a recip-
rccating compressuvr powered by an 800-horsevower syncliranous motor heving a rated
capaclity of 7,200 c.f.m. of free air at a dilscharge pressure of 30 pounds per square-
inch gage (see flg. 12), Auxiliary air-campression equipment conslated of two rotary,
rocitlve-pressure, lobe-type blowers, one of which wag powered by a 100-horsepower
motor ard had a rated capacity of 1,600 c.f.m. of free air at 10 pounds per square-
Inch gege. The other unit had a rated capacity of approximately 7,000 c.f.m. o free

alr wlth a discharge pressure of 2 pounds per square-inch gage and was powered by e
T5-horzepower motor.

Two skid-mounted gas-sampling rigs were built snd cormected to the outlet stacks
ag desired, These wnits included a primary condenser, a coke filter tower, secondary
tubular condenser, a gas pump, an after condenser, and flow-measurling equipment as
shown in figure 13. The gas leaving the unlts was piped to the laboratory, where
Iron-oxide boxes, a 100-cublc-foot gas holder, and a mressure regulator were Installed.
From the iron-oxide boxes, the gas sample was plped to a recording calorimeter and to
a recording gravitometer in the laboratory bullding. The gas was analyzed on elther
grab or continuous samples by means of Bureau of Mines precision-type Orsat equirment.

Electrical power far the project was obtained from a Li-kv. transmission line of
the Alabamn Power Co., vhich passed over the site., A 1,000-kw. substatlion was installed
end delivered current at & primary voltage of 2,300 for use at the projJect. All motors
of 75 horsepower or larger were direct-connected to 2,300-volt service. Secondary
transformers were installed where a voltage of 110, 220, or 440 was required by the
various Installations.

To provide the water needed, two 150-gallon-per-minute, LOO-foot-head, centrifugal
pimps were installed at the Warrior River, approximately 3/4 mile from the site of the
experiment. Water was required for cooling product gas, for circulating in “ke water
Jacketo of the boreholes seals, for cooling the reciprocating compressor, and for var-
lous other purposes. The river pumps dellvered the water to a 3,000-gallon tank on
the slte, An antomatic float switch was installed to control operation of the pumps.
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A 12%-horeepover horlzantal steam boller was installed at the slte to provide
steam for purging the syestem or for such other purposes as mlght be desired.

Sand Driler and Fluldizatian Equipment

During the course of the experiment it was found that relatively large quan-
tities of dry sand was required for fluidization and inJection underground, and a
sand drier, as shown in figure 1, was constructed from materials available at the
project.

This unit has a ecapacity of approximately 2 tons of dry sand per hour. The
v 'brating screen was installed on the discharge end of the drier, so that the
finlshed dry sand had & particle size of 1/10 inch or leass.

Sand-f luidization equiiment was fabricated as shown in flgure 1%. These
units were similar in deslgn to the pulverized-coal feeders developed at the
Morgantown station of the Bureau of Mines, They were fitted with a holst far
charging and were operated intermlttently. FEach fluldizer had a capacity of
approximately 5,000 pounds of sand, and they were operated over extended perloda
at a discharge rate of 60 pounds of dry sand per minute, The fluldizers were can-
nected to an alr compressor rated at 225 cublc feet of free alr per minute, with a
discharge pressure of 129 pounds per square-inch gage. Approximately 125 to 1.0
e.f.m. of alr was required for a sand-dlecharge rate of about 60 pounds per minute.
Owing to the abrasiveness of the fluldlzed sand, it was oxpected that some diffi-
culty would be encountered in maintaining the shut-off valves from the fluidizer.
It wvas found that by using oversized plug valves similar Iin deslgn to those cam-
monly used on compressed-air drills, wherein the port opening was equivalent to
the inslde diameter of the sand line, good service could be obtained.

Underground Temperature Measurement

Each of the test holes (TH 1 to 16) shown in figure & was equipped with a
chromel-alumel thermocouple inside 1-1/k-inch standard pipe, the hot Junction
being located at the eleration of the coal bed. The 1-1/k-inch pipe was welded
to a flange-type fitting at the top of the L-inch casing of the hole, The instal-
lation permitted measuring the temperature and pressure or collecting a gas scample.
Lead wires were run to a switchboard in the labaratory where temperatures could be
read periodically on either a recording or an indicating poteniliometer. At the
entry seal, thermocouples were imbedded in the concrete of the stopping and vere
installed at the level of the coal bed on the east rib of the air course and near
the went extremity of the seal iteelf. Leads from all thermocouples installed in
the outlet stacks and the alr manifold also were run to the laboratary.

Locating the Cambustion Faces

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

On the west rib of the single entry, at a point 100 feet north of borehole 1,
a 2-inch hole was dr!lled horizontally 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
barehole III an the west rib of the entry. Stainless-steel capsulea with rupture-
disk assemblies were charged wlith 39 grama of mercury, sealed, and placed in these
harizental holes at 5-foot intervals, Between the capsules, the hole was fllled with
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refractary cement. The capsuley were designed to explode at a pressure cf about
1,300 pounds per square inch and a temperature of 1,3500 F. A speclal sampling
system was installed at No. I and No. II boreholes, so that a sample of the lssuing
gases was sent through a cooler, a llquid trap, a pressure regulator, a fllter, a
flow meter, and thence to & recording-type, photo-electric mercury detector. When
the combustlon face reached a mercury capsule, the capsule exploded, anéd the detec-
tor indicated the presence of mercury vapor in the effluent gases.

Gas-Turbine Installation

It was declded to install two aircraft-type turbo superchargers to obtain some
Information on the possibilities of operating gas turbines in connecticen wilth under-
ground gasification. At borehole II1I, the gas-turbine inatallation shown in flgure
16 wae constructed. It consisted of five cyclone-type knock-out chambers acting in
parallel tor the removal of dust and clinker from the efflusnt gas. The discharge
fram the knock-out chambers was connected to the intekes of two gas turbines con-
nected in parallel, In each turbo-compreesor, the turbine and the alr compressor
were mounted oan the same shaft. Two stages of compresslon were obtailned as alr wvas
admitted to one compressor unit, nd this discharged into the intexe of the second.
The discharge from the second can.ressor was added to the air stream entering the
undergrouwnd system or discharged to the atmosphere. All un!its comprlsing the gas-
turbine installation were mounted on concrete foundaticns. The lmock-out chambers
and the hot-gas handling lines were insulated with £ Inches of magnesia asbestos
lagging. Steel barricades were erected around the turbo-compressor unitas, and an
adequate oil-cooling and storege gystem was installed. The gas dlscharge from the
gas turbinec was vented to the atmosphere through a 20-inch atack. Bellows-type
expansion unlts were provided in all gas lines leading to the turbo-campressor units.

OPERATION
Operation of the project was divided into several periocds. Various problems
developed, and certaln operational changes were made. In each Instance the changes
were planned elther to correct difficulties encountered or to obtain information

regarding the effect of certain variables on the wrocess.

Firing the ProJect

Fach rib of the 300-fcot single entry between horeholes I and II was undercut
to a depth of 15 Inches, and thn loose coal obtalined was plled againat the rlbs.
Approximately 15 tons of coal was placed arocund the base of barehole I and along the
ribs of the entry. Several cords of pine wood was stacked on top of the coal, and a
number of thermite fire bombs was rlaced In the plle of fuel. One hundred gallons
of fuel c¢il wes poured down borehole I. The 1,000-cublec foot-per-minute compressor
was started; the air valve at I and the stack valve at Il were opened. At 3:00 P.M,
on March 12, 1ck9, a thermite bomb was dropped down barehole I, and operation of the
project began.

First Operating Period, Merch 18 to June 21, 1949

It was oripginally planned to operate the proJect by using a unidirectional flow
in the 300-foot length of single entry between boreholes I and IT. Ailr was admltted
at borehole I, and the effluent gas was sampled aud vented at borehole II. It was
planned to use a low air iInput at the start and gradually increase the flow to the
optimm rate, The purvose of the low initial alr flow was to set up a stable com-
tustion zone near the base of borehole I and to carefully bulld 1t up by gradually
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increasing the alr-input rate. If a combustion zone of the proper slze could be
established In the first half of the passage, the remalnder of the path would serve
as a reduction and distillation zone. High temperatures had to be developed in
order to bring about the desired roaf actlon as quickly ax possible,

Special th.rmocouples were Installed for use in the initial phases of the
operation., They were placed at the top of the coal at the base of berehole I; on
the floor of the entry at distances of 0 feet, 120 feet, 180 feet, and 240 feet
north of borehole I; and at the top of the coal at the base of borehole II.

Figure 17 shows the varlation i1 temperature at these points fram March 18 untll
March 29. These temperatures Indlcate that the limlts of the cambustlon zone
approached the base of borenole II. Thils was shown primar!ly by the temperature-
time curvee of the thermocouples located 180 and 240 feet northi of borehole I and
also by the thermocouple at the base of borechole II. The thermocouples located

£0 and 120 feet north of borehole I reached peak temperatures approxlimately 7C to

90 hours after the start of the cycle and then showed a decrease. It cannot be

said definitely that the entry cooled as Indicated by the drop in these temperatures,
because gquantities <f roof rock could have fallen on the hot Junctlons of these
thermocouples and effectively insulated them. The thermocoupie at the base of bore-
hole I, which wag in the entering air stream at the coal-bed level, showed no change
during the pericd; therefore, the combuation rate at the base of borehole I must
have remained low, even though the fire was started in this reglon. Most likely, the
locue of maximum combustion moved downstream zome distance fram the iniltial firing
point before & high-tempsrature, relatively intense, combustion zone was established.

Table 10 gives the major operating results dwring the period Merch 18 to 29.
The air flow was increased graduslly fram 2,025 to 5,290 cubic feet per minute. At
the atart of the run, the effluent gas contalned some carbon dioxide but was largely
unreacted air. The carbon dloxide and oxyzen contents of the effluent gas increased
and decreased, respectively, and the rate of coal consumptian reached a maxlmum
during the “l-hour period between ithe G7th and 118th hours of operation. This peak
in operating condlitiona occurred during the same pericd that the temperatures on the
thermocouples 60 and 120 feet north of borehole I reached a meximm, At this time,
contact between gas and coal was at 1ts best. Following this period, the over-all
temperature level underground was low, and the limits of the combregtion zone were
approaching burehole II, It was belleved that higher underground temperatures would
give better results, and to accamplish this it was decided to reverse the flow
periodically.

TABIE 10. - Operating results from March 189 to 20, 1940, cycle 1

Average Rate of coal

Time, alr flow Average analyses of effluent gms, percent congumption

hours c.f.m.L/ e Hn co CH No tons per dayc
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In the course of this first operating cycle, the cver-all resistance to flow
increased. The change was small, and the effect was masked by the variation In
quantity of input alr and the temperature level underground. Some roof must have
fallen to wccount for the total Increase.

Following this first cycle, the flow was periodically reversed; borshole IT
and borehole I were alternately made the Inlet and outlet. The effluent-gas tem-
peratures were chosen as a basis upan wnich to effect these periodic reveresals In
flow. The average operating conditions for the remalnder of the period March 29 to
June 21 are summarized In tables 11 and 12, In these tables the results obtained
during individual cycles are averaged by weeks and direction. Table 11 summarizes
the results when blowing in at borehole I and removing the gaseous products at
borehole II. Table 12 summarizes the results obtalned when blewing from borehole 11
to borehole I,

In the course of the 15 weecks of operation given in table 11, the carbon dioxide
and oxygen content of the effluent gases remained nearly constant, although with the
passing of time there was a slight decrease In carbon dioxide content and a alight
increase in oxygen content. The heating value of the product gases remained low for
the entire period. The maximum temperature of the effluent gases for each cycle was
pericdically raised from 700° to 1,100° F., and this temperature waz the criterion
used lu limlting the time for each cycle. As the discharge temperature was raised,
the operating time required to reach that temperature first increased and then de-
creaged to the previous value, indicating that the over-all temperature level of the
underground system was gradually increasing,

In the sixth week of operation, an attempt was made to raise the temperature
level by spraying fuel oll into the entering air at borehole II. Abcut 500 gallons
of oll was added to the Input alr during two consecutive cycles in the directicn
borehole II to I. Adding the fuel oil caused the temperature to rise at the base of
the inlet borehole; but there was no other apparent effect upon operating condltions,
and the use of oil was discontinued.

When mining of the underground entries was completed, 1t was found that water
regularly flowed into these passages. Thils water drained south to the pump lole,
where 1t accumulated. It was then pumped from this sump and measured. The water
inflow during the perlod preceding the first operating period averaged 1.7 gallons
per minute. From March 18 until June 21 the sump was periodically pumped dry, and
for the entire period the water averaged 0.2 gallon per minute. It was presumed that
of the water entering the mine, 1.9 gallone per minute, was evaporated in the combus-
tion zone and was evolved with the gaseous products. This quantity was approximately
equivelent to 0.04 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 based
on later analytical determinations of the water actually assoclated with the effluent
gas, bearing in mind that 40 percent of this figure can be Justifled from normal in-
flow of water and evaporation in the combustion zone. After June 21, temperatures
rose to such a high level in the vicinlty of the water sump that the deep well pump
had to be removed.
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TAHLE 11, - Opersting resulta, March 18 to Juas 21, 1949, Direction of flow, borshols 1 to borehale II

Average epalyeis of effivent gmo 4/

Heating Temperature of Heat balance=' & parcent of heat of combustion of cosl conmumed

value, Mol afflusnt gan | Avearage rate Unaccounted for and
Woek and B.t.u.| water| Av. [ of coal Sensitle heat Heat of | Sensibla end Fprooumed stored
cyclsa Percent per cu) per moll temp.,| temp.,| comsumption, |content of dry| combustion|latent heat of underground

avarngedl/ X J 0 [Es Jeo [ rt.2/1 dry gad ©F. %, |tcns par dayi/|effiuvent gas |o dry gms| wmter wapor by difference
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The first figure is the operating week, March 13-19, 1049 = 1; the sscond flgure !s the number of operating cycles in this direc.lon during the week, the results of
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TABIE 12. - Operating results, March 18 to June 21, 109, Direction of flow, barshole [T to barshols 1

Averuge analysis of eoffluent gne ;

Hea ting Temporature of doat bal.a.nce&f, percent of' hest of combustion of coal consumed
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Table 11 also indlcates that the average rate of coal consumptlon increased
with time during the period. Heat balances on the system showed that the energy
originally contained in the coal was being brought out principally as sensible and
latent heat in the product pases. The heat of combustlion of these gases varied be-
tween 1.0 and 42 percent of the energy originally contained in the coal and this
percentage increased with time. The heat lost to the surrounding underground strawa
decreased from 50 percent at the beglnning of the perlod to between 10 and 14 percent
at the end. A numerical average of these flgures as given in column 19 of table 1l
indicates that apmroximately 22 percent of the heat of combustion of the coal was
absorbed by the surrounding strata.

Results of thes cycles for flow In the directlion borehole 1I to borehole I are
given In table 12, With the exception of heoat balances, the results are simllar to
those given in table 11. Agaln, 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 delivered ahove
ground in the courss of thils period Increased with time. The major difference caused
by the reversed directicn of flow was the quantity of heat lost to the underground
surroundings. A numerical average of the values glven In column 19 of table 12 in-
dlcates that about 34 percent of the heat was stored .nderground in contrast to the
22 percent heat loss when blowing in the opposite direction.

In thls period of operation, 877 tons of moisture~ and ash-free coal was con-
sumed, as calculated from the materlal balances obtained on the system. This figure
ls based an the total quantity of ailr admitted, analysis of the coal in the reglon
betwaen horeholes I and 1T, and analysis of the effluent gases. No correctlon has
been applied for poesible lealmge from the underground system. This factor will be
discusaed later.

A gradual increase in flow reslstance through the system wae noted during the
coursge of this 15-week operating periocd. From the 8th tc the 15th week, the input
air rate was maintained at the maximum capacity of the reciprocating compressor for
moet of the time, Under this conditlion, the back pressures may be compared read!ly.
This comparisan 1a shown in table 17." The apparent Increase can be attridbuted to two
factors: (1) the increase in over-all temperature level of the underground system
required additional pressure to overcame expansion of gases underground, and (2) falls
and fusion of roof rock tended to block the underground passages. It is belleved that
the second effect nredominated, because this particular roof should have fused and
become plastic at combustion temperatures.

The results demonstrated that the roof action along the 10-foot-wide single entry
was not sufficient to provide efficlent contact between the air and the coal faces.
Gas produced at the coal faces was mixing and burning upon meeting air that had not
contacted carbon., It ie shown in tables 11 end 12 that large amounts of air was pass-
Ing through the system without reacting with carbon or gas. In several Ilnstances
cycles were run at reduced alr-input rates without any asppreclable change in the
characteristics of the system. This further substantiated the bellef that quantities
of air was travellng through porons strata without contacting carbon., In a system
contalning varallel flow paths of constant dimensions, the propoartion of the total
flow following any path does not change wlth the total flow through the system.
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TABLE 13. - Back-pressure develompment during the initial operating period from
March 18 to June 21, 1949

Resistance to fJ.os&/, pounds per square inch gage

Week e 9 Bl 1 w | 13 m | 1s
Direction of flow

BI L 66 BE Il.eesns e« siivam s 5 3.7 b [ b,1 h.5 L.3 L.8 h.g 5.0

BE LT e B L, . o0 004 3.6 3.8 3.8 b,k L.6 b7 by 1 b7

Average far both directions. 3.7 3.9 Lo b5 b7 4.8 4.8 L.g

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

Two tests were made to determine permeatility characterisztics of the coal and
the overlying strata. In each instance the technigue was similar, A constant mres-
sure of 10 pounds per square-inch gage was applied to the underground system, and
test holes 1, 3, 4, 6, 7, 8, 9, 10, 11, 12, and, at times, 5 were opened, end gae
vas allowed to bleed off to the atmosphere. The bottam-hole temperature and the
flow and analysis of the effluent gas issuing at each test hole were measured per-
iodically. These measuremenis were made over a period of 4 hours in the first test
and 8 hours in the second.

The results obtained dwring the second test on May 10, 1949, are summarized in
table 14, Test hole 5 was in the cambustion zone, and test hole 4 was near, although
the low flow indicates it was not yet in the combustion zone. Test holes 1, 6, and
7 were close 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 reactian
zone but wae connected by same flesure, as indicated by the relatively hlgh gas flow.
Teat holes 9, 10, 11, and 12 were still relatively far from the reaction zone but had
same connectlon with 1t. The effluent gases were mixtures of coal-distlllation
products, producer gas, alr, and preducts of combustion,

It was possible to collect samples of light oil and tar being evolved at several
of the holes, and thls was done on subsequent occasions. The test showed that there
was game poasibility of gas flow through the laminatlions of the coal bed, but the
resistance to flow was high. It did not prove that the entire rath of travel was in
coal, dut in each instance a portion of the path was through coal.

