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INTROIlJCTION 

The Bureau of Mines and the Alabama. Power Co. jointly conducted a first experi­
ment in underground 88-s1.fication of coal at Gorgas> Ala., during the fall and winter 
of 1946-47. This prel1m.1nary experimentl1 showed that it was not d1.fficult to min­
tain combustion of coal underground, and that coal in place could be completely 
gas1.fied. It was noted that the high temperature developed by the gasification of 
coal in place brought about changes in overlying strata that appeared to be favorable 
to the process. Theo high temperatures caused the roof rock t o become plastic, to 
expand, and to settle down an the mine floor dir~ctly behind the reacting coke face. 
These results were promising enough to warrant further investigation of the process. 
It '.ras believed that if this act10n could b6 controlled properly with roofs of simi­
lar composition, it would tend to force the gas-making fluids underground against 
the coal faces. P.l.ans for the second expflriment were based in part on this favor­
able roof action, and the successful operation of the planned initial straightline 
passages depended on this fact. 

Corgac: was chosen as the site for the second experiment for the following 
reasons: A tract of coal land of sufficient size was available and isolated from 
the main body of coal; the roof rock was similar in composition to tnat encountered 
in the first experiment; and the overlying strata were thick enough to eliminate 
some of the operating diffi cul ties that had been encountered. In addition, power, 
water, and machine-shop facilities as well as an adequate supply of labor were 
available in this area., and the friendly cooperation of the Alabama Power Co. 
further recClIIlIIIfInded this site for 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 I persoIUlel, the com­
pany woulll c(Jnotruct and operate such parts of the project. as directed, and the 
Government would reimburse them for the direct costs incurred. Further, the Gorgas 
si te, including surface area and the uncierlying coal bell, was provided by the 
Alabama. Power Co . wi thOl\t cost to the Government. 

BotJl the Bureau of t-tines 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 gas to produce synthetic liqUid fuels as well 
as the utilization and conservation of natural resources, and the Power Co. from 
the standpoint of power generation. 

In this second underground gaSification experiment it was planned to utilize 
the principles of the "stream method", wherein the g.J.o-making fluids flov past a 

17 Dowd, James J., Elder, James L., Capp, J. P., and Cohen, Paul, Experiment in 
Underground Gasification of Coal, Gorgas, Ala.: Bureau of Mineo Report of 
Investigations 4164, 1947, 62 p~. 
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coal face and make contact with it . The e.xposed face ie the '.full thickness of the 
coal bed, and, as the carbonaceous lInterie.l is gasified, the face recedes . It was 
decided to. use a straight-line passage in the coal bed with inlet and outlet con­
nections to gasify the coal exposed, and to advance the combuation of an area by 
constructing new inlets or outlets off the line of the original passage as needed. 
Thus, an area would ue gasified in roughly triangular increments. Thia system was 
dependent on the roof action in an adjacent burne .'.-out increment, so that the blast 
medium. would e.lwaya be forced a inet reacting coal faces. The roof action in the 
first experiment was thought ad quate to make this plan applicable. It was decided 
to use air as a gaSification medium, as it was believed that the tnform£\tion ob­
tained would be funda.mentl.l.l and, by usin8 air, the cost of the gas-making flu ds 
would be reduced materially, aa compared to using oxygen. 

The pr1lnary object ves of this second exper iment at Gorgas were to ez:tract the 
nergy contained in unmined coal and to obtain fundamental knowledge relating to 

underground gasification of coal. In particular: 

1. To determine the quantity of coal that can be gasified from a given initial 
combustion zone and the shape and e.xtent of the burned-out erea farmed by this 

sification. 

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

3. To det rmine the opera·.,ional characteristics of the system as designed and 
constructed, including s uch funda.mental factors as the optimum length of passage, 
the optimum rate of fluid flow, and the pressure drop encountered . 

4. To obtain informa.tion regarding the action of heat on the overlying strata . 

5 . To obtai n fundamental technical and economic information with regard to the 
cholc of plant sites, i nstallations, and operating procedures, including the instal­
la tion and testing of air inlets and gas outlets, both as vertical boreholes to the 
coal bed and as stoppings in the coal bed near the outcrop. 

SUMMA.RY AND CONCLWIONS 

The second experiment in underground as1fication of coal at Gorgas was oper­
ated continuously for 22-1/2 months without any great difficulty. As shown in 
figure 1, the initial development consisted of 1,100 feet of double entry between 
borehole II and the entry seal driven horizontally in the coal bed and a singl 
entry 300 feet long connecting borehol II wi th borehole I. These entri"s provided 
a passage for the gas-maklng fluids along the coal faces . Fi ve large-diameter bore­
holes on 300-foot centeJ's were drilled from the surface to the entries, and subse­
quently two additional large-diameter boreholes were drilled near the perimet~r of 
the reacting zone in order to introduce air at tho horizon of' the coal bed and to 
remove gas and products of combustion . An B.ir blast of approximately 7 , 500 c .f .m.. 
usually wes employed, but at times a reduced blast rate was used. The operational 
characteristics of the installation were studied, and records were kept of the 
volume of air admitted to the system, temperatures at various points 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. Durino the operation, 10,485 tons of moisture­
and ash-free coal was consumed, underlying an area of' 83,690 square feet, or 1.92 
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acres adjacent to the original entry . Up to the t1.n:e the projeot V~!? discontinued, 
no difficulty had been experienced in maintaining combusticm, and no l1m..I.t as to 
th ultimate quantity or coal that could be gasified !rem a given opening had been 
determined. 

It was part of the original plan to extend gasifioaticm to cover a large area 
of cool bed by providing new 1nletG o.nd outleto by drilling boreholes off the lin 
of the original entry and tanaent to the perimeter of the burned-out area . 'Ibis 
was done in the courso of the experiment, and it was found that the gasified area 
could be extended thus. A borehole drilled 75 feet east of borehole II made con­
tl.l.c t wi th the reacting face and was utill zed to advance the face further. It 
appears that tllere is no definite 1 im1 t to the area of coal bed that my be explol ted 
in th is manner. 

A second objective was to determine the qual1ty and quantity of th3 product 
gases produced when using air for combusticm. Gaseous products having a heating 
value of 90 to 150 B. t. u. per cubic foot were obtained at times during the opera­
tion of the pro.1ect. During the operation between borehole II and a new borehole 
VI (see fig . 6) drilled at the perimeter of the burned-out area, a combustible gas 
with a heating value of 90 B. t . u. per cubic foot was produced at a rate of 9 . 4 
million cubic feet per day. In this instance the effective p riod of operaticm was 
only 8 hours, because the walle of the outlet fused and the borGhole was destroyed. 
Subsaqu ntly, during operation of the secticm botween borehole III and another new 
borohole, VII, a production of 6 . 7 million cubic feet per day of gas ·".ith a heating 
value of 72 B. t.ll. per cubic foot was attained. 

In each of the above instances, the new borehole was drilled at the perimeter 
of the burned-out aren, which resulted in a product of improved qua 11 ty as well as 
the extensicm of the gas1fioaticm 0 er a larger lU'ea. 

It was found that nu!ntaining fficient contact between the gas -making fluids 
and the carbonaceous faces wao a perequisite for r covering maximum energy from. the 
coal e~. ther in the form of a combustible gao or as sensible and latent heat in the 

seous prodUcts. A largo proportion of the work at tile proj ct was therefore 
directed toward obtaining efficiont contact . 

t 1a l 30luticms were achieved, o.nd various procedures were indicated for 
,. urther Il ttack. The use of the 10-foot wide openings underground did not promote 
effi cient contact between the coal faces and the o-mo.king fluids. The dimensions 
of the original openings should have been suniler in ordor to obtain a better prod­
uct. Some success was achieved in forcing contact between the coal faces and tho 

o-maklng fluJda by fllling void spac 19 undorground wi th fluidized solids . During 
periods in which this proc dure was used, contact efficiency probably was increased 
fourfold. Furthermore utilization of new lnlets and outlets near f'resh coal faces 
and off the line of the original underground openings ov1ded better cont.aot . As 
has been Ahown in the body of tho report, the raw of combustion of coal was !n­
creas d from 9 to 18 and thence to 30 to 45 tons r day . These increases in the 
rate of coal conoumption paralleled Increases in the quality of tho seous oducts 
obtained. 

Another purpose of the exper nt was to determine the optimum. rat of air in­
put for a g1 ven system. Consider tion of the resul ta obtained and a study of the 
moisture inflow to the system indicates that th fluid flow lIl..lot be maintained at 
such quantity that the h at losses !'rem the evaporation and dissociation of 
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moisture do not b c excess v. No cri tarion 0 to the sable 11m1 t of h at 
loso due t moisture was estub11 it is believe- that the volum of fluid flow 
through the sys m mus be IM.in - enough 0 UlA the heat loss fr thio 
cause dooo not exceed 5 to 15 P 0 heat of combustion of the coal onsumed. 
If the fluid flow wo.o r duced n quo.nti ty, U1e 11 a 1000 fran this source tended to 
lncr as beyond theo figur 0 and an ado 100 temperature 1 vel could not be main­
tained. l>urins period of op 1'0. ion wh n the r te of flui flow was relatively low, 
the percento.g mol ture con nt f fflu nt ,s 6 w s hl ,and hea. t 1060es from 
the oystem were exceo01ve . Under on'l1t10no the opor tins characteristics of 
ti' e system deterior d rapidly. 

He t b lanceo obtain d dur n oper tion con istently how maximum ener 
recovery in the effluont gao e durin , p olonged peri 0 of oper tion in one dir e­
tion at the highest air-input rate'l vallabl at tho proJ ct. This tande out 
during a 10 cycle oper tian in th course of the perlod October 5 to Decemb r 22. 
1949, and durlns l>eriod wh n opera b tw en boreholeo V and I I Just before 
coolins was tartod. In the f ro of the above p riode, the heat loss to under-

ound strata d 010 d ycl 0 t hi l-t d schar tom. ratureo and maximUm 
9.ir-input rates d pprox tely t:'0 P rc nt, wher a with interm diate air-
inpu t r tes th 10 amoun ed 0 26 perc n, nd wi th low input air ra teo the 100 a 
wa 36 percent. Thos f1 lndic to that high 0. eo of cool consumption nd 
high r tee of fluid flow oir blt'! in und round Oificatlon. 

The act on of th diate roof in r giona outoide the original und rground 
passa es where th coal wao burned out h 0 not y been canpletely ssessed. Tho 
information availabl indicateo that thi roof down behind the reactin cool 
faces and tended to fo c the flutd flow tcwar the face . It w 0 expected that 
bloating of the roof rock would complet J..;r fll1 the s ce where coal had been 
consumed. f\lthough dafini to ~vidence is lacking, there are indications that 
partl.al bloating occUTTed. The gradual increaoe in back preos e during eb.ch of 
the operating per iode hm,s the. th wnyo b twe n the inle and outlet 
b ehole became mor constr icted with th im in epi te of the fact that the 
volumo of coal conaumed incr ased wi th t ; howey r, in ever lne tAnce, hol s 
drilled into th burn d-out ar a.dm1tt d ir or water and e t ed gas. It w s 
oVident that in plAce whore tho coal was burned out Q. re tric ted flow of gas 
existod. Prolonged expooure of the strata bove the cool bed to heat c us d 
crac.king and added to the permeab 11 t .y of the burned-ou a. In all cases the 

owth of the burned-ont are reoulted in doterior tion in operating characteristics . 

The meb.sured rate of advant;o in th b.rea botw en borehole I and II r ed be­
tween 1.25 and 2 inches per dRy. I t we. like 1 toot th Is rate was exceed d in the 
are betweon boreholes VII and IE; however, th teu here were not mea ured . 
Theoretically, the total heat 10 0 the stra hould de 0 wi th incre sins 
rate of adv nce of the r cting face. Th [lour of hent is the react on, and, 
wi th a higher ra of advance, leoo total time would be av 1lable for heat to pene­
trate into the rock nbove d below the c 1 bod. 

The op r tion at Cor d tho. tho optimum condi ians for u.;1der ound 
m03thod roquir d h1.gh raw of r tion and rapid 

under round in order to mlnlm'ze h a losses from the 
opel' t· on con loten ~y indi ted that when fre h coal 

he inle or 01 1 G to the y tom, th best t;ontact effi­
I( ecovery, 0 ther in the form of a uotlble s or as 

oification om loyin the 
movem nt of the coal fac 
system. In addi ion 1 

faces were expos d near 
cieney and the b t enAr 
heat, were obtained. 
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Studies were made of lee.knge from the underground syst m during various periods 
of oPf'ration. These indicate that 10 e incr ased gradually with time up to 
approximately 50 percent of the total fluid input and r in d fairly constant o.t 
this figure. There were incl.1.catiens tho. th incr ase in 1 aJm was influenced by 
subsidence of the str ta overlyins the burned-out region c using cracka through 
which the gas escapee . Several in tial leaka w r found in early oper tiens , but 
these accounted for , .lJr a small proportion of the 1 akag that eventually occurr d. 
The figure of 50 percent W8. xct" ded when htgh r ureo w ro placed upon th 
underground system by cloBins off or chokJng the outl t. It w poosible that 
leng exposure to heat and subsequent dryins of stro. increasod leaIn Further I 
the applied air preosure could force moisture back tnto th c ~l tar :! , of the 
s tra ta and thus reduce the sealing effe ct of wa r. 

An objective of the experiment w s to determ:tno the optimum lensth of uneter­
ground :passage that COUld be used. It was found that uadrupl1ns the surface area 
of til coal facos initially aY'8.il..!\ble incr sed th rate of consumption of coal by 
a factor of approximately 2 . 5 . This was based upen a comparison of the oper ation 
between boreholes I and II , before any fluidized sand w 0 injected underground, and 
the operatien between bor holes ICI and V. 

Various ty s of eqUipment and con truction w re tes d during th experiment. 
It was found that the installation of water jacket b tw en the borehole casing 
and the cencrete surface seal was very effective for handling hot seo, and xi t 
bar holes wer operabl for long peri ode . "RefractoC'y-lined borehole wher hot 
as s were handled were not superior to unlined boreholes, and the extra cost of 

usins r ractories in future installatiene does not ppear justified. Uoing pre -
oure -grou t1 techniqu s in areas surroun 118 an outlet hole 0 a means of decr s­
ins porosity of the stratum that wo.o tr versed by the openins ppears to be dvan­
ta eous . This tt'lclmique can be usecl aloin decreasing le kage over l1m1 ted ar as, 
as the grou will fill horizontal and vertical cracka intercepted by the hole . 

The construction of the entry seal was adequate for the service required. 
Leam from this seal wa not exceosive, but a more satiofactory construction 
cal la for inlett ns the seal to a gr ater depth in the bottom rock and improving 
the appl1catien of el;l ure-groutins t chniques . The us of supportins brickwork 
around the base of the borehole serving as inlets and outleto might help in pro­
longins the lif of the opon1nss in question , however, there was little difference 
between the ervice obtained t bt')l"ehole VII, where it wa not possible to u e this 
cons truction, and the oervice of the brick-supported bor eholes, I 0 V. 

The technical feasibility of process must first b proved bj exper nt and 
trial before a definite economic ev luation can be made . Processes for the under-

ound sifica ion of coal are still in the ex. rimental ota s, bllt several r -
sul that appear to be favorable from an economic viewpoint have been obtained. 
The quantity of coal that can be gasified from an initial openins in the coal bed 
is presumably lim'ted, but to date no definite 11. t has been r ched . More than 
5 ,000 tons of coal fran a bed 42 incheo thick have been gasified. from the ribs of 

n ini+;ial 300-foot entry 1"1 the cool bed . It has been possible to enlarge the 
area of coal consum d by conotructi new inlets/outlets n ar th canb stion fae 
The energy of the coal can be brousht ou of the ground as sensible and latent heat 
of the effluent a , and qaal1 tatively it haa been hown that this energy can be 
utilized in a ~as turbine. Combustible ases can be produc d unde ground on the 
coal r ibs, but inadequate control of contact between the c ben faces and the s-

ng fluids hl\s so far prevented ob ining this a abov ground for more than a 
few days at a time. 
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Installations for the underground gasification o:f coal can be intended. :for any 
o:f the :following three uses: 

1. Complete combustion of' coal underground wi th air, and utilization of' the 
heat energy in gas turbines or in raising steam. By this method an over-all thernBl 
ef:ficiency fl om coal consumed to electric power generated should run from 15 to 20 
percent o:f the heat of combustion o:f the coal. This may be compared to the operation 
of a steam-generating power plant usir~ 1 pound o:f 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 efficiency is approximately 12 . 5 percent. 

2 . The production o:f producer gas by gasi:fication cf the coal with air and 
u.tilization o:f the combustible gas in gas turbines, for ralsing steam or :for other 
applicationa requiring heat located near the pit mouth. To date a continuous supply 
of gas bas not been produced because of' loss of efficient contact . 

3. The production of synthesis gas by gasification ~ the coal with oxygen and 
steam a.nd the subsequent utilization of the gas in the manufacture of synthesis 
liquid fuels or organic chemicals . No experi ments were made with an oxygen-steam 
blast during the second Gorgas experiment. It may be possible that this method w11l 
be more generally satisfactory than (2) because of the high rates of combustion and 
consequent high temperature levels that should result. 

A new installation is being constructed at Gorgas for additional investigation 
of the process of underground gasl:fication. The American bed, which lies under the 
Pratt in this area, will be gasified, and an electrical system of' connecting inlets/ 
outlets in th~ coal bed will be tried. The additional cover over the American bed 
and the grea~er dis tances to its outcrops should aid in preparing a system that will 
be much tighter with respect to gas leakage . ~he electrical system of connecting 
i nlets/outlets should reduce site -development costs ~eatly and eliminate all under­
ground labor. It will also result in the preparation of a high-temperature fuel bed 
at the beginning of gasification operations and reduce the time to heat a new system. 
Several eometrical changes will be made in the shape of the underground passages in 
an effort to increase contact efficiency and improve controlof' the system. 
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Figure 2 .• T opographi c mop. 



, . CI __ ~ 

. -----
~-- . ,t l'--~ ,O . 
Iot-- ...... ,,---oj 

.~ 

-· o · · ~ 

e '. · 
1 ; 

z 

0-
W .. 

-
i 
I 

-
i 
! 

-- 1-- - - -- f-

1--- --- 1----
~--+-- , ... -t---H 

. 
~ o 

o 

" 

'I 

T , - I-

1
: 

'! . 

.,'-
'--+ , ,,,--+--~ 

. -'--

c, 
0 

'':: 
"'1:J 

4> 
~ 

0 
U 

"'1:J 

5 
II -'iii ... 
0 
Q) 

~ 
0 
~ 

a.. 

M 
III ... 
~ 
01 

u:: 



L 
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l.forgantown, W. Va ., station of the Bureau of Mines, respectively aided in the in­
stallation and operation of the gas turbines during that phase of th<3 experiment, 
in designing and installing the sand fluidization equi:p;nent, and in organizing and 
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DESCRIPTION OF THE AREA 

Location 

The si te chosen for the experiment was in the NE 1/4 and SE 1/1, of the NW 1/4,' 
sec. 17, T. 16 S ., R. 6 W., Walker County, at Gorgas, Ala. This area is an irregu­
larly ahaped, hilly tract of land (see fig . 2) en all sides of which the Pratt coal 
bed outcrops owing to a valley en the north, the Warrior River on the east and 
south, and Baker Creek on the west. The coal bed underlies this area at a depth 
r3Ilging from 10C feet at the entry seal to 162 feet at borehole I (aee fig. 3). 

Description of the Overburden 

The stratum overlying tho Pratt coal beu. is comprised of shales and sandstones, 
wi th shales predominating. Small vertical slips are f'requently present in the 
overburden, and same of them extend f'rom the coal bed to the surface . Generally 
they are local in character, but some continue -Dor considerable distances. Four 
holes were diamond-drilled in the area in order to obtain cores for study of the 
overburden. These holes were designated core drill holes 2 to 5, inclusive, and 
the locations are shown in figures 1 and 3. The complete log of these holes 
follows: 
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UY'..3 ~ 

~ 

DeEth 
Del!th 

J'rca- To- Thickness ~ 
J'rca- To- Thickness ~ 

!h ~ Ft. El.. !'..h In. 
Ft. ~ !:b ~ !:b ? 

0 0 24 0 24 0 Soft brown eandstone. 0 0 14 0 14 (\ Clq and dirt. 

24 0 91 9 ~1 9 Shale. 
14 0 20 0 6 0 Soft brawn eands tale • 

91 9 92 6 0 9 Sandy shAle. 
20 0 23 4 3 4 Gre.T eandstone. 

92 6 102 0 9 6 \I sa thered shale. 23 4 26 2 2 10 VeI7 soft brawn eendstme. 

102 0 101 9 5 9 Brokflll shale ILIld se.ndsto"". 26 2 32 9 6 1 SSndJ' shale. 

101 9 112 0 4 3 Gray eILIldstone with shale s trealcs. 32 9 33 5 0 8 OMl1'PILIldstoM. 

ill 0 121 II 9 11 Se.nd1 shAle. 33 5 35 3 1 10 n>rk nhale with S6lld streab. 

121 11 124 3 2 4 Sandstale vi th shale ~treeiB. 35 3 35 5 0 2 GrIlJ' sands tane • 

124 3 131 8 1 5 Derk shale. 35 5 41 6 6 1 Derk sJ:ale vith e=d streaks. 

131 8 133 1 -1/2 1 ll-I/2 Sandy shale. 41 6 42 9 1 3 GrIl.J' eands tane vi th shale e trealao. 

1.33 1 -1/2 134 3 -1 /2 0 8 Coal . 
42 9 43 9 1 0 ge.nds tone . 

134 3- 1/ 2 134 5- 1/2 0 2 Bone . 
43 9 52 9 9 0 Sandy shale. 

1.34 5- 1/ 2 131 5-1/2 3 0 Coal. 52 9 61 1/2 8 3 -1/2 Shale viti> lIILIldstane streaks . 

131 5- 1/ 2 131 6 -1/2 0 1 Bone . 
61 1/2 62 5 1 4-1/2 G>-ay se.nds tone • 

137 6-1/2 138 4-1;2 0 10 Fire clay. 
62 5 11 9 9 4 Derk shale with eandstane streab. 

138 4-1/2 138 6 0 1-1/2 BoM. 
71 9 81 6 9 9 Shale vi th sands tone streaks. 

138 6 140 8 2 2 Shal e. 
81 6 91 5 9 11 Blue ehal'!l vI th eandstale stree.ke . 

140 8 141 6 0 10 Sandstone vi th black s treeiB. 91 5 95 10-1/2 4 5-1/2 Blue shale vlth se.ndstale . s treaks. 

95 10-1/2 96 8 0 9-1/2 Sandstale. 

Hole 3 
96 8 98 II 2 3 Blue shale with eandstale streaks. 

96 II 99 II 1 0 Se.::ldstale. 

Del!th 
99 11 101 2 1 3 Blue shale vi th SILIldstale streeJI:B. 

Frca- To- Thickness ~ 
101 2 III 1 9 11 Shale with ~dstane streeiB. 

!h In. Ft. ~ Ft. ~ 
III 1 115 9 4 8 Shale vi th SILIlds tone streaks. 

C 0 14 0 14 0 Red clay . 
115 9 120 5 4 8 Derk ehale. 

120 5 120 10 0 5 Gray s""dstale. 

14 0 16 0 2 0 Soft br<"olIl SILIlCstane. 120 10 122 8 1 10 ge.ndy shAle. 

16 0 32 0 16 0 Derk-gray sandstme vi th tb1n ehale 122 8 123 4 0 8 Coal. 

streaks . 123 4 123 7 0 3 Bone. 

32 0 41 0 9 0 Gr8¥ sandy shale. 123 1 126 6 2 II Coal. 

41 0 56 0 15 0 n>rk-gray SlLIldstane vi th thin shale 126 6 121 6 1 0 Sbale. 

s treaks. 127 6 129 8 2 2 Sandy eM.le. 

56 0 61 0 5 0 Fine-grein l1gl>t-gray , eandy shals. 129 8 132 4 2 8 Sends tone • 

61 0 80 6 19 6 Ligl>t-grllJ, sandy shale. 

80 6 100 9 20 3 Gray shale, sl1gl>tly slLIldy . Hole 5 

100 9 143 8 42 11 Sandy shale v1 th streaks or grllJ 
saruistone. DeEth 

143 8 148 4 4 8 Derk shale . Fraa- To- Thickness ~ 

148 4 149 6 1 2 eray sandston<> . 

149 6 150 2 0 8 Derk shale. 
Ft . ~ !h ~ Ft. In. 

150 2 154 7 4 5 Sandy ehale. 
0 0 10 0 10 0 O,..,rburd.en and brawn se.nds tone • 

154 7 155 2 -1/2 0 1-1/2 Coal. 
10 0 11 10 1 10 \I .... thered aandstale. 

155 ~-1/2 155 4-1/2 0 2 Bone. 
17 10 22 9 4 II Sbsle. 

155 4-1/2 158 3 2 1(}-1/2 Coal. 
22 9 24 0 1 3 Blue sbale. 

158 3 158 4 0 1 Bon<>. 
24 0 2 9 10 5 10 Shale vi th sandstone streeJI:B. 

158 4 160 0 1 8 Blue shale. 
29 10 32 1 2 9 Blue shale. 

160 0 161 II 1 U Blue shaLJ . 
32 1 33 5 0 10 ShAle. 

161 II 163 'I 1 5 Gr8¥ sandstone vI th thin streaks or 33 5 41 10 8 5 Shale vith aendstone streeiB. 

41 10 41 2 5 4 Bleck sbale. 

shale. 41 2 . 48 1') 1 8 Sandstone vith shale st:-eab. 

48 10 51 6 :;: 8 Se.nd1 sliale. 
51 6 52 2 0 8 Coal. 

52 2 52 4 0 2 l!oDe. 

52 4 55 4 3 0 Coal. 

55 4 58 8 3 4 Shale. 

4380 
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Geology 

The coal measures of Alabama occur in the Potto~ille formation of the Pennsyl­
vania period. The rocks associa.ted with the coal beds are shales and sandstones . 
A t the experimental site, the core-drill records show relati vely few thin beds of 
sandstones interspersed with the predominating shales. Bedding planes are p3.I'allel, 
and there are no faults or unconformi ties at the site. V lsual inspection of core 
samples (see fig. 3) shm'T the shale to be closely laminated, of an invisible grain 
size, and a dark slaty color. The sandstones are strong and art) not laminated; 
they have sharply defined upper and lower bed faces, a fine visible grain structure, 
and a light-gray color. A concentration of sandstone beds is noted between 20 and 
40 feet above the Pratt coal. Another such concentration appears 20 to 35 feet 
below t.he surface at the h i ll top. 

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

Type ~ Dis tance above top 
rock Permeability of coal bed 

Sandstone Impervious 1 ft. 11 in. 
do. do . 2 ft. o in. 
do. do. 2 ft. 1 in . 

Shale do. 2 ft . 5 in . 
do. do. 2 ft . 7 in . 
do. do. 2 ft. 8 in . 
do. do . 2 ft. 11 in. 
do. do. 3 ft. 1 in . 

Siderite (FeC0
3

) was found in the bottom rock, 1 foot 7 inches and lower, 
below the coal bed, and 6 feet 11 inches and higher in the rock above the coal 
bed. This mineral occurred as bal'lds less than 1/2 inch thick and as nodules 
embedded in shale. 

In general, the rocks are only fairly resistant to erosion and thereby con­
tribute to the topography of the regi on, which is that of a dissected peneplain . 
It is characterized by steep-Sided, l~row ravines and gullies. The hilltops are 
elatively flat, and weathering of the surface rocks on them has progreused to a 

depth of approximately 25 feet. The hilltops lie at an elevation of 500 to 600 
feet above sea level, and the base of erosion is the Warrior River, which at Gorgas 
is apprOXimately 250 feet above sea level. 

Where the stratum along hillSides has been exposed by excavation , numerous 
mud seams can be seen . These are joint planes that have been opened by slumping of 
the h i llside and refilled by deposited clayey material . The mud seams offer little 
res triction to the flow of fluids. Although several mud seams were encountered i n 
core-drill holes 2 and 5 , on the h illSides, no cracks whatever were observed in 
cores from core -drill holes 3 and 4 below the limi ts of weathering. This fact led 
to the assumpti on that the stratum back from the outcrops and under cover 50 or 
more feet thick was undisturbed and should pi'ove relatively gas-t.ight . 

Description of the Coal Bed 

The Pratt bed dips approximately 1°55' in the direction a little east of south. 
In this area the coal ranges in thickness from 40 to 44 inches . Vertical face cleats 
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in the coal are closely spaced, averaging 20 cleats to the foot and running 
S . 500 W. Starting at the top, the coal bed can be des cri bed as follows: 

I nches 

7 Bright coal 
2 Bone 
7 Coal 
1/2 Bone or fusain 

24 Coal with s treaks of bone or fusain 

Analysis of the Coal 

Standard channel samples of the coal were obtained at five locations within the 
experimental mine and were sent to the Central Experiment Station of the Bureau of 
Mines for analysis . The coal i s high-volatile A bituminous , rated as "good coking." 
The anRlyses are given in table 1 . 

Two benched channel samples were obtained from the mine, and the analyses 
given in table 2 show that the maximum oulfur concentration occurs in the top 

benches of the coal bed . 

In one instance the forms of sulfur in the coal were determined, and these 

r esults are Biven in table 3· 

Analyses of samnl~s taken of the i mmediate floor and roof at various locations 
n the sif ication mine are iven in table 4. 

Laboratory Test of Roof Rock 

In addition to the analyses of the roof rock giv en in table 4, additional 
tests wer e made to determine the effect of heat on this material. When a sample 
was heated to 2 ,4000 F . , a considerable degree of expansion occurred, b u t there 
was n o evidence of flowing . Heat in another sampl e to 1, 500

0 
F . and holding it 

at this temperatur e for 30 minutes r esulted in a decrease in we ight of a pproximate l y 
0. 6 percent and an increase in volume of 1 .7 percent . The test samplos at tempera­
tures up to 2 ,4000 F. gave a permanent expansion, and there was no evidence of 
cracking or crumbling i n the small te s t pieces . The large sampl e from which the 
test spec illlens ,.,rere obtained showed s ome evidence of cracki ng along the bedding 
planes during handlin , presumabl e due to dryine · 

A small diamond- drill core sample of roof rock was tested by mounting in a 
r efractory bhell about 1-3/4 inches th ick and placed on top of a gas furnace in 
such a way that the bottom surface of the roof sample was exposed to the full 
furnace temperature . The furnace tempercl.ture was r aised to 2 , 0800 F . over a period 
of 2 - 1/2 hours . A few chips were observe d cracking loos e from the bottom of the 
s ample when the temperature reached 2 ,1000 F . As the temperature was increased, a 
larger chip was dislodged . When the temperature reached 2 , 375

0 
F . , the b ottom of: 

the sample fused, and no further changes were noted . In gener al, this sample of 
roof rock withstood high temp~rp.ture better than did a large s lab that was tested 
prior to the f irst experimen~/, under simlar conditions except for size of the 

sample . 

"8/ Work cited in f ootnote 7 . 
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TABLE 1. - Che:m1cal MAlysi s o~ Pratt-bed coal, un:l.er sround gas11'1cation mine 

Fusibili~ of ash, 

Prad_te nercent Calor11'ic temnera ture <>y • 

Labara tor)" 
Cond1ti~ 

Volatile Fixed. Ultimate percent Ya1U8, Initial 

No . M01sture ... tter carbon Ash Hydrogen Carbon N1trogen Or,ygen SullUr B. t .u . deformation Softening 

D-1357og! 1 5 . 3 32 •2 53.3 <;>.2 5· 3 72 . 5 1.6 10. 1 1.3 13 ,010 2,520 2,6')0 

2 - 34 . 0 56.3 9.7 5. 0 76. 5 1 .7 5.8 1.3 13,740 

3 - 37 . 6 62 .4 - 5· 5 84.7 1.8 6 . 5 1.5 15, 210 

D-1357ly" 1 4.0 31.9 50 . 6 13·5 5. 0 69 . 1 1 .4 9. 3 1.7 12,420 2,470 2,620 

2 - 33 . 2 52.8 14 . 0 4.8 72 .0 1.5 5.9 1.8 12,930 

3 - 38 . 6 61.4 - 5. 6 83 .7 1.7 7.0 2 . 0 15, 040 

D-13572g/ 1 2 . 2 32 .7 52.6 12.5 5 · 0 71.5 1.5 7 . 4 2 . 1 12,850 2,420 2,520 

2 - 33 .4 53 .8 12 .8 4.9 73 . 1 1.6 5· 5 2 . 1 13,130 

3 - 38 .3 61.7 - 5. 6 83 .8 1.6 6 . 4 2.4 15,050 

D-13573g/ 1 4 .1 31.9 54 . 0 10. 0 5.2 72 .8 1.6 8 .8 1.6 13,a20 2, 520 2,610 

2 - 33 . 3 56 .2 10 .5 5 . 0 75·9 1. 6 5 . 3 1.7 13,590 

3 - 37 .2 62 .8 - 5. 5 84 .8 1.8 6. 0 1.9 15,170 

D-13574g/ 1 2 . 6 33 .6 54 .8 9.0 5.2 75.2 1.6 7.3 1.7 13,490 2,420 2 , 570 

2 - 34.5 56 .3 9.2 5.1 77 .1 1.7 5.2 1.7 13 ,850 

3 - 38 . 0 62 . 0 - 5 . 6 8,) .0 1.8 5·7 1.9 1) ,250 . . ~ _ _ _ , _ __ ____ 4 __ A . Q 
n-4 .. ~ .+ If\&;. ,.. . , "1"1.1 A+.trrA- I"l.nd 8M - 'free _ 

D-13571, 50 h. nortlrwest of borehole II 00. lert r ib of air course . D-13572, 50 rt. north of borehole III CI:l lert r i b of air course . 
D-13:..73, 49 rt. north of bc-ehole IV CI:l lert r i b of air course. D-13574 , ~O ft. north or borehole V a: le!'t r ib of air course. 

TABIE 2 . - Che:m1ca1 analysis of benched channel a=p1es or Pratt-bed coal, under ground p.Ils11'1catian mine 

Bencll!! 
r aading 
!'rClll top F'.l.8ibilii:;y or ash, 

of bed, Pr",,~te ",,-cent Calor11'1c tem""ra ture <>y • 

Laboratar,. th1ckness Volati le F:Led Ulu-te tJercent Yalue, mTIIil 

No. in inches Moi sture matter carbon Ash HydrQP.en Carbon !fi troRen 01>"O'en SuJ..rur B.t. u . derormation Soften1.w< 

D-1357~ 6 1. 6 3~ · 1 50.1 13 .2 . 1 70 . 5 1.5 6.7 3 · 0 12,820 2'~lOO 2 ,280 

D-13577g/ 2 3 .7 15 · 3 22 · 3 58.7 - 28 .2 - - 1.0 - 2 ,C40 2, 990 

D-1357aY 7 2 .0 34 .7 53 .4 9.9 < .2 73 . 9 1.6 7 .8 1.6 13,350 2,710 2 ,760 

D-13579Y 19 2. 2 36. 0 ; 8.2 3 .6 . 5 79.8 1.7 7 . 9 1. 5 14,380 2 , 230 2 ,340 

D-1358®' 8 2 .8 33 .8 "'3 .7 9 .7 5 . 2 74.0 1.6 7 . 9 1. 6 13,290 2 ,260 2,520 

Total 42 

D-1358~1 9 1 .7 .;4 .8 51. 6 11.9 5. 1 71.4 1 . 6 5.9 4.1 13 ,100 1,940 2,050 

D-13~ 2 2 .7 17.3 29 · 3 50.7 - 36.9 - - 1.0 - 2,760 2,860 

D-1358~/ 7 

I 
2 .4 32 .8 52 ·2 12 . 6 5 · 0 70.8 1.5 7 . 1 3 . 0 12,800 2,080 2,470 

D-13~ 1 2.9 14.7 24 .2 58 .2 - 30.3 - - .2 - 2,800 2,8"[0 

D-13 2 19 2. 0 34 .8 58.8 4 .4 5.5 79.8 1 .1 7 . 2 : . 4 14,310 2,230 2,360 

D-13~/ 6 3 . 1 33·3 53 . 2 10.4 5 . 2 I 73.1 1.6 8 . 3 1.4 13,150 i 2,380 2,550 

Total 44 

11 Saaple as-received. '2/ Locat1on of coal ...... ples (s .... rig. 1), D-~3576 to D-13580, inclusive , 42 r t . north or borehole II on lert rib or air course . 
- D-13581 to 13586, inclusive, !j8 rt . north or borehole IT a: 1e!'t rib or air CO!.ll'se. 