While the system was under pressure, the adJacent hilleide was examlned to de-
termine whether leakage exlsted. At a point about 500 feet west of barehole II, at
the elevation of the Pratt coal outcrop, a very smali volume of gas was escaping.
The gae flow was below the coal bed, through the coal bed, and through strata Jjust
over the coal bed.




TARIE 14. - Resuite obtained during sirate vermeability teat of May 10, 1049

Analysls of effluent gas

Elapsed Heating value, | Bottom-hole

Test-hols time, Percent Jtam, temperature,
hours Hy oF.
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Second Operating Period, June 21 to October 5, 1949

The first operating period indicated that contact between the gas-making flulds
and the coal faces was incomplete. This was largely responslble for the low over-all
temperature level underground and resultant poor utilizatlon of the coal, It was
decided to drill holee along the iine of the ariginal entry connecting boreholes I
and II and to injJect & fluidized solid Into the vold spaces believed to exlst in an
effort to improve contact between air an? coal faces.

Sand holes 1 to 6, inclusive, wore drilled at the locations shown in figure 6
according to the over-all speciPications given in teble 5. Sand holes 1, 2, and &
were thus on the center lino of the original entry, 5 was on the west rlb line of the
entry, and 3 and 4 were bottomed in a region where the coal had been consumed. The
drilling of these holes furnlshed the first direct evidence of the characteristics o
the burned-out area, and & resume of drilling notes from each hole follows:

Drill Notes

Sand hole 1, SH 1

Distance above Elevation of top of coal 392.3 feet
tt coal, feet Remarks
7.6 No effect of heat or caving observed above this point.

Lost water, aeteam issued from hole.

5.6 Bit fell suddenly after several blows at 7.6 f£t., indlceting o
cevity overlain by a slad of rock.

2.6 Drilled with constant streem of water., Enough water roetained in
hole to bail cuttings., Cuttings were bright red, result of Loat
and oxidation.

0.4 Drilled through caving material. Cuttings red.

50 Slow drilling due to caving through horizon of coal bed. No
voids observed. Cuttings fireclay (bottom rock) and red rock.
Bottam of hole.

Sand hole 2, 8H 2
Elevation of top of coal 387.5 feet
emarks

9.0 No effect of heat ar caving observed above thls point. Hot stewum
issued from hole. Water run into hole induced down draft of air,
Red smoke observed lssuing in puffs fram borehole II.

8.7 Measured 4-inch vold space when bit lowered in hole.

6.7 Drilled at a normal rate with conatant stream of water in hole.

o P8 Drilled at very slow rate. Three hours further drilling failed

to make mrogress. Driller's oplnion bit deflecting from in-
clined sladb., Bit corners rounded. Bottom of hole.
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Gand haole 3, SH 3

Distance above Elevation of top of coal 386.2 feet

Pratt coal, feet Remarks
ﬁ 95.5 Inleaknge of alr or gas, indicated by bubbling.
11
w4y 70.5 Increased inlealkmge observed aver preceding 5 feet.
' 25.5 Cuttings show no effect of heat.
1
e | 20.5 Thermocouple in hole measured temperature 82° F. A few brown
’ ! particles in cuttings.
4
| 15.9 Surface temperature of blt when withdrawn fram hole 120° F.
4 Cuttlnge normal shale color.
! 10.5 Bit temperature 1629 F. A few red particles in cuttings.
: TeH Bit temperature, also balled-water temperature 190° F. Loas
] of water noted. Cuttings contain brown and red particles.
: £.5 Steam (fraom drllling water) iseuing from hole. Bit temperature
. 203° F. Fine cuttings, many red and brown perticles.
%
d Sand hole 3, SH 2
Remarks
0.3 Very fine cuttings, appearance simllar to crushed cocks, light-
reflecting surfeces,.
X -1.2 Break through of gas Into hole, rapld lose of water. Cuttings
s black, shiny, cellular, fine, Fast drilling.
=-5.0 Slow drilling. Hard material., Bottam of hole.
Sand hole L, SH &
Elevation of top of coal 385.2 feet
Hemarks
T Slight inlealkrge of alr or gas.
35.7 Increased Inleakage noted.
25.7 Woak, light-gray shale, no Indlcation of heat effents.
20.7 Cuttings as above; bit temperature 120° F, :
5.7 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 temperature 203° F.,
caving into hole. F
|
k.2 Starved to lose water. '
0.7 Fine, dmck-gray chale, few red particles. Bit temperature 214° F, ¥
| -2.8 Lost all water.
-3.5 Coarse, lightwelght, black, cellular cuttings slightly attracted E
by magnet. Hole had filled 3 feet when bit returned. }‘.
=4.5 Cuttings as above. Hard drilling. Bailed 7 feet of water. '
Bottam of hole. _
4380 - 28 « '
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Sand hole %5, SH 5

Distance above
Pratt coal, feet

Elevation of top of coal 386.6 feet
Remarks

30.2 Bit lukewarm.
25.2 Cuttings llght-gray, coarse shale, Bit temperature 100° F.
20.2 Cuttings as above. Blt temperature 105° F.
15.2 Dark-gray, coarme cuttings, slight discoloration. Bit
tomperature 14C° F.
10.2 Dark-gray, coarse, many red perticles. Bit temperature 182° F.
e [ Coarse c:utt.in\ge6 m_lxtura.of b:}.ﬂ-ck and red partlcles., Bit
temperature 190% F. Slight inflow of gas.
L2 Loat water.
BT Sicam and gas issved fraom hole.
C.7 Large volume gas and stean,
-3.5 Sof't or loosie materlal,
-3.6 Bottam of hole, hard msterial,
Sand hole G, 81 6
Elevation of top of coal 389.3 feet
Remarks
26 Cuttings show brown discolaration.
2l Cuttings as above, bit warm,
16 Cuttings contain red particles. Bit temperature, 140° F.
11 Few red particles. Bit temperature 175° F.
8 Hard drilling. Many red particles. Bit temperature 190° F.
s e Hard drilling. Steam issuing from hole. Bit temperature 190° F.
0.5 5 feet fast drilling. Bit temperature 200° F. No gas flow.
=R Bottam of hole.

The drilling notes fram SH 1 and 2 indicate the mresence of volds at horizons up
to 9 feet above the top of the coal, which no doubt were caused by the roaf action
along tho line of the single, l0-foot wide entry. SH 6 also was drilled aloug the
line of the single entry, but not until sand filling of the volds at SH 1 and = had
been completed. Deflnlte indlcations of the presence of volds was not obtalued, and
the lack of gas leakmge at a horizon only € Inches above the top of the coal bed in-
dicated that some success iiad been achieved in injecting fluldized sand.
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The drilling notes fram SH 3 and SH 4 do not indicate the presence of volds In
the overlying strata. Small cracks in the strata were Indicated at harilzons 50 to
100 feet above the top of the coal bed. Samples of the drill cuttings were taken
at regular intervals near the top of the coal bed, and the analyses of these cuttings
are given in table 15. It must be remembered that cuttings removed from a churn-
drill hole are not exactly remresentative of the strata through which the bit pasges.
Sloughing of f of material above the smmpling point and incomplete balling tend to
contaminate the sample. The samples wers obtalned by using all possible precautions
to minimlze these effecta, and the analyses ylelded qualitative information as to the
action taklng place underground.

TABLE 1%. - Analysls of drill cuttings, sand holes 3 and b

Sempling polnt, Volatlile 3/
distance above top losa,?_/ L_ Ultimate analynls, parcent~
of conl,_]_-/ feet percent Hyarogen | Carbon | Nitrogen | Sulfur

: =1
Sand hole 3, SH 3

.
-]

o~ oW N ==

o
W orrowonoFU

Sand hole 4, SH

EE: C.3 26.2 0.8
X 0.2 11.k 2 0.6

/ The original thickness of the coal bed rangod between 3.5 and .75 feet.

/ The sample was dried at 215° F, to remove molsture, then reheated to 500° F. to
remove loosely combined molsture, ete. {nll samples lost up to 0.2 percent on
reheat! to 500° F. except two, which lost 0.3 end 0.4 percent), then reheated
to 1,500 F. and this final loss reported ae volatile loss.

3._/ As-recelved basis. Each analysls adds to Just over or Juat under 100 percent

wlthout cansideration of the presence of oxygen, Each sample contained a small

quantity of hydrochloric acld soluble sulflide. These factors may be due to the

reducing condltions existing In the reglon where the samples were obtalned.

-
2

The analyses Indicated that virtually all cerbon had been gasified, although same
remained near the level of the bottam 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 from 7.6
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to 15 feet above the coal and in SH 6, which was drf’led much later than SH 1 or 2,
at a horizan 26 foet above the coal. Visual examinatiocn of the cuttings did not
indicate any hlcating or expansion of the roof rock. SH 3 and SH 4, which were off
the line of the entry, did not lose water at the coal-bed harizon during drilling.
The bit went through material that was easliy drilled, and no volds were found;
these facts indfcate that the roof In thls area may have fused and came down behind
the reacting coal faco, as was expected.

Sand InjJection

Upan campleting sand holee 1 and 2, a quantity of sand was dried, screened,
fluidized (see figs. 1k and 15), and inJected Into the underground voids at these
locatiana. Operatiaon of the project was continued =g sand wae inJected.

Sand was chosen for filling the volds, because the cost was reasonable, it was
easy to handle, and It had adequate refractary properties,

Standard l-inch pipe was placed in the sand hole to a point 1 foot alove the
bottom. The l-inch plpe wam sealed in the hole by means of a flanged connection at
the top of the surface casing. To help keep the hole open and to blow mand back Anto
crevices, an alr line was cannected to the surface casing, and air was paseed down the
annulus between the sand line and the strata. Sand was inJected untlil the hole plugged
frequently; the sand line was then shortened 1 foot, and the mrocess was continued.

A pand hole was abandoned only when there was no loneer any possibllity of injecting
a reascnable quantity of sand at any horlzon intercepted by the hole.

It was found advisable to inject nand during periods when the mroject was oper-
ated at full blant rates, because under these conditiane the stream of gas and air
tended to carry sand away from the hole. Moleture collectian 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, 1949, sand in/sctlon was ptarted at SH 1. Injection at the various
holes was cantinued me rapldly a~ possible throughout the secand operating period
ended October 5. SH 1 to 6 and test holes 1 to % were ultimately used for sand in-
Jection in the area between horeholes I and II, and sollds were inJjected underground
until March 3, 195C. Table 10 gives a sumary of the quantities of solids inJjected
in this area to October 5, 1949, and also to March 3, 1950,

Sand holes SH 1, 2, and 6, along the line of the entry, took 86 percent of the
total molids inJected underground, whes'eas sand holes SH 3, 4, and 5 and the test
holes TH 1 %o 5, Inclusive, which were in areas ariginally underlain by coal, refused
to ndmit a large quantity of pand. This, again, shows that the volds underground
cxisted primarily along the line of the origimal entry. Moet of the sand was injected
at horlizons relatively close to the top of the coal bed. The one exception was teat
hole TH 1, which recelved solldes at a horizon 100 feet above the coal bed.

In February and March 1950, rock dust (pulverized limectone) was substituted far
sand and inJected at saprd holes SH 3 and 5. The cbJect of these tests was to deter-
mine whether a very emall particle slze would facllitate penetration of underground
crevicea. The results indicated that a larger quantity of rock dust could be injected
at a given horizon, but i1t was not belleved that the Increase was significant.
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TABIE 16. - Cand injc-ted between boreholes I and II

Sand injection, pounds
Cumulative total throwsh -~
July 30, | Aug. 27, | Qct. 3,

1949, 19kg 149, Mar. 3,
Hole T.ocation “th week | 10th week 26th week 1950
SH 1 Center of eniry: 200 feet north of
R T po e S Tl Vk F O a e s 131,540 131,540 131,540 131,540

O o ST Y e & KR - 131,340 | 141,410 | 151,1k0
SH 3 1% feet west of center of entry:

100 feet north of BE T......... ) - - # 13,050
SH 4 19 feet east of center of entry:

90 feet nortk of BH I....... e - | - - 1,32¢
Weat rib of entry: 110 fzet north

A
\ N

=

15 feet weat of center of entry:
50 feet narth of BH T..vvvwvnss. - - L20 8,750

TH 2 15 feet eaat of center of entxry-
100 feet north of BE I.......... - - 3,90¢ | 3,960
T™H 3 15 feet west of center of entry:
150 feet north of BH T.oveuernen, - - 6,270 6,270
TH 4 25 feet east of center of erntry:
200 feet north of BE I.......... - - L 130 4,130
T™ 5 15 feet east of center of entry:
250 feet north of BH I......,... - - L Lo L, k6o
Total sollids inJecved, pounds... 131,540 262,880 292,190 346,090
Percent of total solids injected 38 73 5 100
Volume of sclids injectedi/, cu.ft, 1,450 2,890 3,210 3,800
Percent of volume of criginal entryl/ 38.8..1. 25 30.5 36.2
1/ Includes 11,880 pounds of rock dust.
2/ 1Includes 2,160 pounds of reck dust,
E/ Measured bulk density of dry sand, 91 pounds per cubic foot.
4/ original entry velume: 10,500 cubic feet.
Solids inJection in thie area was 85 percent complete by Octoher 5, the end of
the second cperating pericd. At this time, enough sclids had been inJected to fill
30.6 volume percent of the original entry. Ta. e 17 shows the effect of sand injec-

tion on the resistance to flow through the system., The resistance to flow increased
steadily as solids were injected, and during the 16 weeke of this operating periocd
flow resistance doubled.




DIRECTION Uli' FLOW, BOREHOLE TW—I

| i T i

+ +
4

OXY@EN

1

GARBON DIOXIDE

DIRECTION OF BOREHOLE I—=IC
.

%
Kﬁ’
/_i:-*’_"—

- OXYQEM

=
)
2
g
3
3
2

b 0 LI

CARBON DIOXIDE

a

9 18 20 22 24 26

i 12 it ]
A A L SR 0 oPemaTinG wEEK
\-7—- ——— 18T PERIOD o 2 ND PERIOD
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TABLE 17. - Back-pressure development during the second opereting period,
une 21 to October 5, 1949

Resistance to flowl/, pounds per square-inch gage

Woekh sicosicineee| L 1213 | & ] s )6 7181 5120111 |22 |23 |14 | 15 | 16
Direction of flow:
BE I to BH II.....|5.2|5.8|6.5|6.7|7.5/8.1]8.7|8.4]8.618.7]19.0]|9.3]|9.7]|9.9|10.8]12.0
BH IT to BH I.....[|4.9(5.5/5.9(|6.3|7.0|7.4|7.6|7.8]7.8(8.0({68.2]8.8]9.3(9.3| 9.6{11.0
- Average for both
directions......|5.1(5.7/6.2(6.5|7.3]|7.6|8.2|8.1]|8.2|6.4]8.6(9.1]|9.5|9.5|10.3|11.5

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

Tebles 18 and 19 contain sumeries of the results obtained during operation of
the mroJject fram June 21 to October 5, 1949. Table 18 lists the results for cycles
with the blast in the direction borehole I to borehole II. The cxygen content of
the effluent gases decreased with time, and the carben dioxide content increased.
The calorific value of the effluent gases, although remaining low, increased with
time, as did the rate of coal consumption. For the first 11 or 12 wesks there
appeared to be an increase in the over-all temperature level underground.

The results given In table 19 were obtained with the blast in the direction
borehole II to barehole I and were quite similar to the above, except that the gain
in carbon dioxlde and loss In oxygen cantent of the effluent gases were more pro-
nounced. The rate of consumption of coal almost doubled during the period for flow
In this direction. The temperature level underground appeared to increase in this
operation for the first 14 weeks of the period.

In the second operating period, 1,564 tons of molsture- and ash-free coal was
consumed, as calculated from material balances on the system. No ccrrection has
been applied for possible leakege fram the underground system.

Figures 18, 19, and 20 illustrate the variation of effluent gas composition,
the rate of conl consumption, and the heat stored wnderground or lost to strata
adJjacent to the system far both the first and second operating periods (see tables
11, 12, 18, and 19). The curves indicate that best over-all condlticns were obtained
during the period from the 25th to the 30th weeks. The results indicated that con-
tact between the gas-making fluids and the cocal faces improved during the period of
sand lnJection.

Third Operating Period, October 5,to December 22, 1949

Results of the second operating period showed that improved contact between the
ges-making fluids and the cosl faces was obtalned by inJjecting fluidized sand. It
was ncoted that during the last 7 or 10 days of this operating period the time re-
quired for the effluent gases to reach a predeterminred temperature increased. This
indicated a genoral deterloration in operating cheracteristics. Further, the diffi-
culty in injecting fluidized sand becames excessive, and it appeared that complete
control of contact between reactants would not be achleved solely by injecting sand.

4380 -33 -




TABIE 18. - Opersting resuits, June 21 to October % 194G. Dirsction of flow, borshole I to barehols Il

Average anslysis of effluent sas L7 .
Hea ting) Tempera ture of Heat balance?l/ percent of hsat of combustion of coal consumed
_&w{gt_& Averags rete Unaccounted for and
wWeek and Av. Mex. of coal Senolble heat Esat of | Semsible &nd Fremmed atored
cyclen Percent temp.,| temy.,| consumption, | content of dry| combustion{latent bheat of mifdarground
averagedt €O, [1IL.] 0. [H, [o0 [m, [ &, . . |tons per dmyl/| effluest gne |of dry gas| wmter vapor by d iffersnce
1 < 3 k15 6 12 1 1k 1s 2 17 19
1-54 1.6 1h .2 S/ol | T8 | 1,126 11.5 2 12.8
2 - 10 8.7 2.5 .3 3/ 1,095 3.3 | 27.5
3 =8 8.1 w3 S A 5 .1 788 13.3% Y,y 23.6
L-8 7.3 Nyl 2{78.6] 12 s/ 1,088 7.0 g 9.9
5 - 10 7.9 12.0| .3| .2 .5l80.0] 1o b i 1,173 A 33.k
& - 10 9.0 22| .3 .1] .bj8o.of 7.8 |3/ a2 1,208 .0 38.h
7-8 8.3 2.5 % .3 kl1e.2] 8.8 15/ .1 1,145 .1 43.2
8-9 8 2.4 & Lle.6] 9.7 |3/ 2 1,17k L’ 9.8
9 - 10 12k h 2] .Tira.0) 15 1,206 0 3.5
10- 7 8.3 12.0 B i .9179.21 15 1,210 3 6.2
11- 4 9.6 | 7,37° 2.3 2| B|Te.0| 1- 1.2 o 30.3
12- 5 LT |70 ’ 11.3 3| 8]719.5] 13 L2 i k7.5
13~ 5 2.3 ] 7,08 2| 1.3 3| -9fr9.1] 26 1 0.2 k.3 -
1h- 6 3.4 | 7,086 |7.3) .2 | 20| 7 A8.s| 16 1 31.2 L0,B
15- 1 B8 | 738 78} x|l 1{1.1[79.3] 16 1 30.8 k3.3
16- 2 28.0 | 7.07% T8 . % 1.1 68| .3|L71[ 22 kl.6 jo.o
1/ The first figure ia the cperating woak {1 = the wsek ended Juns o* the second figure is the number of cperating cycles in this directiem during the week,
the results of which are averaged. 2/ at 60° ¥,, 30 inches Hg. 3/ Basis of molsture- and msh-free coal. 4/ Heat balance 1s based on 6O° F.

j/ Asoumed during this perici,

TABLE 19. - Oparating results, June 21 to Qctober 5, 1949. Direction of flow, borehols IT1 to barehole T

Average amalysls of effluent gas 1
Heatln Temperature of Hoat m_}.n.r.ca_‘!': rcant of heat of combustlon of coml coneumed
valus, Mol ef fluent cas |Averuge mte Unaccounted far and
Week and B.&.u. water | Av. Max. of coal Sensible heat Heat of Benaible and presumed ptored
cycleo Percent per cu.|per mol|temp.,| temp.,| consumption, | content of dry|combustlon|latsnt heat aof andarground ,
ava:ngad.li Coy Ti G- 0, |20 CEL | he 4 ;’ dry gas . 2 OF. tona par d.n]jf effluent gas of dry gas| water vapor by difference
1 4 5 4 7({8({slw| 1 iz 13 1 15 16 17 15 19
1-9 5.% |0.1 | 13.7 | 0.5)0.2 8.3 [2/0.a sE1 917 u.6 ] 3. 17.h
2-9 67| -3 [awes ] 53 7.3 |2/ 8 | 56 %27 1.3 - -
3 - 8 6:6] 2 | 1251 % = 8.9 |2/ .1 | = a7l 3 3
V=7 7.0 .1 |n.8| 8] .9 1 2 5 | ber | 1003 .2 8
5 - 10 1] 2 paxrl g A 10 8L msg | 1,127 .0 A6.3
L - 10 7.7 .1 | 2.0 B] .2 al 9 |2l a | séo | 1211 6.8 3 L3
T -6 73| .2 |12.3] ok slro.ol 1 |3/ .1 | 6 | 1em X 3 2.2
§ - 10 7.00 .1 121 . &l 10 12/ 1 | 616 | 19 5.4 3.1 1.5
-9 7.5 k| ol 2| 7lo.el 25 (2 | &6 | 1,208 2 .0 35.2
10- 9 7.k 1.3 | .5 .1| .8|79.6] 1 2o | ess | 1008 .0 2.1 7.1
11- 5 7.60 1|6 o] .2] 8ls.a] 1 21| o73 17.2 . 3%.1
12- 7 k| .1 | 9.8 5] 3| 7lele] 2 |8/ 2 | 886 | 13 20.8 0 0.8
3 9.0 .2 |102| &) .3| .ol7BiE| B |E/ 1 | &1 | 135 0.6 10.0 k.o
8.k | 2 |n.0| .6] .5| .Bl7B.5] 16 16| Go1 1,35 19.6 .5 k2.3
8.5 | a1 | 2.o| .6| .3]|r.1f78.5| 16 ATT] 56 1,320 19,: o 35.8
B6| .1 |10.8] .5| .3[1.3(78.8] 28 .129| ok 1,323 204 3 b3.-
1/ The first figure ls the opsrating week (the week ending June 25, 1949 = 1); the second figure !p the pumber of cperating cycles in this directiom diring wesk,
the recults of vwhich are averaged, 2/ At &° F., 30 inches Hg., dry. 31/ Basis of acistboe- end ash-free coal. 4/ Hoat palance lp based on 60° F.
5/ hsmmed during this period.
k3Bo - 32. =
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Figure 21. - Burning gas at borehole II.
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Operationa had never been carried an over an extended perlod after the temperature of
the effluent gases had reached predetermined values, and it was declded to lengthen the
cycle “lms and to determine the maximum effluent gas temperature that could be handled and
the ¢.neral operating characterlstics of long cyclem with relatively high effluent-ges
temperaturea.

The results of these long-cycle operatione are summerized in tables 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 temperature rise was accompanied by an increase in carbon dioxide
cantent and a substantial decrease In oxygen content. Just prior to thle temperature
change, the effluent gmses averaged 24 B.t.u. per cublc foot, and indications were that the
temperature increase was caused by combustion of the make gases with excess alr, which
occurred anly when the temperature level of the reactants had reached a high enough value.
During this perlod a flame cone was apparent at the top of the 20-lnch diameter outlet
etack, as shown in figure 21. Tha eppearance of this flame cone could be modified by
changing the input air rates, Thils extensive secondary cambustion must have originated
at the level of the coal bed and probably at some distance fram the hottom of the outlet
borehole, because the indlicatlons were that the rate of coal consumption Increased greatly
after the temperature rose. I% was also noted that the time lapse before secondary com-
bustion of the make-gases started increased ac the operating age of the system increased,
indfcating further deterioration in cperating characteristica. The operatian of the long
cycles at the high effluent-gas temperatures resulted in utilization of relatively large
gquantities of coal near the outlets,

Arter the extensive seccndary combustion started, the ins.ellation was operated for
perlodas of 1 to 34k houra., The input-air ratez were varied as Indlcated in teples £0 and
21, wilth but little effect upon the effluent-gas composition., It wae not poasible to take
advantage of the high temperature level ex!sting near the outlet and to esteblish a zone
where the reducticn of carbon dioxide to carbon monoxide would take place.

The effluent gases nroduced during operations at elevated cutlet 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 alr, for operating gas-turbine units. The rate of coal consumption aver-
aged2k to 27.4 tons per day when operating with an input alr rate of 7,300 cuble feet
per minute, the highest coal consumptlon rate yet attained et the projJect. 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 satlasfactorlly at the high temperatures, and no diffi-
culty was experlenced with slagging of the walls at either location. Borehole I was an
unlined hole, and borehole II was cased with 20-inch steel plpe backed with 4 inches of
refractory cement.
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TABIE 20. - Operating results, Cctober

to Decembar 22, 16kG,

Dirsction of flow, borehals [ 4o barshols TI

Avorage analymls of efflvent gas [
- Tempers ture of thlmmifgomtarh-tcr:mbm'murnﬂlm
Length |Average effinant gma |Average rate Unaccoumnted for and
of alr olicle Av Mux, aof coml Benslble heat Heat of | Seceible and jrosumed =tored
Cyecle| cycle,| flow, Percent par ou. temp.,| conmumption, | content of dry| combustion|lstent heat of] underground
¥o. |houre |c.f.m.14 CO Tll. 0., H, |CO C'ﬂl re.1/ - tone por day2/ efflusnt ms |of dry gas| wmter vapor by difference
) | p e : 7 B| 9 10 11 1 13 n 3 16 b g 18 19
3.5 | 6,720 1 |1:.0]1.1] 0.8 13.6 10.9
67.% | 6,830 o |1rzj24] B B0 16.9
90.2 | 7,000 2 LA Y] 9 15.9 11.k
k9.5 | 7.010 3 |16)2.0]1A 17.0 58/10.6
%€.3 | 7,380 .2 |10.0] 1.6] 1.5 3.k E/8.8
97.1 | 7,720 y |1.2l2.3| 1k 1%.0
77.0 | 8,080 1 |10.6]| 1.8] 1.0 sf10
101 .k | 8,080 1 gt lglL.n &
Av 7,350 7.2 EE T ) A% 5.2 0.0 30.9
Av, el . 6. 9| -2 1. 10.3 2.6 k.7
Av WAl .1 A&l 3| .0 kg2 "9 20.8 2k ,1
Av 21.£ .1 20| .9 1 30.2 20. 2.6 iT.0
17 A hoa Hg., dry.
2/ is of moisture- and ash-free coal.

ﬁ_! Heat balance is bared on 60° F.

/| Average molpture content wlus applied.

- After secondary cambustion !n the stack started, the mclsture camtent of the efflusat gas sversged 1.9 times the previous walue.

bl
TAHLE 21. - Opesrating results, October % to December 22, 106G, Direction of flow, barshole I1 to borshols T
Average analysis of efficent gan .
Heating Pempers ture of Heat belanosl, percent of hest of cosbustion of coal consumed
Lergth jAversgs valus, Mol effluvent gus |Avarage rate Thaczoun ar
of alr B.t.u. vater Av. Mex . af coal Senalble heat Heat of | Senslble and premmed atored

Cyels|cyele, | flow, Percent per cy. | per mol| temp.,| temp.,| conmamption, | content of dry| cmbuation latemt heat of nderground,
Bo. [hours c.r.-.l/ €C, §IL1. L | B- co |CH, | K rL.a/ dry ama| °F. OF. |tons per days{ efflsent gas |cf dry gas | water vepor by difference

1 2 3 & 5 6 7 B8 o 10 11 - 13 i 1" 16 17 18 19

Belore combustion started st cutlet
k3o 10.h) 0.7 (0.9 1.9 |78.8] 25 - 18.4 15.5 Lf13.3
k32 I0.0|2.1] 3|24 |TT2] 31 - 2.0 J10.7
L3k 10.0|2.6|2.0] 8|75.5] 25 171 1.9 T 13.9
k3s 1n.3 % A |76.3] 26 138 .0 1h.2
ko .3 1.1| .8 |717.8] 20 - 18.9 hf15.7
prs 101 7| 5| B|79.1] 15 - 13.6 LY
s 9.9|1.5f1.3] .6[77.9] 21 o 4.2 7.0
120 9.9| 1.5 |Lk| .6 |78.6] 21 - 5.3 M2k
453 10.3] 191 1.6 | 1.1 |76.1] 27 <128 2 10.8
Av 10.4 | 1.6 | L.1| 1.1 |77.h| 26 128 i) d1e 1.2 5.0 11.9 5.2
rtad pear cutlet
Av, u 7,330 | 135 | .1 | 93] A] x| 3203 1,79 s 8.2 . 2k.9
Av. - 4,730 6.0 | .1 2:.71 A H| .3 ]08:E 2,01" 18, 6.4 .9 8.0
v, - 1,880 2.6 | .1 14| .9]1.3|3.2|70.5 1,88 15.5 27.0 0 3.6
1/ At 60° F.. 30 inches Hg. dry. 7/ Beals of molsture- Bnd ash-free coal. 3] Eeat alance ls based on 60° 7. L/ Awversge mcisture contec® value appliss,
2/ Arter pecondary combustlon in the stack started, the mclsture content of the efflusnt gma aver=ged 1.5 times the previcus valus,
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Use of Test Hole 10 a3 an Inlet/Outlet and Installation and
Operation of Borehole VI

A mrimary obJective of the operaticn at Gorgas was to advance the reacting coal
faces over an area of coal land by drilling boreholes off the line of the origlnal
underground passages and providing new inlets/outlets to the coal bed at the perim-
eter ¢f the burned-out area underground. The filrst two operating perlods lndlcated
that in the area between borgholes I and II » low sffective-temperature level under-
ground and lnadequate contact efficlency were obtained. It was belleved that the use
of & short path underground would tend to decreas2 over-all heat losses to the sur-
rounding strata and result in a relatively high effec*ive-temperature level underground.
Gas samples obtalned from test holes near bwrning coal ribs had indicated that a com-
bustible gas was being preduced where the contact efficlency was hlgh. Consequently,
during the third opesrating perlod test hole TH 10 was trled as a posslble gas inlet/
outlet. (See fig. 6.)

This test hole was midwuny between BH I and BH IT and 35 faet east of the origi-
nal entry line. The combustion zone was near thls point, and TH 10 was cannected to
the air manifold, and attempts were made to inject alr into the hole or by reversing
the flow to remove gas from 1t. At each successlve attempt to force alr in or take
a8 out, a greater flow was attained. However, the effluent sas had not made good
contact with the coal face, as shown by the following typlecal effluent-gas analyeis:

Percent

Subsequent inspection of the hole revealed that it was plugged for the first
feet above the top of the coal bed, and it contained 2.9 feet of water above that
point. Apparently the gas waa entering through crevices some distance above the
coal bed, far temperature murveys indicated that a stream of cool air entered 33
feet above the conl bed., The hole was left open for several weeks during normal
operation of the project. A strong flow of gas was maintalned, and a bottom-hcle
temperature in excess of 1,300° F, was reached eventually, but good contact with the
combustion face was never established.

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

Borehole VI was drilled at the loecation shown in figure €. It was 1k inches in
diameter and wae cased with l0-inch-dlameter cteel pipe to within 4 feet & Iinches of
the top of the coal bed. (See table 5.) Cuttings obtained 4 feet above the coal bed
contained red particles. The rock (shale) was very weak at this point, and the silden
of the hole caved badly. Thermal effects had resulted in weakening the strata, as
shown by camparison of these cuttings with the cuttinge from holes drilled in areas
unaffected by heat. When Cthe ccal bed was drilled through, and after the casing was
set, particlee of what appeared to be low-temperature coke were blown from the hole.
Gas issued freely from the hole when the drill plerced the coal bed.
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BH VI was completed and put into operation on Januar; 30, 1950, Alr at full
capaclty of the reclprceating compressor was Iintroduced at BH VI, with the gas out-
let at BH II. The Initlal resictance to air flow was high, but it soon decreased,
pertiaps as & result of burning paspageways through the coke near the bottom of the
hol:, The gas enelyses for this cycle {No. “72) is shown in table 22 and indicates
camplete utilization of the oxygen but production of very llttle combustible gas.

TABIE 72. - Operating results, borehole VIi-borohole LI

Avernge analysls of effluent gas
Heating Temperature of
Average value, effluent gas
alr B.t.u. Av. Max,
flow, Poercent per cu temp.,| temp.,
c.f.m.1/[Co, TII1.[ o TH, ] COToH, TN, | £t.1/ ",

3 ’ G |7 ) G 1 . 13 14
Direction of flow
0.1{0.9 | 0.6 0.8 B .6 0.159 327
Directiaon of flow
0| i p1.0j13.2]1.0]70.7] < 4/0.200[1,138

Directlon of *flow,
0lc.9| .9 91 S|T2.7 0.2hy| 316

Direction of f‘lr,vw[, [
u,980 - - l,_ - l__- [l ® i - 1,000 -

Heat bss.luncer.i/'l percent of heat of combustion of coal censumed

Unaccounted for and
Rate of coal Senaslble heat Heat of Senelble and resumed stored

cengunptlon, |content o. dry| combustion [latent heat of underground,
tong per day= effluent gas of dry eas water vapor by difference

15 16 17 18

Direction flow, BH VI to II

1.6 5

7 i
o f Je

Directiom of flow, BH II to VI
20,1 87.0 14,0
Direction of flow, BH VI to II

4.6 9.9 9.9

Direction of flow, BH

At 60° F., 30 inchee Hg., dry.

Basle of' moisture- and ash-free coal,
Heat balance 1s based on 60° F,

Assumed to be the same as the average of cyclea 572 and 57k.
During thie cycle borehole VI slaggoed and plugged.
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The direction of biast was reversed after 8 hours, air being introduced at BH IT,
and gaseous products were removed at BH VI. A sustalned production of combhustlble
gas, averaging 9.4 million cubic feet per day at 90 B.t.u. per std. cu. ft., was
achleved during this cycle, (See cycle 573, table 22). The combustible constituents
of the gas were predominantly carbor monoxlde and hydrogen. The oxygen-nitrogen
ratio in the gas was less than that of air and ladicates that soie of the hydrogen
being distilled from the coal was probably being burned. The gas wes produced
at a relatively high temperature, reaching & meximus of 1,480° F. in the borehole.
Alr input during this cycle was reduced from the normal velue of abuut 7,500 c¢.f.m.
to 5,790 c.f.m. because of the high resistarce to flow lmposed by the underground
syotem (the back prespure averaged 21.3 p.s.l.g.) as well as the relatively high
ex1t-gas temperatures, The heat talance (tabiec 22) shows more "heat being axtrasted ;
from the aystem than was furnlehed by the ccal consumed. An equilibrium was not o

reached during thls cycle, and this unbelance was a functior of the past history A

of the system, (..c. heat stored underground during previous coperatlon). .

The direction of blast wae again reversed after 8 hours. During cycle T4
(table 22) the input alr averaged 0,360 c¢.f.m., and the resistance to flow 21.4
p.a.1.g. The gas, as durlng cycle 572, contained lictle combustlible matter, and,
in addition, unreacted oxygen appesred In the gas,

The direction of blhet was reversed for the third time after 7.75 houra. Ap
before, & hlgh rosistance to alr-gas flow was found; the back pressure was 20,06
p.8.1.g. BShortly after tle start of the cycle, the effluent gas caught fire and
burnod at the outlet for approximately 19 minu*es, The flame was extingulshed, and
gas of unknown composition was produced at approximately 1,200° . for mbout 1 hecur.
At this time, the recorded outlet temperature increased sharply to about 1,800° .,
and flames and molten material issued fror tne borehcle. The alr oupply was cut
off , and the flames were allowed to subside. Upon attempting to Introduce alr into
BH VI, it wes found that the hole was completely stopped. The followlng day, the
underground syntem was placed under a pressure of 23 p.s.i.g. in order to investl-
gate the obstruction. Only a slight flow was cbmerved at BH VI. Inapection of the
hole indicated a stoppage 60 feet below the swrface and 90 feet above the coal bed.
Attempts were made to open the heole by blasting end by churn drilling through the
obstruction, but very 1] ttle progress was made. Numerous pleces of lron-bearing
elag somewhat harder than tool steel were thrown fram the hole during blasting. In
view af the difficulty ard probable high ccet of opening the hole, 1t was abandoned
and sealed,

The operation of BH VI, although brief, showed that under certain conditions 1t
was possible to produce cambustible gas in apmreciable volume on & sustained basis.
During cyecle 573, good contact was obtained between alir and carbon in a high-iempera -
ture environment. Fhysical conditione - location, ehape, and area of openings avail-
able for pagsage of alr and gas near the Junction of the borehcle with the coal bed -
provided contact that improved the quality of the gas. It was evldent that choking
of the alr passageways, perhaps by the slagging or bloating of the raof rock, began
during cycle 573. Ch'll.ing the heated rock upon reversal during cycle 574 opened
pansages for air and gas, which permltted them to escape contact wlth carbon. During
the final cycle (575), rpreviously unreacted oxygen mixed with cambustible gas in or
near the borehole and the mixture ignited, causing the valls of the hole to slay.