4380 - II -

Real 
epec11'ic 

Fluid graTit,. 

2,710 1.311 

2,780 1.38 

2,700 1.37 

2,780 1.35 

2,590 1.33 

I 
I 

Real 
apec11'ic 

Flu1d <a'S>"1ty 
2,540 1.38 
2,910 + 2 .00 
2 ,820 1.35 
2,750 1 .30 
2,600 1.35 

2,490 1.37 
2,910 + 1.86 
2, 570 1.39 
2,910 + 1.96 
2,600 1.30 
2,750 1 . 35 



L 

La'!> oratory 
No. 

C-97398'E.1 

TABLE 3. - SUl:fur forms found in Pratt-bed coal, underground 
gasification mine 

Condi tion 1:/ Sulfur forms percent 
Sulfate Pyritic Organic 

1 0.01 0. 58 0.50 2 .01 . 59 . 51 
3 .02 .72 . 61 

Total 

1.09 
1.11 
1.35 

-2
1

// 1, Sample as-received; 2 , dried at 1050 C.; 3, moisture- and ash-free. 
Drill core, hole 3; this core was obtained at the exact locl\tion of borehole II 

(see figs. 1 and 3). 

Site Preparation 

Locating the Pratt Coal Outcrop 

In the spring of 1948, a bulldozer was used to uncover the Pratt coal outcrop ir.. 
the immediate vicinity of the project to aid in deterndning the best location available 
for the underground workings. The uncovering of tlJ.e outcrop and the data from the 
diamond-drill holes established the continuity of the Pratt coal bed and showed that it 
was completely isolated from the main body of coal. It was the general opinton of all 
cO'lcerned that complete isolation of t.l:Io body of coal that was to be utilized was de­
Sirable , although no difficulty W~R anticipated with respect to extinguishing the fire . 

CONSTRUCTION 

~s Roade and Buildings 

After uncovering the coal outcrop) the bulldozer was used for clearing the land on 
top of the hill so that the necessary office, laboratory, and storage bUildings, could 
be erected and the equipment installed. Access roads were built from the project site. 
to the public highways leading to the Gorgas Steam Plant . 

A prefabricated-steel off'ice building, laboratory, and warehouse were built. 
Wood-frame buildings with galvanized sheet- steel Siding were erected to house the can­
pressor equipment and for instrument houses, pump hOllse, and addi t i onal warehouse spl.ce. 

Mining 

Figure 1 shows the plan of the underground openings . The outcrop Ilt the north 
end of the project was faced up with a bulldozer, and an entry and air course were 
driven 10 feet wide each and se:re.rated by a 10-foot coal pillar . The coal was drilled, 
shot wi thout undercutting, and hand-loaded into chain-and-flight conveyors, which were 
extendEtd between move-ups by 6-foot lengths until their maximum length of 300 feet was 
reached. A 30-inch belt conveyor was installed, and the chain-and-flight cooveyors 
were loaded directly on the belt, The belt was extended as required and led directly 
into a bin (see fi~. 4) at the outcrop. The coal was loaded directly from the bin 
into trucks. During mining an average advance of 20 feet per shift WIlS achieved in 
each entry. 

- 12 -
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TABLE 4 . - ChemIcal analysis of immedia.te roof and floor a.djacent 
to Pratt-bed coal, lIDQ.erground gasification mine 

Roof samples.~/ 
Laboratory No . D-l~'589 D-13590 D-13591 D-13592 D-l3593 

Real specific gravity •.••..•....•..•.....•• 2 . 69 2 . 53 2 . 71 2.65 2.64 

Proxima t,£/, percent: 
Moist-ure .•...•.............•...•...•...• 2 .0 1.2 1.3 1.7 1.2 

Volatile matter ......•••................ 6 . 6 9 . 0 6 .7 6 . 5 5 . 4 
Fixed carbon ....•........•....•. . ..••.•• .1 9 . 1 .7 2 . 2 1.5 
Ash .•• • ••.•...•........•.. ......•.. . ... 91.3 80. 7 91.3 89.6 91.9 

UltilIa~/, percent: 
Ash ..•.....•........•..•...•..•...•....• 91.3 80.7 91.3 89 .6 91.9 
Carbon ....•.............•..••.....• • ..•. 1.7 9.6 1.9 3 . 1 2.7 
Sul:fUr ......•......•......••.......•...• .1 7.0 1.2 2 . 3 1.1 

Analysis of ash: 
Loss an ignition at 8 00Ce .•........•... . 2 .1 . 3 . 3 .1 

Si~ ....•.•...•..... '" ......•.........• 64 . 2 67 . 9 62 . 4 66.2 72 .9 
A~<?:3J./ .••....•.....• . •••.•...••••...... 21.8 13.2 22 .1 19.6 16.0 

Fe203 ·································· . 7.0 14 . 2 7.8 7 . 1 5 .9 
CaO •.•...• " .•.•... " ••••• . ..•..•.....•. ·5 1.0 · 5 .3 .4 
MgO ...•.•....•.....•........• •.• .•.....• 2 .0 1.0 2 .0 1.6 1.4 

S~ ...•.•......•....•...............•.•. . 2 · 5 · 3 .3 .2 

N~O + ~d.!./ . ........................... 4 .1 2 .1 4.6 4.6 3.1 

Fusibility of ash, temperature, ~.: 
Initial deformation ....•.••.•..•.••.•••• 2,360 2,130 2,320 2,310 2,310 
Softening ••......•. " .. ••........••. '" • 2,450 2,210 2,460 2,450 2 ,470 

Fluid •..•.•....•...•.•.....•..•.•.•..... 2 , 590 2,590 2,610 2,700 2,680 

Floor samplesl / 
D-13587 D-i3588 

2 . 60 2.67 

2 . 5 . 7 
8 .0 6.9 
1.9 .1 

87.6 92.3 

87.6 92.3 
4 . 5 1.8 

.3 .1 

· 3 . 2 
61.3 61.9 
25.6 25 .2 

5 · 5 5 . 5 
·3 . 3 

2 . 2 2.2 
.2 . 2 

4 . 6 4.5 

2,38 0 2,360 
2,550 2,550 
2,800 2,800 

];/ Locaticn of samples (see f'ig. 1): D-13589, 59 ft. northwest of borehole I, 10 in. o:f roo:f rock sampled. 
D-13590, 50 ft. north of borehole II, 10 in. of roof rock S8lI4pled. D-13 591, 50 ft . north of borehole III, 
10 in . roof rock sampled . D-13592, 50 ft. north o:f borehole IV, 13 in . of roof rock sampled. D-13593, 
50 ft. north of borehole V, liin. roof rock sampled . D-13587, 50 ft. northwest of borehole II, floor rock 
sample from 0 to 6 in. D-13588, 50 ft. northwest o:f borehole II, floor rock sample from. 6 to 12 in . 

g/ Sample as received . 
/ The A~O~ includes a slIBli quantity of manganese oxide (Mn304) and any titanium dioxide and :ph')S~orU8 

pentoxldo that I1JIl3 be present . 
~/ By difference. 

4380 - 13 -
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When the entry and air course had reached a point 141 f et from the pi t mouth, 
headings 4 feet wide were driven for 25 fe t !'ran the -"est rib of the ntry and the 
east rib of the air course . A 4-foot crossout was driven through the coal pillar 
uannecting these headings. Thus , a place 80 f et long and 4 feet wide was ex cava ted. 
It was extended 2 fe t into the bottom rock and 6 feet into the roof rock, and the 
entry seal wall was constructed (see fig 5) . An escapeway was constructed later 

o simplify changing of the explosion disks at the ntry se 1. 

Mining of the entries presented nothing Wlusual. The roof rock was heavy and 
required close timbering for approximately the flrst 125 f eet from the portal. Inby 
this point the roof was firm, and the draw rock was supported by safety posts . 
Ordinarily, 2 to 4 i nches of roof fell a.s the coal was shot . The floor rock was 
hard . Influx of water fran the roof occurrod at two pOints inby the location of the 
entry seal . At each of these points a considerable volume of water was found ini­
tially , but after a few days the 1n1"low nearly ceased . 'I'lle floor was ordinarily wet, 
and water frequently appeared in shc, i; n('lles dr lIed in the lower half of the coal bed. 

Ventilation was provided by a emall, electrically driven mine fan exhausting at 
the air course portal and by two portable, electric, auxiliary fans with collapsible 
tubing set 15 feet outby th~ last crosscut . The portable blowers delivered approxi­
mately 3 , 200 cubio feet of air per minute to the entry faces. All safety precautions 
consistent wi tl. good coal-mining practice were observed during the mining and under­
ground cons truction work. 

The entry Beal (see fig . 5 ) consists of a thl'fte-co se w 11 of firebrick baoked 
wi th steel buckstays . The top and inby sides of this w 11 were pressure-grouted to 
the roof and surrounding stratum by means of neat cement ac:m.1 .... .; d through the four 
6 - inoh boreholes shown . After grouting the wall, the inby and o~~hv exposed surfaces 
were grouted with a refractory cement I.4pplied with a cem nt gun. Later, the air spo.c 
along the outby face of the seal was filled wi th concr te made from cement, r ock dust, 
and sand . The 24 - inch outlet pip s were s t in concrete, as shown, and the explosion 
disks were set in flaIl8es anchorod to the concrete surrounding the outlet pipes . 

A fan and fan house were erected and connected to the escapeway in such a way 
tha.t at all times men could travel underground t.o the entry seal wi thout d..anger of 
In terruption of air supply. The portals of the a tr course and entry were fitted with 
doors and regulators so that the air flow could be controlled as desired when work at 
the entry se~l was necessary . 

The roof of the entry from the por tal to borehole I s supported by 60-pound 
steel ra.il set in hitches in the top coal and secured by wedges of stone or brick. 
The steel r ails were approximately 13 feot long and were placed on 2 -foot centers. 
The air course was imbered with wood safety posts, and, where necessary, 3 by 8 - inch 
wooden cross collars were used . 

Drilling 

The over-all plan of the project is shown in figure 1. The entry and air courso 
were connected with the surface installation by means oi' the lar e boreholes, I to V, 
inclusive. In addition to the original boreholes shown in figure 1, two other large 
boreholes were drilled later at other location~. A number of test holes were also 
drilled before thtl start of the experiment and addi tional holes were drilled during 
the course of the l'peration . All of the holes drilled, except the 6- inch pressure­
grout holes, are shown in figure 6, and the specifica ions of each are given in table 5. 

- 14 -
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TABU 5 . - SpecUl caticno at the churn-<lrill hole_ , e"oUlcatlon [ll"oject 

11_1 Depth casUu::!:1 

di ameter of Externo.1 Inte=al 
of hole, hole, dia&ater, dl_ter TTpe at grou t 

De. t .... Uoo inchee feet llotu. at hole inches inchee Deot.h t'eet .- around ce.e!!!:S 

LarS! l nlet-ouUet borehole. 
1I<Zl,;?! lIat,;?! 

l!IIl .lB l.62 .1 A t top at coal - -
SHU 2B 154.0 <lo . 20.00 19. 50 154 .0 Ra!ractar;r 

lIlI Ul 2B 14~ .0 do. 20.00 19.50 14, .0 Do. 

llH IV 2B 136.3 ':'0. 20.00 19.50 136 .3 !><>. 

::~ 
18 l.lB:3 do. - - Ilene -
1h 166 . 5 Thr;)ugh 42 in. at coal an<l 1. 5 n. into bottaa. 10 .75 10. 19 157 or 4. , ft. aboTe top at coal Xeat ~nt 

111 '/TU/ .lB 151. 5 Through h5 ilt. at coal and 5 .0 f't. into bottoa . 12 .75 L~ .OO 141.6 or 1 f't. aboTe coal. cement eand 

Teat holes 

'1111 6 161 Into coal 4.50 4 . 03 30 )feet ~nt 

TU2 6 l.62 do. k.50 4 . 03 30 Do. 

lE3 6 161 do. 4.50 4.03 30 Do. 

lE4 6 158 do. 4. 50 4.03 30 Do. 

TH 5 6 158 do. 4 .50 4.03 30 Do. 

TU 6 6 l.62 do . 4.50 4 . 03 30 Do. 

TIl 7 6 162 do. h.50 4.03 30 Do. 

TU6 6 159 d.o. 4.50 4.03 30 Do. 

TH9 6 160 do. 4.50 4.03 30 Do. 

'111 10 6 159 do. ... 50 4.03 30 Do. 

'(]j li 6 158 do. 4.50 4.03 30 Do. 

TIl 12 6 156 do. 4.50 4.03 30 Do. 

T!! 13 6 156 do. 4.50 4.03 30 Do. 

TIl 14 6 145 do. · ·50 ~ .03 30 Do. 

'111 1r}/!/ 
2.36 2. 07 1H .,.,. 

6 149 do. 6. 63 6. 07 30 Do. 

'111 1@f!! 
2.36 2 .07 130 Do. 

6 146.5 do. 6 . 63 6 .07 30 Do. 

3 ·50 3 ·07 140 Do. 

PI! 1'!.1 6 166 
~ 

do. I 6 .63 6 .07 20 lfeat oe-tnt 

3 .50 3 . 07 166 T.cne; 3- 1n . casing 
loose in hole. 

Sand hole. 

:~~~ 6 163 Through coal and 2 . 5 ft. into bottom.. 6 .63 6.07 :!lJ.7 lI_t_t 

6 154.7 Stopped 6 ft. ab""e coal. 6.63 6.07 32 .3 Do. 

SII ~I 6 164 'lllroueb coal 6 .63 I 6.07 30 Do. 

:~~ 6 16, do. 6 . 63 6 .07 30 Do. 

6 164 do. 6 .63 6.07 30 Do. 

:~~ 6 163. 5 ThroUBh coal in to batt .... 6 . 63 5 .0[ 30 Do. 

6 147 'lllroueb coal 6 .63 6.07 30 Do. 

58 sl/!/ 
2 . 36 2.07 135 Do. 

6 146. 5 Into coal 6 .63 6.07 30 Do. 

SII .;/!/ 
2.36 2.07 13~ Do. 

6 157.6 'lllro\lj!h coal 6.6) 6.07 30 Do. 

S111~J 
2 .36 2.07 134.7 Do. 

6 150 do. 6 . 63 6.07 30 Do. 

sa lillY 
2 .)6 2.07 130 Do. 

6 149. ' do. 6 . 63 6.07 30 Do. 

Si! Ji.i/4J 
2.36 2 .07 135 Do. 

6 150. 5 'lhr0<J8lt coal into batt .... 6.63 6 . 07 30 Do. 

2.38 2 .07 140 Do. 

Si! 13lf!! 6 145.~ 3 f't. above coal 6.63 6. 07 30 Do. 

2.36 2 .07 140 Do. 

~ 
Roles tor srcutL16 entrz 8ea,1 

6 97 Into coal 6 inch 19·5 J'illed hole vi th """ t 

6 101 do. ga.lnmized .lB celOOllt during later 

~ 6 100 do. Bho.,t....,tAl. 20 con.tructtcm. 

6 100 do. vell ca.ing. 20 _. 
•. > . .. _. _.a • _._- ----_ ... .. .... ? .,n .,. ...... ~ 16-1" .... n1 NIl __ R nlll.l'!OO in holJ! at a de'Dth between 30 and 60 :roet; neat CA4Qt grout vas run 

l.nto annu.l.us to plus .erUca1 cracks in .trata betwoen these elJnoatlC1U1. JJ 'nIe.e hole. vere drilled. "fter open-tim at the project tad continued t'or ftr71ng 
~ at U-, and t,he hola va. usuall:r bo_d in a burned-out area or in carbonized coal. Y 'nIeoe holes "ere 8tarted vith an 6-inch bit in OZ'der to 
place the 6-inch oaelng. 

4)60 -1, -
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Table 6 gives a survey of the deviation in diameter obtained in churn-drilling a 
28 -inch-d1f\J118ter hole through strata of the nature found at the project site . 

To aid in estimating the construction time requi red for churn-drilling holes , a 
record of the average rate of dri lling was kept. These r ates are given i n table 7 and 
include setting-up time for the drill rig. 

TABLE 6. - Variation in diameter of borehole II with depth 

Dopth hom surface~ameter, Depth from surface, Di ameter, 
feet inches 1/ feet in che s,!/ 

25 ............. ..... 29 90 .• . • .••.... • . . .•.. 29 . 5 
30 •.•...•......••... 29 95 · ·· ·············· . 30 
35 .· •...•.•.•.....•• 29 100 ............. .. ... 29 . 5 
40 ...••....•........ 30 105 .... · .. ·· ··. ····• . 30 
45 . •.•..•.. . .....•.. 30 110 .................• 30 
50 ...•...•.......... 29 115 . .. ··•···· •.. · • • · . 29 
55 ...•...•.. . ....... 29 ]20 .. . . . ......... ..• . 31 
60 .. .....•... •.. ..•. 29 125 ....•. · •.•. ·.·.· .• 31 
65 .•...•..•..•..•..• 29 130 ......•. . •..••.•.• 30. 5 
70 ....... . . ....•..•. 29 . 5 135 ....... · .. ···· .... 31. 5 
75 .· •.. · ...........• 29 . 5 140 .•..............•. 32 
80 ..........• • ...•.• 29 . 5 145 ....•...•.•.• . •..• 31. 5 
85 .......•. .. . •.... . 29 . 5 
'!I Bit gaged at 25 inches. 

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

Nominal diame t er Footage Rate of dri lli ng f eet per hour 
of hole inches consider ed Average Maximum Minimum. 

28 438 0. 57 1. 46 0 . 38 
18 283 . 5 1. 67 2 . 02 1.48 

6 6000 3 .8 0 7 . 30 1.83 

Before drilling tho large boreholes I to V, inclusive, the area through wh i ch 
each hole was to be drilled was pressure - grouted with cement . The arrangement of the 
pressure-grout holes is sho>l.'1. in figure 7 . Grout was a pplied in the unlined holes 
from 30 f ee t below the surface to the coal bed . The cement usage and other details 
of pressure grouting are given in table 8 . This shows that after two or three holes 
had been grouted at each location, the last one or two holes refused grout in each 
cas~ , (20 bags were required to fill the hole) and the area was therefore presumed to 
be tight and the c acks in the s trata filled. 

Reference to table 5 ind icates that r efractory cement was usod to grout the 20-
inch casing at boreholes II , III, and IV . In each i nstance a cas table r efr actory of 
high alumina content was used for f illing the first 10 feet of the annulus adjacent to 
the top of the coal bed . Castable refractor ies of lower ...Llumina content were used 
for filling the remainder of the annulus, and. the type of r efractory at each of the 
three boreholes was varied to obtain a. comparison as t o their indivj.dual characterie­
tics fur this service . 

- 16 -
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Figure 7. • Borehole installation, including water jacket and surface seal. 



TABLE 8. - Results of pressure grouting at boreholes I to V 

Maximum grout 

HoltJ./ 
Time for Cement used, pump pressure, 

Location grouting, hours bags p.s.i.g. 

BH I .............. 1 4 19 225 
~/ 10 204 250 
3 7·3 30 600 
4 6 . 5 19 500 

:mr II ............. 1 4 16 225 
2 10 296 450 
3 7 . ,} 34 500 
4 6 . 8 26 700 

BH III •.•••••..••• 1 13 300 450 
2 11 300 700 
3 6 .8 25 700 
4 6 . 8 27 800 

EH IV' •.•.•....•... 1 12 63 50 
2 7 22 1,000 
3 11 163 175 
4 6 . 8 22 800 

BH V •••••••••••.•• 1 10. 5 67 600 
2 7 27 1,000 
3 6 . 5 20 800 
4 6 . 8 20 800 

The holes ar-a numbered in the order in which 1/ they were grouted. 
'2/ Grout was forced out the s i de of the hill 37 feet below the surface elevation at 

borehole 1. 

Each of the 1r~ge boreholes, I to VII, inclusive , was fitted with a surface seal 
s1m1lar to those snown in figure 7. In order to accommodate the seal, each borehole 
had been reamed to 54 inches diameter for varying depths, as shown in table 9. After 
placing the water jacket, the annulus was filled with concrete, and the surface pad 
was poured. The pwpose of the water jacket at each borehole was to mintain a tight 
seal betwtlen the concrete surface :plug and the borehole casing and w-as not intended 
as a means of cooling the effluent gas. 

TABLE 9. - Rea.m.:1.ng boreholes I to VII 

Reaming to inches, 
Borehole de th feet 

I............................ 20.5 
I I .......................... . 17.5 
III.. .•...•.•.. • •.•.• • • .. ••.• 20 . 5 
IV'. • • • • • • • • • • . • • • • • •• • • • • • • • • 21. 3 
v ..... " . . .. . . . . . . . . .. . . . . . . . . 23 . 5 
VI.. .... ..... .. .... .. .. .. ..•. 25 .0 
VII.. .•.•••••••••••..•. .•.••• 22 .0 
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Boreholes II to V were drilled into crosscuts, which interconnected the under! 
ground passages. Borehole I was drilled into the single entry at the southern end 
of the project, and boreholes VI and VII were drilled into the coal bed near the 
burning coal faces during operation. At the elevation 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 adjacent to the borehole 
and to prevent plugging of the bottom opening. 

Surface Equipment 

A 20-inch-diameter air-blast manifold was installed to connect the large bore­
holes with the compressor units (see figs 9 and 10). The manifold is shown in fig'..tre 
9, and a more detailed plan is shown in f igure 11. The connections to the boreholes 
were valved, so that each could be used either as an air inlet or a gas outlet . The 
air-inlet valves were 20-inch, worm-gear, cast-iron plug valves, and the hot-gas 
outlets were flapper-type valves fabricated at the project and operated as indicated 
in figure 11. The faces of the latter valves were gasketed with asbestos and fitted 
wi th cables for opening and clOSing from the ground. When closed, they were bolted 
to the stack to m.1.n1m.1ze leakage. Each of the boreholes was fitted with an internal 
water spray, thermocouples, and sampling connections. The thermocouples normally 
were located at the gas-sampling point and 40 feet below ground level. At times, 
thermocouples were placed at the elevation of the coal bed and at various other depths . 

Recording flow meters were ins talled in the air manifold as well as temperature ­
and pressure-measuring devices. The primary air source for the project was a recip­
rccating compressor powered by an 800-horsepower synchronous motor hs.ving a. rated 
capa ity of 7,200 c.f.m. of free air at a discharge pressure of 30 pounde per square­
i nch gage (see fig . 12). Auxiliary air-compressi on eqUipment consisted of two rotary, 
poaitlve -pressure, lobe-type blowers, one of which wad powAred by a 100-horsepower 
motor and had a rated capacity cf 1,600 c.f.m. of free air at 10 pounds per square­
inch gf'.ge . The other unit had a rated capacity of approximately 7,000 c . f .m. o::? free 
air wi th a discharge pressure of 2 pounds per square-inch gage and was powered by s. 
75-horsepower motor. 

Two skid-mounted gas-sampling rigs were built and connected to the outlet stacks 
as desired. These units included a primary condenser, a coke filter tower, secondary 
tubular condenser, a gas pump, an after conde lser, and flow-measuring equipment as 
shown in figure 13 . The gas leaving the units was piped to the lab ora tory, where 
iron-oxide boxes, a lOO-cubic-foot gas holder, and a !Jressure regula tor were mstalled. 
From the iron-oxide boxes, the gas sample was piped to a recording calorimeter and to 
a recording gravi tometer in the laboratory build...t ng. The gas was analyzed on either 
grab or continuous sampleR by means of Bureau of Mines precision-type Orsat eqUipment . 

Electrical power for the pro,1ect was obtained from a 44-kv . transmission line of 
the Alabama Power Co., which passed over the site . A 1,000-kw. substation was installed 
and delivered current at a primary voltage of 2 , 300 for use at the project . All motors 
of 75 horsepower or larger were direct-connected to 2 , 300-volt service. Secondary 
transformers were ins talled where a voltage of 110, 220 , or 440 was required by the 
various installations . 

To provide the water needed, 17 .. 0 150-gallon-per-minute, 400-foot-head, centrifugal 
pumps were installed at the Warrior Ri ver, approximately 3/4 mile from the site of the 
experiment. Water was required for cooling product gas, for circulating in LJ:e water 
jackets of ~le boreholo sea~, for cooling the reciprocating compressor, and for var­
ious other pur poses . The river pumps delivered the water to a 3, OOO-gallon tank on 
the site . An automatic float switch was installed to control operation of the pumps. 
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A 125-horaopower horlzcntnl at am bo ler was Installed t the 1 te to ovide 
steam for purglng the system or for ouch other purpo s as mlgbt b desired . 

Sand Drler and Fluld1zatlcn Equlpment 

During the couroe of the xper nt it we found that relat vely large q n-
t1 leo of dry s.nd was requlr d for fluidiza on and nj ctlan und ground, d 
Imd drier, a ohewn in figur 14, WIlO constructed fran materlals availa 10 at th 

proj ot . 

Thia un1 haa c ty of ap ox ly 2 tone of dry oand per ho 'T'hd 
v'brating soreon waa inotallAd on tho diocharge end of the drier, so that the 
fmlshed dry saud had a particl oiz of 1/10 inoh or leao . 

Sand-fluldiz.ation equipnan waa f brioated a hewn in figure 15 . Thee 
units ~er o1m1lar in deoign to the pulverized- coal f dero dev loped at the 
Morgnntown station of th Bur u of in o. They ~el' fl t d wi tl1 0. hols "t ... ·or 
chargin e.."1d were opera ted in rmi ten ly . Ell. h lul z r had a pacl ty of 
approxima tely 5, 000 pounds of sand , and thoy wor oper a ted over extended periods 

dlocharg r te of 60 poun<lo of dry sand per minute. The fluld17.ero were coo-
ne ted to an air campr osor rated 225 cubic f 0 of fro air per minu e, w1 th a 
discharg pr ooure of 5 pounds sq\lare- inch • Approxima t.oly 125 to 1)0 
c .! .m. of air w a required for tI. sand-diacharge ra of about 60 pounds per mlnu to . 
~1ng to th~ abraslveneao of the fluidized sand , It wao expected that s am d f l ­
culty would be encountored in mal ntaining the hut-off valves fram the fluidizer. 
It was found that by uoing overoized plUS v Ivea imil.ar in de 19n to thoo com­
manly uaed on compre d-ai r drill , wh r in the port openlng waa equlvalent to 
the inside dlametor of the oand line, good ervlce could b obtalned . 

E ch of th teet holeo ('lR 1 0 16) hewn in fi b s equlpped wl th 
1 - 1 1 tilermocoupl inside 1-1/4-1nch standard plpo, the ho junctlon 
locat d at the ele 'ation of the coal bod. 'nIe 1-1/4-inch p'p wao we lded 

to a flange-typo f1 t j a the top of the 4- inch c oing of the hole . The inotal-
1 tlon permitted measurin th mp r ture and pr sur or collec ng a oampl • 
Lead wire s were run to a owitchboard in the labor tory whero tomperatureo could b 
read r l odically on i th r r cording or an nd tc tir pot n'"i ter. A t the 
entry se 1, thermocouples wer bod ed In the concr of th opplng and w re 
ina talled th level of the coal b d 011 th 0 rl b of th 1r course and near 
th woot xtrem1 ty of the oeal it olf. L fr _ all thermocoupleo in talled in 
th outlot stack nd the jr mAnifold aloo wero rlUl to he labor ory . 

Loca in the Cambuo ion Fac s 

Tho th rmocoupl In tallAtlon in the te t holeo describ d in tile proc ding 
par ph wao uoed for locating the combustion faceo under ound . A oecond method 
of locatlng the cambuotion faceo also was ovlded . 

On the we ri b of the sing! entry, t a poin 100 f e north of bor eholo I, 
a 2 -inch hole waa dr1 11ed hor zcnto.lly in the coal bed nOrmAl 0 th lin of th 
entry and to a d ptil of 30 fe t. A s ilar holo was drllled 100 feet north of 
b ehol III Ql the we rib of the entry . Stn nl s-ote 1 a ul 0 wl th rup 0-

ciiok assomblles w re char d w t.'l 39 grams of mor cury , oealod, and plac d in th e 
h iZQltnl hole at 5-!00t In rval. Between tho apoulo , the hole wa flllod w th 
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refractory cement. The capsules were des i gned to explode at a pres ~ure of about 
1,300 puunds per square inch and a temperature of 1,3500 F . A sJlecial sampling 
system was installed at No . I and No . II boreholes, so that a sample of the issuing 
gases was sent through a cooler, a liquid trap, a pressure regulator, a f llter, a 
flow meter, and thence to a recording-type, photo-electric mercury detector. When 
the combustion face reached a mercury capsule, the capsule exploded, and the detec­
tor i ndicated the presence of mercury vapor in the effluent gases. 

Gas-Turbine Installation 

It was decided to install two aircraft-type turbo superchargers to obtain some 
information on the possibilities of operating gas turbines in connection with under­
ground. gasificati on. At borehole III, the gas-turbine installation shown in figure 
16 was constructed. It consisted of five cyclone-type knock-out chambers acting in 
parallel for the removal of dust and clinker from the efflu",nt gas. The discharge 
from the knock-out chambers was connected to the intakes of two gas turbines con­
nected in parallel. In each turbo-compressor, the turbine and the air compressor 
were mOlU'lted on the same shaft . Two stages of compression were obtained as air was 
admi tted to one compressor unit, nd this discharged into the intake of the second . 
The discharge from the second cOlLflessor was added to the air stream entering the 
underground system or discharged to the atmosphere. All units comprising the gas­
turbine installation were mounted on concrete foundations. The knock-out chambers 
and the hot-gas handling line s were insulated with 2 inches of magnesia asbestos 
lagging. Steel barricades were erected around the turbo-compressor uffi.ts, and an 
adequate Oil- cooling and stor8.8e system was installed. The gas discharge from the 
gas turbines was vented to the atmosphere through a 20-inch stack . Bellows-type 
expansion ur.i ts ware providl3d in all gas lines leading to the turbo-compressor units. 

OPERATION 

Operation of the project was divided into several periods. Various problems 
developed, and certain operational changes were made. In each lnstance the changes 
were planned either to correct difficulties encountered or to obtain information 
regarding the effect of certain variables on the process . 

Firing the Project 

Each r ib of the 300-foot single entry between Qoreholes I and II was undercut 
to a depth of 15 inches , and thf) loose coal obtained was piled against the ribs. 
Approxima t.ely 15 tons of coal was placed around the base of borehole I and along the 
ribs of the entry . Several cords of pine wood was stacked un top of the coal, and a 
number of thermi te fire b ombs was rlaced in the pile of fuel. One hundred gallons 
of fuel oil was poured down borehole I. The 1, 600-cubic foot-per-minute compressor 
was started; the air valve at I and the stack valve at II were opened. At 3 :00 P.M. 
on March 18, 1>49, a thermi te bomb was dropped down b orehole I, and operati on of the 

project began. 

First Operati ng Period, March 18 to June 21 , 1949 

It was originally planned to operate the project by using a unidirectional flow 
in the 300-foot length of single entry between boreholes I and II . Air was admitted 
at borehole I, and the effluent gas was sampled aHd vented at borehole II. It was 
planned to use a low air input at the s tart and gradually increase the flow to the 
optimum rate. The purpose of the low initial air flow was to set up a. stable com­
bustion zone near the base of borehole I and to carefQl.ly build it up by gradually 
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L crea.sing the air-input rate. If a combustion zone of the proper size could be 
esta'bl1shed in the first half of the passage, the remainder of the path would serve 
a.s a reduction and distillation zone . High temperatures had to be developed in 
order to bring ~bout the ' desired roof action as quickly as possible. 

Special th~rmocouples were installed for use in the initial phases of the 
operati on. They were placed at the top of the coal at the baoe of borehole I; on 
the floor of the entry at distances of 60 feet, 120 feet, 180 feet, and 240 feet 
north of borehole Ii and at the top of the coal at the base of borehole II. 
Figure 17 shows the variation in tempera.ture at these pOints from March 18 until 
March 29. These temperatures indicate that the l:il!l.1ts of the combustion zone 
approached the base of borehole II. 'I'his was shown primarily by the temperature­
time curves of the thermocouples located 180 and 240 feet north of borehole I and 
also by the thermocouple at the base of borehole II. The thermocouples located 
60 and 120 feet north of borehole I reached peak temperatures approximately 70 to 
90 hours after the start of the cycle and then showed a decrease. It cannot be 
said defini tely that the entry cooled as indicated by the drop in these temperatures, 
because q,uanti ties of roof rock could have fallen on the hot Junc tions of these 
thermocouples and effectively insulated thelT'.. The thermocouple at the base of bore­
hole I, which ,.,as in the entering air stream at the coal-bed level, showed no change 
during the period; therefore, the combustion r ate at the base of borehole I must 
have remained low, even though the fire was started in this region. Most likely, the 
locus of :maximum combustion moved downstream some distance from the initial firing 
point before a high-temperature, relatively intense, combustion zone was established. 

Table 10 gives the major operating results during the period March 18 to 29. 
The air flow was increased gradually from 2,025 to 5 , 290 cubic feet per minute . At 
the start of the run, the effluent gas contained some carbon dioxide but was largely 
unreacted air. ThA carbon dioxide and oxy en contents 0: the effluent gas increased 
and decreased, respectively, and the rate of coal consumption reached a maximum 
during the 51 -hour period between the 67 th and 118th hours of operat,i on. This peak 
in operating condi tiona occurred during the same period that the temperatures on the 
thermocouples 60 and 120 foet north of borehole I reached a max:hnum. At this time, 
contact betwe en gas and coal was at its best. l<'ollowing this period, the over-all 
tempera ture level underground was low, and the limits of the combustion zone were 
approac;hj,ng borehole II . It was believed that higher underground, temperatures would 
give better results, and to accompli sh th is it was decided to reverse the flow 
periodically. 

TABIE 10. - Opera ting results from March 18 to 29! 1949! cycle 1 

Average Rate of coal 
Time , air flow Average analyses of effluent gas j)6rcent consum.ptio~ 
hours c .f .m.];/ CO2 Ill. O2 H2 CO CH4 N2 tons per dB. _/ 

25 . 6 2, 025 l.8 - 19.4 - - - 78 .8 l. 5 
3 ·5 2 , 805 3 . 2 - 19.7 - - - 77 .1 2 . 3 

38 .3 3 , 245 11.2 - 6 .9 - 0. 5 - 8J. . 4 10.0 
51.2 3 , 665 11.4 0.7 5 .8 0.1 l. 3 0.2 80. 5 14. 3 
93 . 3 5 , 250 7 . 3 .4 11.5 - .4 - 80.4 11.7 
10.3 4, 670 6 . 2 . 1 11.8 - .1 - 81.8 8 . 6 
16 .7 5,290 5 . 9 - 12.3 - .1 - 81. 7 8. 3 

M 4,115 5 . 5 0.1 12 .7 - . 1 - 81. 6 6 . 2 
2 • 

inches Hg., dry. ];( At 60u F., 30 
2/ Basis of moisture - and ash-free coal . 
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In the course of this first operating cycle, the over-all resistance to flow 
increased . The change was small, and the effec t was masked by the var:l.a tion in 
quantity of input air and the temperature level underground. Some roof must have 
fallen to I:l.ccount for the total increase. 