Iater, a slight flow of gas was observed from BE VI, Inespection of the hole

revealed water standing above the stoprpage. Thie gas, therefore, entered the hole
through the walls, probably from TH 10.
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Sampling of Gases at Various Teet Holes and Conetruction of Borehole VII

The progress of combustion In the coal bed was determined by a temperature-time
record ai sach of the soveral test holes whose locations ere shown in figure 6.
During the operation, many of these test holes were burned into; and during the fall
of 1943 and the winter of 1950 gas samples were taken at ovveral of these places in
an effort to obtain a better understanding of the reactlon: taking place underground.

Table 23 contalne n summary of the gas analyses obt.ined at test holes 6 and
13, which were burned into during September 1949, All (f the average analyses glven
were obtained with the air-gas flow in the indicated direc!'on, and tlhe test holes
were close to the outlet from the system, When smnples were caken with flow in the
opposite directicn, the analyseas showed that the gan at thesa points was unreacted
alr containing some producte of combustion.

TABLE 23. - Averaze mnalyses of gas samples taken at tesi holes & and 13

Heating value,
hnalysis, osercent B.t.u. per cublc
Perlod averaged Co,, v 1 0, B co CHh N, foot, dry
TH &, direction of flow, BH 1I to Bh I
]
Oct. 19 to Dec. 22, 19491 10.0 0.2 1.8 | 8.6 7.8 2.2109.4 Tt
Dec. 22 to Dec. 31, 1949|12.4 .2 1.2 1.8 5.6 1.2]75.a e
January 1950.......[10.9 2 £ | 4.2 8.2 1.kl7h.9 58
February 1950......|12.1 2 T L T L | Bl77.1 L3
March 1950.........|13.2 2 2 el L6 Bl17.1 38
ARSIl 19900 i e o AT .4 aid e 265 23 LT T id 2
TH 13, direction of flow, BH I to BH II
Oct. 19 to Dec. 22, 194kg| 8.8 0.2 0.2 | 8.3 | lo.4 2.2169.9 a7
Dec. 22 to Dec. 31, 1lghkojll.2 2 . 2.8 6.7 I VErAT L
January 1950.......[12.2 % ' 3.8 6.8 1.0175.8 u8
February 19°0......|14.6 2 3 | 2.4 b7 6|77.2 33
Mepol 1900 : v ik s ¥ s g .0 ol 6] 4 3 |60.0 T
T T o P R - .0 &l 2 .0 1180.6 b

The analyses indicate that a combustible gas was being made on the reacting coal
faces. All of the analyses glven in table 23 are average and cover considerable
lengths of time. Individual samples taken during October of'ten were of much bettrr
guality than the average for the perilod, and carbon monoxide and hydrogen at times
each exceeded 20 vercent by volume, As the age of the system Increased, the distance
from the reacting face to the sampling polnt Increased, and a steady deterioration In
quality of the samples was noted. In April 19%0, substantial amounts of oxygen began
to appear in samples from TH 17 and TH G, and the heating value of the gas was reduced
materially.

During the perlod covered In table 23, many samples of gas were obtained from
test holes 7, 8, and 12, All of these sumples showed that the flulde flowing at the
point of sampling were largely unreacted alr containing some products of combustion
and coal distillation. These streams of high oxygen-con‘ent gases were indicative of
poor contact efficiency and were responelble for secondary cambustion of the gnses
nroduced at the coal faces.
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The brlef operation of barehole V1 and the analyses of gas aamples taken near
a reacting face showed that when the contact efflclency was improved,a product of
better quality resulted. Thie led to the decision to construct another borehole,
VII, of f the line of the original entry and to set up and operate o new reaction
zane between BH VIT and BH III. Further, it was decided to block off the entry and
the air course between BH III and BH IT with fluldized sand, and to attempt to set
up a single-face hlgh-teapereture reaction zone.

In preparation for the new borehule, test hole 15 was drillled at the location

. shown in figure 6, and 1t was bottomed on February 7, 1950, in a reglon where the
coal had been burned out. In order to locate the perimeter of the burnmed-out area,
test hole 16 was drilled and completed on February 1k, 1950, Thie hole, 65 feet

q east of BH II, was bottomed in a reglon where the coal had been carbonized, and the
carbeon wae present as low-temperature coke, CEteam and gas flowed from the hole when
the drill reached tho horizon of the coal bed, tut the flow of gas was amall. It
was decided to driil btorehole VII 10 feet eant o« TH 16.

Barehole VII was campleted on March 28, 1950, and the specifications are glven
in tables © and 9. It was fitted with a water Jacket and surface e@eal slmilar to
that shown in flgure 7. As the drill approached the horizon of the coal bed, warm
rock was penetrated about & feet above the top of the coal. No volds were found,
and water wes retained in the hole throughout. No flow of gne was found, and the
particles of coal appearing in the drill cuttings were hard and bright, with shiny
faces and sharp edges . No physlcal changes due to heat were noted, either in the L3
coal or In the overlyifg strata. 5%

Upon completion of borehole VII, various attempts were made to burn into 1t as
quickly as posesible. During Aprlil and May, samples of gas were taken at this bore-
hole, of which the following analysls is typlcal.

Yy T IR T M R R 59
Heating value, B.t.u, per cu, ft. dry. 181

Gas samples were also obtained at test holes 15 and 16, and the following
analyses are typleal of these:

T,

Percent, j‘.
B+ TR 15 ™ 16 F

3 BBBss sossnssnsssmnes i fun e ide s o 8.0 5.9

RAR Y s ah s 6 0s 5 WS ame kT 5y DNER LIS E0 I8 3 "

O siais e 19 0% . Wil EEa e il b1 8.3

R W Y P S 3.2 3.8

00 s wil i sid ties s » 5 PIPTR 0 PRI e S 3.7 .6

Qg o o v000 inss s vo cpdBhiris BlBsscasiasd B8 9

Nowivrniassanrssonnsissonnssnnnanasas 79.9 76.3

Heating value, B.t.u. per cu, ft. dry 3¢ Lo
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Desplte the many attempts made to burn Into borehole VII qulckly, 1t waa not
until May 30, 1950, that the combucticn zone finally reached this golnt. The bore-
hole was then sealed off, and final preparations were made to put the section between
boreholes III and VII into operation,

During the period January to March 1950, sand hcles 7 to 13, irclusive, were
drilled along the center lines of the entry and air course betweern reholes Il and
IIT at the locations shown in figure 4. When sand hole 9 was drilled, it was found
that the coal had been burned out along the entry beyond this point, although it was
pogsible to drill into the bottom rock below the original coal bed. Sand holes 10
and 13 showed *hat 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 drilled into the original entry and alr course, and although some roof fall wus
noted, the physical changes due to heat effects were found to be slight.

Fourth Operating Period, December 20, 194G, to June 5, 1950

It was declided to discontinue the long cycles used during the third operating
periosd because of the high rates of coal consumption in areaes adjacent to the ountlet
joreholes and the inability to set up & high-temperature zone where efficient reduc-
tion of carbon dioxide to carbun mconoxlide would be obtained. During the constructlon
and teasting of borehole VI and the constructlion and burning into of borehole VII, it
wae planned to operate the wroject an regularily scheduled and fregquent reversal
times. The purpose was to try to concentrate the active combustlon zane at the mid-
point of the path between boreholes I and I and to concume coal at the highest
attaluable rate in this regicn,

The results ohbtained during this perlod of operation have been summarized in
tables 24 and 25, Tie cycle lengths were maintained at approximately 8§ hours during
the first 22 weeks of the pericd and at approximately 12 hours during the last weeks.
The effluent-gas analjses indicated a steady deterioration in operating characteris-
tles with Cime, the carbon-iloxide content decreasing and the oxygen content increas-
ing. The rate of coal consumption decreased with time., The heat unaccounted for and
presumed stared underground, as shown in figure 22, decreased with time when the
directlon of flow was BH I to BH [T and varied irregularly when the direction of flow
was BH II to 3H I.

During the fifth week of operation, the air-input rate was decreased from 7,400
cubic feet per minute to 2,000 cublc feet jer minute in order to determine the efrect
of reduced alr-input rates on the effluent-gns composition. This change in rate of
air input had no effect on the gquallity of the nroduct gases,

Table 26 gives the resistance to flow that was obtained during the pericd. This
resistance Increased slightly during the first half of the operating period, possibly
due to the injectlon of same fluidized sollids undergrceund. During the last half of
the period, the resistance to flow decreased, indicating an opening of strata in the
region between boreholes I and II.

During this fourth operating period 2,088 tons of molsture- and ash-free coal
was consumed in the region between boreholes I and II. The totel coal consumption
in this area for the first fow periods was 5,870 tons, as calculated from the mate-
rial balances, with no correction for possible leakage.
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Figure 22 - Variation in heat stored underground with time for fourth operating period,

December 22, 1949 to June 5, 1950,
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TABLE 26. - Back-mressure development during the fourth opsrating period,
December 22, 1949, to Juns %, 1950

Week 1 J2 |3 [a]s|6ef7 [8 [9 [0 1afiefssfums
Reslstance to f_‘_ow.%/, pounds per square-inch gage
Direction of flow: i

BH I to BI IIL.....[9.5 |9.2 9.0 |9.2 | 9.k | 9.5|10.4]|10.2]10.3]|9.9|10.3]|9.7|9.9(10.5
BE IT toBE I.....|9.7 |8.9 |8.7 [8.9]|9.1]9.3| 9.8 9.7] 9.6|9.5| 9.8/9.3|9.5]|10.2

Average far both
diractions......l9.6 9.1 |8.9 |9.2[9.3] 9.4%(10.1|10.0[10.0[9.7|10.1|9.5(9.7 [10.’

Week 13 35| 1| 8B |19 J2o [21 |28 |23 [2k |25 [ 26 |2
]
Reslatance to flowj:/, pounds per aquare-inch gege
Direction of flow: !
B T-oto BE TT... v 10.2| 9.5 9.2] 8.9|8.5|9.0| 9.0| B.9| 8.7| 8.7| 8.6| &.8] 8.4
BY IT to BH I,....| 2.&| 9.1| 8.8] 8.4|8.1|8.4| 8.4| 8.2]&.2| 8.1] 7.9 8.4]8.3
Average for both

directions......! 9.9 9.3] 9.0| 6.7| 8.4 |8.7]8.7[8.6[8.5] 8.4)8.3] 8.6] 8.4
;7 The hack pressures rsvorted were for all cycles In which the Input alr rate was
over 7,000 cublic feet per minute.

Fitf'th Cperating Poriod, June 5, 1950, to Octoher T, 19450

As discussed previously, sand holes 7 tn 13 were drilled into the entry and the
air course hetween boreholes II and II1I, and it was decided to block the entry or
vest passage as completely as possible before operations were started along the path
between boreholes VII and ITI., Each of the sand holes in this area was casel by
arouting 2-inch pipe to & distance 7 to 15 feet above the top of the coal bed. This
was done to prevent applying alr pressures of about 100 pounds per square inch oan the
strata through which the hole was drilled. It seemed likely that the overburden
cracked sumewhat as a result of applied alr pressure during sand inlsctlon ir. the
reglon between boreholes I and I1. This cracking adversely Influenced contact effl-
clency as well as leakage from the system, end it was desired to eliminate this
possibility.

Flwidized sand was injJected at sand koles 7, G, and 13. Alsc, a small eamount of
sand was injected at sand holes &, 10, and 11 in the air course or east passage.
Operation of the passcage between boreholes VII and IITI wae started on June 5, and

’

immediately after starting, sand was inJected as rapidly as posalble at sandhcles 8,
10, and 11. After the aii course or east peassage became partly plugged, more sand
wag injected along the line of the entry. This procedure was carried on for several
weeksa. Table 27 1le a summary of the sand injection.
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TABIE 77. - Sand InJjection during fitrth operating pericd, June 5, 1950, to October 7, 1950

Sand inJection, pounds. Cum:lative total tkrough
[ July %, Aug. 17,
Prior to| Juns 10, | June 17, | June 2k, lth and July 15, | July 22, July 29, 9th and

Hol Location June 5 | lat week | 2nd wsek | 3rd week | th weeks| ¢th weak| 7th week| Oth week 10th weeks
SH 9 Entry side, 50 feet north of EH II... | Hole plugged, would not take sand. : : ; =
SH 13 | Entry side, 100 fest narth of BHE II.. 600 500 ! £00 ©0G 600 500 500 6 600
81 7 Entry side, 150 feet narth of BH II..| 59,600 58,600 91,410 92,770 92,910 g2,910 92,910 92,910 92,910
SH 12 | Entry side, 210 feet north of BH II..| 93,860 | 119,900 | 129,560 | 122,560 1k, hoo | 1k koo | 1kh Lo | 1kk 490 14 kg0

Total, entry slés, 1IN, ... ..cvvennces 153,060 | 179,100 |221,57 222,930 258,000 | 238,000 | 238,000 | 238,900 238,000

Percent of entrr valmme £1lledl/..... 16.0 18.7 23.2 } 2.9 2.5 2k.9 2h.9 2.9 i
SH 10 | Air course, 100 feet narth of HH II.. - - - 9 9,530 9,530 9,330 9,530 9.53¢ g
SH 8 Air courae, 150 feet north of BH II.. 7,720 2k ,010 2l 760 25,76 25,700 25,760 25,760 25,760 25,760 &
SH 11 | Alr course, 200 feet north of BH II.. 1,860 | 112,900 |[212,330 | 214,kB0 21k 480 | 21k ,480 | 214, k80 | 21k k8o 21k 480

Total, air course eide, 1b. ......... 11,580 | 135,910 | 236,340 | 249,770 2ho, 770 | 249,770 | 259,770 | 249,770 29,770

Percent of air course volume rilledl/ 1.2 x5 24 .7 26.1 26,1 26.1 26.1 26.1 26.1
BH IT - - - 2,480 2,480 2,480 2,k80 2,480 2,790
THE 13 | 30 feet weet of BH IT.......ocouvcuenns - - - - 1€,130 16,130 16,130 16,130 16,130
TH 15 | 20 feet north and 35 feet emat BH II. - - - - 180 180 140 180 180
o 16 | Gonfhetmant il XL 00 . Bt i - - - - 2,580 10,300 10,300 10,300 10,300
BH I - - - - - - 50,180 82,050 109,920

Totel eand Injectediu..... .. ouvicince 16k 640 | 316,010 | 457,910 | 475,180 506,180 | 516,860 | 567,040 | 598,910 627,090

l/ Measured bulk density of dry sand, 61 pounds per cubie foct. Orlzlnel entry volums: 10,500 cublc feet;
feot.

air-course volume 10,500 cubic

EHEO 5 h5 -
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The first cycle In the region between boreholes VII and III was operated with
the alr input at borehole VII ard the offluent gases discharped at III. Full capa-
city of the reciprocating campressor, 7,570 cubic feet per minuts, was used for

r-1/2 hours, and the effluent garas showed virtually ccmplete oxygen utilization and
a resultant high-carbon dloxide content. The rate of coal cansumption wan high, and
the average temperature of the effluent zases was camparatively low. After T—L/C
hours of cperation In this directicn, the flow was reversed, The temperature of the
effluent gases rose very rapldly, and after only a few minutes of operation with full
air rate the input alr -ms reduced to 2,000 cubic feet per minute in corder to main-
tain cor irol of the system. After L5 minutes, analysis of the effluent gas at bore-
hole VII showed complete oxygen utilization, and the gas had a heating value of 113
B.t.u, per cuble foot, owing mrimarily to the presence of hydrogen and carbon monoxlde,
The effluent-gas temperatures were reiatively high even at the 2,000 cublic feet per
minute flow. In view of the sxperience obtained during coperatlion of borshole VI, the
cycle was discontinued and the flow reversed. The secand cycle In the directlon VII
tc IIT vas agaln carried on for 7-1/2 hours, the effiuent gas showed complete oxygen
utilization, a lower carbon dioxide content than during the first cycle, and a heat-
;n:.v value of 4o B.t.u. per cubic foot. The rate of coal consumption increased to

' tons per day A“tcr this cycle, the flow was reversed and agaln reduced to
&pproxlmately 2,000 cublc feet per minute, the effluent gases belng removed at
borehole VII. This cycle showed complete vsygen utilization and a heating value of
the effluent geses of 151 B.t.u. pver cubic foot. The effluent gas temperatures were
high.

During the first week, the air in the direction borehole VII to 1II was malin-
tained at 7,500 cublec feet per minute, and both the time and rate of air Input in
the direction borshole IiI to VII was increased gradually. Throughout the firat
week, oxygen utilization was high but decreased slightly. The heating value cf the
effluent gases at borehole III ranged fram 21 to 49 B.t.u. per cubic foot, and at
borshole VII from 56 to 151 B.t.u. per cublic foot. Operation in the dirsction bore-
hole III to VII was maintained for 51 hours. The gas mroduction averaged 6.7 million
cubic feet per day with an average heating value of 72 B.t.u. per cuble foot., Tn
the direction borohole VII to III, 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 cublc foot.

During the second week of operation, the full capacity of the reciprocating
commressor was used in each direction, and the cycle times were varied fram 8 to 4
to 6 hours. Some oxygen appeared in the effluent gmses, especlally when borehole
V1I was used as an outlet. Contact efficiency between the gas-making fluids and
the carbon faces was higher when the directlon of flow was fram VII to III than when
the flow was from IIT to VII.

Operation in the direction borshole III to borshole VII was maintained for &b
hours. Gas production averaged 9.8 million cublc fest per day, and the heating value
averaged 50 B.t.u. per cublc foot. In the direction borehcle VII to borehole II1
operation was maintained for 77 hours. Gas production averaged 11.5 million cubic
feet per day, and the heating value averaged 26 B.t.u. per cublc foot

This operation was contlinued for the entlre pericd, June 5 to October 7. Table
20 gives operating results for each cycle with the llow direction from borehole VII
to borehole IIT for the first 5 weeks of the perliod. Table 29 gives operating rs-
sults fer the same period when the direction of flow was fram III to VII. zamira-
tion of these two tables indicates that the efficlency of contact was greater when
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the directian of flow was from VII to III than when the direction was from III to VII,
and also the rate of deterloration was lower. On several occasions during thie 5-week
poriod, the Input-alr rate was reduced fraom the usual flow of 7,500 cublic feet per
minute, and, regardless of tha flow direction, in nearly all instances the heating
value of the effluent gases increased with lower alr inputs, Where a reductlon in
the input air rate reaulted !n the production of a gas of higher heating value, the
oxygen content of the effluent gas decreased. In each case the increoased heating
value way largely due to an increamsed hydrogen and methane content of the offluent
gasea. The apparent improvement in quality of the jroducts was due to an unbalance
In the equilibrium conditions resulting from the change in flow rate. Relative to
the total volume of flulde flowing, the volume of conl-distillation gascs incroased,
the molature concentration and the resultant dissoclation of molsture increased, and
the total heat llherated wmdergrcund by the combustion of carbon decreased. The net
recult of these changes was an ircrease in heating value of the products obtained.
Thls increase was a function of the heat storage and high temperatures obtalned
durlng past operations.

Tables 30 and 31 give the operating results obtained during the laat 13 weeks
of the operation. In these tables the data sre averaged by weeks. 'lhe oxygen con-
tent of the effluent gas was greater when the flow direction was IIT to VII than
when the direction was VII to III.

The rate of coal conswmption from June 5 to October 7, at flows exceeding 7,000
cuble feet per minute, ranged from 23 to 54 tons per day. This rate of coal ccnsump-
tion was higher than was previously achieved. The rate of coal consumption and the
contact efficiency decreased ay the operating age of the section increased. The
heat lost to the surrounding strata was greater when the flow direction was boreliole
IIT to borehole VIT. When the flow direction was VII to III, 60 to 75 percent of the
heat of combustion of the coal consumed was brought aboveground lii the effluent gas,

Material balences, unccrrected for possible leakage fram the system, indicated
that 2,075 tons of coal, calsulated on a moisture- and ash-free basis, wAs consumed
during this pericd. A total of 8,751 tons of coal was consumed from March 18, 1949,
to October 7, 1950.

Table 32 chows the variation in preasure required to force 7,C00 or more cubic
feet per minute of alr underground In thle sectlon. The increasing resistance to
flow during the first 7 weeks colncldes with the period when the ma jor portion of
the sand was Injected underground.

Operation of the Gas-Turbline Installstion

During operatlions concentrated in the reglon between bareholes VII and III 1t
was decided to set up a small ges turbine at borehole III. The primary purpose of
this Installation was to Increase the alr input at borehole VII and to cbtain oper-
ating characteristics of the system, using flow rates exceeding the maximum pre-
viously employed. It was also desired to learn samething of the operating charac-
teristics of the system at a higher average pressure, and a further obJective was to
determine whether the effluent gases could be used in a gas turbine without requiring
excesslve cleaning of the gases to mrevent solids accumulation and corrosion and
eroslan of the turbine blades and auxillery equipment.
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TAELE 1l. - Operating results, last 13 weeks of geriod June " to Octobar 7, 10%50. Dirscticn of flow, borehels TII to barebols VII.

Average sonlynis of effiuent gms &/
| Heating Memperatre of Heat talance?/ cent of best of combustimm of cos) consumed
value Mol ef fluvent Average mte Unaccounted for and
‘ B.t.u. | ster r-.‘.-v_.—- : of coal Sensible beat | Hest of | Semsitle and Fresumed stored
1y Forcent Per cu. lper mol [temp, | | temp., consumption, |content of dry|cosbustion|iatent heat of undergromnd, |
avaragedl/| hours | c.fm 2000, [T [ G | E 1 CO|cHE, | B | ££.2 Ltr; ama | °r. Or. |tons per dsgi/|effluent gms |of dry ges| wmter vapor by 4ifference 4 |
1 3 - 7 18 |9 1] n 12 13 1 1= 16 17 18 19 %
6 -11 k.3 9.1} 0.2 |7.0| 2.8 B 0.5s2 %20 T 2%.3 12.1 8.8
7 - 12 &,0 .00 2l62{2.1 27 .30 738 | 1,109 £S.5 1B.* 7.5 ‘
- 13 0.6/ .2]6.7] 2.3 a2k .la7 T6L | 1,262 27.3 b al.2
-9 %.0 0.4 .2]7.A8] 2.4 23 .ayo =18 8&1 27.2 12 5 =0.8 -
1o- 9 .7 10.0f 2{7.2] 2.8 = . 086 sq1| 728 13,1 1 6.7 2.3 "
i0- & %.0 10.0f .2|7.8| 2.8 a7 L1680 | s /4T3 Bik 7.2 n 12.3 80.5 W
un- 12 +Y i0.9] .2|7.5 1.9 20 231 53 Bs0 . h 12 383 2.3
12- 13 5 9.8 118.5] 15 17 191 Wre 731 2k,2 11 6.1 .9
13-~ 3 5.6 9.9 .1l9.0f L& 1k 23" L0k 0k 23.7 10. 19.8 8.3
1k~ & 8.0 9.71 .2|8.8] 1.3 23 Jdg2| el T84 23.3 13 17.3 k5.6
15- 1 7.9 10.B] .118.8] L3 17 A% shi 31 23.7 1n. 13.6 50.5
16- 7 6.0 | 7,420 |11.0] .1)8.2] 1= bY 137 313k 5] 26.3 75 10.1 5.1
17- 9 7.5 7,910 [11.6] .2 |7.9] 1.0 18 133 262 397 28.b 5.2 1.5 .7
18- 7 TT 7,610 |11.8] .2]7.3] 1.0 16 159 220 jlo 271.9 k.3 1.1 63.3
TABIE 30. - Operating results laost 1] weeks of period June 5 fo Octoder 7, 1050. Dirsctlion of flow. barebole ¥IT to borehole ITI.
Aversge anelysia of effluent gas
verige Heating [Memperuture of Heat hlmnce‘-'./ percent of beat of combustion of coal consumed
leng'h | Average wnlue Mol effluent gns |Average rate Unazcomtad for and
Weak and of atr B.t.n. | wmter | Ar, Mex. of coal Senaible heat Hoat aof | Semsaible and Eesumed »tared
cyclae loyelo, | flow, Percant per cy. lper mol {temp, , | temp. ,| consumptlon, eontent of dry)cosmbustlion|latent heat of inderground,
sveregedl/| hours | c.f = 200 [T |0, | & | GO | B | fe.2/ |ary gas| °r. %, '|tons per dayi/|efflvent g |of dry ges| vater vazer by Aifforence
1 3 4 : 7 8 9 | 10 1 12 13 1k 15 16 17 18 19
b 7,20 [11.0y0.2 |5.0]2.8]1.6]0.9@.7] 27 o378 | =8 | & 28.6 12.5 34.8 #®.1 24.7
5.0 | 7,850 |11.8) .1 |5.0|2.1]1i5]|12p8.3] 26 k61 | =86 | &o1 30.2 2.4 313 2.8 21.5
b2 7,410 j10.8] 2 |5.%]|2.6}1.8] 1.0 E&.e 28 315 5 =of 28.6 10.8 35.5 £2.9 30.8
k.5 7,590 [|1o.0f A |5.7[2.3]1.3] .7§9.6] &7 326 642 |1,397 26.2 15.8 37.h 7.1 18.7
5.0 7,510 110.0] -3 15.9|2.5]1.% 9p8.9] 2 164 578 678 26.7 13.8 38.2 29.0 15.0
s Loeo |11.9) .1]5.2|]2.8]2.0] 1.1p58.3] 2% k23 570 ok 15.8 ®2.5 29.6 30.7 7.0
5.5 boG0 L1.7] 2]62]20]1.1] .6 Eg.e 20 .339 08 738 15.9 10.3 25.7 26.0 38.0
5-3 7,520 | 9.9| .1|6.3|=z.a]x5]| .7e.8] 21 A1l 5is )l 19 =5 13.0 30.2 15.0 7.8
5.8 7,50 J10.0] .2 |7.1]2.0|1.6] .m[fB.6] 21 258 e 765 25.1 1k.0 30.8 215 3.8
21.3 1,50 [18.1) M jas]B2]2.7]1.7 5.0 & 2 641 - ] 118 9.1 L5 0.1 k5
27.9 1,680 113.9] .2 (5.112.5/1.111.2 Es.c - -] 678 B39 1,186 T-1 16,4 29.7 6.6 7.3
8.0 7,690 9.8] .2 |7.1|2.1|1.0] .BAf9.0| 2= X 552 | 896 2.2 .l 32.6 7.2 36.2
71-9 ,700 110.3| .1|7.3]2.4)2.1] BfB.o] 21 2kl L 15 728 26k 1.3 j0.2 19.3 39.2
8.7 7,%0 l0.6f .LlET]io]jli]iropB.6] = 240 | A3T 780 26.7 n.s 30.3 18.7 39.6
17- 7.9 560 [10.k| .1 [6.6]2.2]|r2]1.0 gﬁo.h Zh A1 1 k2o | &b 26.6 9.7 33.1 13.8 43.%
8- 7 7.7 T.75 lo.2§ .l |é.0|1.B| .8]|1.1Bo.0] 2= 88 | &50 | 815 25.6 167 3.7 itk 35.2
1/ The firat figure in the opermting week (the week ending Jume 10, 1990 = 1); the sescond figure i3 the mmber of gperating cyclss in this direction during the week,
the results cof which cre &v ; 2/ At 60° F., 30 inchen Hg. dry. 3/ Beals of mctstre-and anh-free coal. 4/ Heat balance is Lased oo £0° F,
3/ Average of the preceding 3 values of determined molsture contents, in the 7,000 c.f.m. rangs.
4180 - 506 -




TABLE 32. - Pack-pressure develomment during the fifth operating period,
June % to QOctobar 7, 1950

Realstance to flow.l/, pounds per square-inch ga e

Week 1 2 3 b 5 6 7 8 Q
Directlon of flow:
o o o g A R e 8.5|10.8{11.2|11.7|11.8|12.6]|12.6] 11.9] 11.8

AR > (s A e - |12.5] 13.4 | 4.9 15.1| 15.2 | 15.3 | 15.4% | 15.7

1
Average for both directions... - |11.7]12.3]|13.3|13.4]|13.9] 14,0 13.7| 13.8

T

Weok 10 11 12 i3 14 15 16 17 18
Direction of flow:

60 v ol TN - I T P IL.T - 11,4 11.3]11.4 | 11.2 | 10.% | 10.4 | 10.3
B IXIT 0 BE YILE: ot svacws ciam a6 - 15,4 | 15.3 | 15.5 | 15.1 | 13.7 | 1k.0 | 14.1
Average for both directions... | 13.7| - 13.4]113.3]13.4|23.2 12,1 |12.2]|12.2

1.7 The back mressures reported are for all cycles In which the Input-alr rate was
over 7,000 cubic Teet per minute.

A gingle turbo-supercharger unlit was installed at borehole III and tested during
peveral cycles at a temperature range of 400° to 600° F. It was found that the
maximm pressure obtainable at borehole ITI was 10 pounds per square-inch gage, and
under these temperature and pressure conditions, cne turbo-supercharger unlt would
not cperate at an adequate efficlency level to pump air into the manifold against
the discharge pressure of the reciprocating compressor. Further, the lLow temperature
of the effluent gases favored the deporition of tarry material on the turbine blades,
and after a few hours' operatlion thies deposit caused a serious drop in the turbine
efficlency. Wlth an Input mressure of 10 pounds per square-inch gage, it was found
that the silngle turbine unlit would operate at a speed of 1k,000 to 16,000 r,p.m.

Because these testa showed that a slngle turbine unlt was 1nadequate to pump alr
at the required pressure, & secand turbine wac Inetalled. The two turbo-supercharger
units were comected as shown in flgure 16. The turbine ends of each machine were
connected in parallel, and the campressor ends were connected in serles, This instal-
lation permitted a greater mass flow through the turbines aad gave two stages of alr
compression. Preliminary tests on the units comnected in this manner indlcated that
the compressors could be used to increase the elr Input to the mine. A series of
testa were carried out during five cycles, and the results of the last test, glven
in tables 33 and 3k, are representative of what could be accomplished with these
units under the existing conditiona.
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TABLE 33. - Operetion of the mroject during the turbo-superchergar tast.

Direction of flow, barebols VIT to TIT.

Air Av nis of effluent sas Average HEeat parcent of heat of cosbustion of coal consumed
Length input, Parosnt rate of coal Unaccounted for and
of nverage Beating wmlue, |conammption, Hens!ble hemt Heat of Sensible and Fresumed stored
period,| flow, B.t.b. par tons per content of dry| combustion | latent heat underground ,
Period | hr. cfmlf|CO [I11. |G 1H, [CO [CHy| B cu. rt.l day2/ efflzent gaa | of dry gea | water wa by difference
..... 0.7 7,060 |18.510.0 ] 0.2} 0.3] c.2)0.8] B0k 5 5.1 2k 2 h.£ s 6.1
3.0 /9,110 | 1.8 .2 Al 3] A 2|80 ' 4k.9 30.7 g.0 sh.7
..... 2.k /9,300 |88 .1 .0l10] &) .&]792 13 0.8 j1.2 11k 7.5 5.1
1.0 2/okBo |1B.3]| A JAl1a]1a] A 18.6 15 =.8 26.9 12.1 7.4 516
..... 3.8 | 3f9,550 |17.8] 0| 3|1h]2.0] &lT0.9 17 k.0 26.1 .6 7.0 2.3
o k.5 /8,620 |17 8| .0 2lr5|19] &]78.0 17 wk.1 25.9 1%.7 7.0 52,5
3.8 | 3/9,ké0 | 17 .0 Lol19l .5 5|5 13 k8 2 26.1 2.2 7.7 k.0
5. 2/9,170 | 17. .0 O0f{23(1.681 7|81 20 5.7 27.3 17.9 7.3 87.5
1/ At 60® F., 30 inches Hg., &ry.
2/ Dbasia of moisture- mnd ash-free coml.
3/ Heat balance is based on 60° F.
5/ Asmming 0.1 mol of water per mol dry gas.
5/ Total output of reciprocating and centrifugal compressars.
TANE 3k. - Operation of the turbo-supercharger units
Compressor operstion Batlo of alr
Cver-all comprassed to
adiabagtic Sas expanded
Cas presgure GCas '.n-j-e_rnta'ea_,:’r. Adiabatlc Dischargns Discharge efficiency throwsh turbines
turbine inlet, Entering Turbine discharge efficlen volume preasure, aof two Mol of air | Pound of alr
pounds per cleaning | Entering First Second First Secand cm. ft._rr poundn per stages, per mol af per W
FPeriod | square-inch gage traln turtines | turbine | turbipne | twrbine | turbioe inuto-. square-inch gage percent e of g/
| P— . 1,051 B - - - - 935 - bk % - -
..... " 1,311 1,130 - - - - 1,66 16, 2B - -
9.2 1,377 1,190 1,127 1,07% - 59.4 1,8%0 17 4 - -
9.3 1,3% 1,190 1,112 1,088 k7.5 A 1,95" 17.5 ol 0.548
- 9.5 1,017 1,110 1,92k 1,000 AT kg = 1,90 na ks
. 2.7 1,154 1,090 987 g0 .7 54.9 1,970 IT.T g.5 .5h0
dua 9.k 1,21k 1,000 1,00 afls . 5.3 1,907 17.6 7.8 50k .50k
..... 9.3 1,220 1,150 1,028 1,017 k7.0 =8.2 1,800 17.2 40.° A2 AT

-
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During the testlng of the turbo-superchargers, the project was operated with an
average pressure of 17.5 p.e.l.g. on the input air and 9.4 p.s.l.g. on the effluent
gas. The average pressure on the underground system was thus 13.5 p.s.l.g. Table 33
shows that throughout the test the cxygen content of the effluent gas was negligible,
the rate of coal consumption wag high, and the heating value of the gases dlscharged
from the turbines increased steamdily with time, The heating value increased slowly,
as shown in table 33, but from a visual etandpoint it was very marked. From the
third period through the eighth period the gas discharging from the turbines burned
steadlly, At first the flame was visible only around the perimeter of the turblnes,
where the gases entered the discharge stacks; but from the fourth through the elghth
perloda the gas discharged from the two 20-inch stacka was burning, and the helght
of the flame cone Increased wlth time, The Ilncreased total pressure and the resultant
increase in partial pressure of the oxygen underground resulted in a general lmprove-
ment in gas quality and in operating ~haracteristice.

Resulte of the turbo-supercharger operation are summarized in table 3k. Under
test conditions, the speed of each unlt ranged from 14,000 to 16,000 r.p.m. The
cyclone-type knock-out chambers installed ahead of the turbines removed a emall quan-
tity of fine dust, and occasionally quantities of dust went through the turbines.
Examination of the turbine blades following this test and including some 30 hours of
priar operation dld not reveal any serious damage or bulld-up on the blades, Thle
was qualitative only as efl'ect of the dust on the blading would have to be determined
over long operating perlods.

Throughout the tesi, water was sprayed Into the effluent gases at the hase of
barehole ITI to prevent the temperature from rising above 1,400° F. The temperature
level was held at the desired value, but at the end of the eighth perlod, the refrac-
tory lining olumped and blocked barehole ITI at two polnte. This slumping toock place
at polnte 42 and %2 feet below the surface of the ground. At each elevatlion the
blocked partion was not extensive, for It was later possible to reopen the barshole
by punching a hole through the obstructed reglons. A length of steel rail having one
end forged Into a blit, and the whole weighing approximately G00 pounds, was Allowed to
fall freely a distance of 15 feet. A few blows sufficed to punch through each cbatruc-
tlion. Further tests with the turbo-supercharger units were not made.

The turbo-asuperczharger test showed qualitatively that it was poseible to use the
effluent gas produced by underground gasification. Although the operating efficlency
of the aeroplane-type turbo-supercharger unite wae not high, the test showed that 1f
the outlet pressure was Iincreased to a more satiafactor, level and more efflcient units
vere installed, the recoverable energy would be Increased at least three aor four timee.
Further, the heating value of the gas wan wasted in this test and could be utilized in
a more efficlent installation. By making these changes, it should be poselible to supply
an underground gasification system with air and make avallable a considerable portion of
the energy of the coal avallable as a product.

At ths time the turbo-supercharger test was mads, the system had been operating
continuously for 18 months, and a large area of coal had been consumed. During the test
it was not possible to raise the discharge preasure of the effluent gases above 10 p.s.l.g.,
vhich indicated that there was leahage fram the system. Earller tests had shown 1t should
have been poosible to operate at at least 30 p.s.l.g. An analysie of the teat results
indicated that the average leakage from the system during the turbo-eupercharger test was
62 percent of the input air. As 1t was not practical to isolate the portion of the in-
stallation from barehole IIT to the entry wseal from the section inecluding boreholes I,

II, and VII and the path to boreheole III, it was decided to 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 III and V

Following the turbo-supercharger testa and blocking of borehole III wlth fallen
refractory, the operations wer: rontinued between boreholes VII and III at reduced
flows. The average air input .as 1,050 o.f.m., and the resulis obtained have been
shown in table 3%, item 1,

It was desired to establish a high-temperature zone in the reglon between Ire-
holes III and IV before operation between III and V was started. Alr war almit 4 at
borshole VII, and the product ganses were removed at IV. Periodlcally, the flc 8
reversed. The ovverating results obtained are given as items 2 and 3 of table 35:

At the coanclusion of operantions between VII and IV, alr was adml tted at borehole
ITI, and the product gneses were removed at [V. Perlodlc reversals were accomplished,
and the operating results have been shown as items 4 and 5 of table 35. Table 35
showa that there was bypaseing of the combustlon faces underground, as evidenced by
the high oxygen content and the low carbon dloxide content of the effluent ganes.