Following this first cycle, the flow was periodically reversed; borehole II 
and borehole I were alternately made the inlet and outlet . The effluent-gas tem­
peratures were chosen as a basi upon which to effect these periodic reversals in 
flow. The average operating conditions fur the remainder of the period March 29 to 
June 21 are summar1.zed in tables il and 12. In these tables the results obtained 
during individual cycl es are averaged by weeks and di rection . Table 11 summarizes 
the results when blOWing in at borehole I and removing the gaseous products at 
borehole II . Table 12 summarizes the results obtained when blowing from borehole II 
to borehole I . 

In the course of the 15 weeks of operation given in tabls il, 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 slight 
increase in oxygen content. The heating value of the product gases remained low for 
the entire period. The maximum temperature of tile effluent gases for each cycle was 
periodically raised from 7000 to 1,1000 F . , and this temperature was the criterion 
used in limiting tile time for each cycle . As the discharge temperature was raised, 
t.he operating time required to reach that temperature first increased and then de­
creased to the previous value, indicating that tile over-all temperature level of the 
underground system was gradually increasing. 

In the sixth week of operati on, an attempt was made to raise the temperature 
level by spraying fuel oil into the entering air at borehole II . About 500 gallons 
of oil was added to the input air during two consecuti-/e cycles in the direction 
borehole II to I. Adding the fuel oil caused the temperature to rise at the base of 
the inlet borehole; but tilere was no other apparent effect upon operating conditiona, 
and the use of oil was discontinued. 

When mining of tile underground entries was completed, it was found that water 
regularly flowed into thesfl passages . This water drained s outil to tile pump nOle, 
where it accumulated. It was then pumped from this sump and measured . The water 
inflow during the per i od preceding the first operating period averaged 1.7 gallons 
per m1nute . From March 18 until June 21 tl:e sump was periodically pumped dry, and 
for the entir e period the water averaged 0 . 2 gaJ~on per minute . It was presumed that 
of the water entering the mine, 1. 5 gallons per mbute, was evapor ated in the combua­
tion zone and was evolved with the gaseous produc ts . This quantity was appr oximately 
equivalent to 0. 04 mol of water per mol of dry gas . In tables il and 12, the value 
of 0. 1 mol of water per mol of dry gas has been assumed. This assumption was based 
on later analyti cal deter~nations of the water actually associated with the effluent 
gas, bearing in mind tilat 40 percent of this figure can be justified f r om normal in­
flow of water and evaporation in the combustion zone . After June 21, temperatures 
rose to S'.lch a hig.'1 level in tile vicinity of tile water sump that the deep well pump 
had to be removed. 
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TAllIE 11. - Ollerating results, March lB to Jwle 21 , 1949. Direction of flaw, borehole I to borehole II 

Aver~ analY'8 is of effluent "'" 
Hee.t btlltmc,)!1 percent of heat of combust100 of coal cCllJlUOlltd Heat1.n< Tempera ture of 

Lell8th A.,. value, Mol effluent gas Average rata 
Heat of ! S<!ne1ble and 

Unaccounted tor and 
Week and of air B.t.u. vatar Av. Max. of coal Senei ble hell t prestmed .. tor<:d 

C,Tcles cycle, flaw'2 Percent per cu per me temp. , temp. , CcnBlllllPtia;li coo tant of dr,T combustion latent heat of undergr'ound, 
a'feragedl/ hours c .r.JIl._ CO2 11. D:! ~ CO '':''H4 R2 tt.2 / drrS'" "Jr. "F. tons per dar. effluent f!l'e of dl7 gas va tar _poT b,T d.1tference 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 lB 19 

1 - - - - - - - - - - - - - - - - - -
2 - - - - - - - - - - - - - - - - - -
3 - - - - - - - - - -

~ -
- - - - - - -

4 - 2 16 .9 4,130 7.0 0.2 11. 6 - 0.2 - 81.0 4. 6 0.1 513 700 8.3 20.0 10.6 13.2 56.2 
5 - 11 7.6 5,285 5 ·9 .2 12.6 - - - 81.3 4.0 .1 531 767 8.7 25 .2 11.2 16 .1 47 .5 
6 - 5 lB .2 3,665 4.8 .2 14.2 - 0.2 - 80.6 4. 6 I .1 503 666 5. 2 27 .3 15 .1 lfJ .7 38.9 
7 - 3 17.1 1,296 4.4 .2 14.8 - .2 - 80.4 6.0 .1 592 1,290 9.7 35 .2 21.0 20.7 23 .1 
8 - 5 19.1 7,622 4.0 .4 15.1 0.1 . 2 0.1 80 .1 9 ·9 ~/ .1 736 1,1.)9 10.4 43.8 33·9 21 .4 .9 
9 - 7 12. 2 7,489 3.8 .3 14.9 - . 2 - 80.8 6.6 

~ :; 
626 906 9.1 40.8 25·2 22 .8 11.2 

10-11 7.8 7,702 4 .2 . 2 14..4 .4 .4 0.2 80.6 8.6 646 921 10.6 37 ·5 29.0 20.3 1) .2 
11-9 7 . 3 7,554 5.1 .! 13. 4 . 5 .4 .! 80.4 5. 9 714 1,001 11.8 37.0 17.6 lB.4 27 .0 
12- 3 8 .7 7,275 5 . 3 .3 12.2 1 .0 . 2 .1 80.9 11 782 1,10<) 11.9 39.2 31. 4 lB.l 11.3 
13- 7 8 .5 7,216 5.4 . 4 13.' . 6 . 3 .679 .2 17 .1 767 1,122 13.8 33.2 41.9 15 ·5 9.1. 
14- 5 10.0 7, lB6 5.2 .6 13 . 4 .6 . 4 .2 79.6 17 .1 145 1,099 13. 5 32 .6 42.5 15.7 9.2 
15- 2 13.8 7,200 5.0 .1 13.8 .4 .1 .480.2 8 . 0 .1 764 1,140 10.9 41.2 24.6 19 ... ,14.8 

§!21. 9 
""'"'_ .p., _ .... • ,f - '" - ..... '- - - - _ ....... ----'- u_ .... , ... 'n .. ,... ...... , _L -- > •• "'- ........ _ L_ 

_# - - ...... _- - , __ ,,_ ..... 1t.. .. _ .l"' ___ . .. .Iu_4 __ .1.'-_ •• __ '- .t."" ____ .. , ~_ ... # 

which are a.,eraeed. 2{ At 600 F., 30 inches Hg. dr,T. 
th1s perlod. §/ Average. 

'21 ASIUllled dur1ll(! Basis of moiature- and ash -tree coal. !I Heat balance ls balled on 6QO F. 

TABIE 12 . - Op&ratill8 reeults, March lB to June 21, 1942. D1recticn of flaw, borehole II to borehole I 

Aver~ ana!,ysle of effluent gaa 
nOll t balanc.1!/ peroent of heat of combuaticn of coal cooBUJ:lDd Heating Temperature of 

Length Av. Talue, Mol effluent f!1U5 Average rata Onacccll:1tad for and 
Week and of air B.t.u. vater AT. Mu. of coal Sens1ble heat Heat of S<!nelble 'Uld preslUIIId stared 

c,Tclee cycle, flaw Percent 
per c;- per me -p., temp. , ccn8Ul1.Pt la;1 coo.tant of dr,T combua tioo. la tan t hee. t of uM.ergr'0~, 

averagedJ/ hours c.r .Dl.~ CD:! Ill. D:! ~ CO CHI, 11'2 ftg drr gas "F. "Jr . tens per day effluent f!l'e of dr,T gas va tar _poT bl d1ttere::toe 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 1~ 

1 - 0 - - - - - - - - - - - - - - - - - -
2 - 0 - - - - - - - - - - - - - - - - - -
3 - 1 145.1 2,560 5. 6 0.3 12 · 3 - 0.2 - 81.4 6. 6 '2/0•1 768 866 1. .3 37 .7 lB.l 17.3 26. 9 
4 - 2 15.5 4,190 7. 0 .2 11.8 0.1 .1 - 80.8 1, . 6 '2/ .1 433 700 8 .3 17.4 11.1 13 .4 58 . 1 
5 - 11 7 .4 ~,220 6 .4 . 2 12.6 - .2 - 80. 6 4.6 '21 .1 426 68c 9 .7 lB .8 12. 3 14.8 54 .1 
6 - 5 10.7 5,410 4 . 6 .1 11' . 3 - .1 - 80.9 2 . 3 '21 .1 464 710 7.0 27 .6 8.2 20.1 44.1 
7 ··4 15. 3 7,452 4.0 .2 14.8 - .2 - 80.8 4.6 '2./ .1 457 843 9.1 28 .5 17.5 21.2 32.8 
8 - 5 13.8 7,450 4.0 .2 15.4 - .2 0.1 80.1 5.6 '2/ .1 521 880 9.3 32 .7 21.0 21.5 24 .8 
9 - 6 10.7 7,550 1i .0 . 3 15. 3 - .2 - 80.2 6. 6 '21 .1 515 903 9.6 31.6 24.2 21.0 23 .2 
10- ~o 7 .2 7,7 lB 4.7 .2 14.8 0.3 . 3 0.2 79.5 8.0 '21 .1 573 949 1l.6 30. 5 25 . 0 19.0 25 .5 
11-11 6.4 7,550 5.4 .2 13.7 . 5 . 4 · 3 79.5 9 .9 '21 .1 667 1,091 13.2 31 .6 26 .7 16 .4 ~. 3 
12-7 7 .8 7,285 5 .8 .3 13.6 .7 .3 . 3 79.0 12 '2/ .1 554 938 13 .8 23.7 30.0 14 .5 31.8 
13- 6 8.3 7,302 6 .0 · 3 12.9 .8 . 3 .2 79.5 15 '21 .1 605 1,110 13 .9 26.0 29.7 14 .7 29. 6 
14- 5 8.0 1,268 6.5 · 5 12.8 .6 . 2 .578.9 lB '21 . 1 605 939 16.1 22 ·5 38.6 12 .7 26.2 
15- 1 9.8 7,220 5.4 .0 12 .8 .0 .0 .2 81.6 2 . 0 '2/ .1 599 1,100 10. 6 31.9 6.1 lB.2 IIl .8 

£134.3 
1/ The first figure ls the operat1ll(! week, March 13-19, 1949 . 1; the second figure 1s the nlAber of operating C,Tcles in th1s direction dur1ll(! the week, the r""ulte of 
- wh1ch are a'feraged. £/ At 600 F., 30 inches Kg . drT. 1/ BaDls of molsture- and aoh-rree coal. Y Heat balance 10 based on 600 , . ')) ....... -.1. d:.tr1ll(! 

this period. Y barage. 
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Table 11 also indicates that the average rate of' coal consumpti on increased 
wi th time during the period . Heat balances on the system showed that the energy 
originally contained in the coal was being broUBht out principally as sensible and 
latent heat in the product gases . The heat of combustion of these sea vari ed be­
tween 10 and. 42 percent of the energy originally contained in the coal and this 
percflntage increased wi th time . The heat lost to the surrounding underground strata 
decreased from 56 percent at the beginning of the period to between 10 and 14 percent 
at the end. A numerical average of these f igures as given in column 19 of table 11 
indicates that approximately 22 per cent of the heat of combustion of the coal was 
absorbed by the surrO\m.ding strata. 

Results of the cycles for flow in the direction borehole II to borehole I are 
gi ven in table 12. With the exception of heat balances, the results are similar to 
those given in table 11. Again, the heat balances show that the coal energy was 
brought out of the ground largely as sensible and latent heat in the product gases. 
The heat of combustion of the dry gas was low and the total energy delivered above 
ground in the course of this per iod increased with time. The major difference caused 
by the reversed direction of flow was the quantity of heat lost to the underground 
surroundings. A numerical average of the values given in column 19 of table 12 in­
dicates that about 34 percent of the heat was stored underground in contrast to the 
22 percent heat loss when blowing in the opposite direction . 

In this period of operati on, 877 tons of moisture- and ash-free coal was con­
s umed, as calculated from the material balAnces obtained on the system. This figure 
is based on the total quantity of air admitted, analysis of the coal in the region 
be tw":)en boreholes I and II, and analysis of the effluent gases. No correction has 
been applied for possibl e leakage from the underground system. This factor will be 
discussed later. 

A gradual increase in flow resistance throUBh the system was noted during the 
course of this 15-week operating period. From tile 8 th to the 15th week, the input 
air rate was maintained at the maximum capacity of the reciprocating compressor for 
mos t of the time . Under this condition, the back pres sures may be compared readily . 
This comparison is shown in table 13 : The apparent increase can be attributed to two 
factors: (1) the increase i n over-all temperature l evel of the underground system 
required additional pressure to overcome expansion of gases underground , and (2) falls 
and fusion of roof rock tended to block the underground passages . It is believed that 
the second effect predOminated, because this particular roof should have fused and 
become plastic at combustion temperatures . 

The results demonfltrateci that the roof action along the 10-foot-wide single entry 
was not sufficient to provide efficient contact between the air and the coal faces. 
Gas produced at the coal faces was mixi ng and burning upon meeting air that had not 
contacted carbon . I t is shown in tables 11 end 12 that large amounte of a i r was pass­
ing through the system without reacting with carbon or gas . In several instances 
cycles were run at reduced a i r-input rate s wi thout 8.;.""l.y appreciable change in the 
characteristics of the system. This further substantiated the belief that quanti ties 
of air was traveling throUBh porous s trata without contacting carbon . In a system 
containing llU'allel flow paths of constant dimensions, the proportion of the total 
flow following any path does not change with the total flow through the system. 
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TA:BLE 13. - Back- res sure riod from 

Resistance to flmd/, pounds per square inch gage 

Week 8 9 10 11 12 l~ 14 15 
Direction of flow 

BIT I to BlI II ••.••..•••.•..• 3·7 3.9 4.1 4 . 5 4 . 8 4.8 4.9 5 .0 

BH II to BH I •••........•... 3 . 6 3.8 3.8 4.4 4. 6 4.7 4.7 4.7 

Average for both directions. 3 .7 3.9 4.0 4.5 4.7 4.8 4.8 4.9 
1:1 The baok pressures reported are for all cycles in which the input-alr rate was 

over 7,000 cubic feet per minute. 

Two tests were made to determine permeability character i stics of the coal and 
the overlyins strata . In each instance the technique was similar . A constant pl'es­
flure of 10 pounds per square-inch gage was applied to the underground system, and 
test holos 1, 3, 4, 6, 7, 8, 9, 10, 11, 12, and, at times, 5 were opened, and gas 
was allowed to bleed off to the atmosphere. The bottom-hole temperature and the 
flow and analysiS of the effluent gas issuing at each test hole were measured per­
i odically. These measurements were made over a period of 4 hours in the first test 
and 8 hours in the second . 

The results obtained during the second tes t on May 10, 1949, are summarized :1n 
table 14 . Test hole 5 was in the combustion 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 combustion zone~ as evidenced by the bottom-hole temperatures, 
but were still in coal. Test hole tj was relatively far removed from the reaction 
zone but was connected by some fissure, as indicated by the relatively high gas flow. 
Test holes 9, 10, 11, and 12 were still relatively far from the reaction zone but had 
some connection with it. The effluent gases were mixtures of coal-distillation 
products, producer gas, air 1 and products of combustion. 

It was possible to collect samples of light oil and tar being evolved at several 
of the holes, and this was done on subseg.uent occasions. The test showed that there 
was some possibility of gas flow through the laminations of the coal bed, but the 
resistance to flow was high. It did not pl'ove that the entire path of travel was in 
coal, but in each instance a portion of the path was through coal. 

While the system was under pressure, the adjacent hillside was examined to de­
termine whether leakage existed . At a point about 500 feet west of borehole II, at 
the elevaticn of the Pratt ooal outcrop, a very smail volume of gas was escaping. 
The gas flow was below the coal bed, through the coal bed, and t.hrough strata just 
over the coal bed. 
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TABIE 14. - Results obtained during sUa ta pel"lDBablli ty test of Mar 10! 1949 

Analvsis of effluent gas 
Elapsed 

Test-hole time, Percent 
No . hours CCl.c! Ill . Cl.c! ~ 

TH 1. .. ... •... .• ... .• 1 9.3 0.1 0.9 0.2 
5 13 · 5 0 7.1 .7 
8 13 . 5 .1 7.3 1.7 

TH 4 ................. 1 20.7 1.1 .3 1.9 
5 24.9 1.8 .6 12 .3 
8 24 . '5 0.8 .4 16.8 

'm: 5 ....••...•....... 1 - - - -
5 - - - -
8 16. 4 ·3 4.7 21.8 

TH 6 ......•..•.....•. 1 19. 0 .1 1.4 8 . 0 
5 19.8 .7 1.4 9.2 
8 18. 6 .8 1.2 5.2 

TH 7 ................. 1 19·3 1.0 1.4 5.5 
5 19·3 1.0 3·0 ll ·5 
8 21.2 .6 2.8 6.9 

TH 8 .... . ...... .. .... 1 8.8 .2 5.4 13.3 
5 18 .9 .3 3.6 4.9 
8 20.8 .1 3·0 4. 0 

'm: 9 .......... ... .. .. 1 15. 5 1 .8 ·3 4.3 
5 113 .2 .8 4.3 13·7 
8 17.7 1.0 2.8 23 .0 

TH 1.0 ................ 1 6.8 .2 8.5 .8 
5 18.4 .6 1.8 7.8 
8 - - - -

TIl ll .... .... ........ 1 - - - -
5 22 .9 . 5 .8 7.8 
8 21.2 .2 .9 7.6 

TH 12 ................ 1 15.3 .2 2.0 .7 
5 23 .0 1.0 .4 6. 5 
8 23 .2 1.2 1. 0 12. 9 

~ 

/ At 6Qu F., 30 inches Hg . , dry 
'2/ The flOW' at TH 5 can be estimated at 300 c.f.m. 
- / Average total flew excludillg TH 5. 

4380 

CO CH4 N2 

0.6 1.8 87.1 
.6 3.8 74 .3 
.6 3. 6 73 ·2 

2.1 18 .4 55 ·5 
3 ·5 29 ·2 27 .7 
3.1 21.7 32 .7 

- - -
- - -

8.1 9.2 39.5 

2 .1 17 .6 51.8 
2.0 16.5 50.4 
1.2 20 .7 52 ·3 

1.8 22 .0 49 .0 
2.0 21.8 41.4 
1.5 25 .5 41.5 

1.7 3. 6 67 .0 
1.3 8 .9 62 .1 
0. 6 9.3 62 .2 

4.7 20.2 54 .2 
3·7 21.9 37 .4 
4.4 25.0 26.1 

.4 1.9 81.4 
6.0 7.6 57 .8 
- - -
- - -

3.4 12 .6 52 .0 
2.7 12 .5 54 .9 

2·5 15·5 63 ·8 
5.2 23 .4 40 .5 
3.3 31.4 27 .0 

- 26 -

Heating value, Bottcm-ho1.e 
B.t.u. r'{ temperature, 
cu. ft_ CT . 

23 182 
43 189 
46 170 

221 1,291 
383 1,276 
300 1,?,/,2 

- -
- -

196 -
213 99 
217 lU2 
246 100 

266 127 
284 129 
297 1.16 

89 109 
ll6 ll5 
1.ll 103 

~50 50 
2~ 53 
362 47 

39 91 
134 91 
- 84 

- 53 
172 55 
164 50 

171 59 
295 63 
394 60 

Average 
effluent 
f!P.s flO!! 
c.f .m.lI 

20 

2.8 

No re~/ 

5·5 

8. 6 

19 

2.8 

6.7 

3·3 

3.3 

I "'J.172 
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Second Operating Pertod, June 21 to October 5 , 1942 

The first operating period indicated that contact between the gas-making fluids 
and the coal faces was incomplete. This was largely responsible for the low over-all 
temperature level underground and resultant poor utilizati on of tho coal. It was 
decided to drill holes alone the line of the original entry connecting boreholes I 
and II and to inject a fluidized Bolid into the void spaces believed to exist in an 
effort to 1m.prove contact between air and coal faces. 

Sand holes 1 to 6, inclusive, were drilled at the locations shown in figure 6 
according to the over-all speciticat1cne given in table 5. Sand holes 1, 2, and 6 
were thus on the center line of the original entry, 5 was on the west rib line of the 
entr , and 3 and 4 were bottomed in a region where the coal had been consumed. The 
drilling of these holes furnished the first direct evidence of the characteristics of 
the burned-out area 1 and a resume of drilli ng notes from each hole follows: 

Distance above 
Pratt c oal, feet 

7.6 

2.6 

0.4 

-5.5 

9.0 

8.7 

6.7 

5·3 

Drill Notes 

Sand hole l, SH 1 

Elevation of top of coal .:>92 .3 feet 
Remarks 

No effect of heat or caving observed above this point. 
Lost water, steam issued from hol~. 

Bi t f ell suddenly after several blows at 7.6 ft., indicating 
cavi ty overlain by a slab of rock. 

Drilled wi th constant stream of water. Enough water retained in 
hole to bail cuttings . Cuttings were bright red, result of heat 
and oxidation. 

Drilled through caving materIal. Cuttings red. 

Slow dri lling due to caving through horizon of coal bed . No 
voids observed. Cuttings fire clay (bottom rock) and red rock. 
Bottom. of hole. 

Sand hole 2 , SH 2 

Elevation of top of coal 387 .5 feet 
Remarks 

No effect of heat or caving observed above this point . Hot steum 
issued from hole. Water run into hole induced down draft of air . 
Red smoke observed issuing in puffa !rem borehole II. 

Measured 4-inch void space when bit lowered in hole. 

Drilled at a normal rate with constant stream of water in hal. 

Drilled at very slow rate. Three hours further drilling failed 
to make t:Ir~ess. Driller'S opini on bit d.ef'lecting frem in­
clined slab . Bit corners rounded. Bottem of hole. 
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Distance above 
!ratt coal, feet 

4380 

95.5 

70·5 

25.5 

20.5 

15·5 

10.5 

7 . 5 

-1. 2 

55.7 

35 .7 

25· 7 
20.7 

15.7 

10.7 

5.7 

4.2 

0.7 
-2.8 

-3.5 

-4. 5 

Sand hole 3, SH 3 

Elevation of top of coal 386 .2 feet 
Remarks 

Inl.eakage of air or gas, indicated by bubbling. 

Increased inleakage observed over preoeding 5 feet . 

Cuttings show no effect of heat. 

Thermocouple in hole measured temp8l'ature 820 F. A few brown 
particles in cuttings. 

Surface ~rat\.U"e of bit when withdrawn frClll hole 120
0 

F. 
~'Uttinge normal shale color . 

Bit temperature 1620 F . A few red partioles in cuttings. 

:Bit temperature, also bailed-water temperature 1900 F. Loes 
of water noted. Cuttings contain brown Ilnd red particles. 

Steam (from drilling water ) issuing from. hole. Bit temperature 
2030 F . Fine cuttings, many red and brown per ticles. 

Sand hole 3, SH 3 
Remarks 

Very fine cuttings, appearance sWl8.r to crushed coke, light­
reflecting surfaces. 

Break: through of gas into hole, rapid loss of water. Cuttings 
blac'k:, shiny, cellulAr, fine . Fast drilling. 

Slow drilling. Hard material. Bottom. of hole . 

Sand hole 4 SH 4 

Elevation of top of coal 385 .2 feet 
Remarks 

Sligh t inleakF sa of air or gas . 

Increased inleakage noted . 

Weak, light- gray shale, no indication of heat eff ,ts. 

Cuttings as above; bit tempera turu 1200 F . 

Cuttings as above . 

Cuttings vary conrse, many red particles. Bi t temperature 1900 F. 

Fine , dark-gray ehale, few red particles . Bit temperature 203 0 F., 
caV1ng into hole . 

Started to lose water. 

Fine, ~'k-gray shale, few red particles . Bit temperature 2140 F. 

Lost all watol·. 

Coarse, lightweight, black, cellulAr cuttings Slightly attracted 
by magnet. Hole had filled 3 feet when bit returned. 

Cuttings as above. Hard drilling. Bailed 7 feet of water. 
Bottom of hole. 
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Distance above 
Pratt cool , feet 

30. 2 

25.2 

20 . 2 

10.2 

5 . 2 

4 . 2 

26 

21 

16 

11 

8 

5 . 5 

0. 5 

Bit lukewarm.. 

Sand hole 5, SH 5 

Elevation of top of' coal 386.6 feet 
Remarks 

Cuttings light-gray, coarse shale . Bit temperature 1000 F. 

Cuttings as abov'e . Bit temperature l05c F. 

Dark-gray, coarse cuttings, slight discoloratlon . Bit 
tempera ture 1500 F. 

Dark-gray, coarse, lIIl\Ily red part! cles. Bi t temper ature 1820 F. 

Coarse cuttinsSo mixture of' black and red particles . 
temperature 190 F. Slight inflow of gas. 

Lost water . 

Steam and gas issued from. hole . 

Large volume gas and stealll. 

Soft or loo~e material . 

Bottom of hole, hard material . 

Sand hole 6, SIT 6 

Elevation of top of r.oe.l 389 .3 feet 
Remarks 

Cuttings show brown discoloration. 

Cuttings as abovo, bit warm. 

Bit 

Cuttings contain reel. particles. Bit temperature, 1400 F . 

Few red particles. Bit temperature 1750 F. 

Hard drilling. Many red particles . Bit temperature 1900 F . 

Hard drilling. Steam is suing fran hole. lH t temperature 1900 F. 

5 feet fast drillins . Bit tempera"blre 2000 F . No gas flow . 

Bottom of hole. 

The drilllng notes from. SH 1 and 2 indicate the presence of voids at horizons up 
to 9 feet above the top of' the coal, which no doubt were caused by the roof action 
along the line of the single, 10-foot Wide entry. SH 6 also was drilled al0U8 the 
line of the single entry, 'but not until sand filling of the voids at SH 1 and ~ had 
been completed . Dafini"ttl indications of the presence of' voids was not obtAilled, and 
the lack of' gas leakage at. a horizon only 6 inches above the top of the cool bed in­
dicated that SOIllB success had been achieved in inJectin~ fJ.uidized .:land. 
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The drlll1ns notes from SR 3 and SH 4 do not ind1 te th presence of voids in 
the overl;rins strata. Small craclm in the strata were indicated at horizons 50 to 
100 feet above the top of the coal bod. Sampl of the drill cuttings were taken 
at regular intervals near the top of the cool bed, and the anal;rs s of these cuttinSD 
are given in tablo 15 . It lIllWt b!) romomborod that cuttings removed from a churn­
drill hole are not ex ctl;r representativ of the strata through which the bit passes . 
Sloughing off of mterlal above the 66l1lpling point and incomplete b il1ng tend to 
ccntam1nate the sample. The samples were obtained by using all possible precautions 
to minimize these effects, and the analyses yielded qualitat1ve information as to tho 
ctian t.ald.ng place und rground. 

TA1lLE 15. - Analysis of drill cuttings ! sand holes 3 and 4 

S8.1Ilpl1ng :POint, 
distance above top 

cool,};1 foet 

VOlAt17e 
loss,g 

~ . 
Ultimate analysis psrconJ.1 

of :percent yQ.~ogen Carbon Nitrogen Sulfur Ash 

Sand hole 3, SRI 3 

25 .. .............. 5.7 - - - - -
20 .......... . ..... 4.7 - - - - -
15 .· . . ..... .. ..... 6.1 - - - - -
10 .. .....• .... .... 6.2 - - - - -
5 .. .......... I ••• 3.3 - - - - -
0 ......... 1 •••••• 0.0 - - - - -- 2 ••• : .••••••••.•• 1.6 - - - - -- 3.9 .· ... . .... , ... 10.7 0.2 11.1 0.3 0.9 87 .9 

- 4 ................ 23.0 0.3 21.9 0.4 1.1 75 .6 

Sand hole 4, SH 4 

25 .· ..... · . . .. · .. • 6.7 - - - - -
20 ................ 5·5 - - - - -
1:> ........•....... 5.9 - - - - -
10 ... . .... . ....... 4.7 - - - - -
5······· .. ···.· .. 0.3 - - - - -
0 ...•....•.•....• 0.0 - - - - -- 4 .......... ,. .... t 26 .3 0.3 26 .2 0.4 0.8 71.5 

- 5 .. •. •..•. . .. .... 9.7 0.2 11.4 0. 2 0. 6 87 .7 
The original thickness of the cool bed ranged between 3 .5 and 3.75 feet . };/ 

21 The sample was dried at 2150 F . to remove mOisture, then reheated to 5000 F . to 
remove loosely combined mOisture, etc. (nll samples los t up to 0.2 :percent an 
reheatl~ to 5000 F. except two, which lost 0.3 and 0.4 percent), then reheatod 
to 1, 500 F. and this final loas r ported as volatile loss . 

I As-received basis. Each analysis adds to Just over or Just under 100 per cent 
without consider tion of the presence of oxygen. Each sample cantainec! a small 
quanti ty of hydrochloric ac id soluble sulfide . These factors may be due to the 
reducing condi tiona existing jn the region where the samples were obtained. 

The anal;rees indicated that virtually all CArban had been siti d, although s cme 
remained near the level of the bottan of the coal bed. 

The dr1llil18 notes and the analytical data of table 15 indicate that physic 1 
changes in the strata due to heat effects had occurred at horizons ranging from 7.6 
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to 15 feet abovtl the coal and in SH 6 , which was dr ' ~ed much lAteor thM SH 1 or 2 , 
a t a horizon 26 fl3et above the coal. Visual eX8:llrlnation of the cuttings did not 
indicate My blcat1n8 or eXJBIl.Bion of the roof rock . SH 3 Md SH 4, which were ott 
the line of the entry, did not lose water at the coal-bed horizon dur1n8 drill1nB . 
The bit went through material that was easily drilled, and no voida were found j 
theoe facts ind cate that the roof in t.his ar may ha tue Md come down b hind 
the reaotinS ooal face, a s was expeo d. 

SMd Injection 

Upcn ocmplet1ns sand holes 1 and 2, quantity of oand. was dried, screened, 
fluidized (se fise. 14 nd 15) , Md injected into the underground voids t these 
locations. OporatiQ'l of th projeot was con 1nued ~.s and was injeoted. 

Sand was chosen for filling the volda, because the coat was reasonable, it was 
easy to handle, and it had adequate- refractary properties . 

standard l-inch pipe was plAcod in the sand hol to a point 1 foot above the 
bottom. The l-inch pipe waB Baled in th hole by anB or flAnged ccnMction at 
the top or the our1"ace casing. To help keep the hole open and to blow nand back into 
crevic n, no air line was CQlnected to t.he sur1" ce c s ns, and alr s pa sed down the 
an'lulu.s between the sand line and th strata. Sand wae injec d until the hole plugged 
fr quentl,y"j h Band line B then ortened 1 foot, d th proce was continued. 
A sand hole was bandoned only when ther w s no lor. r any po oibili ty of inj ctlng 
a r sonable quantity or sand t y horizon intercep d by th hol . 

I was found o.dvisable to inject and during p r ioda when the proJeot wa oper -
0. ted at full blae t r tes, b c uee und r theoe con tiono the ntr of 0 and o.ir 
tend d to carry W1 away from the hole. Moisture colleotion in Band hol tended 
to u e plugging, and t t sit wao neceoaarY to vent hot t the Band holes in 
ord r to dry th 

On June 21, 1949, Band in~ tion was tarted at SII 1. Injection at the various 
holes w B cQ'ltinued as rapidly , possible throughout the econd operating period 
ended October 5 . SH 1 t o and te t holeD 1 to 5 were ul t tely used for Band i n­
jec iQ'l in the ar betwe n boreholes I and II, and solida were inject ed underground 
until March 3, 1950. Table 16 Si ve a sUlllllllU'y of the quanti tie of solids injected 
in this ar a to October 5 1949, and 0.100 to March 3, 1950. 

S8.nd holes SH 1, 2 , and 6, along the line 01" the entry, took 86 percent of the 
total solids injected underground, wh 'cae sand holes SH 3, 4, and 5 and the test 
holes TH 1 to 5, inclUSive, which were in areas originally underlAin by coal, re.fue d 
to ... dm1t a lars quantity of oand . ThiS, again , nhowo th t the voi da underground 
,-.dsted primrlly along the line of the oriSi 1 entry . Most of the sand wae injected 
at horizons relAtively close to the op of the coal bed. Th one xcep on was te t 
hole m 1, which recehed Bolide at a hor1?on 100 feet above the coal bed. 

In :h'ebruary and March 1950 , rock duet (pulveriz d limeo tone) was sub tl tuted for 
sand and 1nject d at sand holes SH 3 and 5 . The object or these tests was to deter­

ne whether a very emall particle size would facl1i tate pene tration 01" underground 
orevices . The re ults indicated that a larger quant ity or rock duet could be injeoted 
at a siven horizon, but its not believed that the inorMae was ign1.1"icant. 
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TABlE 16. - nand inJc: +-e ci be tween boreholes I and II 

Salld injection, poundR 
Cumulative total thrOt~ -

J uly 30, I Aug. 27, Oct . 5, 
1949, 191~9 , 1949, Mar. 3, 

~th week l Oth wp.ek 16th week 1950 Hole Location 

SH 1 Center of entry: 200 feet north of 
BH I . ............ ... ........... . 

SH 2 Center of entry: 100 feet r,orth of 
BH ! .. . ........ .. ....... . .... . . . 

SH 3 19 feet west of center of entry: 
100 feot north of BE I ......... . 

sa 4 19 feet east of center of entry: 
90 feet north of BH I .•. •.•.•.. , 

SH 5 West rib of entry: 110 f eet north 
of BH r ...... ..... ..... ... ..... . 

sa 6 Center of entry: 150 feet nor th of 
BH I ....... ... ................. . 

TIl 1 15 feet west of center of entry: 
50 fePot north of J3H r ..... ... .. . 

TH 2 15 feet eaat of center of entry' 
100 feet north of BH I ... •... ... 

TH 3 15 feet west or center of entry: 
150 feet nortll of J3H I. . . .. .. .. . 

TH 4 25 feet eadt of center at' er,try: 
200 feet north of BH 1. ........ . 

TH 5 15 f~et east of center of entry: 
250 feet north of BE r ........ . . 
Total solids injec<;<ed, pounds . . • 

Percent of total solids inject~d 

Volume of solids inJectea.J./, cu .ft. 

Percent of volume of original entr yY 

131 ,540 

131,540 

38 

1,450 

13 .8 

131,340 

262,880 

73 
2,890 

27 . 5 

1/ Includes 11,880 pounds of rock dlli3t. 
2/ Includes 2,160 pOllnds of rock dust . 
}} Measured bulk density of dry sand, 91 pounds per cubic foot . 
"41 Original entry volume: 10,500 cubic feet . 