In final preparation for operations In the section between bareholes III and V,
a long cycle was run between boreholes III and IV, Alr was admitted at III and the
pases were dlacharged at IV. The time was prolonged until the temperature of the
effluent gases was 950° F. when 1k gnllons per minute of spray cooling water was
belng admitted at the base of bhorehole IV, The calculated temperature of the gases
was 2,000° F, Immediately after attaining this condition, borehole IV closed,
borehole V was opened, and the flow was from borehole III to borehole V.

The produnt gases wers removed at borehole V until thelr lemperature had risen
appreciably. Flow was then reversed, and the effluenl grees were removed at borehols
III. The obJective was to blow in at borehole V, remove the gases at IIT, and to
continue the cycle Iin this dlrection aes long as 1t was posalble to do so. Gas flow
In thls direction was decided upon because it was bellieved that there would be mini-
mum leakage, as the inlet borehole was located in an area where cambustion had not
yet taken place, and the outlet or low-pressure borehole was adjJacent to a region
that was known to be subject to leakage. A water smray was used ln borshole III
to maintain the temperature of the offluent gases at a value not exceedirg 900° F,
in the borehole. Flow waas reversed when repaira were needed at the outlet stack
and during the initial part of the operation when 1t was desired to obtain & high
temperature level in the sectlon between bareholes IV and V.

The results of the operation between boreholes III and V are summarized in
table 30.

It was desired to show what effect the 600-foot length of section between
boreholes V and II1 had on the operating characterietics, as well as to test the
system and equimment under prolonged operation In one direction with high effluent
gas temperatures. A comparison of the results of the cperation in the section be-
tween bareholes III and IV with those obtalned from III to V indicates that the
longer path of travel resulted in better contact between the prs-making fluids and
the reacting coal facen. Alco, 1t was possible to operate the system in one 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 exiasting borehole,
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TAALE 3%. - O bing results far the section, borsboles VII
Avermge anmlyuis of offluent gms Eeet belancel/, percent of nest of
Bomtlagl Mol Avernge posbuntion of consaaed
Cumnintive | Aversge value, | vetar Average rate of coal Unacccanted for wd
total alr l.t.u, per  emparature of| conmamption, | Seasible heat Eeat of | Senaible and promemed piored
time, flow, Parcent par cu.|mul dry| afflusnt gas, tons per |content of Ary|combusticem| latent heat of| undergroond |
item noura e.ram 1/ | co, [TIL Q B," co[®, | ¥, (T8 7 ] o, dagl/ affluent gae |of dry gas| weter vapar by d:fferunce ﬁ
1 2 1 L 5 o T A g 10 11 12 13 1& 1* 16 T 18 ;_!‘111
<
Directiom of flow, borshols VI to Boshels IT1 ‘,'*
18, =8 Lo |orsfea| 16| 0afen s ae] | .05 37k 1.8 b2 .6 1.8 sa.k '
] LIy
Direction of flow, barehols VII to borebols IV é
23, 73! 1500 2| aleg| s L4 |Bo.7| =22 l a8y 276 30.7 5.3 25.2 1.1 .8 | f
Direstion of flow, barshele IV to barshole ¥IT _.:
38L..] 2% 7,490 | 13.6| 1) 52| 8| 3| E|vea] m [ 179 205 30.5 3.4 12.9 16.5 3.2 -
T
'
DMrection of flow, boresbole TII to harebols IV J“
v, 20 7,500 8.4 .0| 5.4 A al x h1.r| 2 = l 580 i 8.0 20.5 L1 - - ;‘
I <y
iraction of flow, borshols IV to barshols ITT rie
|
s &0 12 LT.Q".O d.0l .ofio.a | .3 .| .2 dl.o[ 3 l = | 582 | .5 214 6.3 - " -
1/ At £0° ., 30 inches Hg., 4ry.
2/ Baste ur molyture- and ashk-free coal.
7/ Heat balanco in bmsed on 50°
E.—" Average rosulta of cycles 1,397, 1,31%9, 1,360, 1,361, sod 1,362, Input-air presswre recged from 6.9 to 0.2 inches of Hg. The flov of product gas oot af barebale 1
TII wae mmll; leeknzs Prom the ayntem wms largs. . N
i/ Avarage of even-mmbered cycles 1,76k to 1,410, inclusive. ]
&/ avernge of odd-mumbersd cycles 1,769 to 1,409 inclusive. L
y Aversge of cycles 1,k20, 1,422 and 142k, T
8/ Aversge of cycles 1,520 mnd 1,523, <

TANLE 36. Operc tlon o section betwesn barehcle IT]1 and bershole ¥

Timo

for |[Cumm- Avernge Average lnacsermted for and
pericl,| lative temporatire of| rate of coal |Smmaeibls heat Seat of | Sensihle and preumed atored
total | bime, efflgect gma,| conmmption | content of dryjcosbumtion| lntant heat: aof rndarground,
bowra | houra S; tans per .u;v_/ affloent gas |of dry san| wvater vapor by difference
1 a 3 4 5 é 7 ) 9 |12 1 [ 15 13 14 pL pU i i 18
T
Diredticn of flow, barchele III tc borehols ¥ T
5/ 220 | 7,8% | nzfoa | 54 | o o2 o7 Be| 1 I 0.2 632 2.1 16.5 5.5 2 [
Direqtion of flow, barehole ¥V to borshole IfT
23 23 | 7,800 | 134 .1 6| 1.0f .3 L0|B0.6] 16 29 L1 30.9 9. 18.9 7.0 3
15 L=} :5, “0 o .0 857 sl 3| 5|89 8 " b el 291 i .t 2L5 53
1k % | 1,170 10.8} .0 | 6.2 Al 2| kB0 6 ] =80 21.4 1 9.2 22 52.5
12 68 ?.906 10.81 .2 172 2! 1] 3|85 B .25 05 2315 13.6 1.k 2.5 ik
18 86 | 7,840 | 101] .1 | 7.2 2| .0| .2|&e.2 3 25 21.4 18,3 B 2h.9 ok
= 18 | 7,760 10.0| .1 | 7.2 A | ApBLE T 25 2.k 15.3 1.2 ¥ 0.2
19 b4 r'ru lok] 2| 1.5 31 0| AjEL] 9 L5 21.3 s k.1 hi.6
17 sk | 8,000 l1c.1} .1 | 8.8 21 | .3]80.8 (] 23 21.0 =.2 9.8 2.3
) pti B,wo 10.7] A | Tk L] o) AjM.E 3 2% 233 .. B 30,*
21 303 | 7,590 1.3j .1 | 6.8 2] .0| 2|k 5 29 231.7 by, 3 7.5 1.3
=7k arr | 7,670 113 .0 | 7.2 A1 2] 2]8L.0 3 - 23.6 - .8 8. 2.2

1/ At 60° F., 3¢ Inches Hg., dry.

_Ej Average of all determinations of wster content of effluent gan male during period.
3/ Basis of molsture- and ash-free coal.

§/ Heat belance s based on 60° F.

%/ Aversge of odd mmberel cysles 1,529 to 1,ka7, tuclusive, wilth exceptien of 1,%2u,
&/ Spray vater wma med: calculated temperature.




The heat balances given in table 36 indicate that the quantity of heat stored
underground cr lost to the swrounding strata was greatly diminished during the ex-
tended operation in ane directian. The rate of coal combustion was approximately 2.5
times that for the coperatiai in the single entry between horehclea 1 and II during
the period of March 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 pessage and
surface arca exposed.

In the period of operation from (-tover 7, 1550, to February 7, 1951, a total of
2,09h tons of moisture-and ash-free coal was consumed, making the cumilative total
coal used 10,844 tems.

Borehole IV was located at the midpoint of the path btetween boreholes V and 1II,
and & therimocouple wag installed in borehole IV at a point fiye feet above the top of
the coal bed, A temperature-time record of this thermocouple was made during the
operation of the long cycles in the flow direction barehole V to III (see fig. 23).
This figure indica%es that the reglon adjJacent to the base of borehole IV did not cool
during extended p.riods of operation but, rather, showed a tendency to climb. This
temperature indicates the stabilization of the cambustion zone and a gradusl increase
in 1ts tempeorature level rather than a movement of the combustion zone in the direction
of flow of the gas-making fluids.

e A T Y Ve S

While operating on long cycles, the actual leakmge fram the system between bore-
holes V and III was determined to be about 10 to 15 percent. That 1s, of the total
gquantity of air admltted at borshole V, 85 to 90 percent was removed as effluent gases
at barehole IT1. The actual leakage between ITI and V could very easily be less than
the indicated value, as it was known that the region beyond torehole ITI was prone to
leakage, and scme of the gases could very easily have been leaving the system in this
section as well as at borehole III.

- T

After 877 hours on stream, it was belisved that operations could be continued in
thls manner for an Indefinite time before sericus fallure of the installation occurred.
However, it appeared that very little additional information could be obtalned, and it
was declded to make one additianal test at a decreased alr-lnput rate and then dls-
continue operation of the mroJect. "

A T T T

——

Operation of the Project at Various Input-Air Rates |

Follewing operatione iIn the section boreholes II1 to V and durlng the period
January 20 to February 7, 1951, a test at low input alr rate was made. Air was admltted
at barehole VII, and the product gases were removed at barehole IV, The alr rate ranged
betwesn 830 and 1,270 cublic feet per minute. It was assumed that the combustion zone
would be concentrated in the section between boreholes VII and III. and thet the products
of combustion would be reduced In the section between boreholes III and IV. This latter
section was at a high temperature level as a result of previous long-cycle operatioms,
the product gases being removed at III1. Thus, a combustion and mreheating zane followed
by a reduction zone would be avallable,

During the first 10 days of this test perlcd the heating value of the effluent gas
decreased, as shown in table 37, which summarizes results of the test. At the expiration
of this period, and for an interval of approximately 48 hours, several variaticns in the
air-input rate were tried, as follows: Using borehole IIT as an inlet, the same equivalent
flow was taken out horehole IV and the resldual capacity of the 2,000 c.f.m. blower was
removed fram barehole VII in an effort to decrease the water content of the effluent gas.
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This split flow did net improve the operating characteristice of the system, and the flowa
agaln were changed. The full capacity of the 2,000 c¢.f.m. blower was admitted at borehcie
IV, and gases were dlacharged at borehole VII in =n effort to raise the temperature level
of the path between borsholes VII and III. At the expiration of this 48-hour periocd of
changing flow, borehole VIT waa again used as the iniet, and the flow ranged betwoen £30
and 970 cublic feet per minute. An criflce plate was installed at the discharge at bore-
hole IV, so that the pressure underground would he increased slightly., Thlia periecd of
operation was continued for 7-1/2 days. During the last day of operation the flow was
changed alightly, sc that the full capacity of the 2,000 ¢.f.m. compressar was again put
underground at barehole VII. The equivalent flow at borehole IV was maintained as befare,
and the excwss capaclty of this blower was bled off the system at borehole I. This last
change was another effort to roduce the molsture concentration in the effluent gas at
borehole 1V.

Table 37 shows a decrease in heating value of the effluent gas with time for tne
firat 10 days and a reletively camstant heating value for most of the final 7-1/2 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 48 percent. During the last 7-1/2 days of operation, the molsture ranged
between 59 and 78 percent and averaged 75 percent.

During this entire test periocd, a speclal orifice run was instalied on the outlet
of the system, and on the basls of dry alr entering the system the lesakage averaged 71
percent during the first 10 days. During the last 7-1/.’3. days of cperation the leakage
averaged 82 percent. These leakage figures indlicate that of the original 839 to 1,270
c.f.m. of dry eir pumped underground at borehole VII, only 29 to 18 percent, respectively,
was avallable for gas making in that pr t of the path between borehcles I1I and IV, This
section was shown to be relatively free of leakage during the preceding long cycle (leak-
age for the sectlon, boreholes V to III, was 10 to 15 percent). The data indicate the
maximm leakage area is south of barehole III and incliudes that part of the path from
borehcle VII to borehole III.

The gas analyses cbtained during this test indicete that a large percentage of the
hydrogen must have been derived from the dissociatlon of water. Correlating the hydrogen
balances with time shows a steaay downward trend in the quantity of water dissociated aud
Indicates a general lowering of the temperature level of the system during the iest.
Oxygen balances glve results quite similar to those obtalned with the hydrogen balances,
but were of somewhat different magnitude. Gas analysis shows that the heating value of
the product gases was due mlmarily to the distillatlon of coal and the diszoclation of
wvater rather than the reduction of carbon dioxide to carbon monoxide. No doubt & con-
slderable quantity of carbon monoxide was formed underground during the test and was sub-
sequently burned by oxygen that was bypassing reacting cnal faces, A calculation of the
ratio of the heat output to the heat input, shown In tible 37, indicates that meore heat
waa leaving the system than was supplied by coal combuscion.l/ The calorific value of the
effluent gas was primarily due to utilization of heat atored in the surrounding strata
during previous operationa.

On numerous previous occaslons the air-input rate was varled in an affort to deter-
mine the effect of such variation on the gas quality and on the over-all operating char-
acteristics of the system. In tables 38 to 41 the results of many of these tests are
gummarized.,

9/ The value of the ratlo changes, but heat leaving the system remains greater than the
heat of cambustlion of the carbonaceous materlal if coke or partly devolatilized
coal wag considered as the basis.
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TANIY 33. - Varimilon In opersting resulta vith varying luput-air rates; opersiing period Decesbar 21, 1945 to Juns %, 1980; direction of fiov, borshols I to burshols IT

Av wis of offlusnt
Weating llzlmdﬁm_ﬂl_r__m'ﬂ o
Length | Avarage valus, Average mta
of B.v.u, of soml Bensihle haat Heat of | Sens{rls and
Cyule ayels, __ Percent par oy, consmmption, |econtent of dry|nosbustion|latent hwat of
¥e. hgurs ﬁ 6 L e T red tms par mﬁ/ offluent gae [af dry gan| wmter vapor
1 z 3 & s |6 |7 18 ]9 |10 16 17 18
- & 6.0 | 7,990 | 6&.7]c.a 2.6 0.7] 0.1 0.1 8.7 8.2 13.8 m.0
a5k B 1.8 | 1,880 N167] .2 PR k| A] .ol0. M - 9.8 S
536 d.0 |2,000 lwol 2 ey 9| .o| .bfF1S 160 2.0 162 -
538 7.0 |1,980 In.ef .opey A 2| .23 ny (Y 1.9 -
5he 8.0 |2,080 |16.3| .0 P& (6| .&| .7 ek e 1.2 21.1 26,1
s a.0 7,180 8.3] .o jLag 2| .o| .sfd.0 162 1.1 8.5 2L.7
s 4.0 2,0% |7v.8] .0p3ol =] 2| .38z 150 3.3 .1 W
St #.o 7,800 k9l sl 2] 2 -7 y78 1.5 10.9 8.8 21.7
8 Bo |7,90 | 62| .0 s .7| .2 . o 12.8 10.1 7.9 16.9
90 8.0 |71,%90 |68} ohe7t 5| 9 R Mok 15.0 8.6 13.0 16,8
= g0 | 7,930 | 6.8 ez .0f .2 L2 398 16.0 8.0 2h.2 13.h
9% B.o [7.060 | 7.3] .o fwm.0f & .2 7 19.3 8.1 a.9 8.7
3 7.1 (8,08 |94 .1fyel 3] @ .2 32 1.2 10.1 17.% p0.2
T 8.0 2,080 |10.0| a2 (7.8 6] 8| .6 239 4.9 10.7 u.3
TH B.o (2,00 |9.0]| .2 {118 .9 7| .6 160 3.k 2k, b 1.9
711 8.0 2,000 8.8 & hap 81 8] & 3 209 6.0 3.8 e8.5 9.5
24 B0 2,080 T.9| .0 P3.ey B| .3| .5 B.T kes 171 5.0 3.6 .7 10.%
715 4.0 7,790 1.3] 0 pe.7| .8 0l .2 2.7 07 g Fot =4 13.6 9.3
Ti7 6.8 | 7,680 J.h| L2 [k 0f .o| .2 6.0 #7L ¥y 8.0 17.k 26,3 9.0
719 1.0 1,960 34| .0paal .0 .0 .2 2.0 £k 329 1.0 u.e 6.6 5.3
TR 8.0 | 8,000 | s.0f .0p3ia| .9] .7| .2 T.2 260 | 8@ 2.6 n.z 21.% -
T3 Tek 7,960 5.8 .2 py.el ki .of .0Po.A 5. - 269 18 13.1 0.1 15.0 3 4 =
1/ At &° P., 30 \nches ﬂj‘, ary. 2/ Basis of moisture- amd ash-free coal, 1/ Heat talance in based on &y, 4/ Average af cyeles @k, W6, %28, 110,
537 and 5%k A, 2/ Average of cryoles 700, TOX, 70k mnd TOG. E; Average of velues for cycles 709 mnd T11.
TABLE 19. - Variation in operating results with varying Inpat-alr rates; operating pericd December 21, 1947 to Juns %, 19%0; dlrection of flov, bLarshols IT wo borebols]
Average ane Lyeis of offlue
[foa s baianced/, porcent of hoat of
Length | Averags ”_#"F— Average rmts
Gyale of alr M. {wmiar [ K X. of coal Genaltle heat Beat of | Bensi™le apd
":Q ayele, Flow, Parosn oy. [per mol oy momsumption, |content of dry|combustion|latent hsat of undacgeounsd ,
iy houre | o, f.mdd EL\ LR TE O | § dcy gas tons por dagls/ lefflusnt gae  [of dry ges| water vapar bty ALl Terence
i 1 4 . iy 3 10 u 12 11 1k 1 16 17 18 19
LY 7,%70 7.9 0.2 h2.2| o7 a.3| 0.1[18.0 391 1T 7.2 £0.7 2.5 @.6
2,093 | - 8.0 - 9.2 -
2,060 e k. 21.9 - -
2,030 A .2 1. 7.8 13,9 1.0
2,170 S5 .2 ] 0.4 9.8 65,8
AT0 A b 26.0 - =
2,110 Y 1.8 1.6 .4
k3 T, Th0 0| 2 2P0 21.0 5.1 k1B
& kT 1.1 Bl M 2PBog 13.5 w7 9.6
kg 7,510 "1 A Al .5 1.2 .5
51 7.%70 A 2 Jolre.6 1.3 12.9 10.7
L] 7,990 Al ol 2frek 26,3 10.7 .G
sf B 040 6.7 4 [13.8] & 'Y o he.e 6. o9 | 2k9 19,6 8.3 ET.9
= o8 1,980 219.7] .B] & Emék] 1 700 k9.0
710 2,10 2 s 6] e} LoT.s] A o7 §l.1
7 0,07 2 2.k .0 A1 1 32 -
la 7.8% 2 3.1 0| .0f AsP)Gl 8 | cuam k2,6
7% 8,000 s 228 6| .0f 2Po.7|] 8.0 | 0.3W A8 12.2
718 7.9 | 58] .of3. 2 .0f 2B07| 4.7 | 0l 15.7 62,1
T80 7,910 | 58] .of3.3] 4| .2] .oPo| 2.6 - - - &
TER £,010 7.2 o [=.9 .0 .0 ore.9 a = = 0
Tk 7,080 | 6.5) L0 pa9l 9] .0| .2fTeb| kg * % *

A vy, 3
1A,

widio

C inches Hg.
5/ Avernge

, dry. 2/ Basls of molsture- and ash-froe coal,
of oyeles 7O and TOS.