141,410 

420 

6 , 2:7 0 

4,130 

4,460 

292 ,190 

85 

3,210 

30 .6 

151 ,140 

13, 050 

1,320 

15,020 

8,750 

3,960 

6,270 

4,130 

4,460 

346,090 

100 

3,800 

36 . 2 

Solids injection in this area was 85 percent compl ete by Octooer 5, the end of 
the second operating period. At this t1:me enough solids had been injected to fill 
30. 6 volume percent of the original entry . Ta<, 'e 17 sbows 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 weeks of thi'3 operating period 
flow resis tance d.oubled . 
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~ 17 . - Back-pres sure devel opment duri ng the second operating peri od, 
June 21 to October 5 , 1949 

Resis tance to flow1 / , pounds per square-inch gage 

Week •. • • • •.• . . • •.• 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Di rection of flow: 

BH I t o BE I I . . ... 5 .2 5 .8 6 .5 6 . 7 7 . 5 8 .1 8 .7 8 .4 8 . 6 8 .7 9.0 9 .3 9·7 9 . 9 10.8 

BH II t o BE I ..... 4.9 5 . 5 5 . 9 6 .3 7 .0 7 . 4 7 . 6 7 .8 7 .8 8 .0 8 .2 8.8 9. 3 9 .3 9.8 

Average for both 
directions •....• 5 .1 5 ·7 6 . 2 6 .5 7 .3 7 .8 8 .2 8 .1 8 .2 8 .4 8 . 6 9 .1 9. 5 9. 6 10. 3 

16 

12 .0 

11. 0 

11. 5 

1/ The back pressures reported are for all cycles i n wh i ch the input-ai r rate was 
over 7 ,000 cubic feet per minute. 

Tables 1.8 and 19 contai n BUlII'II8.:r i e s of the results obtai ned during operation of 
the project frem June 21 to October 5 , 1949. Table 18 lists the results for cycles 
wi th the blast in the direction borehole I to borehole II . The oxygen content of 
the effluent gass ::! decreased with t i me, and the carbon di oxide content i ncreased. 
The calori fic value of the effluent gases, although remaining low, i ncreased with 
t i me, as did the rate ~ coal consumption. For the f i rst 11 or 12 we~ks there 
appeared to be an increase in the over-all temperature level underground. 

The results given i n table 19 were obtained with the blast i n the direction 
borehole II to borehole I and were qui to s imilar to the above, except that the oai n 
in carbon di oxi de and loss in oxygen content of the effluent gases were more pro­
nounced. The rate of consumpti on of coal almost doubled durill8 the peri od for flow 
in this direction . The temperature leve l underground appeared to increase in thi s 
operation for the f i rst 14 weeks of the peri od . 

I n the second operatill8 period, 1 ,564 tons of moi s ture- and ash-free coal was 
consumed, as calculated frem material balances on the system. No correction has 
been applied for possible leakage fran the underground system. 

Figures 1.8 , 19 , and 20 illustrate the var i ati on of effluent gas camposi tion, 
the r ate of coal consumption, and the heat s tored underground or lost to strata 
adjacent t o the system for both the fi rst and second operatill8 periods ( see tables 
11, 12 , 18 , and 19). The curves indicate that best over-all conditions were obtai ned 
during the period from the 25th to the 30th weeks . The results indicated that con­
tact be tween the gas -making fluids and the coal faces improved during the period of 
sand inj ection . 

Third Operating Per i od , October 5 ,to December 22 , 1949 

Results of the second oper atill8 pari od showed that improved contact be"breen the 
gas -makill8 fluids and the coal faces was obtained by injectins fluidi zed sand. I t 
was noted that durill8 the last 7 or 10 days o"!: this operatill8 peri od the time re ­
quired f or the effluent gases t o reach a predetermined temperature i ncroa aed. This 
indicated a general deteriora tion in operatill8 characteri s tics . Further, the diffi­
culty in injectill8 fluidized sand be came excessive, and ! t a ppeared that compl ete 
control of contact between reactants would not be a chieved solely by i n jsctins sand. 
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TA1UZ 18 . - Operating r esults. J'JIle 21 to October 5 . 1949 . Directi on or 1'1"". borehole I t o borehole II 

Average anal,...1s or e1'fluent gae I 
Heat balanc~/-=cent or h""t d ccabuatian a! ~oal CCZl8'.-d Heating Temperature or 

Length Average value , Mol e1'fluent gae Average ra ts lIrlaccounted for and 
Veell: and or air B.t.u. vater I AT. Max. or coal Sensi ble heat Heat a! Sene 1 ble Md preS\&ed stared 

c,Tclea cJ'cle, flaw, Percent per c'/ ' per mol temp., teIlp . , cQl8umptim, content or dr,T combustlan letent heet or undorgroWld J 

a verageci! hours c .f .• :~j CIl:1 ill. O2 Ii:! CO CH4 112 rt,g dr.7 gae <>Y . <>Y. tons per da,TiJ effluent gil. a! dr,T gae vater Ta par b,T d 11'ference 

1 2 3 4 5 6 7 8 9 10 li 12 13 14 15 16 11 18 19 

1 - 4 11.6 7,112 5 .0 0.2 14.2 0. 8 0.2 0.4 79.2 11 2/0.1 718 1,126 11. 5 36 .9 32.2 18 .1 12 .8 
2 - 10 8.7 7,064 6 .0 ·3 12.5 · 3 · 3 .280.4 10 21 . 1 740 1 ,095 13. ) 32 .3 24.'( 15.5 27 · 5 
3 - 8 8.1 6,979 ~ · 9 .3 12·3 .9 .6 .179.9 13 2/ .1 693 788 13 .4 29.7 31.7 15 .0 23 .6 
4 - 8 7 .3 1,102 7 . 5 .2 11 ·7 1.1 .7 .2 78 .6 12 21 . 1 697 1,048 17.0 24.0 23.9 12.2 39.9 
5 - 10 7.9 7,159 6 .8 .2 12.0 · 3 .2 .580.0 11 2/ .1 726 1,173 15 .1 28 .4 24.4 13.8 33 ·4 
6 - 10 9. 0 7,139 6 .9 . 1 12.2 ·3 .1 .480.0 7 .4 21 . 1 729 1,208 14. 5 30.3 17 .0 14 . 3 38 .4 
7 - 8 8 .3 7,129 7 .2 .1 12.4 .4 · 3 .479.2 8 .4 21 . 1 635 1,145 15·6 23 ·8 18 .1 12 .9 4:} .2 
8 - 9 8 .6 7,103 6 .8 .1 12 .4 .4 .1 .679.6 9 ·7 21 .1 621 1,174 14.7 24. 5 22 .1 13·6 39.8 
9 - 10 7 .8 7, 142 7.0 · 3 12.4 . 4 .2 .719 .0 15 .089 583 1,206 16 .4 20.7 31.0 10.8 37 .5 
10- 7 e.3 7,188 7 .0 .2 12 .0 .6 .1 .979 .2 15 .088 599 1,210 16. 3 21 .6 31.} 10.9 36.2 
11- 4 9 . 6 1,175 6 .9 .2 12.3 . 6 .2 .879 .0 1~ .085 722 1,275 16 .1 26 .9 31.7 11.1 30.3 
12- 6 11.7 7,107 7.6 .1 11.3 · 5 ·3 .879 .4 13 .079 522 1,222 17·0 17.5 25. 6 9.4 41.5 
13- 5 12·3 7,fY312 7 ·1 .2 11.3 · 5 · 3 .979.1 16 .084 512 1,251 17.8 16 .4 30.2 9.1 44 .3 
14- 6 13.4 7,066 7 .3 .2 12.0 ·7 · 5 .878.5 16 ·093 532 1,181 17 .3 17.6 31.2 10.4 40.8 
15- 1 18 .8 7 ,340 7.5 .1 11 .1 . 6 .3 1.1 79 ·3 16 :~ 597 1,096 lB.o I 

20 .0 
I 30.8 5.9 43·3 

16- 2 28.0 7, (ff5 7. 0 .1 11 .6 . 6 .3 1.7 78.7 22 591 844 17 .8 19.3 41.6 9 .1 30.0 
-------

}.I The first flgure ls the operating woek (1 • the week ended June 25 , 1949); the second flgure is the number of operatine; cycles in this direotion during the week, 
the results or lIhl ch aro averaged. gj At 600 F., 30 inches 118. dry. 3.1 Basls or lIIOlature- and ash-free coal. !il Heat balance le based an 6ff> F. 
':1.1 As.WIIed during th ls perlct . 

TABIE 19 . - Operating results , June 21 to October 5 . 1949 . Direction or 1'1"", borehole II to borehole I 

Ave,....,e ana1ysl. a! effluent .".s 
Heat balanc~/ .... rcent a! heat or co,.bus t l on or cOlL1 can 

I~ 
Heating Tempera ture a! 

Average value , Mol e1'fluont ......... Average rats Unaccounted for and 
Veek and a1r B.t.u. vater Av. *" . or cOlL1 Sen.l blo heat Heat of Sens 1 ble and pres=ed • tared 

suml 

c.Jcl.ee e.1e1", c:;:~1 7ci2iL 
Percent 

CO . Cii4 'Ii2 per Ci" per mol temp. , temp. , c cnsumpt10~.iI content a! dry cClllbust1m latent heat a! undergt"ound, 
averagedJ,1 hours ~ ~ f t,g dry gas '7. "F. tono per da;,: effluent f!I1s or dry gas vater vapor by d1tterenc" 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

1 - 5 10.8 7, 014 5 .4 0.1 1~ .7 0. 5 0.2 0 .4 79.7 8 .3 ':1.~0 .1 :;81 917 11.6 28.2 23 ·5 17 .4 30.9 
2 - 9 7·5 7,082 6 .7 .1 1:< .9 .~ . 3 .3 79 ·3 7 ·3 ':1.

1 
.1 569 927 14.3 23 · 0 16.8 14.3 115 ·9 

3 - 8 7 .2 7, 042 6 . 6 .2 12.6 .1 . 5 .179.3 8 .9 iI '~ 524 978 11,.4 20.6 20 . 6 13 .3 45 .5 
4 - 7 7 .1 7 ,141 7. 0 .1 11.8 .8 .9 . 3 79 .1 11 497 

1,
023

1 
16.2 17 .5 22 .9 11.8 47.8 

5 - 10 8 .0 7 ,193 7 ·1 .1 11·7 .3 .4 .679 .8 10 11 :~ 559 1,127 16.0 20. 3 21.1 12 .3 46 .3 
6 - 10 8 .1 1,226 7 .7 .1 12 . 0 .4 .1 .679.1 9·7 2~ .1 660 1,211 16 .8 23.6 19.8 12 . 3 44 .3 
7 - 6 9· 1 7,130 7.3 .2 12 ·3 .4 · 3 .579.0 11 2; .1 634 1,201 16.4 22 .8 22.7 12.3 42 .2 
8 - 10 8 .3 7 ,186 7 . 0 .1 12.1 .4 .2 . 679 .6 10 ':1. 1 .1 616 1,197 15.4 23 ·5 21.9 13·1 41 . 5 
9 - 9 7 .8 7,192 7 .4 . 3 11.4 .4 .2 .7 79. 6 15 ':1. .1 616 1,208 17.2 23 .3 <19 .5 12.0 35 .2 
10- 9 7.6 7,285 7 .4 . 2 11·3 . 6 .1 .8 79.6 14 :!~ . 1 645 1,028 17.0 22.6 26.2 12.1 31 .1 
li- 5 9·0 7 ,252 7 .6 .1 11.6 . 6 .2 .879.1 13 1/ .1 747 973 17.2 26. 4 26.0 12.5 35.1 
12- 7 11 .7 7 , 280 9 .4 .1 9.8 .5 · 3 ·779.2 12 ':1./ .1 666 1,316 20.8 19·3 19 ·9 10 .0 50.8 
13- 6 11.4 7 ,190 9 .0 . 2 10.2 _6 · 3 .978.8 ]£ 1 .1 641 1,355 20.6 18.6 26 . 5 10.0 44 .9 
1~ - 6 12. 0 7 ,136 8 .4 .2 li.O . 6 · 5 .878 .5 16 .ill 601 1,356 j 19.6 1.8.0 27 .8 11.9 42·3 
15- 1 18 .4 7 ,1.80 8 .4 .1 11.0 . 6 . 3 1.1 78 . 5 16 .177 565 1,320 19.5 17 .1 28 .1 19 .0 35 .8 
16- 2 16.5 7, 190 8 .6 .1 10.8 . 5 . 3 1.3 78.4 18 .129 494 1,323 20.4 14.0 30.2 12 .3 43 . 5 

}.I '!he firat flgure 1. the opera ting w""k (the ws"lI: ending June 25, 1949. 1); the second figure l s the OUlIlJer of operating cycles in this direction during week, 
the resulto of whlch are averaged. gj At 600 F., 30 inches Eg ., dry. II Basi8 or mol.ture- and ash-free cOlLI. !if Heat balance 18 based on 600 F. 
1 '-.. sUllIed during this perl od. 
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Figure 21. • Burning gas at borehole II. 

L 



Operations had never been carried on over an extended period after the temperature of 
the effluent gases had reached predetermined values, and it was decided to lengthen the 
cycle ",1"-<1 and to determine the maximum effluent gas temperature that could be handled and 
the ~~neral operati ng characteristics of long cycles with relatively high effluent-gas 
tempera tures . 

The results of these long-cycle operations are summarized in tables 20 and 21. 
When the effluent gases reached a temperature of approximately 8000 F. in the out-
let borehole, it was noted that a sudden and very rapid increase in temperature 
occurred. This temperature rise was accompanied by an increase in carbon dioxide 
content and a substantial decrease in oxy en content. Just prior to this temperature 
change, the effluent gases averaged 24 B. t.u. per cubic foot, and indi~atjons were that tho 
temperature increase was caused by combustion of the make ga~es with excess air, which 
occurred only when the temperature level of the reactants had reached a high enough value. 
During this period a flame cone was apparent at the top of the 20-inch diameter outlet 
stack, as shown in f igure 21. Tt.3 appearance of this flame cone could be modified by 
changing the input air rates. This extensive secondary combustion must have originated 
at the level of the coal bed and probably at some distance fram the bottom of the outlet 
borehole, because the indications were that the rate of coal consumption increased greatly 
after the temperature rose. It was also noted that the time lapse before secondary com­
bustion of the make-gases started i ncreased a s the operating age of the system increased, 
indicating further deterioration in operating characteristics . The operation of the long 
cycJ.es at the high effluent-gas temperatures resulted in utilization of relatively large 
quanti tie s of coal near the outlets. 

After the extensive secondary combustion started, the ins·:.a.llation was operated for 
periods of 1 to 34 hours. The input-air rates were varied as indicated in tables 20 and 

21 , with but little effect upon the effluent-gas composition. It was not possible to take 
advantage of the h igh temperature level existing near the outlet and to establish a zone 
where the reduction of carbon dioxide to carbon monoxide would take place. 

The effluent ases produced during operations at elevated outlet temperatQres con­
tained 63 to 86 percent of the heat of combustion of the coal largely as sensi ble and 
latent heat. Tne gases could be utilized either di rectly for raising steam or, after 
temparing with air, for operating gas -turbi ne units. The rate of coal consumption av'br­
aged 24 to 27 .4 tons per day when operating with an input air rate of 7,300 cubic feet 
per minute, the highest coal consumption rate yet attained at the project. During the 
period October '5 to December 22, 1949, 1,347 tons of moisture- and ash-free coal was 
consumed. 

Boreholes I and II operated satisfactorily at the high temperatures, and no diffi­
culty was experienced wi th slagging of the walls at either location. Borehole I was an 
unlined hole, and borehole II was cased with 20-inch steel pipe backed with 4 inches of 
refractor·y cement. 
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TAllIJI: 20 Opeuting re.ultaL()cto~ 5 to Doc.lIher 22 . 191>9. Di,..,ctlon at nov. b .... ehole I to borobole n 

A .......... """b.te at effluent PIl8 
lHeet balanoeY. _cent at heet of coobuatlen of coal c~ "eet1ng ~rab1re of 

L<meth Ayerage 
of air 

CTcle c,-e1e: I nov. Percent 
.0. hours c.r .•. ,! CO:! 11.\. O2 

1 ? 3 II • ~ 6 

~31 38.5 6,720 6.6 0.1 11 .0 
1133 67 . ~ 6,820 6.9 .0 11.2 
~35 90.2 7,020 6 .9 .2 11.2 
~37 49.11 7,010 6.6 .3 11.6 
44~ 56·3 7,380 8 .6 .2 10.0 
US 97.1 7 ,720 7 .0 .3 11.2 
~51 77. 0 8,040 7 .6 .1 10.6 
1,54 101.4 8 ,060 7 .4 .1 11.7 

A •. 7,350 7 .2 .2 l!..l 

A •• 7,350 11.8 .1 6. 6 
A •. ~,760 14.4 .1 4.6 
A •. 1,825 21.6 .1 2.0 
, .. ~ . .... .... "- \.._- ... - . 
2/ JIao1. at .,l.ture- and aah-t"ree coal. 
- / Heat belenee 1. b<u!ed ao 60" F. 

~ 
7 

1.1 
2.4 
1.7 
2 .0 
1.6 
2 .3 
1.8 
1.9 

1.9 

·9 
·3 
.9 

ATerage IIOl. ture content value a pplied. 

CO ClIII 

8 9 

O.~ 2.1 
.8 1. 5 
.9 1.5 

1.11 . 6 
1.5 ·5 
loll 1.1 
LO ., 
1.5 .6 

1.1 lot 

.1 .2 

.0 .2 
·3 2 .2 

Talue , Mol effluent ..,.. A .-e:rage r& ta 
:B.t .u. vater b. /oftx. of coal Sen.lble beat Heat of 
per cu. I"'" "",1 t..p . , -p .. ccneuapUoo} cantent or dr] caabuaUal 

II:! n.y dr7 I!'a "P. "P. toIl8 per da,g, et'tJ.uen t au at <I", 8"" 

10 11 12 13 110 15 16 17 

:Befpre c-"Uen .torted at outlet 
78.5 28 0.102 488 760 17.~ 13.6 51.6 
77 .2 26 . 1~1 553 772 17·3 18.0 49.6 
77.6 28 • LOll 635 619 16.7 19.9 50.8 
77 ·3 25 - 537 763 18.2 17·0 46 .6 
77. 6 19 - 1,97 782 22.3 13.~ 30·3 
76 .7 29 .066 512 859 21.7 15 .0 50.4 
76 .4 16 - 538 813 20.3 17·3 30· 3 
76.8 19 . 063 510 849 21.8 15·6 34 .3 

77 . 4 24 ·097 533 I 805 19·9 16.2 112.9 

After c-.. t1 en • terted near outlet 
80.3 7.2 I ~/· lfJII. ll,81lo 11,917 1 24.0 51.4 10. 3 
80.4 5·0 ::./.184 2,035 2,1.26 18.8 49.2 ~ .9 
72·9 28 ::z/.lf3I< l,9B7 2,160 13.0 30.2 20.2 

-~ Attar .econdar;r coobWlt 1ao in the etock .tarted. the ..,1eture c""tent of the afrluent 8"" anr&!P>d 1.9 u... tho pr .. loue ~"". 

SenI01 ble and 
le tent bea t oj 

vater n.par 

18 

10., 
16.9 
11.~ 

~LO.6 
!d B.8 

6.0 
!/1O.6 

6 .5 

10.0 

23 .6 
20.8 
12 .6 

.... ~ .. _ .. ~ ... 'O'~""""_ • .., ... ..... tl. ...u ~ ... ~ '-' I ""z:!2- U.£.,l;-Cf\;~u.u UI. ,-. ....... 1 ~- .. u, ... !C' ,6....L IoIU UUoI.~.u...,. .&. 

tklaccounted tor and 
......_ .tare<l 

under_d, 
b,. d.1trerenc:e 

19 

2~ ·3 
1'.~ 
17·9 
25.8 
~7. ' 
26 .0 
41 .8 
~3.6 

30.9 

110.7 
24 .1 
37. 0 

A •• ra..<! ana a1!! or eN'luent •• 
Heat be~ Dercent of heet of CCIIibuo t1cn of coal c~ lIeetlDB T_pera ture of 

Ler:gth ATt!rase value, Mol eftluent~ AT"r&!P> ra ta tmoccounted far <.nd 
of a1r :B.t.u . ~ter A •. """. at coal Senslble beat Beat at Sene 1 ble and prellUllecl • tared 

CTC le C1'cle, c~;::.!1 Percent per ca , per .,1 taap. , -p., c ansuaptlO1l ~ cem tent at dr, CCIIibWl t1 em latent heat of UDduground, .0. houre CO:! Ill. O2 ~ CO Cl!. II:! ft.l/ dr7 ;zp.. OF. or. tens per da.l'~ effluent sa- at drT 8"" vater Yapcr b.Y difference 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 
:Before coobuoticn . terted at outlet 

430 19·5 7,090 6 .0 0.1 10.4 0.7 O.~ 1·9 78.4 25 - 500 720 l!l . 5 15·5 4~.8 Mi3 .3 25.4 
432 27 · 5 7,140 8.9 .1 10.0 1.1 ·3 2 . 4 77 ·2 31 - 480 815 23 ·3 12.0 ~6 .1 !/10.7 31.2 
434 42 .1 · ,600 8 .6 ·3 10.0 2.6 2.0 .8 75 .5 29 0.171 1090 807 23.5 11·9 41.7 13 .9 32.5 
1036 4~ .0 7,210 7.4 .4 11·3 2 . 6 1.5 ., 76·3 26 .134 ~31 705 20.6 12.2 1, •• 6 1~ .2 29.0 
h42 43 .4 7 ,230 7.1 . 1 11.3 1.8 1 .1 .8 77.8 20 - 574 819 18.3 18 .9 38.1 ~15 .7 27 .3 
44!. 1k .0 7,410 8.8 .2 10.1 .7 .4 .6 79.1 16 - 1;80 916 20.8 13.6 27.0 ~14 . 4 45 .0 
446 51<.7 7, 1030 8.5 ·3 9·9 1.5 1 .3 .6 77 .9 21 .077 520 859 22 . ~ 14 .2 ;3 ·5 1 .0 105.3 
450 ;.9 ·5 7,660 7 .8 .3 9 .9 L.l. 1.~ . 6 78 .6 21 - 532 829 22 .2 15.3 3' · ~ !/12.1o 36 .9 
1053 66.0 8,060 8 .8 . 2 10·3 1 .9 1.6 1.1 76.1 27 . 128 523 ~o 27.0 13 ·2 39.7 10.8 36 .3 

A •. - 7, 360 8 .2 . 2 10.4 1.6 1.1 1.1 77.10 2. . 128 503 812 21.9 13 ·9 39.0 11 ·9 35 .2 

Arter ccabua tian 8 tarted near outle t 

A •. - 7 ,3:10 13 .5 .1 5 ·3 .4 .1 .3 20·3 6.6 I ~./.243: / 1,658 1,7931 27.4 ~1.0 6 .2 25·9 24 .9 
A •. - 4,230 16 .0 .1 2 .1 ·3 .0 ·3 80.6 6.0 1/..2103 1,915 2 ,015 18.5 41.7 6. 10 23 .9 aI .O , .. - 1,880 22 .6 .1 1.. ·9 1.3 3.2 70· 5 ~.2 '2./. 243 1,795 1,864 15 .5 24.2 27 . 0 1~.0 34 .8 
II At fJOO F • • 30 11lChea lIa. drT· g lIa.l0 at aol.ture- and aeh-free cool. 1I Heat belance 1. baaed OIl 000 F. !, ATerSge JI<)!J ture ccntalt.uue .~te • • 

'lI Attar oec0ndar7 cCllbuot101l in the ateelt .terted. the 1IID1eture cmtent at 1:I>e affluent ...... an ........ ;1 1.9 u-. the ~10U11 ~ue • 
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Use of Test Hole 10 as an Inlet/Outlet and Installation and 
Operation of Borehole VI 

A imary objective of the opel'ation at Gorgas was to advance the reacting coal 
faces ever an area of coal lAnd by drilling boreholes off the line of the original 
underground passages and providing new inlets/outlets to the coal bed at the perim-
eter of the burned-out area underground . The first two operati ng periods i ndicated 
that in the area between boreholes I and II p , low eff~ctive-temperaturo level under­
ground and inadequate contact efficiency ware obtained. It was believed that the use 
of a short path underground would tend to decreas~ over-all heat losses to tbe sur­
round1Ilg strata and result in a relatively high effec"lve - temperat-ure level underground. 
Gas samples obtained from t es t holes near burning coal ribs had indicated that a com­
bus tible gas was being produced where the contact efficiency was high. Consequently, 
during the third operating period test hole TH 10 was tried as a possibl e gas i nlet/ 
outlet . (See fig. 6.) 

This test hole was mid'Wby between BH I and BH II and 35 f~ et east of the origi­
nal entry line. The combustion zone was near this point, and TH 10 was cmnected to 
the air manifold, ana attempts were made to injec t a i r into the hole or by reversing 
the flow to remove gas from it . At each successive attempt to force air in or take 

s out, a greater flow was attained . However, the effluent s had not made good 
contact with the coal face, as shown by the following typical effluent-gas analys i s; 

Percent 

CO ..•.•..• . •• •• •... . • . .•.••..... • .. 4.0 
Ill . ...••....•••.. .......•.......•. 0.4 
~ .... ....••.. .... ... ... ............ 17 .5 
H2.................. ..... . .......... 0.0 
CO........... . ...................... 0. 2 
CH4 . .••. •...•• . . ..• . ..•..••• ..•. .••• 0.8 
H2 ......... ... ... .... . ............ .. 77 .1 

Subsequent inspec t ion of the hole revealed that i t was plugged for the first 
2 feet above the top of the coal bed, and i t contained 2 .5 feet of water above that 
point . Apparently the s was entering through crevices some distance above the 
coal bed, for temperature urveys indicated that a stream of cool air entered 33 
feet above the conl bed . The hole was left open for several weeks during normal 
operati on of the project . A strong flow of gas was maintained, and a bottom-hole 
temperature i n excess of 1,3000 F. was reached even~tally, but good contact with the 
combustion face was never establi shed . 

Despite the failure to utilize TH 10 as a gas inl et/outlet, i t was d cided to 
dri ll a new borehole off the l ine of the original entry and t o continue this phase of 
the invest igation . 

Borehole VI was dr i lled at the location sho~n in figure 6. It was 14 i nches in 
diameter and uas cased wi th 10-inch-diameter steel pipe to wi thin 4 feet 6 inches of 
the top of the coal bed . (See table 5 .) Cuttings obtained 4 feet above the coal bed 
contained red parti cles . The rock (shale ) was very weak at this point, and the sideo 
of the hole caved badly . Thermal effects had resulted in weakening the s trata, as 
shown by comparison of thes e cuttin s with the cuttings from holes drilled in areas 
unaffected by hent . When th coal oed was drilled through , and after the casin was 
set , particles of what appeared to be low-temperature coke were blown from the hole . 
Gas issued freely from the hole when the drill pierced the coal bed. 
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:sF VI Wf\6 completed and put into operation on January 30 , 1950 . Air at f ull 
capacity of the reCiprccat1ng cm eesor was introduced a t 1m VI , with the gas out­
let at BH II. The initial resistance to air flow was high, but it s oon ' decreas ed, 
per llaps as a result of burnina paAeaseways through the coke near the bottom of the 
hole . The gas analyses for this cycle (No . 572) is shown in table 22 and indicates 
compl ete utilization of the oxygen but production of very little combustible gas . 

~LE 22 . - Operating results , borehole VI-borehole II 

Average analys i s of effluentKas 
HeatinS Tempera ture of 

Length Avera. e value, Mol effluent gaR 
of air B. t.u . water Av . Max . 

Cycle cycle, flCIIl, Percent per c:u per mo::' temp . , temp . , 
No. hours c.f.m . .!/ CO2 Ill. °2 H2 CO CH4 N2 ft . .!1 d1:'Y s ep. . 'T. 

1 2 3 4 5 G 7 0 9 10 11 12 13 14 - -
Direction of flow, 1m VI to II 

572 8 . 0 7,72:) 25 . 2 0.11° . 9 1 °. 61 0 .8 1° .2 172 .21 8 . 6 0.159 327 414 

Direction of flow, BH II to VI 
573 8 . 0 5 ,790 3 . 3 . 01 . 4 ~l.0113 . 8 1 1.0 1 7 0. 5 1 90 !t/0 . 200 1,138 1,482 

Directi on of f'low, BH VI to II 

574 7 .75 6 , 360 18 . 1 .01 (. . 9 1 .9 / .9/ .5172 . 71 11 0 . 244 310 455 

Di rection of flOW( BH II to VI 
57'5 2 . 5 6 ,980 - -1 - 1 -I - i - I - I - - 1,600 -

Hea t balal1ceil percent of heat of combu~tion of coal ~sumed 
Unaccounted f or and 

Rate of coal Sensible heat Heat of Sen£'i ble enn :presumed stored 
Cycle consumption , 

tons per dD.y'E.7 
content 0 .. dry combus tion latent heat of under ground, 

No . effluE'nt gas of dry gas water vapor 

1 

572 

573 

574 

575 

15 16 

Dil'ection of 

60 .7 3 . 6 
1 

Directi on of 

31.7 20 . 1 1 

Direc t i on of 

36 .4 4 .6 
1 

Directi on of 

- - I 
At 600 F . , 30 lnr:he s H . , dry. 
Basis of mol sture- and ash -free coal . 
Hea t balance is based on 600 F. 

17 18 

flow, BH VI to II 

5 ·7 
/ 

5 . 6 

floll , BH II to VI 

87 .0 
1 

14 . 0 

flow, BH VI to II 

9 . 9 I 9. 9 

flow, 
BH III 

to VI 

- -

Assumed to be the same as the average of cycles 5'72 and 574 . 
During this cycle borehole VI slasged and plugged. 
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Th direction of bl st was reversed aft~r 8 hours, air being introduce at BH II, 
and gaseo~ products were removed at BH VI . A sustained production of combustibl 
gas, averaging 9 .4 million cubic feet per day at 90 B. t . u. per std. cu . ft . , was 
achieved uring this cycle . (See cycle )7 , table 22) . The combuAtible constituents 
of tt1e gas were predominantly cllrbOl. monoxide and hydrogen . The oxygen-nitrogen 
ratio in th~ gas was less than that of air and i~dicates that s~~ of the hydrogen 
being distilled from the coal was probably being burned . The gas was produced 
t!.t a relati vely htgh temper ture, re oh:1Jlg a maximUltl of 1,4800 F. in the borehole . 
Air input dur:1Jlg this c~rcle was reduc d from Ue normal valu of abu~t 7,500 c.f .m. 
to 5,790 c . f.m . because of the h gh resista ce 'to flow imposed by the underground 
system (t.he back pressure ave":'aged 21.3 p . s .1.g. ) al:l "'t111 as the r elatively high 
tlxi t- s temperatures. The hat balance (tablt; 22 ) shows more "htla t being ax trar:ted 
fr om the system than w s furnished by thu cool cC'nsum.ed . An equilibrium was not 
reached dur:1Jlg this cycle, and this unb8,lance was a functicm of th\3 paet history 
of the system. (~ . o . heat stored under ound du::1Jlg previous o~ration) . 

The direction of blast was a in r eversed after 8 hours . Dur:1Jlg cycle 5', 4 
(table 22) th :1.nput a ir ewera ed 0,360 c .f .m. , and the J:eais tance to flow 21.4 
p . EI . i . . The as, as durin cycl 572, contain d li'1;tle combus ti bJ.e matter, and, 
in addition, unreacted oxygen appear d :1Jl the gas. 

The direc tion of b:&st was reversed for the third tIme after 7 .75 hours . As 
b fore, a high reSistance to air- s flow was f~undj the back pressure was 20 .6 
p . S.i .g . Shortly after tl e start of the cycle, the effluent gas cauBht fire and 
burn\3d at the outlet for approximately 15 mb~"',ea. The fla.m.e was extinguished, and 

s of unknown composition was produc d at approxilna.tely 1,2000 F . for about 1 hv<l.r . 
At this time, the recorded ol..tlet temperature increased sharply to about 1,8000 F . , 
and flamfH) ond molten material issu d frOJr tne borehc..le . The air supply was cut 
off, and the flames wer e allowed to subside . Upon attempting to introduce air into 
BH VI, it Wf.l.S fotmd tha the hoI was compl~tcly etopped, The followll day, the 
underground syntem las placed under a pr soure of 23 p.s . i . g . in order to nvesti-
ate the obstruction. Only '1 slight flow was observed at BH VI . Inspection of the 

hole indicated a stoppa 60 feet below the surfnce and 90 feet above the coal bed. 
Att.empts were mad to open the hole b;r blasting and by churn drilling through the 
obstruction, but very 11ttle pro reEls was made . Numerous pi ces of t ron-bearing 
slag s omewhat harrter than tool ate 1 wer thr01V!l from the hole during blastina. In 
view of the difficulty and probable high cost of opening the hole, it was a bandoned 
and sealed . 

The operation of BH VI, although br ief, showed that under cer tain conditions it 
was possible to prodUce combustible gas in appreciable volume on a sustained basis . 
Durin cycle 573 , ood contact was obtainen between air and carbon in a hj~l - tempera­
ture environment . PhYSical conditions - location, o:lape, and area of openings avail­
able for passage of atr and gas near the junction of ~~o borehole wi th the coal bed _ 
provided contact that improved the quality of the gas . It ws evident mat choking 
of the a i r passag ways, perhaps by the ala ing or bloating of t'le roof rock, begt!.n 
during cycle 373 . Ch ~ ll41g the hented rock upon reversal during cycle 574 opened 
:passa~a for air and gas, which permi ttod them to esc-ape contact wi th carbon . Dur:1Jlg 
the final cycle (575) , prElviouslS unreacted oxygen mixed with combustible gas i n or 
near the borehole 8.l'\d the mixture ignited, causbg the walls of the hule to Slug . 

Later, a slight flow of gas was obOJerved from. BE VI. Inspection of the hole 
revealen. wa tar ste.ndin above the stoppage . This 8.S, therefore, entered the hole 
through the walls, obf\bly from m 10. 
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8ampling of Gases at Various Test noles and Construction of Borehole VII 

The progress of combustion 11. tho coal bod was de termined by a temperature-time 
record at ach of the sllveral test holes whose locati ons shown in fi e 6 . 
During the 0 l 'a ti on, many of these t.es tholes wer burned"tn to; and during the fall 
of 194) and the winter of 19 0 gas samples wor taken a StV ~al of these places in 
an ffort to obtain a better understanding of the r eaction'j tAk1ng place under ound. 

Table 23 contains a Slumnary of the as analyses obt~ined t test holes 6 and 
13, which were burned into during September 1949. All (If th~ avera e analyses given 
werb obtained w1.th the air- s flow in the i ndicated dire(.. ,1 on, and tJ.e test hol s 
wore close to the outlet from the system. When SLUllpJ ~s were ',aken with flow in the 
opposi te d1rection the analyses showed that the "at thes~, pOints s unreacted 
air containing soma products of combustion . 

TABLE 23 . -~ 3!3 anaJ,yses 0 gaS samples taken t test holes 6 and 13 

Heating value, 
Annlysis >er cent B. t . u . per cub1c Period averaged CO2 Ill. O2 H2 CO CH4 N2 foot, dry 

I J II~ I 
TH u direction of flow, BH 11 to Bh I 

1949 1.8 8 . 6 7.8 
I 

69 . 4 
Oct. 19 to Dec . 22 , 10.0 0 .2 2 .2 79 Dec . 22 to Dec. 31 1949 12 .4 . 2 1.2 3 .8 5 . 6 1. 2 75 . ,) 47 January 19 0 .. .. •.• 10 . 9 . 2 ,. 

4 .2 8 .2 1.4 74 . 9 58 . '-
February 1950 .•.... 12 .1 '. ·3 4 !;. I ) . 1 .8 77 .1 43 ." 
March 1950 . ... •.. . . 13 .2 ...... . ~ ~ ,r) I 4 . 6 .8 77 . 1 38 A 111950 ... ...... 17. 11 .1 .2 I ~ . 2 I 2.3 .7 77 .1 24 

TH 13 , direc ion of flow, BH I to BH II 
Oct. 19 to Doc. 2:2, 1949 8.8 0.2 o. ~ 8 .3 10. 4 2 . ~ t,,9 . 9 87 nec. 22 to Dec . 31 , 1949 ll.2 . 2 ·3 2 .8 6 . 7 1.1 77 .7 46 Januru:'y 19 0 ....... Jl' .2 " .? 3 .8 6. 8 1.0 75 .8 48 ,<-

February 19~O . . .... 14 . 6 . 2 ·3 2 .4 4.7 .6 77 . 2 33 March 19)0 ... . . .. .. 17 .8 . 0 .6 .6 . 7 ·3 80 .0 7 . 3 April 1950 . .•.. ... 18 . 0 . 0 1.1 .2 .0 .1 80 . 6 1 .7 -
The analyses indicate that a combustible as was being made on the reacting c 1 

faces . All of th analys s i ven in table 23 arc average and cover conSiderable 
lengths of time. Indi vi dual sa.m.p:es taken durin October often were of much be t r 
qual1 ty than the av ru c for the poriod, and rbon monoxide and hydro en at t s 
each xceeded 20 _ rcent b volume. As the a e of the ayst m increased, the distance 
from the reacting fa, e to the sampling pOint incr sed, and a steady deterioration in 
qual1 ty of the samples was no ted . In A 11 1950, 6ubstanti 1 amounts of oxygen be n 
to appear in samples :from TH 13 and 'lR 6 , and he heating valu of the s was r educed 
materially. 

During the period covered in table 23 , many samples of s were obtained from 
tost. holes 7, 8, and 12 . All of these swnples showed that the fluida flowir at the 
poi nt of sampllng were largely unreact 1 air containing ~an products of combustion 
and coal diJtl1lati on. These streams of high oxygon-con·l..ent eee were indicative of 
poor contact efficiency and we~e reeponsible for secondary combustion of the ses 
_ oduced at the coal faces . 
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The briaf operation of borehole VI and th analyseo of gas samples taken near 
react 1ns f ce showed that when the con ct efficiency we.a 1mproved, a :produot of 

better quality reoulted. Thle led to the ~ecioion to construct another boreholo, 
VII, off tho line of the original try and 0 oet up and oper n new r aotion 
zon between J3H VII and BH III . Further it wao deoided to blook cdf th entry and 
the alr oourse betwe n BH III and BH II wlth fluidized cand, and to attelnpt. to et 
up a einslo-face hieh"te.nper . t\u'e r ction zone . 

In pro ticn for the now borehole, test hole 15 wao drllled at th locat on 
ohown in figure 6, and it was botton.ed on February 7, 1950, in reglon whor th 
coal had boen burned out. In orJ.or to locate the p rim ter of the burned-out area, 
tost hoI 16 wao drilled and oompleted on Febl'uary 14, 1950. Thie hole, 65 feet 
eo. t of BH II, -,.rao bo t ·om d in a r gion wIj e tho ooal h d b en oarboni zed I and the 
carbon wae :preoont as low-t r ture coke. 8tea.m and a flowed from th hole when 
the drlll re ched tll horizcn of th" coal bed, tut the flow of s e s 11. It 
wa decided to dri::.l borehole VII 10 feet ea t I.", TH 16. 

Borehole VII wao ~ pleted on March 28, 1950, and the specificationo ar g ven 
in tables rand 9. twas f1 tted with 1.\ water jack t and surface eeal s lla.r to 
that ohown in flsur 7 . Ao the drill approachod the horizon of th coal bed, warm 
rock wao netrated about 8 feet above the top of th 0001. No voi were found, 
and water was retained in the hole throughout . No flow of wae found, and the 

ticleo of coal appearjns in the dri:l cuttings ere hard an bright, with h nj 
facoo and oharp eds s No phYSical changes due to heat were noted either in th 
coal or in the over1.yiI1g straw. . 

Upon completion of borehole VII , various attempto w re mad to bl~ into it 
quickly as possible . Durin April and May, etunpleo of s were taken t thi bore­
holD, of which the followin analysis is typical. 

c~ .................................. . 
Ill ....•.................. , .........• 
~"""""""" ""'t •••••••••••••• 

Ho . It. II It. , I t •• It ••••••• t •••••••••••• 

CO •.••......••• , . •. .....•.• .•.•.. , ...• 
Cli4 " ••••••••.••••••• •••• ••••••••.•••• 
N2 , . It I, It t • . " ' It •••• It •••••••••••••••• 

H a.ti value, B.t.u. per C' 1. f . dry. 

Percent 

17 .0 
1.4 
2.1 
6. 2 
1.0 

12 .5 
59 

181 

Gos erunplos .... re lao obtain d 
analyses ar typlcal of theoo: 

s't hole 15 and 16 , and the followin 

CO2 .......... It ••••••••••• ' •••••••• ••• 

Ill .............................. , .. 
02 ................ . ................. . 
"F.I2 •••••••••••••••••••••••••••••.••••• 
CO •• .•.•• . ••.•• .•.•...• .• ••...•....•• 

CH4····· ···· ········ ·· ····· ··· ".·· .. 
N2················· ··· ······,····.· .. 
Heatins value, B.t .u. pAr cu . ft. dry 
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TH 15 

8.0 
·3 

11 . 1 
3.2 
3.7 

.8 
79.9 
36 

Percent 

') ..... 
8 .3 
3.8 
4 .6 

.9 
76.3 
40 
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Despito the many attempts made to burn into borehole VII quickly, it was not 
until May 30, 1950, that the combuetion zone finally reached this point. The bore­
hole was then sealed off, and final prflparations were made to put the section between 
boreholes III and VII into operation. 

During the period Januar}' to March 1950, sand holes '7 to 13, i rcluei ve, were 
drilled along the center lineo of the entry and air course betweel. 1l'eholes II and 
III at the locations shown in figure 6. When sand hole 9 was dr::'lled, it was found 
that the coal had been burned out along the entry beyond this point, although it was 
possible to drill into the bottom rock bolow the original coal bed. Sand holes 10 
and 13 showed ~hat heat effects had caused some roof falls in this region, and that 
the perillJ.eter of the combustion zone was very near. Sand holes 7, 8, 11, and 12 
were drilled into the original entry and air course, and although some roof fall was 
noted, the phYSical cha es due to heat effects were found to be sli~lt. 

Fourth Operating Peri od, December 22 , 1949, to June 5 . 1950 

It was decided to discontinue the long cycles used during the third operating 
peri0d because of the high rates of coal consumption in areas adjacent to the outlet 
:>oreholes and the in.a.bili ty to set up a high-temperature zone where efficient reduc­
tion of carbon dl.oxide to carbun monOXide would be obt-9.ined . Dur ing the construction 
and cesting of borehole VI and the construction and burning into of borehole VII, it 
was p~nned to operate the project on regularily scheduled and frequent reversal 
tim-es . 'l.'!1e purpose was to try to concentrate the active combustion zone at the mid­
point of the path between boreholes I and II and to consume coal at the highest 
attainable rat'3 in this resien . 

The results o~tained during this period of operation have been summarized in 
tables 24 and 25. 'l"~e cycle lengths were maintained at approximately 8 hours during 
the first ~2 weeks of the period and at approximately 12 hours during the last weeks. 
The effluent-gas analJoeb indicated a steady deteri oration in operating characteris­
tics wi th ~ilIJ.e, the carbon-aioxide content decreaSing and the oxygen content increas­
ing . The rate of coal consum~tion decreased wi th time. The heat unaccounted for and 
presumed stored underground, as shown in figure 22 , decreased wi th time when the 
directi on of flow was BH I to BH II and varied irregularly when the direction of flow 
was BH II to ~H I . 

During the fifth week of operation, the air-inpu t ate was decreased from 7,~00 
cubic feet per minute to 2 ,000 cubic feet ·:Jer minute in order to determine the efl"ect 
of reduced air-input rates on the effluent-~"'1.s composition. This change in rate of 
air input had no effect on the quality of the 9roduct gases . 

Table 26 gives the reSistance to flow that wa~ obtained during the period. This 
resistance increased slightly during the first half ~f the operating period , possibly 
due to the injection of s ome fluidized solids undergrc..und . During the last half' of 
the period, the reS istance to flow decreased, indicating an opening L.f strata in the 
region between boreholes I and II . 

During this fourth operating period 2 ,088 tons of moistu:ce- and ash-free coal 
was consumed in the region between boreholes I and II. The totDl coal consumption 
in this area for the first four periods was 5 ,876 tons, as calculated from the mate­
rial balances, wi th no correction for possible leakage . 
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TABLE 26. - Back-;presEltn"e developnent during the fourth operatlng period, 
December 22 , 1949, to JlUl6 5 , 1950 

Week 1 2 3 4 5 6 7 8 9 10 11 12 13 

R~sisilnce to nowl/, I p~r sqk~!1nch I gag~ POWlde 
Direction of flow: I I 
BH I to En II ••••• 9 · 5 9 . 2 9 .0 9 . 2 9 . 4 9 . 5 10.4 10.2 10.3 9 . 9 10.3 9·7 9.9 

BE II to BH 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 

Average l' or both 
direc ti ons .••••. 9 . 6 9 .1 8 . 9 9 .1 9 . 3 9 . 4 10. 1 10.0 10.0 9 . 7 10.1 9 . 5 9 . 7 

Week 15 16 17 18 19 20 21 22 23 24 25 26 
,I I 

Resistance 
,11 1/ I J II I I 
to flow_ , pOWlds per square-inch ~.p!'e 

Direction of flow: 

BH I to BH 11. .... 10.2 9 . 5 9 . 2 8 . 9 8 . 6 9 .0 9 . 0 8 .9 8.7 8.7 8 . 6 8 .8 

BH II to BH r ..... J .6 9 .1 8 .8 8 .4 8 . 1 8 . 4 8.4 8 . 2 8 .2 aot o9 8 .4 

Average for both 
dJrections .••.•. 9·9 9 . 3 9.0 8 . 7 8 .4 8 . 7 8 .7 8 . 6 8 . 5 8.4 8 .3 8 . 6 

I 

14 

10 . 5 

10 . 2 

10. " 
" 

27 

8.4 

8 . 3 

8 . 4 
11 The back pressures reported were for all cycles in which the in~lt air rate was 

over 7 ,000 cubic fast per minute. 

Fifth Cperating Period, JWle 5 . 1950 , to October 7 , l'~ 

As discussed previously, sand holes 7 to 13 were drilled into the entrJ and the 
air course between boreholes II and III , and it was decided to block the entry or 
west passage as completely as possible before operations we~e started along the path 
between boreholes VII and III . Each of the sand holes in this area 'was case li by 
grouting 2 - inch pipe to a distance 7 to 15 feet above the top of the coal bell. This 
was done to prevent 8'pplying air pressures of about 100 pounds per square inch on the 
strata through which the hole was drilled . It seemed likely that the overbLirden 
cracked somewhat as a r esult of applied air pressure during sand injection in the 
region between boreholes I and II . This cracking adversely influenced contact effi­
ciencyas well as leaka e from the system, and it was desired to eliminate this 
possi bili ty • 

Fluidized sand was i njected at sand holes 7 , 9, and 13. Also, a SlIlB.ll 8lIlDWlt of 
sand was injected at sand holes 8 , 10, and 11 in the air course or east passa~~ . 
Oper ation of the passage between boreholes VII and III was started on June 5, and 
i mmediately after starting, sand was injected as rapi dly as possible at sandhclles 8, 
10 , and 11. After the ail" course or east passage became par tly pluE!Bed, more sand 
was in.lected along the line of the entry. This procedure was carrted on for several 
weeks. ~able 27 is a summary of the sand injection . 
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TABLE 27 . - Sand injection durins firth opera tinS per10i I June 5 I 1950 I to October 7 I 1950 

Sand in .lec t10n pounds • Curualat1 ve total thro.um 
July -a-, ! AlI.8. ]2, 

Pr10r to June lO, June 17, June 24, 4th and July 15, July 22, July 29, I 9th and 
Hole Locat1on June 5 1st week 2nd week ,rd week '5th weeks 6 th week 7th week 8th week lOth weeke 

SH9 Entry side, 50 feet north of BH II •. • Hole plugged, would not take sand. 
600 SH 13 Entry sid.e, 100 feet north of BH II. . 600 600 J 600 600 600 600 600 600 

SR7 Entry s1de, 150 feet north of BE II .• 58,600 58,600 91 ,410 92,770 92,910 92,910 92,910 92,910 92,910 
SH ]2 En try sIde, 210 feet north of BH II.. 93,860 119,900 129,560 129, 5 60 144 ,490 144,490 144,490 144,490 144,490 

Total, entry Side, lb ............... 153 ,060 179,100 221,570 222,930 238,000 238 ,000 238 ,000 238,000 238,000 
Percent of en~ v~lume f111ed!l ...•• 16 .0 18 .7 23.2 23 · 3 24 .9 24 .9 24 .9 24.9 24.9 

SH 10 Air course, 100 feet north of BH II .. - - - 9, 53 0 9 ,53 0 9,530 9,53 0 9, 530 9,530 
SH8 Air course, 150 feet north of BH II.. 7,720 24,010 24 ,760 25,760 25 ,760 25,760 25,760 25 ,760 25,760 
SH 11 Air course, 200 f oet north of BH II •. 3,860 1]2,900 212,330 214,480 214,480 214,480 214,480 214,480 214,480 

Total, air course sIde, lb ....•..... 11,580 136,910 236,34 0 249,770 249,770 249 ,770 249,770 249 ,770 249,770 
Percent of air course vol ume f111edd/ 1.2 14. 3 24 .7 26.1 26 .1 26 .1 26 .1 26 . 1 26.1 

BH II - - - 2,480 2,480 2,480 2,480 2,480 2,790 
n! 13 30 feet' west of BH 11. .... ........ ... - - - - 16,130 16 ,130 16,130 16 ,130 16,130 
m 15 20 feet north and 35 feet east BH II. - - - - 180 180 180 180 180 
'I1I 16 65 feet east BH II . • .... • • ••••••• .. •• - - - - 2,.580 10,300 10,300 10,300 10,300 
BIll - - - - - - 50,180 82,050 109,920 

I Total sand 1n Jected ......•...... ,~_~_,~O 316,010 457,910 475,180 509,180 516,860 567,040 596,910 627,090 
---

1/ Measured bulk dens1ty of dry sand, 91 pounds per cubic foot . Or!.gir.a1. entry volU11e: 10,500 cub1c feeti air-course volUl11e 10,500 cub1c 
feet. 
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The first cycle in the region betwee boreholes VII an. III was operated with 
the air input at borehole VII ar:.d the uffluent gases dischare-ed at III. Full capa­
c1 ty of the reciprocating CaD.pressol', 7,670 cubic feet per minute, was used for 
7 -1/2 hours, and the effluent gap'3S showed Virtually complete oxygen utilization f.\Ild 
a resultant high-carbon dIol!.ide content . The rate of coal consumption waR high, and 
the aVllrage temperature of the effluent ses was comparatively low. After 7-i/2 
hours of operation in this direction, the flow was reversed . The temperature of the 
effluent gases rose very rapj.dly, and after only a few minutes of operation with full 
air rate the input air .iaS reduced to 2 ,000 cubic feet per minute in order to main­
tain cor:t.rol of the system. After 1~5 minutes, analysis of the efflu6nt gas at bore­
hole VII showed complete oxygen utilization, and the gas had a heating value of 113 
B.t.u. per cubic foot, owing pr:1marily to the predence of hydrogen and carbon monoxide. 
The effluent-gas temperatures were relatively high eveu at the 2 ,000 cubic feet per 
minute flow. In view of the experience obtained during operatia.""1 of borehole VI, the 
cycle was discontinued and the flow reversed . The second cycle in the direction VII 
tc III was again carried on for 7-1/2 hours, the effluent gas showed complete oxygen 
utilization, a lower carbon dioxide content than during the first cycle, and a heat­
ing value cf 49 B.t .n . per cubic foot . The rate of coal consumption increased to 
52 tons per day. After this cycle, the flow was reversed and again reduced to 
approximately 2,000 cubic feet per minute, t.he effluent gases being removed at 
borehole VII. This cycle showed complete oxygen utilization and a heating value of 
the effluent gases of 151 B. t.u. per cubic foot. The effluent gas temperatures were 
high. 

During the first week, the air in the diroction borehole VII to III was main­
tained at 7,500 cubic feet per minute, and both the time and rate of air input in 
the direction borehole III to VII was increased gradually . 'l'hroughout the first 
week, oxygen utilization was high but decreased slightly. The heating value of the 
effluent gases at borehole III ranged from. 21 to 49 B.t.u. POI' cubic foot, and at 
borehole VII from 56 to 151 B. t.u. per cubic foot . Operation in the direction bore­
hole III to VII was ma1ntained for 51 hours. The gas production averaged 6.7 million 
cubic feet per day with an average heating value of 72 B. t.u. per cubic foot. In 
the direction borehole VII to III , operation was maintained for 102 hours. The gas 
production averaged 11.5 mill on cubic feet per day, and the heating value 33 B. t . u . 
per cubic foot. 

During the second week of operation, the full capacity of the reciprocating 
compressor was used in each direction, and the cycle t t mes were varied from 8 to 4 
to 6 hours . Soma oxygen appeared i n the effluent gases, especially when borehole 
VII was used as an outlet . Contact efficiency between the gas -making fluids and 
the carbon faces was higher when the direction of flow was from VII to III than when 
the flow was from III to VII . 

Operation in the direction borehole III to borehole VII was maintained for 64 
hours . Gas production aver~ed 9.8 million cubic fest per day, and the heating value 
averaged 50 B. t .u . per cubic foot . In the direct i on borehole VII to borehole III 
operation was maintained for 77 hours . Gas prodUction averaged 11.5 million cubic 
feet per day, and the heating value aver~ed 26 B. t.u . per cubic foot . 

This operation was contInued for the entire period, June 5 to October 7. Table 
28 gives operating results for each cycle with the :llCTw direction from borehole VII 
to borehole III for the first 5 weeks of +~e period. Table 29 gives operating re­
sults fcr the slllIle period when the direction of flow was from III to VII. Examina­
tion of these two tables indicates that the efficiency of contact was greater when 
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the direction of flow was !'rom VII to III than when the direction was from III to VII, 
and also the rate of deterioration was lower. On several occasions during this 5-week 
period, the inr-ut-air rate was reduced !'rom the usual flow of 7,500 cubic feet per 
minute, and, regardless of the flcM direction, in nearly all instances the h()ating 
value of the effluent gases i ncreELsed with lower air inputs . Where a reduction in 
the input air rate resulted in tho production of a gas of higher heo."ting valuo, the 
oxygen content of the effluent gal3 decreased. In each ('..ase the increased heating 
value wao largely due to an incrt'llsed hyd;rogen and methane content of the effluent 
gases. The apparent improvement in quality of the produots was due to an unbala.'1ce 
in the equilibrium conditions resulting from the change in flow rate. Relative t o 
the total volume of fluids flOWing, the volume of coal-d.1stlllB.tion gasos incrl3ased, 
the moisture concentration and the resultant dissooiation of moisture increased, and 
the total heat liberated underground by the combustion of carbon decreased. The net 
result of these changes was an increase in heating value of the products obtained. 
This increase was a function of t.he heat storage and high temperatures obtained 
during pa~t operations. 

Tables 30 and 31 give the operating results obtained during the last 13 weeks 
of tl:e operation. In these tables the data are averaged by weeks. 'l'he oxygen con­
tent of the effluent gas was greater when the flow direction was III to VII than 
when the directi on was VII to III . 

The rate of coal consumption from June 5 to October 7, at flows exceeding 7,000 
cubic feet per m.:lnute, ranged !'rom 23 to 54 tons per day. This rate of coal consump­
tion was higher than was previously achieved. The rate of coal consumption and the 
contact efficiency decreased au the operating age of the section increased. The 
hoat lost to the surrounding strata was greater when the flow direction was borehole 
III to borehole VII . When the flow directi on was VII to III, 60 to 75 percent of the 
heat of combustion of the coal consumed was brought aboveground in the effluent gaa. 

¥aterial balances, unc(rrected for possible leakage from the system, indicated 
tha t 2,875 tons of coal, calculated on a moisture- and ash-free basis, was consumed 
during this period. A total 0: 8,751 tons of coal was consumed from March 1.8, 1949, 
to October 7, 1950. 

Table 32 shows the variation in pressure required to force 7,000 or more cubic 
feet per minute of air underground in this section. The increasing resistance to 
flow durI ng the first 7 weeks coincides with the period when the major portion of 
the sand was injected underground. 

Operation of the Gas-Turbjne Installation 

Duri ng operations concentrated in the regi on between boreholes VII and III it 
was decided to set up a small gao turbine at borehole III. The primary purpose of 
this installation was to increase the air input at borehole VII and to obtain oper­
ati ng characteristics of the system, uoing flow rates exceeding the maximum pre­
v iously employed. It was also desired to learn something of the operating charac­
teristics of the system at a higher avorage pressure, and a further objective was to 
determine whether the effluent gases could be used i n a gas turbine wi thout requiring 
excessive cleaning of the gase s to prl"vent £Iol1ds accumulation and corrosion and 
erosion of the turbine blades and auxlllary eqUipment . 
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~r8f"O'&d, .0. b0UT8 c.r .• .!. <Xl:! Ill. <'2 ~ CO ca. ~ rt.l 4rT".. '7. '7. Do!' d!l'''...rence 

1 2 3 • , 6 7 8 9 10 II 12 13 " i' 16 17 18 19 

917 7 . ' 7.670 18. 1 0.2 0.' 1 .7 2.1 0. , ~.o 21 - 31' '«l " .3 ~ .. 17.7 - -
917 7.:)8 7.860 17.6 . 1 1.1 3 ·9 1.8 2.8 172·7 '9 - 36k 56k '2.2 '.9 38.8 - -
Sl21 7.67 1 .£/;10 17.2 .• .2 3 ·1 ..8 1.1 ti3. ! .~ 

I 
- ~ ~ 50.0 6.6 33·3 - -

Sl23 8.0 7.7(.0 17.' .1 . , 2 .8 2.6 1.' ,.2 J' - ~~ ~O 0.8.2 6 .• 27.9 - -
Sl2' 8.17 7.680 16.3 .2 .9 3 ·0 2.8 2.2 ,.6 - 5 - _0.8 ,02 1.83 6 .7 36.1 - -
927 8 .0 7.720 .1,.' .3 . , 1.9 2.8 1.1 8.0 32 - 6~ - 02.6 10.0 28 .• - -
Sl29 8 .0 7.7~ 1,.6 .1 . , ' .1 3 .3 1.6 _.8 .2 - 313 "" 0.6.3 9.2 3'.9 - -
9J1 8.0 7.720 16.0 .2 ., 1.1 2.2 .9 7a.3 26 - 513 607 '1., 8.3 2).7 - -
933 8.0 7.660 16.1 .1 . , 3.8 3.7

1

1.1 '.6 37 - 65k BfI' 0.6.8 10.0 31.0 - -
935 8.0 1.£/;10 16.3 .2 1.2 2.7 2 .• 1.0 6.2 31 - ~ 582 '3.B 6.8 27.3 - -
931 B.O 7.630 16.3 .1 1.2 1.9 2.7 .- ;p 21 - 509 ~ .1.7 8.1 19.0 - -
939 7.0 7.540 16 .• .0 1.8 1.5 I." .3 8.0 18 - .~ 6oS5 39.1 8.1 1.7.1 

I 
- -

9'<1 8.0 1.610 "·9 .2 3.6 : .' .l.~ I .6 h·8 20 - 71i 1.006 36.7 13.2 20.1 - -
9'<3 8 .0 7 • .-.00 17.' ., 1.' 1.1 2·3 .5 6.2 28 - 878 1.137 .,., 14.0 23 .' - -
9'<5 8.0 1.7~ 2 ••• ., .. ~ ) .~ 3· 1 2 .6 3·' 65 - 2'3 '59 18.7 2.2 36.9 - -
9'<1 6. 0 7.6k0 16., .1 2.1 11.6 J.' 1.0 

" 1 

2, 

! - 5"6 8J<1 k? .7 S., 22 .0 - -
9'<9 6.0 7.>'90 17.6 .3 1.9 2 .5 1.9 1.1 '.1 31 - 562 823 46.1 8 .• 2'.9 - -
951 8.0 1.6~ 16.9 .1 2._ 1.8 2.1 .7 6 .0 22 

I 
- 691 968 '3.3 ll·3 19·, - -

953 ~ .O 7.810 16.7 .1 ?2 1.9 1.3 1.1 6.1 2. . 630 89'< 02._ 10. 5 22.0 - -
m 1 .ci3 7.510 ~,.2 .1 1.1 2 .6 1.3 1.1 8.6 26 - l·m 1.ci36 37.0 19.' 2'. 9 - -
951 7. 0 7.600 1'.8 .3 3.0 1., 1.9 C. , ,R.o 22 - 1.1'0 31.· 1_.0 21.9 - -
959 '.15 1.'10 lk .• .3 2.8 1.8 1.1 .8 8.7 2' - 576 88k 3 •. 8 9.9 23 .2 - -
961 5.33 7.500 1'.6 .1 2.9 1.1 .9 .9 ~. 5 18 - 9bO l,~ 3··0 19·3 19.2 - -
963 -.Sl2 1.520 13.0 . 1 2.8 2 .9 1.3 1.2 .8 28 - 719 890 3~· " 1 • • 8 31.6 - -
965 6.0 1.130 13.' ., ".2 1.' 1.3 .1 ~~ .. 26 - :Wi 820. ~,.1 ll·3 I 27" - -
961 ,.' 7.'''' 12.6 .1 3.6 2 .7 1.0 1 .0. 

78:
6 28 - 998 1.'90 31 .• 21.8 32.6 - -

969 6.0 7.,so 13.3 ., 3.1 2 . 1.3 1.1 ., 33 - 1.k0.6 2.270 3' ,' 30.0 3,.1 - -
971 6. 0 7.610 12.8 .. 2.6 2 .7 1.1 1.0 9.- 30 1._28 1,920 32·1 31.3 33·9 - -
973 7.0 7.420 12.8 .3 _.0 1.9 1.2 :~ J:~ 24 1.US 1, 600 31.6 32.' 27 .7 - -
97' 6 .0 7.~ 12.6 .2 ' .1 2 ·3 1.8 2. 0.386 69'< 1.ci30 33·1 1 ••• 21.6 27.2 j~.! 

977 6 .0 1.620 13.' .1 3.7 2 .7 2.1 .9 h·l 27 - 730 - 3'·' ".3 28.7 - -
979 6.0 7,'}60 13.1 .- 3.2 ' .0 3.0 .9 ,.k .0 .297 767 1,070 38.6 ".0 39.8 18.7 27 ., 
961 6 .0 7,620 13.1 .2 3.6 2 .6 2.1 .8 7.6 27 .173 715 1.135 3'.8 " .0 29.2 ll.5 -'.3 
963 6.0 7.,so ll.8 .2 3 .8 2. 6 1.1 .9 9.6 2, - 686 l ,llO 29.2 1., . • 31.1 - -
96, 6 .0 7 ,,so 12.9 .3 3·8 2.0 1.7 .7 ~:6 25 - 6010 820 33.1 12.0 27 .9 - -
967 '.Sl2 7.590 ll., .2 3.' 3· 0 1.8 1.0 .8 30 - 78, 1,200 31.!i 16., 3'· 7 - -
SJ69 0. 0 7,320 ll.7 .2 '.0 2.7 1. 6 1.1 8.7 29 - 792 890 29.8 17.3 3' .7 - -
991 6. 0 7,,60 ll.8 ·3 '.2 2.9 1.8 .9 re .• 30 .357 7:)8 1,110 31.6 16.2 3 •. 8 26.1 22.9 
993 6.0 ',020 12.7 .3 3· 3 •. 6 1..2 2 .2 '.1 -7 - &;0 900 25 ·8 12._ '9.9 - -
995 6 .0 ,.220 13·3 .3 3·9 2.9 1.2 1.6 6.8 36 - e,s 930 2 •. , 17·0 )8.3 - -
997 0 .0 7.'20 12.9 .2 3.' 2.8 1.9 0.6 8.1 25 .~ci3 80T 1,_3' 32.' 16. , 35.5 29.2 18.8 
999 6 .0 7,,~ 13.6 .2 3.3 2 .3 2.0 ·7 rr·9 25 .J0.6 860 1.730 3,.0 11.0 26., 24.9 31.6 

1.00l 6.0 7,-90 12.7 .7 3.8 3 .2 2.2 ., 6. 9 31 .1,:1 795 l,6ko 3'·3 1,._ 39. 0 lD.2 3'.-
1.003 ,.0 7,'}60 ll., .1 '.1. 3 .' 2.2 .9 7.8 29 .U9 632 Sl20 31.1 13·6 3' .7 30.0 21.7 
1.00, ~ .O 7,.60 ll.8 .3 -'.:2 3.6 2.6 .1 6.8 33 I .360 622 960 33.0 12. , 31·2 2'·3 26.0 
1,007 ' .0 7.360 11.2 .1 ".1 3 ·' 2.' 1..~ ~: ' 33 .2" '72 990 30.8 ll.8 38.9 21., 27.8 
1,009 6.0 7,510 ll.' .1 '.3 3.0 2.1 .9 .2 28 .3" ,so 'MO 30·3 12.3 J'.o 25 .~ 28 •• 
l,QU 6 .0 7,6ko ll.6 .1 '.3 2 .8 2.1 1.0 8.1 28 .268 684 960 31., "·9 33.3 19.' 32 .3 
1.013 6 .0 7,"10 9.£ .3 7·3 2 ., 1..7 .9 ~~7 29 .3ci3 m 680 26 .• 13.9 '0.0 25.0 21.1 
1.01, 6.0 7,~ 10.0 .2 ,.0 3.1 2 .2 1.0 .5 31 .199 .66 8)0 28.6 c.8 '0.3 " .6 3'.3 
1.017 1.0 7,"0 ll.3 .2 '.6 ' .7 ~.= 1.1 '.9 )8 ·295 "7 970 31.8 ll·3 ".9 20.2 23.6 
1,019 7.0 7.5kO ll.O .2 3.8 '.1 ~.J .9 rt·7 3' .2'6 '97 T-'2 30.7 lJl.' H . l 17 .0 31.' 
l,aU 7 .0 7.560 10.1 .0 '.0 3 .3 2.1 .9 8.6 27 .171 ::26 760 27.2 12.2 36.6 13._ I 31.8 
1.a!3 5.0 7 .UO 9.1 .2 6.7 2.9 ~:§ .7 8.1. 28 .J', 37' 560 25.' 8.6 39 ·7 26 ·5 25·2 
l,a!, ,.0 7.560 10.' .0 , .2 3 .0 1.1 8., 27 .16, ,106 970 27.6 12.' 36 .0 1<.7 :18.8 
1.an , .0 7,'30 10.2 .0 '.0 3 .1 1., 1.5 9.7 30 .3'3 '97 730 26.9 ll.' '0.2 26.9 ~.~ 

l,a!9 , .0 7,510 10. , .2 5. 0 2 . , 
1._ 

1.1 9.3 28 • 16k '10 6G!0 27.- 8.8 36 .1 1l.6 a.:, .. , 
1,031 , .0 7,~ 10·3 .0 ' .3 2 ·9 1.8 .9 8.8 2' . 1:)8 67' 790 26.9 16.2 32 .7 13.2 31 .9 
1.033 1 , ·0 

7.,10 10.7 .1 , .0 3 .- 2 .0 .8 8. 0 28 .'1, ,12 6k0 28., ll·3 36.2 30.6 21.9 
1.036 , .0 7 . 6G!0 10. , .0 ,.2 2.1 1.' 1.2 9.6 2' .163 '66 £/;10 27 .1 1.0.6 :;4:.., 13 ·' ~3., 
1.039 ~.7~ 1 7.'}60 9.9 .0 , . J ] 2 .6 1.3 0.7 0. ' 20 .370 395 '30 2'.2 9.6 29.7 30. 0 30.7 

A!. rAJ° ,., 30 1nche. Je;. dr7. ?J Baal. or ..,l.t=.-anA _-he. ~. !le&t. 'ba.lJmce 1_ bue4. Ql 60° .,. 
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1Cl.E 29 •• OP8l"*tlng reaultl. t trat ' veeb ot period. June 5 to OetDber 1 . 19-50. D1l"x:t1m at tlow' .. borehole In to boreho:' Yll 

AY..-- ~:.. at ot-lDent _ 
...... t ~ Del'ce!lt or haat at ~.t~,J. ot eo&l e~ !Iat.inc •• peratu...-. at 

IArlgtJI "'- n..l ... 1101 
.rrluent _ _ 

AYIlrIlfle rate tblceouc.te4 tar aDd. 
at d. :I.t.a. 

va_ .... ..... or c;col s.w1blo '>Mt _tat ~1bl.e &.cd. ~.-
C7c1o C1ele, tl..oi, Percent 

~.!i' 
_.al 

_., -.. ==~ 
eonwnt or cl:r7 0I:.ib~ ~cm. lateDt h_t or -ar-4. .... ........ c.t .• ,J. eo:, I II ~ ~ CO alk ~ 

~1_ 0,.. 0,.. .... luent _ ..r 6r7_ _trr .. par It7c1.1rt'......,. 