- 59 -

b/ Averwgm of cycles %@, W7, W9, 41 and
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TARIE k0. - Verfation in sperabing results with wvarying lopmt-air rates; opmrating pericd Juns “ o Ocldber 7, 1900 directice of flov, borebols ITI fo besehols VII

Averege apalyeis of eff lzant 3/
Heating [Peaxpern ture of Eeat telancel! | fercent of hes) of cosbustlon of coal consamed
Los e
yalue, Mol | efflusnt gas Aversgs rate Unaccomted for and
B. bt wmier | Av. Hax, £ poal Gensible neat t of | Senwible amd Froiaend otored
Cyele Porcent per cu. [per wol (temp. | temp.,| coommption, |content of 4y |cwsbuestion|latent beat of endarground,
Bo. L[ oo[oE, [ 6| relf Mry gan| . Op. |tonw pur daye/ieffiuent ma (of &ry gea| water vspor &y Liffarence
1 15 16 17 LE 1g g
il.0 1.6 153 8. LR
20,9 0.s 41,0 b 05 § AT.9
0.0 16.¢ k5.0
24,3 5.4 67
1.3 1.8
= 16.0
.3
1.z
16.2
ko3
n.d
931 3188 &r.9
9.8 218k 31
j 10.0 2 19.0 x
7,710 {10.1} .0 fse.6 M2
7,970 {20.71 -1{9.0 9.8
1/ as 0% ¥., 30 inctes Eg., dry. #f Baais of mcloture- and ash-Cree voal. 3 ln bared on 607 F. L Aversge of cyclas G8%, 36 o, 990, and
95, 5/ Avernge of cycles G9% mnd 996, 6/ Avermge of szcles 998, 1,000, : i I/ Aversge of cycles 1,176, 1,178, 1,180, sud L,155.
A/ Averege valse far preced'ng veek. 3/ Aver=gs of even-mmbered sycles 1, % 10/ Awaregs of 17 cycles preceding Be. 1,269; directien
Barehols 171 %o VIT. 1i/ Aversge for cycles 1,765 awd 1,077
TAELE b1. - Variation in operating resultc with varylug ‘mput-alr retes; cperstisg period Juse © to October 7, 1050; direct!an of Cflow, barsiiols Vi1 tc borwhols ITT
Aver anelyalo of efflusnt 3
ampera tire of feoat blm-l‘ cant af heat of combustian of coal coneuped
” r————-——-——‘-——ai—ﬁ—-— i g e g |
Length | Averagn of fluent & Avarege rate Unsscountad for and
of air Av. Nex of coml Senaible beal Heet of | Senaible amd presumed stored
Cycle eycle, flow, Porcent temp, , | temp. ,| consmmption, |emtent of &ry|combusiionjlatent heat af undergroumd,
No. bovee |ermdA 00 IO TG T E T 00 (08 9. . |tone per day2/ lefflusnt gms |of dry gas| wnter vapor by dirference
1 2 3 & £ T 3 9 b7 1L 2 13 1b 1A 16 17 18 19
af 5.0 ThkC (11.8] 0.2 (&, 1]2.8)1.7] L.off8.a] 29 6.35T { 773 (1,000 0.9 16.5 3.1 254 L
sf 6.0 | 5,320 (11.0f .3 13.6}1.B)1.2] 19p6.2] & - b -8 29.2 P k.o - -~
&f 5.8 {7,500 (27| .3{3.8l29lz2a] ah7r.sl & 6331 | TA Il,h!l 3.7 5.3 3L.5 2.5 104
T Se 7,85 J10.5) .Lfs.5({2.2( L&) 1.0079.5] 2k W38k | TRO a3 26.3 17.k o 28.8 20.h
8/ .0 | s 0s0 N8} 2[s.8]2.1]1.0f .Bfa.3] = 375 | 539 762 15.8 1.5 1.7 28.7 .1
3/ 5.k 7,530 jwo.0f .1 l6.9y2.1| L%l gmé.r) a1 233 | nee 764 5.6 2.9 29.7 15.0 36,4
1,268 6.0 | 1,280 [19.5] .f13.59]9.5{b.0} 1.2K1.6] 65 JJET | 366 Sk 1.6 5.1 5.3 2.1 25.%
1,270 27.0 1,735 |17.3 Sl3s)7.a]2.1 2.167.31 60 729 ) 16 (1290 12.3 2.0 k7.0 0.9 k.
1,072 3.0 | y,6k0 l37.B} 1 13.6)7.7] 1.9] r.9kT.4] = ho/.70e | 772 {1,399 1.1 1.9 k3.2 36.8 6.1
1,276 8.3 1,6k0 [1h.7( .1(bk.9l2.6)1.2] 2.30.2] o8 Ty | B& 1,379 8.2 16.0 26.2 5.0 6.6
1,876 27.% (1610 lwsy 2 jasfaaf il Ah7.3p 2 B 1 86 1,330 T-% w.0 B 8.3 a8
1,28 k2 | 7,600 [ B8] Gl7.80 A 2] a8l v LG | 95k (1,108 19.7 3Ll 6,7 8.3 31.8
1,280 80 p7,010 | 9.00 .1f7.2fLki1.cl &fg.8] 16 o2 | s A6 22.3 . 26.0 20.5 3.1
1,262 g.0 7,680 9.6f .117.211.9)3.2) .TW9.3] 19 195 | Seb B Zh.5 1.1 5.4 5.9 ho6
1,26 2.6 | 7,790 | 9.2 .1(7.0{1.5]1.0] .9P0.0] 20 R 877 3.7 1B.6 i1.0 131.0 ik
1,286 8o 7,730 1.3} . jesjaa| Bl a7yl 29 Johz | ML 831 28.8 o.8 »7 7.6 39.9
i/ At 609 7., 3G inches Bg., dry. 2/ Basis aof acisture- and nsh-free coal, 3/ Heat belance ia bawed m 60° P, 5/ Averags of cycles 955 acd 551
2/ Aversge of cycles 993 and G50 6/ &vermge of cyclsw 997, 995, 1,001 and 1,003. 1/ Awrage of cyalse 1,279 mad 1188 8/ Avermge of
Iz.

odd-umsberad cyeles 1,109 through 1,231 gj Average of L7 cycise mreceding cycle 1,068, dlirechion borshole VID o T
eceding and twe following cycles.
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Tables 38 and 39 give results of a group of tests made in the sectlon between
boreholes I and 1T dwring the perlod December 21, 1949, to June 5, 1950. The oper-
ational history befare and af ter the test has been included to shcw the effect an
over-all characteristics of the system. In this period a decrease In the input-air
rate fram approximately 7,500 to 2,000 c¢.f.m., had little effect on the quallty of the
offluent gases. At the atart of the reduced-flow period an Iincrease in carbon dioxide
content was noted, but very iittle change in the oxygen content was found, and there
was a s8light increase in heating value, which, during the course of tie operatlon,
tended to decrease. At reduced alr flow there was a marked reduction in the rate of
coal consumption and usuelly a decrease in the sensible heat content of the product
pases. Upon returning to an Input-air rate of approximately 7,500 cublc feet pur
minute, one or more cycles were required to bring the operating level back to that
which had exis%ed before the input-alr flow rate was changed. The operating charac-
terletics seemad to indicate a general decrease 1n the temperature level underground
ag a result of the decreased input-air ratea.

In tables 40 and 41, the results of a series of tosts made in the section fram
borehole 1TI1 to borehole VII durlng the operating period of June 5 to October 7, 1950,
have been summarized. The input-alr rates were varied from approximately 7,500 c.f.m.
to 5,200 ¢.f.m. o 4,000 c.f.m. to 1,300 c.f.m., and the operational history of the
mroject before and after these lower alr-input rates are included. A decrease in in-
put-air rate from 7,500 to 5,300 and L 000 c.f.m. had little effect on the gquality of
the effluent gases and resulted In reduclng the rate of coal consumptlon.

In every instance when the input-air rate was reduced to approximately 1,500
c.f.m., the heating value of the seffluent gases first increased and then decreased
oteadily with time until, after several cycles, it reached a value approximatiiyz that
which had been obtained before the change was put into effect. In each lnstance
several cycles were required at 7,500 cublc feet per minute to bring the over-all
operating level of the proJect back to that which had existed prlar to the change.

A general decrease in temperature level underground was indicated when the input air
rates were reduced to the 1,500 c.f.m, figure. The effluent gases contained en in-
creased percentage of moisture during theae flows, which resulted in a higher percent-
age of the heat of cambugtion of the coal being present as sensible and latent heat
of the molstiwrs In the product gases,

Leakage from the Underground System

Before firing the underground installation on March 18, 1949, a teat was made to
determine leakage from the system. With all ocutlet valves closed, air was pumped under-
ground until a preseure of approximately 5 p.s.l.g. was attalned. The pumping was
stopred, and the pressure loss with time was determined. This prelimilnary test indi-
cated that the leakage fram the system would be approximately 5 percent of the ilnput
air with an average pressure of about 2 p.s,.l.g. underground. It was known that there
wag some leakage fram the air manlfold and at the entry seal, and after firing the
proJect each of these leaks was stopped.

To measure gas flow, orifices were lnstalled at the surface in the outlet stecks
at boreholes T and II. Piping requirements at these points rendered compllance with
orifice-meter Installation especificatlons Impossible, and, for thie reason, the orifice
constant could not be calculated accurately, and the following discussion 1s based an
the assumption that leakage at the start of cperations was negligible. The data,
therefore, may be regarded as qualltative, and thelr chief value lles in establlishing
variation in leakage with time.
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Effluent-gas flow data were collected at regular intervals during operations.
Thece data consisted of differential pressure across the oriflce, preesure upstream
of the arifice, and gas temperature. Molsture content of the gas was dotez:minad. in
most instances. The flnal leakage figure was based on dry gas outflow at 60° F. and
30 Inches Hg. pressure, referred t» alr input at the same base conditions.

During the first operating period, with flow in the direction borehole 1 to
borehole 1T, the data of table 42 indicetes lealkmge ranging fram zero to approximately
3 percent, The average back jressure or pressure regquired to force tke narmal air
flow of apmroximately 7,500 atd. c.f.m. through the system, increased during the same
period fram 3.7 to 5 p.s.l.g.

In the secand operating period, June 21 to October 5, 1949, leakage when operat-
ing barehole I to borehole II increased from 3 to 6 percent. Thle accompanied an
Increase in the back mressure from 5.2 to 12 p,s.i.g. The lsakage and back pressure
&re plotted againat time in figure 24, It was observed that scmewhat silumilar trends
vere followed by both sets of values. During most of the flrst and second operating
reriods, the calculated leakage given In table 43 remained at zero, based on gus flow
out barehole [. Fram these chservations 1t can be reasoned that the crevices where
leakage occurred were In an area where the increased pressure at borehols I waa oper-
ative, but simllar pressure applied at borehole II was not operative., Llttle evidence
was obtained that the crevices through which leakapge occurred increased in size or
number during the two periods.

The operating periocd from Qctober 5 to December 22, 1949 was characterlzed by
long cycles and high effluent gas temperatures. The effluent gas volumes were not
meagured. The area of coal consumed increased rapidly neer boreholes I and II, and
high resistance to the flow of hcot gases developed at coal-bed level near these
boreholosn.

Following coperations with high effluent gas temperatures and long cycles, and at
the start of the opsrating periocd December 22, 1949, to June 5, 1950, leakmge increased
to approximately 1 percent, and by June 5, 1950 1t had increased to approximately 18
percent (see tabtle 42 mnd fig. 25). In both cases the gas flow was fraom borehole I to
borehole 11, as repalra to borehole I water Jacket had rendered that orifice inoperative.
Figure 25 shows that an increase In back mressure early 1n the perlced was accompanied
by an increase in leakage. Thereafter, a pradual decline in back pressure wes noted;
whereas leakage romained nearly the same, It was evident that the rlse In back pres-
aure, caused perhaps by gradual subsidence of the streta overlyling the burned-out area,
had changed the pattern of alr-gas flow underground and diverted more gas to leskage.
It appeared likely that during this period and th mreceding period, October 5 to
December 22, the crogs-sectlonal area of crevices avallable for leakage Increased.
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TABLE L2. - Lealnge from the underground system; directicn of flow, barehole I to borshole II

Alr input

Avarage offlusnt gas

Average
flow,
c.f.n.l/

Back
Rresoure,
p.s.l.g.

volume caloulsted
ap equivalant air,
c.f.m.2

Lealmge in
terms af alr
lnput, percent

Operating period, Mar

Orerating period, Jun

7,380
7,490
7,680

7,110
7,080
[ 'l}{".
T,13%
7,160
?.]ho
/,130
7,108

630

ch 18 %o June

NN o n

8-

OCWUoe D ®
© MW ~lw o~ o

e

a

8.4

e 21 to October 5,

21, 19kgR/

7,020
1gued/

6,860
6,940
6,810
6,610
&,9%0
6,980
7,100
6,720
7,020
7,080
& 880
7,000
7,080
6,940
6,820
6,760
I/
to June 5, 1950~/
6,560
5,975
ls,élo

s Lon
6,42

PO~ RO R

Ao~ COowdEFRoEFon

A+ A D

»

16.h
17.8
16.1
2l.3
18.0
13.¢

0
]

«y 30 inches Hg,, dry.
L/ The week ended Dec. 24,

2/ The week ended Mar, 19, 1049 = 1,
19kg = 1,

3/ The week ended June 2%




TABLE 43. - Leakage fram the underground system; direction of flow

oralio.

II to barehole 1

Alr input

Average
f'low,
o.f.m.1/

Back
pressure,

p.8.1.8.

Average effluent gna
volume calculated
as oquivalent air,

c.f.m,}

Leaknge in
terma of air
input, percent

7,400
i ,h"‘o
7,925
T 3 Ll'_-}":
T ,1}{.':0
7,280
7,300
7,280
7,270

7,020
7,090
7,030
7,120
7,210
7,230
7,180
7,190
7,190
7,300

|
Operating period,

(o i e e B B s
OO E OWIO\

Operating period, March 18 to June 21, 19ug2/

.‘. ’l‘m
7,380
7,540
7,380
7,320
7,400
7,410
7,280
7,250

21 to October 5, 10“‘}'“

7,275
7,280
7,180
6,910
7,200
7,310
7,375

-

7,400

o

CO0OO0OHOOOQO
O

COCcCoOoOMOoOO O

0

1/ At 60° F., 30 inches Hg., dry.
jj The week ended June 29,

1949 = 1,

2/ The week ended Mar. 19, 1949 = 1,

In the succeeding period, June 5, 1950, to October 7, 1950, with operation be-
tween bareholes I1I and VII, effluent-gas flow data were avallable only when boarehole
IIT was the gas outlet. During the first O weeks of this perlod, effluent-gas volumea
were not obtained, because the use of apray water in the outlet borehole made it

impossible to calculate accurately the volume of gas flowing.

Conaequently, the firat

loakage figures obtained were for the seventh week, when the back pressure for the

Table L4 mand figure 26 show that the
leakage Increased for the next 7 weeks, desplte a constant decline in the back pressuru.
Thereafter, the percent lsakage and the back pressure continued to decrease with time.
Several extended periocds of operatlon with reduced flow rendered possible the evaluation

period reached the maximum of 12.7

of leaknge at reduced pressures.

p.s.l.g.

At an air input of 4,075 std. o.f.m. and back pressure

of 5.7 p.s.1.g,, leakage was 42.0 percent, as campared to 46,0 percent at normal air

Input, With the alr input further decreased to 1,620 std. ¢.f.m. and back pressure at
2.3 p.s.1.g., the leakage was 39.5 percent, compared to 4.0 percent at normal air in-
put. The fraction of entering alr diverted to leakage was nearly conatant for all alr-

Input rates.

In the early weeks of thils perlod, large amounts of sand was inJected intc the

ariginal entries between bareholes II and IITI.

The increasling back messure shows

that the sand was effective to some degree in plugging the entries against gas flow.
The gaa flowing from borehole VII to barehole II1 was therefore compelled to pass

through a relatively small burned-out area near the sand plugs.

At the same time,

the gas had ready access to the large burned-out area bounded by bareholes I, II, mnd

VII, where, it has been concluded, the leakage occurred.

The increasing leakage with

decreasing back pressure indicates that the cross-sectional area of the crevices
available for leakage was increasing with time.
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TAHLE 44, - Leakage from the underground system; direction of flow,
borehole VII to borehole III

Alr input Average effluent gas

Average Back volume calculated Leakage 1in

Operating flow, pressure, as equivalen? alr, terms of ailr

week c.f.m._:l_-/ p.8.1.g. c.f.m.1l input, percent

Operating period, June 5 to October 7, 195027
R )T T £ 7,430 12,6 4 485 39.6
f EER W TN 7,410 11.9 4 485 39.5
ORTRSEy % C A 7,560 11.8 4,340 42,6
L0 s & ittty s 5 o 4 4 7,450 s L 050 L5.6
LI 8 25 whsdB A oo s 4,090 .7 2,360 42.3
;s AT I g 4 060 ST 2,360 41.8
G2 . o i 7,530 11.4 4,105 45,5
R 2 bt T B e 7,560 1l.3 4,050 L6 .4
1o e of e S 1,620 2.3 950 39.5
e R 7,670 11.4 4,270 4k 3
Ui et =i R | 7,700 11.2 4 375 43,2
o5 i 2 o7 Tl 7,560 10,5 4,530 4o.1
27 R 8 (= g G 7,600 10.4 4,590 39.6
L1 e S b uF 7,730 10.3 4,505 Lo,7
1/ At 60° F., 30 inches Hg., dry, 2/ The week ended June 10, 1950 = 1.