1 2 ] ~ ~ 6 7 8 9 10 11 12 1] 1~ 1, 16 17 18 11 

918 0.7' 2.000 11.] 0.0 0.2 ,.6 ~:~ 1.6 ~.9 ll] 0 ,lO 7U 20.7 5·7 n.- 0 0 

920 1.0 1.97' 9.6 .2 ., 19.8 18:~ 2.8 ~.2 . ,1 0 '90 1.0110 .::, .2 6.2 90.2 0 -
922 1,25 2.0]0 i;:~ .~ .~ ~.O .9 0.7 :p ~1 0 ' 17 m 29.7 '.] 77.' 0 0 

~ 1.0 1,91);) .0 .~ 18.7 15.~ 1., .2 126 0 ]82 610 2ll.7 ].6 68.' 0 0 

lI26 ].0 2,2~ 1'.~ .2 ·9 16.1 12.0 2., ].9 120 0 

~ 1.],0 26.] 9.6 72 .9 0 0 

5128 1.0 1,~ 1~.9 .2 .~ ~.] 0., 1.6 9.1 1]0 0 662 2] ·3 7.7 SIt.l 0 0 

9]0 7.' 2.020 16.~ .. .7 ~.7 1.1.6 i.ft. ~.8 97 0 600 76] 210.0 c.lt. 17 .0 0 0 

932 ] .0 1,~ 1'.7 . 1 .2 16.2 ~.6 1.2 3.0 l.O6 0 1.225 1,']2 2:2 .6 ~.1 610 .1 0 0 

93' 8.0 3,670 1].8 .2 .7 9.0 B·9 .9 ~., 71 0 1,~ 1,152 29·0 ~.] 52. 6 0 0 

9]6 8.0 1]·990 1).6 .2 1.0 6.9 6. , 1.3 0., 60 0 709 1.01) 26.6 10. , 108.9 0 0 

9]8 , .08 '.~ 12., .2 1.0 6 .9 6.2 0.9 72 ' ) ~ 0 688 918 27.1 10.' '9.5 0 0 

9]8 2 .92 1,1j' 16.2 .2 2. ~ 12.~ 7.0 1.9 9.9 86 0 .610 0 16.0 '.7 59.6 0 0 

9'>0 8.0 ',600 12.7 .2 1.7 6. ' 6.2 .9 1 .9 ~ 0 76] 1.09:) ]].9 12.2 108. , 0 0 

?102 B.o ,.660 1)., .~ 2.) '.9 ,.] .7 72.9 108 0 ,05 672 ]~.O 7.8 102.0 0 0 

9U B.o 7, tTlO 12.8 .. ].1 '.7 6.] . , 1.2 52 0 ~lq 6]9 102 .7 6.6 .,.] 0 0 

~6 6.0 7.760 1].0 . ] 2. , •. 8 ,.2 .8 ] .' 106 0 9BO 1,2:25 -".7 16. 7 U .7 0 0 

9'16 6.0 7,960 10.' . ] '.2 6 .7 ] .8 1.0 ]., ,0 0 700 8108 17.2 1'.1 " .6 0 0 

9,0 ~.8] 7,~50 9.1 .~ ~.O 6.0 , .2 .8 ' ., 52 0 Slt3 l,lBo p.] 17.2 58 .0 0 0 

~ ,.0 7.2llO 11.' . ] ].e ~., ~.] 0.7 ' .7 ~ 0 1.~ 1,810 ],., 20.6 ~].6 0 0 

95l> •• 2, 7.580 8., ., ~ .o ,.] ,.6 0.6 ,., , 1 0 \,02.0 1.860 ,.1. 0 21.] 17·7 0 0 

956 ) .25 7,580 6. 1 . 0 •. )~.o ,., 2.2 '.9 b) 0 310 9,0 30.1 ,.' 81.0 0 0 

956 1.50 ) ,COO 7.' .2 2 .0 . 2 •. 6 3 .9 , .6 III 0 m 0 16.2 1,.2 119.' 0 0 

958 ' .7' 7 .520 11.' .2 ].7 ] .7 ] .9 .5 J:6 )4 0 7)8 1,.90 ~.J ~.6 17 .3 0 0 

960 '.0 1,70') ~.2 . 6 2., 12.] 9.7 2 .] .~ 106 0 88e 1,2]0 17 . ] 10.6 613 ., 0 0 

962 '.0 7.'10 8.9 .2 , .8 ' . 9 '.7 .9 ' . 6 " 0 1.]08 1.~ ]2.' 29.] 52.' 0 0 

9610 ' .0 7.620 B.] .' ' . 7 ,.6 '.] 1.0 ft. . 7 50 0 SIt] nO 31 .7 lB.8 61 .7 0 

966 '.0 2, '90 9.7 .. ,.6 , .6 • . 2 .8 ~.7 108 0 686 l,~ ll.] 1] .9 51<.8 0 0 

9bB '.0 7.1090 9.' .1 •• 8 '.9 ]. t . 6 7.0 3~ 0.2]6 855 1,230 29.1 19.9 I '3 . ' 19.6 17.0 
970 ~.O 7,'00 ll·3 .' ,.0 ,.' '.1 .9 72.9 108 0 802 l,liO 17 •• 1,.2 109 .7 0 0 

972 '.0 7,600 10.6 .] '.7 , . 6 '., .7 3.6 .6 0 616 860 j6.8 11.8 '9.7 0 0 

97' '.0 7 .~6o 12.1 .) '.2 ].7 ).~ .7 ,.6 ]6 0 870 1.090 ]'.7 17.1 ]8 .1 0 0 

976 '.0 7.550 1).2 ., '.1 2 .7 ).' .6 ~., ]6 0.20] 7" 1,080 ]9 ·3 13.2 ]5 .1 12.' ]9.3 
97B •. 17 7,~1O J).2 .3 ].9 2 .9 ].8 ., 5.k 33 0 69' 9'-0 3~.O 12.3 ]2 .- 0 0 

9BO _.0 7.500 10., .2 4:1 3.0 '.1 .. ~: 1 31 0. 1,0 60') 1.020 ]2.' 12.] ]' .7 10.2 ~1 .8 

9B2 •. 0 7.'60 11. , .1 ] .9 ] .2 1.8 1.] .2 )1 0 672 ~O 30.6 ..... 17 .1 0 0 

9B' '.0 7,520 12.0 .. ,.] 3.2 1.9 .6 6.6 )1 0 5610 820 ]2 •• 11.' ]6 .0 0 0 

986 ~.o 7.500 ll. 9 .1 , .4 3.1 2. 1 ., (6.9 2' 0 (.r6 960 3! .0 1).0 2ll. 9 0 0 

9B8 4.0 7.310 ll.7 .] ' .B 2.4 1., 1.0 B.] 29 0 ]91 0 29.~ 12.' ~ .8 0 0 

990 4.0 7.')0 11.5 ., ,., 2.2 1., 1.2 72 . 6 3' .090 ". 760 31.k ll.8 ]9.7 6 .2 ~.] 

992 4.0 7.520 11., .' , .6 2.9 1. ' 1.2 1].0 )' .15' 1086 720 )1.' 9.9 ~., 10.' ]9 .2 
991< '.0 ', lBo 11.1 .2 ,., '.1 1.6 1.2 6.] 3' 0 ~. 660 20.9 8 .8 '].' 0 0 

996 '.0 ' .1)0 11.0 .2 ' .7 '.0 1.8 1.0 ~:) ]3 .~, 568 780 20.8 12.3 40.] 10.5 36.9 
9"& ' .0 7.]80 9.8 ., 6.1 12 •7 2 ·3 ., .1 31 .lll 591 960 27 •• 1] •• ~.O 8.6 ]8.0 

l,COO '.0 7,,10 10., .j t~IU 2.' .6 6.7 ) 0 • lOT 581 790 29.9 12.6 17 .; 7 .9 42.2 
1.002 ,.0 1,1~0 11.2 .2 2.] .6 6. 0 29 .276 6:rr B9<> 29.' ~.2 3,.1 20.' 30.] 
1.00II '.0 7.~ lL, .l 6.11] ·2 2.7 .6 '.7 29 . ill 688 1,070 ]2.7 ~ .. )3·' 8 .1 4J..0 
1,006 '.0 7,.!?f) ll.2 .2 ' .6 4. 0 2.] .6 6. 1 31 .2]1 82) 1,990 30.2 lB.1 17 .' lB., 2).7 
1.~ 

1
6

•
0 7.510 ll.6 ., 5 .:' ~ . ~ 2.2 .' 7].0 )1 .3]0 ~ 11,550 ]0. 6 21.4 17 ·5 27 .1 1.4.0 

1,010 , .0 1,~OO 9.] .6 6 .8 4.8 3·0 ., '.9 lo2 y.225 8106 2.000 29.9 19., ,.., . 6 lB., 9.' 
1.012 ' .B3 7 .590 9.2 .1 7 .0 ].4 3.0 .6 6·7 29 .216 ~ 2 .OCC 2ll.1 2].7 ]8 .8 19 .7 17.8 
1,~ 6 .0 7.520 9., .1 6.7 )·3 2 .) 1.1 1].0 ] 1 ~.259 7~ ~O 27.6 17 .~ 4l .~ 21.7 19.6 
1,0.J.6 6.0 7.1000 9.7 .4 7.1 2.7 2.7 .8 6.6 3' y.259 772 1.lI'o 29.1 17.' ~.~ 

I 
~.) 19.7 

1,olB 6.92 7.470 10.2 . t 6.9 3.7 2.3 .8 6. 0 ]0 .2:21 BlB 1.490 26.6 19.6 )9.0 lB.7 22.7 
1,CP.O 7.0 7.']0 9·6 .6 7.4 3 .3 2.9 .. , .8 36 .266 7,0 1.'70 29 .9 16.9 ".7 2.1.0 17.' 
1.022 7.0 7 . 490 10. ] .0 7 .6 2.7 1.9 .9 6.6 2' .2lJ7 786 I,m 27.6 19.2 ]2 .2 ~ •. 8 23 .8 
1.02. '.92 7 ,]80 10.1 .3 7.' 2 .8 2.1 .B 6 .• 30 M·25B 665 1,710 26.] 1,., ]6.7 20.' 2, .• 
1,<26 ' .0 7.1oBo 9.8 .1 7.7 3.1 2.\ .9 6. 0 29 y.25B 7210 1,llO 211.2 17·3 ]8.] 21.' 2]. 0 
1.~ ,.0 7.480 9.7 .0 G.8 2.9 1.' ' .. 2 B.o 26 . 210 9]0 1. 'iBO 25·, 26.2 ~.6 30.2 ~. O 

1.0]0 ,.0 7,]60 9.8 ., 7. 1 ] . ; 1.8 .8 6.7 ], !I.~ 920 1,170 2'.7 22.9 ., 22.7 7.9 
1.032 ,.0 7 ,loBo 9.9 .1 7.8 2 .• 1.7 .9 ~.2 24 . 266 61. 1,290 25.] 15.0 ) •• 8 2] ·3 26 .1 
1.03 ' ,.17 7.~0 9.8 .0 6.3 ] .0 1.2 .6 9.1 20 ·I.~ 666 1.105 2]., 18.0 30.2 2] .6 28.2 
1.0]8 ., 7.]80 8.71 .2 6.2 2 .8 1.4 ., 10.2 2] y.~ 62] 680 21.9 17.' ]6.7 210.' 21.4 

!I At 6d' r ., 30 1AdI .. lie .• 417. 
a.tlI~ .,1Bt:urn. 

Y " .. do at ..t.tuN o aDd. _orr- coal. .. \. b&laDce h !!&eelS an 6t:P .,. A,y ..... or th. ~ ua-.. 
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11 

- . - -.. "'O:;IJ~w:J 
...... " J. < "eeJal ot' 'Oeri 00. June 5 to October 1 19rA. Directicn or fleN borehole II! to barellole 7ll. 

AYer&Qe analysis of ef fluent ~ 

!!eat belAnc~ ~_oent of h .... t of <:cabuetton of coal. conlJUlMd 

ATe~ 
lIeating f1'l!IIIpI!ra ture of l.e-.,gt.h A.eraee 
nllue, Mol eff1.uent ~ A,-erage ra te 

Ihlacco.m ted for and 

lleek end of air 
B.t.". _ter Ay. !tU:. of coal. Senalble beat aeat of Seruo 1 b.u. and jreaumed at.ored 

qclea C]cle, 1'1"" , Percent 
po.r c'j' per 1101 ~l' . , te:al'. , COMumptlon

if 
~on tent of dr] cc:.bus tion latent h .... t 01' underground, 

a.~ hours ~.f •• .g C~ Ill. ~ ~ CO CIllo ~ ft.g dr] gaa '7. '7 . tons per cia] effluent gaa of dr1 gaa _te:- .. par b] d11'terence 1 3 " 5 .. 7 8 9 10 II 12 13 lit 15 16 17 lB 19 6 - II 11 · 3 7,490 9 . 1 0.2 7 . 0 2.8 1.8 0.9 78.2 ,,8 0.452 ~ TT7 25·3 12.8 40.5 37 .8 8.8 
7 - 12 1<.0 ",350 10.0 .2 6. 3 2.1 1.1 1.2 79.1 27 .}02 738 1,109 25 . ~ lB.5 37.7 2t>.3 17 ·5 
8 - 13 " .7 7,350 10.ti .2 6 .7 2.3 1.7 .7 TT-8 2" ·107 161 1,262 27·3 lil.2 31.7 8.9 H.2 
9 - 9 5.0 7,490 10.4 .2 7 .4 2.4 1. 6 .6 TT-4 23 .C1T0 5lB 861 27.2 12·3 31.5 5·5 ~.8 
10- ~ 5. 7 3,&70 10.0 .2 7 .2 2 .8 · 9 ·7 77 .2 23 .086 

~~ 728 14.1 ll.7 31· 3 (,.7 50.3 
10- 5 ·0 7,500 10.0 .2 7.8 2 .8 1.7 .8 76. 7 27 .160 844 27.2 ll.O 37.2 12·3 40.5 
ll-12 5·7 3,970 10·9 .2 7 .5 1.9 1.1 . 6 17.8 20 .231 530 850 14 . 4 12.4 27.2 lB.l 42 .3 
12- 13 5.3 1 ,430 9.8 .1 8 . 5 1.5 1..2 . 6 78 . 3 11 . 191 1055 731 21; . 2 ll . 4 25.6 16.1 106.9 
13- 3 5.6 1,470 9.9 .1 9.0 1.4 1.0 .4 78.2 14 .235 4eo. 604 23 .7 10·3 ~1.6 19.8 1&8.3 
14- " 8.0 7,600 9.7 .2 8 .8 1.3 ., .4 /78.9 15 .192 4~ 784 23 · 3 13·3 23 ·8 17·3 45.6 
15- II 7 .9 7,600 1.0.8 .1 8.8 1.3 . 5 .7 17.8 15 . 155 444 731 23 .7 ll .8 23.7 13 . 6 50.9 
16- 7 8.0 "1,420 ll.O .1 8 .2 1 .5 .6 1.0 I'n . 6 19 .137 334 5lB 26.3 7.5 26.3 10.1 56.1 
17- 9 7·5 7,570 ll.6 .2 7 .9 1 .0 .8 .8 77.1 lB .173 262 397 28. b 5.2 23 .5 ll. 6 ':1) .7 
lB-7 7 .7 7,610 ll.8 .2 1 . 1 1.0 .4 .7 178 . 6 16 . 165 220 319 27.9 4.3 21. 3 ll.l 63.3 

'a z:2 19'50. Di rection of flaw. !xrehole VII to bm-ehole III. 

~"eraee ATer~ enal.~i8 01' eft1nent~ 

a .... t belAnc~ .~oent of h .... t of ccahwoUon of coal. cOM.-d 
H(atlng rr .. pen.ture of lengt.b A'l'eraee 
Yalue, Mol etflwm t gee A"araee re te 

Ihla :coun ted. for and 

lIeek end of air 
B.t.u. It..'1lter Ay. Itu. ot coal. Senalble heat Hea t of Sena i ble and jrclIlmOd • tared 

cJ"clea cycle, 1'1"", Percent 
Pl'1" c'j ' per 1101. teal'. , teal'. , COMucptlon if con tent of dr1 COIIl>ua t1 on latent h .... t 01' underground, 

ay.~ hours c.f.Jll.g C~ Ill. ~ ~ CO CIlh II:! ft.3 dr1 81'S '7. '7. tons per dill effluent f!I18 of ~ 81'S _ter ..... par b] d11'farence 1 2 3 10 r 6 1 8 9 1.0 II 12 13 14 15 16 17 lB 19 
6 - 1.0 1t.5 7,520 llT' 5.0 2.8 1.6 0.9 t8 •7 27 0·378 558 802 26.6 12 .4 34.8 26.1 21&.7 
7 - 12 5. 0 7,440 ll.8 .1 5. 0 2.1 1. 5 1.2 ~:3 26 . 461 5B6 801 30.2 12.4 31·3 32.8 23 .5 
8 - 14 1i.2 7,410 10.8 .2 5.It 2 . 6 1.8 1.0 .2 28 · 315 502 596 28.6 10 .8 35.5 Z!.9 ]0.8 
9 - ill 4.5 7,550 10. 0 .4 5.7 2.3 1·3 .7 179. 6 27 . 326 6It2 1,397 26.2 15.8 37.4 27.1 19.7 
10-4 5.0 7 ,510 10.0 .3 5.9 2·5 1.5 ·9 8.9 26 ·364 578 6-;8 26. 7 13 .8 38. 2 29.0 19.0 
10- 9 5. 3 4,020 ll.9 .1 5.2 2.4 1.0 1 .1 j7e .3 24 ·l,23 570 791+ 15 .8 12·5 29.8 30·7 27.0 
ll-12 5. 5 4,060 ll·7 .2 6.2 20 1.1 .6 18.2 20 .339 5a! 738 15·5 10.3 25.7 26.0 38. 0 
12- 14 5. 3 7 ,520 9.9 .1 6.9 , .. 1 1 .5 .7 178 .8 21 .231 519 755 25 . 4 13.0 30.2 19 . 0 37 .8 
13 - 2 5.8 7,500 10.0 .2 7 . 1 2 . 0 1 . 6 .5 8 . 6 21 . :>:;2 552 765 2~ . 1 1_.0 30.8 21._ -3 .8 
13- 3 21· 3 1.,:;40 lB. 1 .4 3 . 5 8.2 2. 7 1.7 ~. 4 61 .&72 651 942 ll.8 9.1 106. 1; .. 0 .1 1,.5 
14-2 27.9 1,820 13.9 .2 5. 1 2 . 5 1 .1 1.2 176. 0 26 . 678 839 1,186 7·7 16._ 29·7 0.6.6 7.3 
11. - " 8 .0 7,690 9.8 . 2 7.1 2 .1 1.0 .8 9. 0 22 .199 552 696 25 .2 14 .1 32. 6 17 .1 36.2 
15- 10 7.9 7,700 10.3 .1 7·3 2 . 11 1.1 .8 8.0 21 .241 465 728 26.11 ll·3 30.2 19·3 39.2 
16-8 8 .7 1,:;60 10.6 .1 6.7 1.9 1.1 1.0 8 . 6 22 . 2ltO %37 780 26. 7 ll . k 30·3 lB.7 39 .6 
17- 6 7.9 7,560 10. 4 .1 6 . 6 2 . j 1.2 1 . 0 U8 .4 24 .181 420 694 26.6 9.7 33.1 13 .8 43.4 
18- 7 7 .7 7,720 10.2 .1 6.0 1.8 .8 1.1 ~O.O 22 .lBB 650 815 25. 6 16.7 31.7 16.lt 3~ . 2 
1/ The tirst figure Is the operating week (the """k ending June 10, 1950 • 1) ; the .econd figure 18 the nllaDe!" of OPlll"lltinB C]cl.aa in tltl3 direction during the veak, 

the r~ulte ~ which ere averaged. 31 At 6(IJ Y . , 30 inch ... Hg. dr1 . jJ Ba.1a of 1I01a1;ur,,-and aab-t'l-ee coal.. Y lI .... t balance 18 Lased on 600 Y . I AYaraee of the pl"'aced1ng 3 ftlue. 01' dateno1ned. ""'iature cont.ent/l , in t!la 7,000 c . t .a. range . 
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TABU: 32 . - Back-pressure development dur:lng the f ifth operating period, 
June 5 to October 7. 1950 

R sistance to flow];/, pounds per square - inch f!Il.! 

Week 1 2 3 4 5 6 7 8 
Direction of flow: 

BH VII to BH III .. •.. . ...•..• . 8.5 10 .8 11.2 11.7 11.8 12 .6 12 .6 11.9 

BH III to BH VII ... .. ......... - 12 .5 13 .4 14.9 15 ·1 15.2 15.3 15.4 

Average far both directions ... - 11.7 12.3 13 .3 13 .4 13.9 14.0 13 .7 

Week 10 11 12 13 14 15 16 17 
Direction of flow: 

BH VII to BH III •.•........... 11.7 - 11.4 11.3 11.4 11.2 10. 5 10.4 

BH III to BH VII . ......•.... • • 15.6 - 15.4 15.3 15.5 15.1 1.3.7 14 .0 

Average for botl'! di rections ... 13.7 - 13 .4 13 .3 13.4 13 .2 12 .1 12 .2 

9 

11.8 

15.7 

13 .8 

18 

10.3 

14.1 

12 .2 
1/ The back pressures r eported are for all cycles :In which the input-air rate was 

over 7,000 cubic leet per minute . 

A single turbo-supercharger un1 t was installed at borehole III and tested dur:lnS 
Eleveral cycles at a temperature range of 4000 to 6000 F . It wss found that the 
maximum pr SElure obtainable at borehole III was 10 pounds per square - :lnch Sage, and 
under the El temperature and pressure condl tions, one turbo- ouper charger unit would 
not operate at an adequa te effic iency level to pump a i r into the mani fold against 
the dis charge pressure of the reciprocating compres sor. Further, the 1. tempera ture 
of the effluent aoes favored the depm.l tion of tarry mater ial on the turbi ne blades, 
and after a few hours ' 0 r a t i on this deposit caused a serious drop i n the turbine 
efficiency . Wi th an input pressure of 10 pounds per square-inch sase, it was found 
that the single turbine unit would oparate at a El ed of 14,000 to 16,000 r.p.m. 

Because these tests showed that a single turbine unit was inadequate t o pump air 
at the required pressure, a sec ond turbine war installed. The two turbo-supercharger 
uni ts were connected as shown in f igure 16 . The turbine ends of each machi ne were 
connected in parallel, and the compressor ends vere connected i n ser i es . This instal­
lation permitted a greater mass flow through the turbines a:ld ve two s es of air 
compresoion . Preliminary tests on the units cormected in this manner indicated that 
the canpressors could be used to increase the air inpu-c to the mine . A series or 
te ts were carried out during five cycles , and the r esults of the last test, given 
in tables 33 and 34, are representati ve of what could be accomplished wi th these 
uni ts tmder the exi s ting c ondi t i ons • 
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~LI 33 . _ QperatIcn or the Jro,lect dur1ne; the turbo-llupercharll'"l" teet. Directicn at tlev, borehole VTI to III. 

A.yer&gtl ..-lye1e or ettl.1!n>t pas Average H .... t ba]axe.l percent ot heat at comb""tlon .. r cOIU. ~ 
Unaccounted tor and AIr 

Length input, 
at aTerage 

per~od, tlev, 
PerIod hr. c.t .•. Y CO:! Ill . O:! 
1. •..• 0 . 7 7,1l60 18.5 0.0 0 . 3 
2 •..• , 3 .6 'iJ9,1l0 17 .8 . 2 .4 

3.·· .. 2 .4 ~9,300 ""'1 ., . 0 " .. ... 3.0 ~,480 lB.3 .1 . 1 

5. ··· • 3 .8 ~,550 17.8 .0 · 3 
6 .••.. 4.5 ~,620 17.8 .0 .2 
7 •.•.. , .8 ~,4CO 17.1" 1 .0 . 0 
8 . •• •• 5 .2 9,170 17.3 .0 .0 

, j 0 inches 1Ig., drJ' 
~18 at IIOI8ture- and aeh-t'r .. e coa1. . 
H ... t balance 18 based on 600 

, . 

lie 
0. 3 

. 3 
1.0 
1.1 
1.4 
1.5 
1.9 
2·3 

Per""nt rate at coal 
JIea till8 Talue, CO:ll!lua:pt!.oo, Sens1ble heat Heat or 

11. t. u . iJel' tons per content at dry cCBbua t1 OIl 

CO CH4 ~ cu. tt.y dayg/ ettluen t !fl8 or d:r7 ass 

0.1 0.4 eo .4 5 38 .1 24 .2 4 .6 

.1 .2 81.0 7 ".9 30.7 6 . 6 

.10 .6 79 .1 13 50.8 31.2 11.10 

1.10 . 4 78.6 14 52.8 28 .9 12. 1 

2.0 .6 77 . 9 17 54 .0 26.1 14. 6 

1.9 . 6 '78 .0 17 511 .1 25.9 14.7 

" .5 79 .5 13 118.2 26.1 12.2 

1.6 .7 78.1 ~o 49·" 27 . 3 17.9 

Aaonalng 0.1 1101. at vater per 1101. drJ' EJ'A. 
Total output of rllciprocatins and centrltuga.l c a=pr' .... aora. 

TAlLB 34. - C1l6ratlon at the turbo-8uperchere;er UIL. ts 

Ccallre8aor o1l6ratlon 

Gaa Fes8ure I Gaa tea1)era ture8 0,. Adiabatlc D1scharge D1achar 

turbine 1nlet, Enter1La Turbine dI8charliil eftlclencY To1u:zt" I Ires.ura , 

pounds per cl.ean1ng Entt.r1ll8 Firat Seccnd Y1rat St.ccnd cu. tt, rrr powna per 

PerIod 8qlll'U"e - lnch ~ train turbinea turbl.ne turbI1l8 turbine turbine alnute'; 8quare-ir.ch 

1. . . •• ,." 1,051 840 - - - - 995 "' . 5 

2 . •. .. 8 . 3 1,311 1,130 - - - - 1,~ 16.& 

3 ···· . ?2 1,377 1.,190 1,127 1,07' - 59.4 1,850 17·: 

4 ..•.• 9.3 1,356 1,190 1,1ll 1,c98 47." 48.4 1,935 17 .5 

9 .5 1,217 1,ll.O 1,1:P1I 1,010 1 4
1) ' 7 

"9.5 1,9<0 17.7 

9 .7 1,194 1,090 987 970 54 .7 

I 
54.9 \,970 17·7 

7 •.• · ., 9.6 1.,21" 1,090 I,OCA 965 ~ .4 50·3 1,9(1.; 17.6 

8 • .. .• 9.3 1 ,220 1,1.<:.0 1,(28 1,017 "7 . 0 58 .2 1,800 17.2 

11 At bO"'., 30 inchea Hg. , drJ'. 
'!./ Corrected tor aoieture content. 

4380 - 52 -

Sensible and 
latent heat at 
va ter T8 parl4..J 

7 .1 
8.0 
7 .5 
7 .4 
7 .0 
7.0 
7 .7 
7 . 3 

OYer-all 
adiabatic 
atticienc 
of blo 

Jr"".-d stored 
undergoand, 

bJ' d1.tterence 

64 . 1 
5" .7 
"9.1 
51.6 
52 · 3 
52 . 4 
54 . 0 
47. 5 

Ratio of air 
cCDpr'e88ed to 
gN expanded 

thrOl.Udl turb!nee 
Po'.Ind at air 

r:::;t 
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teeting of the turbo- uperchargoro the project wae opel' ted wi til an 
of 17 . 5 p.o . i . g. on the input II' and 9.4 p . s . i .• on tho effluont 

gae . The nv I' preoeure on th underground oyetem '.o(8.e thus 13 . 5 p . e .1. g . ble 33 
shows that throughout the te t the y n conten of tlle effluent a was negl1a1b1 , 
the I' to of cool conoump ion wu. high, and the heating v lue of the a s diechar d 
from the binel! ncreased to dlly with time. The h atin v lu incr as d slowly, 
0. hewn in tabl 33 , but. from vi ual standpoint i w 0 very marked . From the 
third period through the eighth p riod the s diochargin frem the turbInes burned 
eteadily . At f st the f was v1sible only ound the rim ter of the turbineo 
who e the gao B entered tho dis har 0 ck j but from the fourth through the Ighth 
p !' od th 0 dischar d from th two 20-in otaclro w 0 b nin, and the height 
of the flam con increaoed wI t The incro EI ~ total pI' sur ~d reoul nt 
increae in partial esour of tho oxygon under round. I' oulted in a neral improve­
ment in gao qua U ty and in opel' ting r:har c ri s tico. 

R eul t of th turbo-oupercharger oper tion are summariz d in table 34 . Under 
tost conditions, the speed of each uni ran ed from 14 000 to 1 ,000 r.p.m. Tho 
cyclone-type knock-out chamber o installed ahead of the turbinee I' moved a e 11 q n­
tity of fine duet, and 0 caoionally quantI t ie of duet went through the turbin e . 
EXBJIliIl8.tion of tho turbino blades followil this t nd includIng s 30 hours of 
prior operation did not reyeal any oerious d.aDa or build-up on the blades . Thl 
w s qua11taUv only 0 ffect of the duet on th lading would h ve to be d t rm.ln d 
over long 0 rating parloJs . 

Throughout the test water wae pr yod into the fflu nt gaees t the base of 
borehole III to pravent the temperaturo from r1 ing abov~ 1,4000 F. The tomp rature 
level was held t the desired value but t th end of the eighth period, the rofrac­
tory lining olumped nd blockod bor holo III at !;WO polnto . Thio elumpin took placo 
at pointe 42 nd 52 feet below the eurfaco of tho round . At e ell (jlevat.ion the 
blocked por ion wao not oxtonsivo, for it wuo later poseible to reopen the borohole 
by punching a hole thro th obetructed ro ions. A length of 0 el rail having one 
end for d into bit , and the whole weighi approximately 600 poundo, wae llowed to 
fall freely diotance of 15 feet. A f w blow eufficod to punch through each obotruc­
tion . F ther teota wIth the turbo-auporchar r ttni s were not made. 

The turbo-auper::harg r teot showod qUllllto.tlvoly th t it wa. pooaible to uee the 
efflu nt EI produced by under ound aiflca. on . AlthoU6h tho op~rat1ng efficienc 
of the aeroplane-type turbo-auperchnr r unita' a not. h1gh, the teat ehowed th t 
th ou Ie t ea eur wa 1n roaoed to a more aatiaf ctor,)' levol and more efficitmt un1 
weI' inatalled, the recover bl on r y would be . ncre oed t 1 aa'\. three or four tlmes. 
Further, the h a 1 value of the g e waD eted in thie te t and coul be u ilized in 
a mor e ficlen installatIon . By makin theo ch e it ahoutd be posaible to supply 

n und round eification y t m wI th air nd make vailabl a considerable por ion of 
the energy of th cool available ae a produc . 

At ths time the turbo-auperch ger tee t was de, the ayst m h d be on operatil ' 
con inuouely for 18 mentha, and a lar I' a of cool had been .::one d. During tho teat 
i t was no possible to raie the diecharge pre ur6 of the effluent gaaes above 10p. e . 1 . 
which i ndicated that tber wae leal. fr the eyetem. Earlier teete had ehown it should 
have been pooanlo to oper te at at 1 at 30 1' . 8.1. . An IlIllysia of the teet reGulto 
indicated tha the aver e lea g from. the eyetem during the turbo-euperchnr r toet wae 
62 percent of the input air . Aa it wa not actical to iaolat the portion of the in­
etallation !'rem borehole III to the entry aeal from the aectien includi boreholes I, 
II, and VII and the path to borehole III, it waa dec i ded to die ontinue any further t ate 
at elevated preaeur and continue oper tion of th project 1n the section fr bor holee 
III to V. 
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Operation jn the Section Betweon Boreholes III and V 

o 11 ow ina the turbo-superchar er tee and blockina of bar hole HI wi th fallen 
r fr ctory, the opera ions w r. ontinu d b tw on bar holoo V I nC. III at r l.uced 
flowe . Tho ver air Input; 0 1 050 c .r .m. , and the resul obtained have beon 
shown In table 3;) , 1 tem 1. 

It w d Sired to stAblloh high-temper turo zon in tho ro ion etw en )1'e­
holes III and IV before opel' tlon be en III and V was tarted. Air w r a~it i t 
barehole VII, and the 111"0 uct s w r r mov d at IV. P riodtcally , th fle' 
rever e The 0 or tt reoulto obtaln d o.r Iven as it and 3 of table 35: 

At the cor.cluaion of opeI' tiono betw on VIr an IV, alr w 0 t od t bor holo 
III and the ')duct Dee wore roved t rv. P rlodic r vor ala ft'oro acc pliehe , 
and th oper ting results have been ohow s items 4 and '0 table 3 . Table 3' 
ahows that there was by sin of the combu tion f cos und rground 0.0 evidonc d by 
the hi oxy n content and the low carbon d .... axid cont n of the ffluonL BOO, 

opo tiono in the soction b twe n baroholes III and V, 
and IV . Air w s dm1 d nt III and th 

010 d un t11 the temporu Lure of th 
per minute of spr y cool ina ~r w a 

Th c lculn ted temp r turo of the 0 s 
IV close , 

III to orehol~ V. 

Th prcdur.t had risen 
pprecl bly. 

IH. 

Tho rooults 
table 36. 

tho 0 r 1.100 be tweon boreholes III and V are \.llIJIMrized in 

It wa de ired to sh what effec 1.h 6oo-foot lon th of section betweon 
boreholes V and III h d on the 01' rating characteristics 0.0 w 11 as to tC'It the 
system and equi ont undor olon d 01' r tion in ono dlr ctlon wl th hi effluent 
gaa tomperatur s . A c 1 on of the results of the 01' r tim in the section b -
tween boreholos III and IV wl th ho e obtain d from III to V indl co. a that tho 
lon r path of travel resulted In bettor contact betweon ti.e fluids and 
the r actina coal face . Al:;o, it was po ai ble t o 0 r te th ys in me dir ec-
tion for a 10 r10d, and although tho effluent- a mper tur n a.r the b ae of 
the outlet boreholo wer a tem r ure 1 vol above 1,9000 F., it s quite 
practical to use a water spr y and cool th m to any desired level and handle them 
in the ox i ting bar hole . 
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'J)\!U! 35 . - 0peratins l"Iurulta .tar the .. c U m , bcreboles Tn to III to IV 

.. ......- ......un1o or .~n .. nt _ B_~,=t or _t or 
Boo.:~ 1101 r.t."f'~oal WItten at e~4 

eu.ulatl To A ....... Talno, vater J.'f"ora.p UnaceOtUl~ rar &lJ1 
totu I\1r B.t.:!. por _porat ..... at ccna-:JlIj[IUOC, <;enalble Mftt a.t or SonolHo aDd ~4 a tcre4 
Uae , tlOW', ~reent 

~.f)" 
&11 dry ertl.uent EJU, ~.J 

con:tent or :1rr ealbu.etlcm latent b_t of UZId.oT6"ound • 
e.r ••• 1/ 1_ bour" CO:! III O:! Ii:! CO ca, lf2 - "P. orrluont _ or IJr7 _ 

va. te:r Y& per 

1 2 ) ~ , 6 7 8 9 to II 12 I ) 1~ l~ 16 17 

l)4...reetlCll d flow , borehole VII to bcrehole Ul 

l Y .. 2lB 1 ,650 21., 0.1 1.6 10. ) 2.' 2 . , 61. 61 69 1 0.05 I 37~ I 13 .8 '.2 _, .6 1.8 

D1recUcm or .tlov, borehole VII to borehole IV 

221. •. '!71 7 , , 10 13 .2 .1 2.7 1.~ .5 1.' 80" ' 1 22 1 .187 1 276 I 30.7 ~. 9 25.2 1l.1 

Diree'tlm. at flOW', bar'abole IV to barehul.e vn 
3Y. .. 2~ 7 ,~90 13 .9 .1 5. 2 ., . 3 .6 79.4 1 11 I .179 I 205 I 30., 3.' 12.9 lO. , 

Direction at fi.ov , bcrebol.o UI to bcrohola If 

~1f. .. 20 7 ,900 8 .~ .0 9.4 .3 .1 .1 81" ' 1 2 I - I 580 I 18.0 20., 4.1 -

, Y. .. 12 i 7,9}0 a.O . 0 10. ' . 3 .1 .2 
D~rl'" or rev, bi·bOlo IV to ,hOle III 
al.0 3 - 562 17 . ' 21.' 6.3 -

. . ' _f'I ~ ~ 

~f Bash rd ;"i" tI.lre- ~6~h_rree coal . 
11 Heat b&lanC3 1IJ bued OIl £:AI> '7. 
!i' A"~ re6ultlt or qclee 1,317, 1,3'9, 1,360, 1.,361, and 1.,,362 . Input-a1r pre •• ure ranged.traa 6., to 8.2 inchea or Bg. 'nIe tlaw or product 

In vu IJ&.l..lj ~e t'raa the 8'PJ te. vas large. 
ATer8£e or eyen-nl-.bered csclee 1 ,)611. to 1,~lO, lncl.U81 Te. 

II .... roae or odd-nuabored eTele. 1,363 to 1, 09 1ne.w.ho . 
11 A ... el"'8ge' at C1'cl.e. 1 , '<0, 1, 1&22, _~ l. ,lJ2lL 
21 ATereae or qelea I J~) and 1,4O!J . 