While operating in the ar.a between boreholes IV and VII, a serles of leakage
tests were made, utilizing specially constructed orifice runs for determining the
effluent gas volume. Teble 45 summarizes the results of these tests. Here, instan-
taneous leakage hes been differentlated from over-all leakage. This differentiation
has been made because of the extensive volume of the underground system, which acted
as a storage reservolr for gas under pressure; and when the alr supply was cut off,
gas continued to issue fram the system in diminishing volume far several hours. The
several over-all leukage flgures take into account the stored gas recovered during
the "blown-down" periods. Back pressure at the inlet and gas mressure at the orifice
are included in table 45, because the pressurs causing leaknge 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 barehole IV as the outlet, leak=ge
was 53.2 percent, and when barshole VII was the outlet,” leakage was i43.2 percent.

The pressure required to force alr into the system at borehole VII was 10.7 p.s.i.g.,
and at barehole IV, 15.5 p.s.l.g. These flguree indicate that the point of leakage
was somewhere neer borehole VII, because a greater volume of gas passed through the
system between the boreholes when IV was the inlet. When borehole VII was the inlet,
the highest pressures underground were applied near that point and caused greater
leakage.

Cycles 1,390 and 1, 393 were made with the gas outlet choked. The effluent gases
passed through a 3-inch-diameter orifice as they discharged to atmosphere. Thus,
gas pressures exceeding 10 p.s.l.g. were applied everywhere in the system. The
determined leaknge (table 45) reflects the effect of increased pressure at the point
of leakmge. It was noted that again the back pressure at borehole IV was substan-
tially greater than at borshole VII.
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TABIE 45, - Tests for leakage from the underground system

using various flows and pressures

Alr input Effluent gas Inatantaneous
Back Average Dlscharge leakage in terms
Averuge flow, presaure, volume nressure, of alr input,
Cycle c.f.m.1/ p.8.1.8. :.f.m.1/ B g percent?
Directlon of flow, borehole VII to horehole IV

1,588, ... 7,425 18.7 3,285 e (54.8

; 3/(53.2

1,390.... 7,400 14,1 1,730 9.8 (76.6
3/(75.2 .
LsACe 7 ,har 12,0 3,920 2.1 45.3 i
1,4128... 6,190 9.8 3,400 1.7 45.2 f
1, 0380 .. 5,045 7.3 2,820 1.3 46.5 !
1,.412D... 3,365 .5 2,080 o 45.9 =
1 A1, 1,910 2.4 1,320 .3 kb0
LoRATA - o 1,850 2.7 1,195 53 k3.9 !
1,k17B.. 1,850 2.6 1,215 a3 40.8 :
1,417¢C.. 1,810 2.5 1,195 3 39.3 !
1,417D.. 1,910 1,305 .3 39.4 ’
1078, . 1,985 2.5 1,330 .3 38.6 ',
1.h17r.. 1,890 s 1,290 iz 7.1 k
1AL, 1,920 2.5 1,340 5 37.2 i
Direction of flow, barehole IV to borehole VII P
e 7,640 15.5 L, 010 3.0 (47 .14 I'__
3/(43.2 ’

BaSERE L s 7,225 17.9 1,800 10,5 e
3/(13.1 ¢
1,415A. .. 7,340 16.1 4,015 2.9 L5l /
1,415B... 6,870 15.6 2,650 2.8 61.6 i
1,L15C. .. 5630 12.9 3,460 2.2 39.8 !
1,415D,.. b,025 9.1 2,750 1.2 34.2 r
1,415E... 1,840 4,3 1,085 0.4 L6k 'l
Direction of flow, borehole III to borehole IV !
1,418... 1,850 L 1.6 1,730 0.5 0 !

1/ At 60° F., 30 inches Hg., dry.

2/ The gas volume was recalculated to equivalent air through the use of a nitrogen
talance and correcting for moisture.

3/ Includes gas stored underground measured during "blowdown."

Cycles 1,412 and 1,415 were made with the air Input progressively decreased,
Instantaneous leakngs only was calculated. In cycle 1,412, borehole IV was the
outlet, and the percent leakage remained constant at all alr-input rates. In cycle
1,415, the percent leakage varled irregularly with diminished air-flow rates. In
subcycles 1,415 B and 1,415 E, the percent leakage was influenced by an increased
proportion of water vapor in the gas. The volume of material (including water vapor
that 1s not included in t2ble L45), actually issuing from the system reflected closely
the changes in back pressure, due to reduced alr input,
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Cycle 1,k17 represented approximately 1 week's operation with constant alr input
at borehole VIT, with borehole IV the outlet. The determined values of leakage indi-
cate a4 slight reduction in leakage with time.

Cycle 1,418 egain tested the hypothesis that lecakage mainly occurred south of
borehole III. It will be noted that the alr pressure was very low, and that the cal-
culated leakage was zero. Thus, the hypothesis was confirmed, and 1t was slso egtab-
lished that the arsesa cof greatest resistance to gus flow at that time was located south
of borshole III, probably in the neighborhood of the sand plugs in the entrles.

« At no time during the entire operation of the proJject was 1t posuible to discover
substantial gas outflow at tho surface. Several points of small leaknge were found.
The first point of gas escaps found was approximately 500 feet west of borehole II,
where a small stream crossed the coal outcrop. Gas was observed bubbling out below
the coal bed, In the coal bted, and above tho coal bed. The amount of gas was initially
very small but increased with time until bubbles were observed over approximately 50
feet of stream bed. The gas was accampanled by an outflow of water. The volume of
gas remalned too small to have been detected in the grs-fiow data. The gas at this
point Initidlly contained some carbon dloxide rnd nitrogen, tut after combustion was
established between boreholes ITII and VII, hydrogen with smaller smounts of methans
and carton moncxlde alsec was present.

A slight inflow of gas was detected in a mine in the Pratt bed apyroximately
600 feet weat of the entry portal. The gas entered at a single point throigh a crack
in the roof rock. The gas was flammable, hydrogen being the main combustitle constituent.

During heavy rains, bubbles have been observed on the surface between boreholes I
and IL, west of the entry, and inside the limits of the burned out area. Subsequently,
cracke have been observed in the same area, which Indicate widespread subsldence with
cracking from the coal bed to the surface.

When drilling bareholea VI and VII and sand holes 7 to 13, gas inflow in small
quantities was noted at numerous harizons. However, Iinasmuch as test holes 1 to 13
and borehole I were unlined from the cocal bed to wlthin 30 feet of the surface, gas
under pressure in the underground asystem had access to the strata at all horizoms.
Some gas flow was therefore to be expected in permeable beds.

In the absence of definite evidence as to where and how gas leakmge occurred,

) . the mechanics of the process may be explained In several ways. Assuming the presence
of pore spaces or crevicea fi1lled with water and of near caplllary slze in the coal
bed or adjacent atrata, gas ressure could force the water to flow to the outerop,

- leavlng the space avallable for gas outflow. Simllarly, 1f small vertical cracks
vere present and filled wlith water, dralnage of the water into the underground system
would free the cracks for gas leakage, A permealle hed lying some distance above or
below the coal bed could be exposed to leakage by caving or thermal cracking of the
Intervening strata. The hypothesls best supported by the avallable evidence has been
that a gradual subsidence of the strata occurred above the burned-out area, oroducing
cracks that extended from the coal bed to permeable strata. The gas flows throvgh the
permeable strata and eventually reaches the surface elther on the sides of the hill
or by means of Intersecting vertlcal filssures. Leakage fram thls source protably
would increase markedly with time and would fluctuate with rainfall and minor rock
movements. It has been assumed that the wldespread diffuslon of the gas outflow
through the surface soil accounts for the absence of noticeable gas leakage.
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Quantity of Coal Consuwed and the Area of the Burned-Out Region

Three methods have been combined end used to determine the quantity of coal con-
sumed and the location of the perimeter of the burned-out area. Material balances
were made during all phases of the operatiom, and the quantlty of moisture- and ash-
free coal consumed has been calculated from them, Thermocouples were installed at
each of the test holes, and a temperature-time record was kept at each of these loca-
tlons. These temperature data are plotted in flgure 27, and from these curves the
rate of advance of the coal faces was calculated. The bursting of the mercury capsulesa
and the time when mercury appeared in the effluent gases has also been used in deter-
mining the rate of advance of the coal face. Also, as sand holes were drilled in the
area, the condition of the coal bed and the drilling conditicms have been incorporated
ag additicnal evidence,

Table 4G
ash-free coal

summarizes the above data and shows that 10,845 tons of moisture- and
was consumed during operation of the proJlect. This coal would occupy
83,690 square feet of bed, and thus the coal underlying 1,92 acres of land was gasi-
fled. Figure 20 shows the perimeter of the burned-out area at the end of each of the
ma Jor phases of the operation as it has teen deduced from the date available,

TABIE L6, - The coal consumed and the area of the burnsd-out rogion

Operating
pericd

Length of
period,
weeks

Coal consumedl/

Arca burned out

During
perilod,
tons

Cumulative
total,
tons

During period,
saquare feet

Cumulative
total,
square feet

Mar. 18 to June 21,
June
1949 TR s

Cct.

5, 1949 to Deec,
1akg,

1950. . ...

Oct. 7

U
1951..

1949

21, 1949 to Oct. S

1i

18

18

e

1,564

2,00k

aT7

6,950

12,400

10,680

16,560

22,660

1L 4kko

5,950

19,350

20,030

LG,590

69,250

83,690

1/

Bagis of

At thie

moisture- and ash-free coal.

time diamond-drill core holes are being drilled into the burned-out ares

In order to determine the condition of the strata overlying the coal bed in the area

where the coal has beer. consumed.

perimeter of this burned-out area more exactly.

These holes will also be used to determine the
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Effect of Input-Air Rate and Rainfall on the Tcial

Moisture Leaving the Svaotem

The total molsture leaving an underground gasification system ls Important be-
cause of its effect on heat loss, Molsture may enter the system fram any one of
several sourcea. These are humidity of the alr supplied, water as a product of
combustion, water related physically or chemleally with the coal and adJacent rocks,
free water occurring in pores or crevices in the strata, or water percolating fram
the surface, O these, only the last two are subJject to some control. Free water
underground may be collected in wells and pumred out. Swurface water may be slmilarly
collected; or, if the crevices supplying 1t are located, they may be grouted to stop
the Inflow. The natural humldity of the air has little significance in this cwnection.

In table 47, the total molsture leaving the asystem, aa gallona per day, has been
caleulated for extended perlods during several of the perlods of operation. Thils table
also shows the input air rate and the rainfall during the same perlods in order to show
the relationahip between the three factors. The average moisture leaving the system
Increased with each subasequent operating period considered. This may indicate that the
molature enterirng the system increases ag the area of the burned-out area Increases.
The operating periods considered are in chronological arder, and the total area In-
creeses fram 6,990 to 19,3150 square teet during the first perlod of operation given
in table 47, from 30,030 to 46,590 square feet durlng the mecond perlod, and from
46,590 to 69,250 square feet during the third period.

Rainfall should influence the quantity of water accompanying the effluent gases,
but the data obtained do not show any regular relationship. It was probable that tle
time lag was sufficient to average out all reinfall effects, especially when the pre-
cipitation 1ls as uniformly dlstributed over the year as it was in this instance.
Variations in the geography and geclogy of a site could modify the effects of rainfall
from those observed at this proJject.

It wag believed that the flow rate of gases through the wnderiround syatem would
have same effect on the total gquantity of molsture removed. Most of the data given
refer to Input-air rates of approximately 7,500 cubic feet per minute, but some data
are avallable at rates of approximately 2,000 and 4,000 c¢.f.m. In each Instance where
the air rate was reduced, the molature leaving the system, in gallons per minute, does
not change appreclably.

The data glven in table L7 indlcate that the water that was evaporated underground
was relatively constant, regardless of the gas flow. This constancy of water evapora-
tion indicates that in en underground gasification Iinstallation the gas flows muzt be
large enough so that the heat loss due to molsture remains relatively low. No definlte
criterion has been established as to the maximm value of the heat loss due to molature
effects that can be tolerated, but 1t seems remsonable that 1t should lle in the range
between 5 and 15 percent of the heat of the combustion of the coal gasifled. The
mresence of molsture definitely limite the minimum alr rate that can be used to advan-
tage 1n underground gasificatlon.
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TABLE 47. - Lnput-eir rate, rainfail, and total molsture leaving the system

] Input-air Moisture learing
Direction rate the ayutem, Rainfall,
Wook of Plow c.r.m.1/ gal. per min. in.
Operating pericd, Jume 21 to Qet. 5, 19498/
e P TR T o TR R e ... | BH I to BH II 7,140 3.6 2.25
o R Y e =T L e ns Bi I to BH II 7,150 35 .03
G Ly A R A PH I to BH II 7,180 3.3 1.3
I8, ; ke 5.5 B 5 iy b g .. | BE I to BE IT 7,110 3.2 2.60
3R o i ” BE I to RH II 7,090 3.3 .26
T T P P P R P . B I to HH II 7,070 3.7 2.35
Bl o 8 e, ¢ e Ry 1 s 8 5 PH II te BH I 7,1k0 L.7 ¥
1% . S5 s hohaichi % 1 B P BH I to BH II 7,340 2.1 .50
L5eeeiiniiiiiiiiiins T R, PH IT to BH I 7,180 T2 = .
Ry k.3, 30 e s # B a ke A esesv. | BE I to BH II 7,080 3.0 .06
Ty S S EEAAE Lt B 5 D e i 5 G BH IT to BH I[ 7,190 5.9 =
AL o T T, rihiis B e b e B TR W 3.9
Operating period, Dec. 22, 1945 to Jume 5, 19:101/
BE I to BE II 7,810 5.2 .05
do. 7,585 k.3 4,92
do. 7,555 5,8 1.26
do, 7,695 T .20
do. 2,000 5.5 .49
do. 7,550 5.0 .72
do, 7.,8i5 5.7 1.82
do. 7 .890 3.7 1.4l
do, 7,950 5.2 .73
do. 7,950 4.8 29
da. 8,130 4.1 1.55
da. 7,995 3.5 29
do, 8,040 5.0 5.76
do. 7,850 5.9 28
do. 7,920 6.1 1.36
do. 7,890 4.5 49
do, ,8%50 k.7 18
do, ,860 k.6 ST
da. 7,735 .8 2.45
do. 7,720 e 1.16
do. 7,690 k.5 12
do. 7,670 L.L A1
do. 7,620 4.5 1.13
do. 7,640 4.5 .10
do., 7,595 5.0 .00
do, 7,620 4.8 .26
da, 7,650 Yad .70
k.8
Operating period of June 5, 1950 to Oct. 7, 1950%/
BH VII to BH III 7,410 8. 1.0
do. 7,550 8.1 2.31
do. 7,510 8.5 .0
do. k,020 e 18 LTh
do. 4,060 b6 .02
do. 7,520 5. .0
do. 7,560 5.8 6.9k
do. 1,620 3.8 1.22
do, 7,690 4,9 A7
do. 7,700 6.0 .33
do, 7,560 Al
do, 7,56 4.7 .00
dao, 7,720 .8 .00

9.9

1/ At 60° F., 2
3/ The week ended Dec. 2L, 1949 =1,

310 inchem Hg. dry.

L38n

2/ The week ended June 25, 1949 = 1,

L4/ The week ended June 10, 1950 = 1.

=70 =
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Cooling the Underground Systam

On February 7, 1951, operatlion of the proJject was dlscontinued, and, in order to
extinguish the fire and cool the underground residue, flooding the system with water
wng ptarted. Water was pumped undorground at the rate of about 60 gallons per minute,
and the steam liberated was discharged at the soveral barsholes as desired. The water
pumped underground vaporized and was dlscharged as steam, dissoclated and left the
syotem no gas, or remalned as liquid Iin the passages underground, Stear ar liquld
wator saturated dried strata adjacent to the cambustion zone. The steam that formed,
provided ite discharge was throttled, asserted a positlive pressure underground and
effectively blanketed the syetem and pre.luded the posslblility of alr reaching hot
carbaon.

From the start of the cooling process, samples of the gaseous materials dias-
charged at the various bareholes have been analyzed. Thls vapor has been of changing
composltion, but in many instances it conslsts of approximately 90 percent steam and
10 percent decamposition prodncte of water with hot carbon together with same coal-
distillation products. An alr-free analysis of the dry gas follows:

Percent

In flgure 29, the total water pumped underground and the water appearing 1ln the
discharge as steam, both calculated in gallons, are plotted against time slnce cooling
was started. For the first three weeks, nearly all of the water pumped underground
wap vaporized, and a large quantity of heat was dissipated in the steam that was dils-
charged from the system. Fram the third to the seventh weeks, the proportion of the
water added that was discharged as steam decreased, and the llquild water remaining
underground increased. At the end of seven weeks i1t was found that liquid water, to
a depth of 10 feet above the bottom of the coal bed, was present at No. I barehols.
Liquid water had reached a level at No, VII borehole of such helght that no further
gteam or gas was being discharged at this point. The elevation of the bottom of the
coal bed ls apmroximately 60 feet lcwer at torehole I than 1t 1s at the outerop at
the northern end of the mrolect. Epstimating fraom thls slope, liquid wafer was present
In the entry and alr course zt the bottom of the coal bed almoat to borehole III. In
& weeks of flooding, the effluent vapors hava cooled from initial dlscharge temperatures
of 700° to 1,000° F. to 220° F., 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 against time since cooling of the project was atarted. In the first 7
weeks, a total of 30 billion B.t.u. have been dissipated from the system, which 1s
equivalent to the heat of comhustion of approximately 1,150 tons of coal. As 10,845
tona of coal was consumed during the course of operation of the project, approximately
10 percent of the heat of cambustion of the coal has been mccounted for during these
8 weeks of the cooling perilod.
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Flooding of the underground syetem is being continued, and liquid water ls present
at bareholes I to V, as shown in table 4B. Approximately 10 millicon gellons of water
was pumped underground in the period February 7 to May 17, 1951. Temperature measure-
ments in the verious teat holes and bareholes Indicate that the average temperature
level underground is now approximately 200° F,

TABIX 48, - Depth of water above the bottam of the Pratt coal bed

Dopth of water, feet 5

Date BH I BH 11 BH III BH IV B V
L e oy R S e Y e 85 5iE Y A 41 20 16 2 - ¢
1 (00 e B I e T "y g 5k L1 28 13 Nl
107 N S R D e 55 Ly 28 13 5.8
N e e T s dh S A s e L 55 4o 28 13 5.8

3
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