~ 36. - 0 - Uon at .. -.. tlon betveen bareb c:01e In 811d borehole V 

-
ATe...". on.h.ta of ornuont .-

Ttao BoaUl\B Mol 
rcr CIDIU- Avel"egO Talue, _tor A:,'ere.ae A:nrap: 

'POr1od., laU .... ai r iB· t .• . per v..,perature or rate ~ c~,l 
totol u... , e:~:!1 .Per cent 

~.Y' ":E' e1'rl~~t SU, ~~~J. hour • bour. CO2 I ll. O2 ~ CO Cl!o W2 

1 2 3 4 5 6 7 8 9 10 II 12 13 ~ 

D1ro tim or flow, ba:-ohola liI t.o borehole V 

:d 226 7 ,850 1l.2 0. 1 5 . ~ 0. , 0. 2 0.7 81 .9 II I 0.25 I 6)2 I 2~.1 
Dire Uco d tlDt, beratlol. V to borehole ill 

23 23 7,800 13 .~ .1 3.6 1.0 . 3 1.0 80.6 16 ·25 1081 
19 ~ 8,050 1l.1 .0 ' .7 ·5 .3 . 5 81.9 8 .25 " 9 14 56 7 ,170 lO.8 .0 6.2 . ~ .2 .~ 82 .0 6 ·25 580 
12 68 7,900 lO ., .2 1 .2 .2 .1 .3 81., 8 .2' ' 09 18 86 7,8JI<) 10.1 .1 7 .2 .2 .0 .2 82 .2 , .25 620 
22 W3 7 ,180 10.0 .1 7 .2 .~ .4 .~ 81.8 7 .25 ' 50 
19 127 7 ,770 lO.' .2 7 .~ ·3 .0 .~ 81 .3 9 .25 666 
17 11,4 8,0'..0 10.1 . 1 8.8 .2 .1 .3 80.' 6 . 25 m50 
)8 182 8,070 10.7 .1 7 .~ . 1 .0 .1 81.C 3 .2, 6 1,190 

l2J. 303 7,690 1l.3 .1 6.8 .2 .0 .2 81.' , .25 ~,6~0 
57' fl77 7,670 1l·3 .0 7.3 . 1 .1 .2 81.0 3 . 25 !/1,<)&J 

!I. At 600 r., )0 Inehe. 11&., d:q. 
Y. Average or all deteJ"llJ..D&l;lOO1 at vater coote,nt or elrluent au ..de durtna period. 
~J !asi. or .,1etW'e- a.n4 .sh-free coal. !I aeat balance 1_ based on 600 ,. 

"5/ An'rage ot odd n~red cycle. l,"'~ to 1,"1, inclul1ve, with e1cep"tlen ot 1,"29. D Spr_y ve.te-r vu \o\8ed: calculated te.pe'rature. 

~)ao 

30.9 
25.1 
21.' 
23. ' 21., 
22 .~ 
23 .0 
23 ·0 
2) ·3 
23.7 
23.6 

- 5') ~ 

aeo.1bl.e bee t 
COD tent or dr7 
ertlloBl t gu 

1, 

16.5 

9.9 
13.6 
15.6 
13.6 
lB. 3 
15.3 lB., 
22 . 2 
3'. ~ 
'9.3 
57 .8 

B .. t of Sene Ib 10 on4 
eallbu.etl cm latent hea t ct 
at d:q PI' w.tor .. por 

16 J7 

16., z. ., 

18.9 17 .0 
ll.r 21. 5 
9..2 22.( 

12.' 22 .6 
8.~ 2~ .9 

1l.2 2, .• 
V..l 23.8 
9 .8 2",; .7 
'.8 29.2 
7 . ' .11.9 

I ~.5 35 . ~ 

b" d!1"ter-ence 

lB 

108.~ 

58.8 

73 .2 

-

-

out or _ , le 

tL~eaJC.ted tor snd 
pr'elltu..d • tared. 

uno!ergrcun4, 
b.1 4 .ltte~. 

-
18 

1,4., 

".2 
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The heat balances given in table 36 indicate that the quantity of heat stored 
underground or lost to the surrounding strata was greatly diminished dur1Jl8 the ex­
tended operation in one direction. The rate of coal combustion was approx1me. tely 2.5 
times that for the operatim m the single entry between ' boreholes I and II during 
the period of March 18 to June 21, 1949 (see tables 11 and 12). This latter fact 'ofB.S 

indicative of increased contact efficiency due to the increased length of paGsage and 
surface arua exposed. 

In the period of operation fran 0 -:; to'L)er 7, 1950, to February 7, 1951, a total of 
2,094 tons of moisture-and ash-free coal was COllSumed, making the cumulative total 
coal used 10,845 tons. 

Borehole IV was located at the midpoint of the path between boreholes V and lII, 
and a thermocouple was installed in borehole IV at a point fiye feet a.bove 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 borehole V to III (see fig. 23). 
This figure indica ~es that the region adjacent to the base of borehole IV did not cool 
during extended pJriods of operation but, rather, showed a tendency to climb. This 
temperature indicates the stabilization of the combustion zone and a gradual increase 
in its temperature level rather than a movement of the combustion zone in the direction 
of flow of the gas-making fluids . 

While operating on lang cycles, the actual leakage from the system between bore­
holes V and III was cletermined to be about 10 to 15 percent. That is, of the total 
quantity of air admitted at borehole V, 85 to 90 percent was removed as effluent gases 
at borehole ITI. The actual leakage between III and V could very easily be less than 
the indicated value, as it was known that the region beyond borehole III was prone to 
leakage, and some of the gases could very easily have been leaving the system in this 
section as well as at borebole III . 

After 877 hours on stream, it was believed that operations could be continued in 
this manner for an indefinite time before serio11s failure of the installation occurred. 
However, it appeared that very little additional information could be obtained, and it 
was decided to make one additional test at a decreased air-input rate and then dis­
continue operation of the proJect. 

Operation of the Project at Various Input-Air Rates 

Following operations in the section boreholes III to V and during the period 
January 20 to February 7, 1951, a test at low input air rate was made. Air was adm1 tted 
at borehole VII, and the product gases were removed at borehole IV. The air rate ranged 
between 830 and 1,270 cubic feet per minute. It was assumed that the combustion zone 
would be concentrated in the section between boreholes VII and III. and that the products 
of combustion would be reduced j n the section between boreholes III and IV. This la '!;ter 
section was at a high tsmperature level as a result of previous long-cycle operations, 
the product gases being removed at III. Thus, a combustion and preheat1Jl8 zone followed 
by a reduction zone would be available. 

During the first 10 days of this test period 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 variations in the 
air-input rate were tried, as follows: Using borehole III as an inlet, the same equivalent 
flow was taken out borehole IV and the residual capacity of the 2,000 c.f.m. blower was 
removed fran borehole VII in an effort to decrease the water content of the effluent gas. 
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This split flow did not 1m.prOVd the operating characteril3tics of the system, and the flOW's 
again were changed .. The full capacity of the 2,000 c . r.m. blower was admitted at boreho.'e 
IV, and gases were discharged at borehole VII in an effort to rais9 the temperature level 
of' the path between boreholes VII and III. At the expiration of' this 48-hour period of 
changing flow , borehole VII was again used as the inlet, and the flow ranged between 830 
and 970 cubic feet per minute. An orifice plate was installed at the discharge at bore­
hole IV, so that the pressure underground would be increased slightly. This period of 
operation was continued for 7-1/2 days. During the last day of operation the flow was 
chfUlged slightly, so that the full capacity of' the 2,000 c.f .m. compressor was again put 
underground at borehole VII. The equivalent flow at borehole IV was maintained as before, 
and the eXCt1SS capacity of this blower was bled of'f the system. at bot'ehole I. This last 
change was another effort to reduce the moisture concentration in the effluent gas at 
borehole IV . 

Table 37 shOW's a decrease in heating value of' the effluent gas with t1llle for the 
f irst 10 days and a relatively CCD1Stant heating 'T:J.lue 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. 
Durina the first 10 days' operation, the effluent gas contained. 57 to 74 percent moisture 
and averaged 68 percent. During the last 7-1/2 days of' operation, the moisture ranged 
between 69 and 78 percent and avel"aged 75 percent. 

D1.1ring this entire test period, a special orifice run was installed on the outlet 
of' the sYE.tem, and on the basiB of dl'Y air entering the system the leakage averaged 71 
percent during the f i r s t 10 days. During the last 7-1/2 days of operation the leakage 
averaged 82 percent. These leakage figures indicate that of' the original 839 to 1,270 
c.f.m. of dry air pumped underground at borehole VII, CD1ly 29 to 18 per cent, respectively, 
was available for gas making in that pi t of' the path between boreholes III and IV . This 
section was shown to be relatively free of' leakage d"..lring the preceding long cycle (leak­
age for the section, boreholes V to III, was 10 to 15 percent) . The data indicate the 
maxi mum leakage area is south of borehole III and includes that part of the path from. 
borehole VII to borehole III . 

Th(;; gas analyses obtained during this test indicate that a large percentage of the 
hydrogen must have been derived from the dissociation of' water. Correlating the hydrogfln 
balances with t i me shows a steaCiy downward trend in the quanti ty of water dissociated and 
indicates a general lowering of the temperature level of' the system during the test. 
Oxygen balances give r esults quite similar to those obtained with the hydrogen balances, 
but were of somewhat different magni tude. Gas analysis shows thA.t the heating value 01' 
the product gases was due primarily to the distillation of' coal and the dissociation of 
water rather than the reduction of' carbon dioxide to carbon monoxi de. No doubt a con­
sider able quantity of carbon monoxide was formed underground during the test and was sub­
sequently burned by oxygen that was bypaSSing reacting coal faces. A calculation of the 
ratio of the heat output to the heat input, shown in t. .. 1 1e 37, indicates that more heat 
was leaving the system than was supplied by coal combu&'C.ion • ..21 The calorific value of' the 
effluent gas was primarily due to utilization of' heat stored in the surrounding strata 
during previous operations. 

On numerous previous occasions the air-input rate was varied in an effort to deter­
mine the effect of' such variation on the gas quail ty and on the over-all operati ng char­
acteristics of' the system. In tables 38 to 41 the r esults of many of these tests are 
summarized . 

..27 The value of' the ratio changes, but heat leaving the sys tem remains grea ter than the 
heat of combustion of tn6 carbonaceous material U" coke or partly devolatilized 
coal was considered as the basis . 
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TABLE 37 . _ Operation at 1"" lnput-air rates . January 20 to February 7. 1921 

Malls1s of dry e!f1uent f1I'8 

Water Leakage 
Heat1:lg ATere.,;e Ratio of 

Ufluent content of from 
Ye.lue, tempera ture heat output 

Period, Air f1""" 81's fL3v, eff1uent:ti ' systerill, ~ercent 
B. t .u. per of effluent to h~ 

hours c.f .... 11 c .f .111 .'£1 percen 1 percent C~ Ill. ~ ~ CO CB4 ~ cu . !t.Y 81'8, F. ilipu 

50 . ...• . 917 1,572 68.8 74 .0 28.3 0.3 0 .1 21.6 6 . 3 4 .9 38 .5 147 1 , 110 1.44 

9.·· · ·· . 928 1,408 69.0 72 .8 25·9 .3 .2 20·3 4 .3 3 ·3 45 .7 119 1,055 1.52 

6 . .. .. .. 928 1,400 71.4 74.4 25 .4 .4 . 3 19.6 4 .1 3.1. 47.1 116 1,045 1.63 

15.·· · · . 985 1,361 70·3 73 ·5 24 ·3 .2 . 2 18 . 0 3 .3 3·0 

\ 

51.0 104 1.040 1 .64 

9.· · · ·· . 1,172 1,347 73·9 77 .4 20.6 · 3 . 5 14.7 2.2 2 .2 59·5 83 1,a15 2.04 

12 .....• 1,270 1 ,300 67.1 73 ·0 19.9 .1 .1 12 .8 1.9 1.9 63 .3 69 1,015 1 .68 

12 ..••.. 1,115 1,172 66 .6 73 .2 21.8 .1 . 2 13.8 1 .8 2 . 0 60. 3 \ 73 1, 000 1.47 

18 ...... 1,064 1,109 66 .7 73·5 21.8 ·3 .3 13·0 2 .2 2 .1 60.3 77 995 1.53 

l2 ...... 957 1,085 71.7 75. 0 21.6 .1 . 2 12 .7 1.6 ~.O 61.8 69 985 1.94 

21. .. • . . 918 1,059 64.2 66 .5 20.9 .0 .2 11.9 1.2 2.1 63 .7 64 985 1.49 

39 .. ·.· . 890 981 64.0 66.6 20. 0 . 0 .1 10.4 1.0 2.1 66. 4 58 975 1.50 

10 . .•. . . 904 963 56 .5 59 .8 19·1 . 1 . 0 9 .5 I 1.0 1.8 68 . 5 54 970 1. .27 

48 ...... 
InterTal during which direction and quantity of i nput air vas varied 

14 .• • ... 909 - - - 16 .7 .1 .2 6 .8 

\ 

4 .5 .9 I 70.8 48 375 -
l2 •.. . .• 892 - - - 22.0 .1 . 1 10.0 2 . 0 1.2 64.6 53 665 -

36 ... . . . 888 - - - 22 .4 .1 .1 8 .4 1 .0 1.9 66.1 52 805 -

36 .••. . • 887 7&2 78.0 86.0 25 ·5 .2 .3 12 .2 .7 2.4 58 .7 70 895 1 .94 

20 . • . ... 839 774 75.8 81 .4 22 .4 .2 . 3 9·9 .7 1.9 64.6 58 930 1.99 

l2 .. •... 841 792 77 .7 83 ·0 23.2 ·3 .2 9 .4 .6 2 ·3 64 . 0 63 925 2 . 07 

12 . . ... . 920 'r82 74 . 9 81.3 20.6 .1 .2 7 ·7 . 5 1.4 69 . 5 43 940 2 .a1 

20 ..... . 970 753 68.5 78.1 19.4 .1 .2 7.3 .4 1.4 71.2 42 935 1 .69 

11 At fJJo Y., 30 lng!'8S Sg., dry. 
gj Calculated to fJJ F., 30 inches Kg., containing all vater as Taper. 
1 ~sed en nItrogen belance and 81's n"",lng calculAted in terJ14S of equivalent air . _I The heat output i ncludes the sensible heat, the l.o.tent heat , and tIle heat of combustion of the constituents of the effluent gIlo8 abOTe 60

0 

F; the heat input is the 

heat of ccab"st~on of the 1IIIl1sture- and ash -tree cAl cenS1lJll8d . 

- 58 -
4380 

L 



L 

~ 38. - n.rlaUCI:l in opmaUDI nn.lt. ""ttl ftl7ins 114JUt-a.tr raw_, OPh"*t.lna period, n.ooUw 21, 19k9 to J\IM Ill, 19501 ~Um or flow, ltoIWIol.e I t.o ~~ II 
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).8 
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8.0 
8. 0 
8.0 

8.0 
8.0 
8.0 
8.0 
8.0 

7. 1 

e .O 
8.0 
e.o 
8.0 

8.0 
6.8 
1.0 
8. 0 
7. 1 

8 ,080 

2,080 
2,070 
2,070 
2,080 

7,990 
7 ,680 
7,960 
8,0"..0 
7,q6(J 

A"~ &nil at. of ettlu.nt __ 

,.~ .1 l).9 .) 

10.0 0.2 7.8 ,6 
9.0 .2 ll.8 .9 
8.8 .~ 12,2 ,e 
7. 9 . 0 l) .2 .8 

.2 .. 

.7 .. 

.) 

) . ) .0 12.7 .2 .0 
).' .2 lIt.2 . 0 .0 
, .1 .0 3.2 .0 .0 
) .0 .0 1.1 .1 .9 .7 
' .8 .2 l).' .' .0 

.2 9.9 

.6 ~.~ 

.6 ~.8 

:~ 177:~ 
.2 ).6 
.2 2. 0 

.2 t1:" .2 .1 
. 0 .~ 

,.6 .128 

13 i/.loll 
1, . OJ) 
17 .ll, 
8.7 il.1011 
2.7 
6.0 
2.0 
7.2 

'·3 

.),) .. )) 

.]12 

332 

2)9 
360 
20J 
171 

2 
)7' 
329 
)82 
3,s 

12.2 

~.1 
6.2 
6. 0 ,.0 
7. 1 
8.0 

ll.O 
12.6 
lJ.l 

10.1 

'.9 
) . ~ 
) . 2 
) .6 

22.' 
17 .' 
ll.O 
ll.2 
10 .1 

!I At 60° Po, 30 tncbll. !le" clr7. 3../ Bad_ or 11C118tw'I· &D4 au-.trH c~. llMt l'UIt.Dc. 1e 'ba-.4 OIl. Ceo r, 
'32 1Ul4 '3' A. ~I Anr.p or oro la. 700, 1CJ2, 104 1Ml4 706. to Ayerase nt ... l uee tor CTC1 •• 709 and 111. 

17.' 

30.7 
2~. ' 
28., 
17.7 

l).6 
26.3 
6.6 

21. , 
1,.0 

A.,.r~ .na l,..l, or ottlIMtnt-~-
B ... ~ balJor><.J/ ...... nt ot b .. of c~. im or caal em.~4 prcaUf1r8 

___ -.. or 
LoIIjJth be ..... ",l~, Mol .ffluent il&II A.erace "toe -~cO\mtAt4 tOJ" and. 

C,0a at air l,t.lI. ..... Av, -lOU-. at _1 8.ne\'bu h .. t loat oL 8eMl1'1le &.Dill Jr"~ atoft4 
orcle , tlO11, Percent pet' a'S . ~r 001 -.., -.., =::t!:~ cQ'lwnt ~ 4r7 oc-b~t.:1 "Xl latent heat ot ~'Founf!l, •.. 
b ...... c.t ...... lOt\! Ill. I "> .. CO 1c;J. H2 n .• "'..- .,. .,. .ffluent; •• or 4rt .. ",,"WI' ,..parr b7 4!1'f'er.n.ce 

1 2 3 • , 5 7 8 9 10 II 12 l) U 1, lb 11 18 19 

!I 7.7 7,'70 7 . ' 0.2 112.2 0.7 0. ) 0.] 8.8 10 0.090 "7 39] 17." 7 .• 20.7 9.' 62 ,6 

,)] ) 1.0 2,,,,, 12.7 .0 12.6 .1 .2 . ~ ).' 7.0 - - 8.0 - 9.2 - -," 8.0 2 ,060 7.6 .2 l).] ., .- ,0 1 .6 II 17" 201 ~.o 0.] 21.9 -m ].] 2 ,030 ~U .0 12.6 ., .2 .' <. 6 6.] 0. ~3 11_ 158 ., 1.] , .8 l) .9 77. 0 
')9 '.' 2,170 .~ 12.7 .S .2 ., ~ . , 11 .1,1 131 1:W 8._ 2.0 .. 9 .8 ~.8 
'~1 8.0 ~,170 8 .1 :~ ~:I .. .0 .• 17:) l' 1,. 200 ,.6 ) .2 26.0 - -,.] e.o 2,110 8.0 .' .~ .. .] 6.7 0.1)6 U] 22] ,., ].0 12.8 10 .6 69 .6 ,., 8. 0 7,740 ~ , 7 .2 12.7 .0 .2 .• 82.0 6 •• .1" .62 ~. 11.1 12 .1 21.0 .,.1 _1.8 
"7 8. 0 7,760 6.1 :~ ~:~ .8 .- . 2 0.2 '.9 .091! ]06 481 l) .8 12 •• ~U 12.7 '9. 6 
"9 8 .0 7,'70 6.7 .6 .1 . ] 9.e I . ] .100 1!611 • 1_.8 10.8 l).2 " . ~ ,,1 8.0 7,~0 U . 0 ll. 9 .8 .. . 0 9.6 1.2 .109 268 '29 1'.6 9,1 7.] 12.9 70.7 
"3 7.] 7, :WO ." 12 . 6 .- .. .2 9.- 12.0 .09' 2,] 000 16.] 8.1 26.] 10.7 " .9 

II 8. 0 e,oIIo 6.7 .1 l.l .• .. .- .2 9.0 6.6 .069 2-9 ]80 16.] 8.0 1,._ 8,] 67 .9 

108 8. 0 1, 980 ll.9 .• ~:7 .8 .~ .6 6._ U .]e, ]00 o,s 7.- 6.1 18.~ 26., -9.0 
710 8.0 2 ,100 9.1 :: :Z .6 .. 1.0 1.- 11 .269 Jar 0]1 6.2 7 .8 27 . 9 2) .2 41.1 
712 8.0 2,,,,, 9.1 .2 .0 .6 7.' II - ]~ 90 , . 6 9.6 19.' - -
1l1t 8 .0 1,8", 2,1 .2 l).1 .0 . 0 .. ].6 8.1 0.1,1 037 )68 1.0 )'.' ~0.7 ... 6 
7\6 6., 8 ,090 ,., .• 12 .8 .6 . 0 :: ~:f 8. 0 o. ]ar ] "90 1).0 16.9 2] .1 · 7.e 12 .2 
718 8. 0 7,910 , .8 .0 ~.1 .2 .0 ' .7 0.100 ]1/ "90 12., 1".] 7 .9 1' .1 62 .1 
720 ~.1 1 ,9~O , .8 .~ §:~ .6 .2 .0 0.1 • . 6 - 297 ~,s 12.6 l).3 1 .6 - -
T22 .0 8 ,010 7.2 .0 .0 .0 9.9 0 - 279 ~30 1,.0 10. ' 0 
72' e.o 7,840 6. 0 . 0 p...9 .9 . 0 .. 9.6 - .9 - 296 '" l).9 11.9 1). 0 - -
!I A-c 60° Po, )a l neb •• 141., 4r)t. ~/ lIa.h ot ao1etw-e· u4 aeb·rr-.. cc:al.. 

'33 A. jJ A ....... ot CIrca. 703 M4 105. 



TAllIE 110. _ VerlAticn In operating re.ulta v1tl! nrTiDa input-61r r ate.; oporeting period J_ ~ to O.to_ 1. 1950; 4ire-ticn or tlew. bonbol.o ItI to bareh"lI> Til 

A.or .... ~d. at .ttll>ont ..... 

Reat ~,).I __ t or heat or _ti<n or . oa1 • __ 4 

U<.at1ng 
... pera ture or 

Lecg..h A.onge 
-ral .... Mol effluent P.fUIi_ It nre.ge rate 

UnacCOlZlted tor and 

at alr 
'B.t.u. vater AT. itU. cr coa1 Sene1bt. neILt _tat seno1bl.e aod tre- .tared 

Cycle c1c.le, rlaw, 
Percent ~.ii· 

per aol. teap., teap· , =;:t~iI 
cmter.t or dry ce-buat.100 

latent beillt of 
\lD,d8rf!I1'ound J 

110. h""" c .t ,Ill.! CO;, I U. o.z u" CO CHII II:! 
dr, .,.. "'. "'. effluent @!Io' ,or dr7 ga.e 

vater "par bl dltterenee 

1 2 3 ~ 5 6 1 8 9 10 II l2 13 ~ 15 16 17 18 19 

~/ ~ .O 

,.'~ r 0.3 5.3 2.8 1.7 0.9 tn ·3 30 0 . l2'.l 56, 815 31.0 u .6 3' ·3 
8.5 " .6 

'i f •. 0 , .1" U.l .2 , .6 ' .1 1.7 1.1 ~6 .2 3' .~, '96 720 20.9 to." ~1. 6 10.1 37.9 

§/ .. , 7.390 10.8 .3 6.2 3 .1 2 .~ .6 6.6 30 .152 629 92B 30.0 l2.2 32•8 to.O 11,.0 

11 ,.0 7.,00 9·9 .2 '1' 
1.7 .8 176.9 27 §/.ar '72 au 26.7 10.9 37 .0 , .0 "6.7 

2l '.7 3 .930 11.0 .2 7 .11. 2 .1 1.1 .6 \77.6 20 .1.66 

"T 
1~.3 l2.' 26.7 12.8 kB. 1 

~ 5.6 7.1<20 10.0 .1 8., L , 1.2 .6 8.1 17 .19io '78 767 
2 •. 6 ll .9 2 •. 8 16.0 "7.3 

1.269 6 .0 1.7"0 16.3 .2 6.7 3·3 1.3 .9 IT L 3 26 

~t~ 
lI69 686 10.0 7.7 2' .9 31.3 3,·1 

1,271 30•8 1.71, 1'.3 .2 6.6 '.j 1.3 .9 112. 11 31 / . 536 "77 751 
8.6 8.6 32·' 

31.6 27 •• 

1.273 29·7 1.595 13.2 .2 6.7 2.1 0.8 0.8 6.2 22 .536 793 lJ'jO 6.9 7.6 25.2 39.2 28.0 

1.,27' 29.8 1.625 12.5 .2 7.1 2.0 ., LO rr?·7 22 / .'36 ~2 1,:r.i0 6.6 6 .0 26.7 42.3 25 .0 

l ."77 9·3 1.705 U.l .2 7.3 1.9 .3 .8 178.' 19 ."70 "79 725 5.9 U.' 26. , 37 .1 25.0 

1.219 8.0 7.'50 9.1 .3 8 .8 .7 .. .3~. ' 13 .133 5S2 956 20.8 '17 . 0 21.9 1.3 .2 ~7.9 

1.281 I 8 .0 7,680 9.6 .1 8." 1.8 .6 . k 9.1 ~ .217 ~99 \ 810 
22 . 6 13.8 22 .5 25 ·7 

37 .7 

1.283 \ 3 . 0 7."0 10.0 .2 9·0 1.5 .7 :~~:i 
16 - .58 76k 2 •. 0 10.5 2'.' - -

1.265 e..0 7.710 10.1 .0 9.0 1.2 1.0 13 .306 ...... ns' 21 .1 10·3 17 .9 23 .6 kB .2 

1,287 8.0 1 ,570 10.7 .1 9.0 .8 .2 .8 ti8.' 13 .175 '36 7 ~3 \ 
20 .8 10.8 19.1 10 .3 " .8 

" ".,. , .• " ~ •• ~ •• ~. , '_" d _._. __ .~ _. y _. ~ " - ~ '" ,. " .. - d ••• • .... ...... ,.,. -
'112. ~ A'or&I!" or .,.1.0.99'1 and 99

6
• §/ A'onge or .,cl.1>- 998, 1.000. 1.ore and 1.00t. . 11 A."",£" or .1·

le
• 1.17

6
• 1.17

8
, 1.lBO. aod 1.18, . 

8/ A. _"-!or preoOdlDg week . 2l A"rosa at .. en..,woI;ered ctel.e. 1.190 t.lIrou# 1.230 . W Awrage or 17 .,.- v"- 10. 1.269; 41roct, on 

1)"",,ole = to vn. B AToroge tor 01.1.0· 1.269 and 1,zr.. . 

TABlE "1. _ Va.r1atlm in o"lWl"&~ reBU1~ v l th 't'S.l7~ lnlll" --
•. operat''''' _Iod J_ ~ to October 7 1950~' 41roct! m or tlDw . borehole Tn to ..,...,...- ... 

A.or ..... ...;J.... l0 or attluent .... 

eeat ba~ __ t or heat or _tim or coa1 .~ 

Beating tr_ture or 

uoogtb A'eroS" 
-ralue. Mol eff 1uent de 

A.,.ersae ra toe 

\,JDacCO\mted tor and 

or a.lr 

'S. t.u. ... tor A' • -. or coa1 Senel ble beat ]leat or senolbl.e aod 1""-.-
C7ca cfCla , tl':~ 

Percent ~.li· 
perllOl u-Jl. , ....... ==t~y cOO tent. at dr7 ce-bUll \ol O11 latent heat or 

1oin4r-rgrom4, 

Bo. h""" c.r.a CO:! IU. o.z u" CO CII~ Lz 
dr1 .,.. "'. "'. et-tluent .. o! dr1 SO" vater Taper b1 d1N'erence 

1 2 3 ~ 5 6 7 8 9 10 U l2 13 10 15 16 17 18 19 

!I 6 .0 7."0 u .8 0.2 0.1 2.8 1.7 1.0 8.~ 29 0.351 775 1.000 30.5 16., 30. 1 26.6 22 .6 

'i1 6 .0 ,.320 l J .O .3 3.6 3.8 1.2 1.9 6.2 l>2 - 7" 9~5 25 .2 10.0 .... . 0 - -

y ,.8 7 .510 l?.7 .3 3.8 2.9 2 .1 ·dn., 29 n.331 77~ \ 1.'31 33 ·7 \ 1' .3 31.5 22 .8 } O. ' 

I I 5. 0 7 .'50 10.k .1 5·5 2 .2 1.. 1.0 9·" 211 .3 .... 720 903 26.3 I 17 .~ 32 ·" 
28.8 2L.k 

W 5.0 _.000 u.8 .2 5.5 2.1 1.0 .8 8 .3 22 .37' 535 762 1,.8 U. ' 21.7 26 .7 3 •• 1 

2l ,." 7.530 10.0 .1 6.9\ 2.1 1. ' .7 8.7 21 .233 529 765 25 .6 

\ 

l2.9 29·7 19.0 }8.' 

1,268 6. 0 1 .280 19·5 .f, 3.5 9. 5 •• 0 1.2 161•6 60 .727 36k 5k6 U.6 •• 1 '5·3 
26.1 2'.' 

1,210 21.0 1.115 11 .3 .~ 3·5 7·3 2. 1 2.1 1·3 60 ~.725 816 1.292 12.3 12 .0 ~7·0 36 .5 ".5 

1,272 31.0 1.,~O 17 •• .1 3.6 7 ·7 1.9 1.9 1.0 '" 
.7<2 772 1.359 U.l U.9 _3· l 36 .8 8.2 

1,21' 28.3 1,~O ~.7 .1 ".9 2 .6 1.2 1.3 ~:2 
26 .7" 8612 1.379 8 .2 16.2 28.2 119.0 6.6 

1,276 21.5 1 .610 1'. 5 .2 3·9 2 .0 1..1 .6 .3 21 .6U 816 1.330 7 · ' 
16.0 21.l "'.3 

21.6 

1,278 ~.2 7.600 8.' .5 7. 6 .5 .2 .3 f;l2., 15 .~ 95" 1.~ 19.7 31.1 26.7 8.3 33 .9 

1.280 8.0 7.610 9·0 .1 7.2 1.. 1.0 .6 9.6 16 .2l2 6U 22 .3 17·4 26 .0 20.5 36 •1 

1.282 8.0 7.680 9. 6 .1 7 .2 1.9 l.~ .7 ~:~ 
19 .195 5k6 892 20.5 ~.1 26.0 16.9 00.6 

1,~ 8 .0 7 .760 9.2 .1 7. 0 1.8 1.0 .9 20 .~, 
,.... 87~ 23.7 18.6 31•0 13.0 37." 

1.286 8.0 7.710 U.3 .2 6.9 2.2 .8 1.1 In .5 2:> .~l>2 ..... 831 28.8 9.8 32·7 17.6 39·9 

y At 60
0 

Y •• 30 lnCh •• Eg • • dr1. 2 / liasl. or _.ture- and ash-tree coa1. ~ aoat bfI.lanoe 10 ba .. d on fI:f'~. !I Aurw-s- or .,.1.00 989 end 99

'

. 
'i/ A ....... or O1el" 993 and 995: §/ A.oraao or c1.leo 997. 999. 1.001 and 1.003· 11 ,-.. rosa or O1ela

o 
1.179 end 1.l8". -W A'_ or 

odd-n_

ad 

O1cl •• 1.189 tbrou# 1.23
1

• 2l A.or_ or 17 01."' • ..... ao41ng .,.1.0 1.268; d1re.~lon borehOle Tn to o:I. ~ A'_ or -

:pr-ece4..1.Dg and. tvc toUov1n8 clea,,- - 60 -

oJ80 
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Tables 38 and 39 give results of a group of tests made ·1 the section between 
boreholes I and II during the period l)()cember 21 , 1949, to June 5, 1950. The oper­
ational history befaro and after the test has been included to shew the effect on 
over-all characteristics of the system. In this period a decrease in the input-air 
ra te from approxiua tely 7,500 to 2 ,000 c .f .m. had little eff ct. on the qua 11 ty of tho 
offluent gases. At the start of the reduced-flow period an i ncrease in carbon dioxide 
content was noted, but very little change in the oxygen content was found, and there 
was a slight increase in heating value, '1hich, during the course of t.lle operation, 
tol,ded to decrease. At reduced air flow there was a. uarked reduction in the rate of 
coal consumption and usually a decrease in the sensible heat content of the product 
gases. Upon re'tLtrning to an input-air rate of approx1mately 7,500 cubic feet I>t>.t' 
minute, one or more cycles were required to bring the operating level back to that 
which had exis~ed before the input-air flow rate was changed. The operating charac­
teristics seemed to indicate a general decrease in the temperature level underground 
as a result of the d~creased input-air rates. 

In tables 40 and 41, the resulte of a series of tests uade in the sect.ion from 
borehole III to borehole VII during the operating period of June 5 to October 7,1950, 
have been summarized. The input-air rates were varied from approximately 7,500 c .f .m. 
to 5,200 c .f.m. to 4,000 c .f.m. to 1,800 c.f.m., and the operational history of the 

oject before and after these lower air-input rates are included . A decrease in in­
put-air rate fram 7,500 to 5,300 and 4,000 c .f.m. had little effect on the quality of 
the effluent gases and resulted in reducing the rate of coal consumption. 

In every instanc£" when the i nput-air rate was reduced to approxiuately 1,800 
c.f .m., the hea tinS value cf the effluent gases first increased and then decreased 
steadily with time until, after several cycles, it reached a valuo approxtmatlllg that 
whlch had been obtained before the change wae put into effect. In each instance 
several cycles were required at 7,500 cubic feet per minute to bring the over-all 
operating lovel of the project back to that which had existed prior to the change. 
A general decrease in temperature level underground was indicated when the input a i r 
rates were reduced to the 1,800 c.f .m. figure. The effluent gases contained an in­
creased percentage of moisture during these flows, which resulted in a higher percent­
a e of the heat of combustion of the coal being present as sensible and latent heat 
of the moisuU'e in the product gases . 

Leakage from the Underground Sys tem 

Before firing the underground installation on March 18, 1949, a test was made to 
determine leakage from tho system. With all outlet valves closed, air was pumped under-

ound until a pressure of approx1mately 5 p . s . !. . was attained. '.:'he pumping was 
s topped, and the pressut'e los s with time was determined . This preliminary test indi ­
cated that the leakage from the system would be approxillBtely 5 perce11.t of the input 
a ir wi th an average pressure of a bou t 2 p. s . i . g . underground. I t was known tha t there 
was s ame leakage from the air manifold and at the entry seal, and after firing the 
project each of these leaks was s topped. 

To measure gas flow, orifices were installed at the surface in the outlet stacks 
a t boreholes I and II . Piping requirements at these points rendered compliance with 
ori fice-meter i nstallation specifications impossible, and, for this reason, the orifice 
constant could not be calculated accurately, and the follOWing discussion is based on 
the assumption that leakage at the start of operations was negligible. The data, 
therefore, may be regarded as quali ta ti ve, and their chief value lies in establishing 
variation in leakage with time. 
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Effluent-gas flow data were collected at regular intervals during op rations. 
These data consisted of differential pressure across the orifice, pressure upstream 
of tile orifice, and gas tempeJ.'8. ture. Moisture content of the gas was determined in 
most instances. The final leakage figure was based on dry gas outrlow at 600 F. and 
30 inches Hg. pressure, referred t) air input at the same bast. conditions. 

During the first operating period, with flow in the direction borehole I to 
borehole II, the data of table 42 indicates leakage ranging from zero to approximately 
3 percent. The average back r.ressure or preDsure required to force the normal air 
flow of approximately 7,500 std. c.f .m. through the system, increased during the same 
period fran 3.7 to 5 p.s.1.g. 

In the second operating period, June 21 to October 5, 1949, leakage when operat­
ing borehole I to borehole II increased from 3 to 6 percent. 'l'his accompanied an 
increase 1n the back pressure from 5 .2 to 12 p.s.1.g. The leakage and back pressure 
are plotted against time in figure 24 . It waD observed that somewhat sil41lar trends 
were followed by both sets of values. During most of the first and second operating 
periods, the calculated leakaga given in table 43 remained a.t ~ero, baaed on gas flow 
out borehole I. From these observa tiona it can be reasoned that the crevices where 
leakage occurred were in an area where the increased pressure at borehole I was oper­
ative, but similar pressure applied at borehole II was not op~rative . Little eVidence 
was obtained that the crevices through which leakage occurred i ncreased in size or 
number during the two periods. 

The operating period from October 5 to December 22 , 1949 was characterized by 
lang cyclos and high effluent gas temperatures. The effluent gas volumes were not 
measured . The area of coal consumed increased rapidly near boreholes I and II, and 
high resistance to the flow of hot gases developed at coal-bed level near these 
boreholes. 

Following operations wi th high effluent gas temperatures and lang cycles, and at 
the start of the operating period December 22 , 1949, to June 5, 1950, leakage increased 
to approx1ma.tely 16 percent, and by J1.me 5, 1950 it had increased to approximately 18 
percent (see ta.ble 42 and fig. 25) . In both cases the gas floW' was from borehole I to 
borehOle II, as repairs to borehole I water jacket had rendered that orifice inoperative. 
Figure 25 ahows that an increase in back pressure early in the period was accanpanied 
by an increase in leakage . Thereafter, adual decline in back pressure was noted; 
whereas leakage remained nearly the same. It was evident that the rise in back pres­
sure, caused perhaps by gradual subsidenco of the strata overlying the burned-out area, 
had changed the pattern of air-gas flow underground and diverted more gas to leakage . 
It appeared likely that during this period and tho preceding period, October 5 to 
December 22, tile cross-sectional area of crevices available for leakage increased . 
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~ 42. - LeaBSO frOlil the underlFound Dlet_; diroot1cn of flO'll. boreho1 I to bar hole II 

Operatins 
veek 

Air 1n t 
A nrage llack 

t1ow, pr"..ure, 
c.t.m.ll p ••. l.S. 

Opert\t11l8 perlod, March 18 to JWle 21 , 194 
8........ .............. ........ ..... 7,380 3.7 7,460 
9................ ................... 1,490 3.9 7,460 

10.......... .......... .......... ..... 1, 0 4.1 1 , 510 li................................... i" O 4., 1 , , 00 
12 ................................... 1,320 4.8 7,160 
13.. ............................ ..... 1, 24 0 4.8 7,180 
14.. .. . .. ............................ 7,200 4.9 6,970 
1'.................... .......... ..... 1,200 , .0 7,020 

o N.t1ns per1od, June 21 to October " 194 I 
1 •..... ....• . ...• ..... .•........• ... 
2 •••••••• • ••••••••• • •••••••••••••••• 
3.· ................... ......... .. .. . 
4 .... . ......... ..... ....... ..... ... . 
5 .............. II ••• ••••• •••••••••• • 

6 .................................. . 
1 . .... ...................... . ......• 
B ••.••••••••••••••••• ••••••••••••••• 
9.· .· ...• . ............•........... ,. 

10 ... ..... . ..... . .............•...... 
11 .................. . •.... . ....... . . . 
12 ................................. . . 
1) ••• •• ••••••.••••• ••• ••••••••••••••• 
14 .................................. . 1' .................................. . 
16 ....•.•.................•.. .. ...... 

1,liO 
7,080 
6,97' 
7,13' 
7,160 
1,140 
or ,130 
1,105 
7,140 
1,220 
7,24, 
7,13' 
7,(1)0 
7 ,0'>0 
7,~4, 
7 ,07' 

, .2 
, .8 
6., 
6.7 
7.' 
8.1 
8 .7 
8.4 
8.6 
8 .7 
9.0 
9. 
9.7 
9·9 

10.8 
12.0 

o ra t1nS period nee ber 22, 1949 

2................................ ... 7,770 9.2 
3................................... 7,585 9.0 
4.... .. ... .. ... . ... ... ... .. ..... .... 7"" .2 
, ................................... 7, 650 9.4 6.......... ............ .. ........... 1,~0 9.' 
7.. ................................. 7, '}6, 10.4 
8.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7,880 10. 2 
9..... . ....•......... . ....... ...... . 7,9:)0 10.3 

10................................... 7, 940 9.9 li................................... 8,130 10. 3 
12.. ................................. 8,000 9.7 
13............... .................... 8,005 9.9 
14. . •• . . . • .• . . . . . . . . . . . . . . • . • . . . . . . . . 7,83 10. , 
15.. ................................. 7,91' 10.2 
16 ................................... 1,890 9. ') 
17................. ......... ......... 1,900 9.2 
18 ............. ........ .. ............ 7,860 8.9 
19.................. .... . . . ....... ... 7 ,720 8 . 15 
20. . .......... •... .......... . ...... .. or, 720 9.0 
21................................... 1,690 9.0 
22 ••• . •• • •••• •••• '" •••• • • ••• • • •••••• 7, 670 8.9 
23 ........ .......... ......... ........ 7, 0 8 .1 
24 .. ....... ......... ..... ............ 7, 600 8.7 
2'..... .................... .......... 7,' 8 .6 
26 .. .. ............................... T,G20 8 .8 27 ................................... 7,6)0 8 .4 

6,860 
6,940 
6,810 
6 , 610 
6,9, 0 
6,980 
1,100 
6,720 
7,020 
1,080 
6,880 
7,000 
7,080 
6, 0 
6,8;>0 
6,760 

to June " 195J!.I 
6, 560 
' ,97' 
6,610 
6,425 
6,360 
6 ,605 
7, 040 
6,820 
6,460 
b,895 
6,14, 
6 ,99~ 
6,355 
6,320 
6,460 
6,415 
6,4 00 
6,32' 
6,250 
6,250 
6 ,415 
6,:<80 
6,380 

" 0 6,250 
6 ·595 

• 
Lee.ka 1n 

tcru of a1r 
1nput, percent 

0 
0.4 
2.2 

·8 
2.2 

.8 
3·2 
2 ., 

3 · ' 
2 .0 
2.4 
7 .4 
2 .9 
:> .2 

.4 
5.4 
1.7 
1.9 
, .0 
1.9 

.1 
1.6 
, .9 
4 ., 

1,.6 
21 .2 
12 . , 
16.0 
16.0 
12·1 
10.7 
14.0 
18.6 
1,.2 
1'.7 
12 .6 
18.9 
20 .2 
18.1 
18.8 
18 . 
18.1 
19.0 
18.1 
16.4 
11.8 
16.1 
21 .3 
18.0 
13.6 

11 At 600 T ., 30 1nchee US., dry. :<1 The veek ended Mar. 19, 1949. 1. 
- 1949 • 1. Y The week ended Dec. 24, 1949 • 1. 

I The veek ended JWUI 2" 
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TAllLE 43. - LeaJcagl! frem the underground ystomj direotic:n of' flow 
bor~hoie II to borehole I 

Operating 
week 

7 ..•..•..•.•.... 
8 .. ..... .. I' ... . 
9 .. II ••• • •••• , •• 

10 .....•...••...• 
11 .. II •• ••••• •••• 

12 .............. . 
13 •.........••... 
14 ....•..•..•..•• 
15 .............. . 

Aver g 
flow, 

c .t .m.1/ 
pressure, 
p.s .1.g. 

Oper t1ng period March 

7,400 
( ,450 3.6 
7 , 525 3 .8 
7,6 3 .8 
7,460 4 . 4 
7,280 4. 
7,300 4 . 7 
7 280 4 . 
7,2:.>0 4.7 

Average effluent 0 

vol I' calculated 
a eQU1Valentt1r, 

c.f.m.1 

18 to June 21, 1949_ 

7,400 
7,380 
7 540 
7,380 
7,320 
7,400 
7,410 
7,280 
7,~50 

Opera t.ing ~ri od, Juno 21 to Octob r 5, 194 1 
1............... 7, 0 4.9 2............... 7 ,090 5.5 
3 ............... 7,030 5 ·9 
4............... 7, 0 6 .3 
5 ............... 7,210 7 .0 
6 ............... 7 , 230 7 .4 
7.... ...... ..... 7,180 7.6 
8 ............... 7 ,190 7 .8 
9 •..••.•. ·...... 7 ,190 7 .8 

10...... ......... 7 , 300 8 .0 

7,275 
'r , '>80 
7,180 
6 910 
7200 
7,310 
7,375 

7 ,460 

Lea.mee in 
erms of' air 

input, perc nt 

o 
0.9 
o 
o 
1.9 
o 
o 
o 
o 

o 
o 
o 
2 .9 
0.1 
o 
o 

o 
11 At 600 F., 30inche Hg., dry . g.l The week en dM3.r. 19,1949-1. 
II Th wee nded Jun 25, 1949 - 1. 

In tile oucceo ing period, June 5, 1950, to Octobur 7, 1950, with operation be­
twe n boreholeo III and VII, et'1'lu nt- 0 fl data wer av 1l.able only 'When b ehole 
III YQ.s the e outlet. During the fir t 6 weak of thio period, effluent- s vol 
were not obtain d, becauoe the use of spray water in the outlot borehole mad\) it 
impossible to calculate accur toly the volume of 0 flowing . ec:n equently, the firot 
leakage f igure obtained were for the 0 venth we k, when th back pressure for the 
period reach d the lII8x1lIIum of 12.7 p .s.1.g. 'rable 44 and figure 26 how that the 
leakage increased for the next 7 weem, despite a conotar.t dec111'l1!1 in the bacl': pre s v . 
Thereafter, the rcent leake.ge and the back presoUl e continued to decreaoe with time. 
Several extendAd periods of operation with reduced flow render d poss1ble tho evaluation 
of leakag at reduced pressureD. At an air input of 4,C17 td.. c .f .m. and back pressure 
of 5 .7 p •. i .g., leakage 0 42.0 percent, aD c pared to 46 .0 percent at normal air 
input. Wi th the air i nput further de eased to 1,620 otd. c .f. . and ck preosure t 
2 . 3 p.e.i.g., the leakage waD 39 . 5 percent, compared to 44.0 per cen at nol~l air in­
put. The fraction of enteri ng air diverted to leakage was n arly conotant tor all air­
input rates. 

In the early w eks of thia period, lArge amounto of oand fJ inJ cted into the 
origin 1 entries betwe n boreholes II and III . The increaoing b ck pressure ohowo 
that the and was etfective to s degree in plugging the entriea inet s flow . 
The s flowing frem bor hol VII to borehole III was therefore cOll\.P611ed to pr1SS 

through a relatively lIIflll burned-out area near the sand plu . At tho t J 

the sa had re ely acceso to the larg burned-out area bounded by bor holeD I, II, d 
VII, where, it has been concluded, the leaka occurred. Tho incr sing lee..las.ge with 
decr asing back essure indicates that tho crooo-sec ional are of the crevicos 
available for leakage 0 increaoing wi th time. 
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TARLE 44. - Le.::ka.ge from the underground system; direction of flow, 
borehole VII to borehole III 

Air in ut Average effluent gas 
Average Back volume calculated Leakage in 

Operating flOl(, pressta'e, as equivalent; air, tE'rm.s of air 
week c.f.m.1/ p .s.1.g. c.f'.m.11 input, percent 

------,~~-----+~~~~+-~~~~+-----,~~~~~~~--~~~----

Operating period, Jun 5 to October 7, 195~ 

1 .. II II II II II II II II II II II II II 

8, II II II II II II II II II II II ,. II II 

9. II II II II II II II II II II II II II II 

10 •••..•.•.•....• 
10. II II II II II II II II II II II II II II 

11. II" ••• II.' II II II II II 

J2 II II II II II II II II II II II II II II II 

13 •..•....••.•... 
14 II" 11.11 •• ,I ••• 'I'. 
14 .... 11.,1 . 11 '1''1 II" 

15 •.•...•.•...•.• 
16 .... 11'11 ,1.11 ••••• 

17 .... II ,1.11.11 •• 11' 11 

18 •.•••......•..• 

7,430 
7,410 
7,560 
7,450 
4,090 
4,060 
7 ,530 
7,560 
1, 620 
7,670 
7,700 
7,560 
7,600 
7,730 

1:./ At 600 F., 30 inches Hg ., dry. 

12 .6 
11.9 
U.8 
11.7 

5 .7 
'5 . 7 

11.4 
11.3 

2.3 
11.4 
11.2 
10.5 
10.4 
10. 3 

2/ 

4,485 
4,485 
4, 340 
4,050 
2 ,360 
2,360 
4,105 
4,050 

930 
4,270 
4, 375 
4,53 0 
4,590 
4,585 

39.6 
39.5 
42.6 
1~5.6 
42.3 
41.8 
45.5 
46.4 
39·5 
44 .3 
43.2 
40.1 
39 . 6 
40.7 

Tha week ended June 10, 1950 = 1. 

While operating in the erA between boreholes IV and VII, a series of leakage 
tests were made, utilizing specially constructed ori fice runs for determining the 
effluent gas volume. Table 45 summarizes the results of these teats. Here, instan­
taneous leakage has been di fferentiated from over-all leakage. This differentiation 
has been made because of the extensive volume of the underground system, which acted 
as a storage res ervoir for gas under pressure; and when the air supply was cut off, 
gas continued to issue from the system in diminishing volume for several hota's. The 
several over-all l&dkage figures take into account the stored gas recovered dta'ing 
the "blown-down" periods. Back pressta'e at the inlet and gas pressta'e at the orifice 
ere included in table 45, because the pressure causing leakage lies between the two 
values. 

Cycles 1,384 and 1, 387, boreholes VII to IV and boreholes IV to VII, respectively, 
were operated under normal conditions. When using borehole IV as the outlet, leakage 
was 53.2 percent, and when borehole VII was the outlet, ' leakage was 43.2 percent. 
The pressure required to force air into the system at borehole VII was 10.7 p.s. i .g. , 
and at borehole IV, 15 .5 p .s.1.g. These figures indicate that the point of leakage 
was somewhere near borehole VII, because a greater volume of gas passed through the 
sys tem between the boreholes when IV was the inlet. When borehole VII was the inlet, 
the highest pressures mderground. were applied near that point and caused greater 
leakage. 

Cycles 1,390 a..i.dl.,393 were made with the gas outlet choked. The effluent gases 
passed through a 3 -inch-diameter orifice as they discharged to a1mosphere. Thus, 
gas pressures exceeding 10 p.s.Lg. were applied everywhere in the system. The 
determined leakage (table 45) reflects the effect of increased pressure at the point 
of leakage . It was noted that again the back pressure a t borehole IV was substan­
tially greater than at borehole VII. 
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TAEI.E 45. - Toste for leakage from the underground system 
using various flows and pressures 

Air input Effluent gas Ina tantaneous 
Back Average Discharge leakage i n terms 

Aver age .f l ow, pressure, volumo pressure, of air input, 

Cycle c .f .m. l / p.s . Lg. c .f .m.}:! p . s . Lg . :per centg 7 

Direction of flow, borehole VII to borehole IT 

1,384 ...• 7,425 10.7 3,285 1.7 (54 . 8 
3./(53 . 2 

1,390 . .• • 7,400 14.1 1,730 9 . 8 (76. 6 

1,4l2A ..• 
3./(75 . 2 

7,425 12.0 3,920 2 . 1 45 . 3 
1 , 4l2B •.• 6,190 9.8 3,400 1.7 45 .2 

1,4120 ••• 5, 045 7 ·3 2,820 1.3 46 . 5 
1,412D . . . 3 , 365 4 . 5 2,080 .7 45 . 9 
1,4l2E • .• 1,910 2 . 4 1,320 .3 44 .0 

1,417A •.• 1,850 2.7 1,195 .3 43 . 9 

1,417B ... 1,850 2. 6 1,215 . 3 40. 8 

l,417C • . • 1,810 2 . 5 1,195 . 3 39. 3 
1,417D • •. 1,910 2 .5 1,305 . 3 39. 4 
1,417E ... 1,985 2 . ) 1,330 .3 38 . 6 

1 .417F ... 1,890 2.5 1,290 .3 37 . 1 
1,417G ... 1,920 2.5 1,340 .5 37 . 2 

Direction of flow, borohole IT to borehole VII 

1 ; 3d7 ..•. 7,640 15 .5 4,010 3 . 0 (47 . 4 

1,800 
3./( 43 . 2 

1,393 .. . •. 7,225 17.9 10.5 (75 .2 

1,415A •.. 16.1 4,015 
3./(73 . 1 

7,3 40 2 . 9 45 .1 
1,415B • •• 6 ,870 15. 6 2 ,650 2 .8 61. 6 

1, 415C .•. 5,630 12.9 3 ,460 2 .2 39 .8 
1,415D •• • 4, 025 9.1 2,750 1.2 34. 2 
1,415]: . . . 1,840 4 .3 1,085 0.4 46 . 4 

Direction of flow, borehole III to borehole IV 

1,418 .• . . 1,850 . 1. 6 I 1,730 I 0. 5 0 

17 At 66v F . , 30 inches lig . , dry. 
2/ The gas volumo was recalculated to equi va1en t air through the use of a ni trogen 

balance and correcting for moisture . 
3./ Includes gas stored underground 'measured during "blowdown." 

Cycles 1,412 and 1,415 were made wi th the a i r input progressively decr eased . 
Instantaneous leakage only was calculated. In cyc:'e 1,412, borehole IT was the 
outlet , and the :percent leakage remained constant at all air-input rates . In cycle 
1,415, the percent leakage varied irregularly with diminished air-flow r ates . 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 is not included in table 45), actually issuing from the system r eflected closely 
the cbanges in back pressure, due to reduced air input . 
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eyc19 1,417 represented approx1.lml.tely 1 week's operation with con'3tant air input 
at borehole VII, with borehole IV the outlet. The determined values 01' leakaL<B indi­
cate a slight reduction in leakage with time. 

Cycle 1,418 again tested the hYD0thasis that leakage mainly occurred south 01' 
borehole III. It will be noted that the air pressure wes very low, and that the cal­
culated leakage was zero. Thus, the hypothesis was confirmed, and it was also estab­
lished that the area of gr-eatest resistance to gus flow at that time was located south 
01' borehole In, probably in the neighborhood 01' the sand plugs in the entries . 

At no time during the entire operation 01' the project was it possible to Ciscover 
substantial gas outflow at the surface. Several points 01' small leakage were found . 
The firs t point 01' gas escape found was approxillla tely 500 feet west 01' borehole II, 
where a small stream crossed the coal outcrop. Gas was observed bubbling out below 
the coal bed, in the coal bed, and above the coal bed. '!'he amount of gas was initially 
very small but increased wi t.h time until bubbles were observed ove!' approx.1ma.tely 50 
feet of stream bed. The gas was acccmpanied by Wl outflow of water. The volume of 
gas remained too small to have been detected in the gas-flow data. The gas at this 
point ini t1l:tlly contained some carbon dio ide f'nd nitrogen, but after combustion was 
established between boreholes III and VII, hydrogen wi th smaller &lIlOunte of methane 
and carbon monoxide also was present. 

A slight inflow of gas was detected in a mine in the Pratt bed approximately 
600 feet west 01' the entry portal. The gas entel'ed at a single point throngh a crack 
in the roof rock. The gas was flammable, hydrogen being the main comhustitle constituent. 

During heavy rains, bubbles have been observed on the surface between boreholes I 
and II, west of the entry, and inside the limits of the burned out area. Subsequently, 
cracks have been observed in the same area, which indicate widespread subsidence with 
cracking from the coal bed to the sttrI'ace . 

When drilling boreholes VI and VII and f'and holes 7 to 13, gas inflow in small 
quanti ties was noted at numerous hori zons. However, inasmuch as test holes 1 to 13 
and borehole I were unlined from the coal bed to ri thin 30 feet or the surface, gas 
under pressure in the undergr-ound system had acceSfl to the strata at all horizons . 
Some gas flow w~s therefore to be expected in permeable beds. 

In the absence of definite evi dence as to where and how gas leakage occurred, 
the mechanics of the process may be explained in several ways . Assuming the presence 
of pore spaces or crevices filled with water and of near capillary size in the coal 
bed or adjacent strata, gas pressure could force the water to flow to the outcrop, 
leaving tho space a vaiJAble for gas outflow. Similarly, if sme.ll vertical cracks 
were prssent and fillsd with water, drai nage of the water into the undergr-ound system 
would free the cracks for gas leakage . A permeable bed lying some distance above or 
below the coal bed could be exposed to leakage by caving or thermal cracking of the 
intervening strata . The hypothesis bost supported by the available evidence has been 
that a gr-adual subsidence 01' the strata occurred above the burned-out area, producing 
cracks that extended from the coal bed to permeable strata . The gas flows through the 
permeable strata and eventually reaches the surface either on the sides 01' the hill 
or by means of intersecting vertical fissures . Leakage from this source probably 
would increase markedly with time and would fluctuate with rainfall and minor rock 
movements. It has been assumed that the widespread diffusion of the s outflow 
through the surface soil accounts for the absence of noticeable gas leakage. 
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Quanti ty of Coal Consumed and the Area of the Burned.-Out R6gion 

Three methods have been combined and 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 operation, and the quanti tv' of :moisture- and ash­
free coal consumed has been calculated from them. ThermocOllplss were installed at 
each of the test holes, and a temperature-time record was kept at each of these loca­
t1 ons • These tempera ture data are plotted in figure 27, and from these curves the 
rate of advance of the coal faces was calculated . The bursting of the mercury capsulee 
and the time when mercury appeared in the effluent gases has also been used in deter­
min.ing the rate of advance of the coal face . Also, as sand holes were drilled in the 
area, the condi t :i. on of the coal bed and the drilling conditions have been incorporated 
as additional evidence . 

Table 46 summarizes the above data and shows that 10,845 tons of moisture- and 
ash- free coal was consumed during operation of the project . This coal would occupy 
83,690 square feet of bed, and thus the coal underlying 1. 92 acres of land was gasi­
fied . Figure 28 shows the perimeter of the burned-out area at the end of each of the 
major :phases of the operation as it has been deduced from the data available . 

TABU: 46. - The- coal consumed and the area of the burned- out region 

1-;::9oal ConSUmBQ..V Area burned out 
Length of Dur ing Cumula ti ve Cumulative 

Operating period, period, total, During period, total, 
period weeks tons tons s~uare feet square feet 

Mar . 18 to June 21, 19!~9 14 877 S77 6,950 6,950 

J·,me 21, 1949 to Oct. 5, 
1949 .. ......• . .......•.• 15 1,564 2,441 l2,400 19,350 

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

Dec . 22, 1949 to Jtme 5, 
1950 . ...........•.•. .... 28 2,088 5,876 16, 560 46,590 

June 5, 195C to Oct . 7, 
1950 ... ...•.... .......•. 18 2,875 8,751 22 ,660 69 ,250 

Oct. 7, 1950 to Feb . 7, 
1951 .. . ......... . ....... 18 2,094 10,845 14,440 83,690 
11 Basis of moisture- and ash-free coal . 

At this time diamond-drill core holes are being drilled into the burned-out area 
in order to determine the condition of the strata overlying the coal bed in the area 
where the coal has beer. consumed. These holes will also be used to determine the 
per i meter of this burned-out area more exactly . 
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Effect of Input-Air Rate and Rainfall on the Total 
Moisture Leaving the System 

The total moiatm-e leaving an underground as1fication zys tem is important be­
cause of its effect on heat loss . Moisture may enter the syst m i'rom any ane of 
several sources . These are hUDl1d1 ty of the air supplied, wn ter as a product of 
combustion, water related physically or chemically witl! the coal and adjacent rocks, 
hee water occurring in pores or crevices in the strata, or wat~r percolating from 
the surface . or thsse, cnly the last two are subject to s ome control . Free water 
underground may be collected in wells and pum ed out. Surface WA.ter may be similarly 
collectedj or, if the creviceR Aupplying i t are located, they may be grouted to s top 
the inflow . The natural hum.1di ty of the air has 11 ttle significance in this ccnnsction • 

In table 47 , the total mois ture leaving the system, 0.0 gallons :per day, has been 
calculated for extended periods du ing sever 1 of the periods of operati on. This table 
also shows the input air r ate and the rainfall during the same per i ods in oreier to show 
the relationsh ip between the three factors. The average moisture leaving the system 
increased wi th each subsequent operating per iod considered. This may indicate that the 
mois ture entering the system incr eases as the area of the burned-out area increases . 
The operating per i ods considered are in chronol ogical order, and the t.otal area in­
creases from 6 ,950 to 19,350 square reet dm-ing the first period of operation i ven 
in table 47, from 30,030 to 46,590 square feet durIng the second period, 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 r egular relationship . It was probable that tae 
time lag was sufficient to aver age out all r ainfall effec t s , especially when the pre­
cipitaticn is as uniformly distributed over the year as it was i n tllls ins tance . 
Variations in the geography and geology of a site could modify the effects of rainfall 
hom those observed at this project. 

It was believed that the flow rate of gase s through the underground system would 
have s ame effect on the total quantity of moisture removed . Mos t of tlle data given 
refer to input-air r ates of approximately 7 , 500 cubic feet per minute, but some data 
are available at rates of approximately 2 ,000 and 4,000 c .f .m. In each instance where 
the air rate was r educed, the moisture l eaving the system, in gallons per minute, does 
not change appreciably. 

The data given in table 47 indicate that the vater that was evaporated under ground 
was relatively ccnstant , regardless of the gas flow . This constancy of water evapora­
tion indicates that in an und.erground gasification installation the s flows must be 
la.rge enough so that the heat loss due to moisture remains relatively low. No definite 
criter ion has been established as to the maximum value of the heat loss due to moisture 

• effects that C8.n be tolerated, but it seems reasonable that i t should 11e in the range 
be tween 5 and 15 percent of the heat of the combustion of the coal gasified . The 
prosence of moisture definitely limits the minimum air r ate that can be used to advan­
tage in underground gasification . 
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TAllLE 41. - Input-t'.ir rate. rainfall. and total. .o1Bture leUlng the Slate. 

Week 

9 •••••.....•••...... . ..•.••••....•••.• 
10 • • •....•......••.•..•..••.....••..• •• 
li ..... . .............. ... ............. . 12 ..... ....... .... ............... ..... . 
13 •.•..•...••.•......•......•........•• 
14 ...•...•.•....•.••.•••..•.•••.......• 
14 •....•••...•.....••.•.•.•..•.••..••.• 
15 ................................... .. 
15 .••.•...•...•..•...•••..••..•........ 
16 ••. . .•..•..... ..• •..••.•.....•.••.... 
1,6 • •••••••••••••••••••••••••••••••••••• 
P.verage •.••.•.•..••.•..••..•....•.•...• 

2 •••••••••••••••••••••••• • •.•••••••••• 
3 . ................................... . 
4 ••••••••••••••••••••••••••••••••••••• 
5 .•.•.••.•..•..•.••....•..•..•....•.•. 
5 .• ••. .. •........•...........•........ 
6 •.....••....•...•.........•.•...•.... 
1 .... ....... ........................ .. 
8 . .. .. . ...................... . ....... . 
9 .••.... .•...... ... ..•..•.... . . ••.•..• 

10 ..... .......•.....•....••............ 
11 .•.•... . . .. .• . .........•...•......... 
ll: ....................... ........ .... .. 
13 .. • •.....•.... . ......•...•. • .•....... 
14 •...........•...... •. ...... .... .....• 
15 .................... ..... .......... .. 
16 • . .•...•..••.•.•. . ... •....•... . ...... 
11 .... .. ... ..•................•........ 
18 •.. .. ..••.•.•...•...•••..•....•...... 
19 ........••............•..•....•...... 
20 • .. ..• ... . ...•.•.................• . .. 
~l ......... .o.o.o.o •• ••• •••••• .o ..... .o ••••••• 

22 ••••••• ••••••••••••• • •••••• • •• • ••• ••• 
23 •.......•..•.....•...•••..•.•.....•.. 
24 .••.••....•...•.......... . •..•••..... 
25 ...•.•••.......•.....•............... 
26 •.. •. .. . . ...•• . .•..... . ........••.... 
2·7 ..... .. ............................ .. 
Avl'lrase •..•...•........••.............• 

Input-<lir MOisture leaTins 
Direction rate the 8,Y11tea, 
of flow c.f;IIl.11 sal. per 1Ilin. 

OpeJ:'at~ period, June 21 to Oct. 5, 194~.I 
llI! I to BH II 1,140 3 . 6 
BIl I to BH II 1,lgo 3 .5 
DR I to BH II or ,180 3.3 
llH I to BH II 1,llO 3.2 
BHItoBHII or ,090 3.3 
BH I to llH II 1 ,(170 3 .1 
DR II to:SH I 1,140 4.1 
BH I to 1lH II 1,340 2 .1 
DR II to :SH I 1,180 1.2 
DR I to BH II 1,080 3 ·0 
BHIItoDRI 1,lgo 5. 5 

3.9 

Operating period, Dec. 22, 1949 to June 5 195011 
BH I to BH II 1 ,810 5 ·2 

do. 1 , 585 4.3 
do. 1,555 5.8 
do . 1,655 5 .1 
do. 2 ,090 5.5 
do . 1,550 5 .0 
do. 1,845 5.1 
do. 7,8go 3 .1 

o. 1 ,950 5.2 
do. 1,950 4.8 
do. 8,130 4 .1 
do. 7 ,995 3 ·5 
do. 8,040 5.0 
do. 1,850 5. 9 
do. 7,920 6.1 
do . 1 ,8go 4. 5 
do . 1,850 4.1 
do. 1,860 4.6 
do. 1,135 4. 8 
do. 1,120 5.1 
do . 1,6go h. 5 
do. 1,610 4.4 
do. 1,620 4.5 
do. 1,640 4. 5 
do . 7 , 595 5. 0 
do. 7 ,620 4.8 
do . 1,650 3 .1 

4.8 

Rainfall, 
in. 

2.25 
.03 

1.43 
2 .80 

.26 
2 .35 

.50 

. 06 

.05 
4.92 
1.26 

.20 

.49 

.12 
1.82 
1.41 

.13 

.29 
1.55 

.29 
5 .16 

.28 
1.36 

.49 

.18 

. 51 
2.45 
1.16 

.12 

.41 
1.13 

.10 

.00 

.26 

.70 

Operatins period of June 5 , 1950 to Oc t. 7, 195d±1 
8 .... . ................................ BH VII to DR III 7 ,410 8 .1 1.0 
9............ ......................... do. 7,550 8 .1 2.31 

10......... . ................ . .......... do. 7,510 8.5 .0 
10...... ....... ..... . ... ..... .......... do. 4, 020 5. 6 .74 
ll.................. ................... do. 4,060 4. 6 . 02 12.... .... ......................... .... do . 7,520 5 .4 .0 
13 .................................. '" do. 7 ,560 5.8 6.94 
14..................................... do . 1,620 3 .8 1.22 
14...... .. .... ...... . .................. do. 7,6go 4.9 .47 
15..... ........................... . .... do. 7,700 6 .0 .33 
16..................... ............... do. 7,560 6 .2 .41 
17..................................... do. 7 , 560 4.7 .00 
18 ........ . ............................ do. '7,720 4 .8 .00 
Average................................ 5.9 

11 At 600 
F., 30 inchee HS. dry . 21 The veek ended June 25 , 1949 • 1. 

- :11 The veek ended Dec. 24 , 1949 ·-1. !il The veek ended June 10, 1~ • 1. 
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CooljJlS the Ur..d.erground Sys tam 

On February 7, 1951, operation or the project was discontinued, and, in orcler to 
extinguish. the fire and cool the underground resjllu , floodJng the system with water 
was started. Water was pumped und~rground at the rate or about 60 gallons per minute, 
and the steam liberated was discharged at the several boreholes as desired. The! water 
pumped underground vaporizod and was discharged as s team, dis ociAted and left the 
system tl.S s, or remained as liquid in the passages underground. Stew or liquId 
water saturated dried strata adjacent to the combustion zone . The steam that formed, 
provided its discharge was throttled, asserted a positlv pressure undorground and 
o1'f ctively blanketed the system and prevluded the possibility 01' air reaching hot 
cArbon . 

From the start of the cooling process, aam,ples of the ga eous materials diS­
charged at the various boreholes have been analyzed . This v por has been of changi 
composi tion, but in many instances it con iste of approximl\tely 90 percent s team and 
10 percent decomposition oducts of water wIth hot carbon together with ome coal­
distillation products. An alr-fr e analysi of the dry s follows: 

Gas analysis 

CO2 ••.•.• .••••.••• ...•. . 
Ill ..... .... .......... . 

H2 •••• •• ••• ••••• •••• ••• • CO .........•.•.....•...• 

CH4········ · ···· · ·· ···· . 
N2 • • ••••••••••••• •• •••• • 

Percent 
50.1 

.7 
38 . 9 

· 5 
4 . 0 
5 . 8 

In f'i 29, the total water pumped underground and the water appearin in the 
dtschar as steam, bOtil calculat d 1n gallons are plotted against ti since coolin 
was tar ted . For the first thr e weeks, nearly all of th wat~r pumped underground 

por ized, and a lJlr e quanti ty of heat was dissipated in the steam that wa dis­
d from the system. From the third to the ventil woeko, the proportion of the 
added th t wan dischor d as steam clecreased, and the liquid water r ma.1ning 

ulcreused. At the end of oeven weeks it was found that 11quid water, to 
a pth 18 feet above tho bottom of the coal bed, was present at 1 o . I bor hole . 
LiquId w ter had reached u. 1 vel t No. VII bor hole of such height tJlll. t no further 
steam or gas wao being dlschar ed at this point . The olev tion of th bott of the 
coal bed is ap ox1ma.tely 60 f et 1"·,, r t corehol I than It is t tho outcrop at 
tho northern nd of the proj ct . Eotimating from tht o1.0pe , liquid wa r w s present 
in the entry and ir cours -:.t the bottom of the coal bed lmost to borehole III . In 
8 weeks of floodin , tho effluent vapors havq cooled from initial dischar e temperatureo 
of '7 000 t o 1 0 0 F . to 2200 F ., or ap ox1ma.tely the boilin point of wa tar . 

In fi tr 30 the total h t in tho ctry s and the to 1 h at in the stoam hav 
beon plo ted a inot 1m since COOling of tile project wa tarted. In tile first 7 
weoks, a total of 30 billion B . t . u . h vo been dissipated from tile system, which is 
equivalent to tilo heat o f' omllu tion of ap oxima.t ly 1 150 ona of coal . As 10,845 
tons of coal was cons d d1trin tile cour e of 0 r tion of tile project, approxi tely 
10 percent of the heat of c uation of the coal has been ccounted for d i these 
8 weeko of tho cooling period. 
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Floocl1ng at the talderground system io being continued, and Uquid water is eoent 
at boreholes I to V, as eho;m in table 48 . Approximately 10 million llona of water 
was pumpecl underground in the period February 7 to May 17, 1951. Temper ture measure­
ments in the various test holes and borehol 0 indicate that the vera e temperature 
level undor ound is now approximately 2000 F. 

~rABL1!: 48. - Depth of wa tcr above the bottan or the Pr tt coal bod 

Depth of water feet. Date 1m I BH II BH III BH IV BFT V 
~ ~-18-51 ................... ....... ... 41 28 16 2 -4-, 0-51 ................................... 54 41 28 13 5 ·7 .5 -10-51 .............................................. 55 28 13 .8 5-17· 51 .••....•.•...........•...•.•• 55 4~ ~8 13 , .8 
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