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INTRODUCTION 

We have installed several types of geotechnical instrument systems Jt our 

Hoe Creek, WYQming ~ ~tu coal gasification site to measure both surface 

and subsurface deformations re~ulting from gasification cavity creation. The 

subsurface' instruments include two six-posi~ion borehole extensometers (MPBX) 

in borings EX-l and EX-2, two electrical shear strips in borings S~ - l and 

SS-2, a piezometer borehole PZ-l containing four hydraulically isolated pore 

pressure transducers, and six boreholes SI-1, SI-2, SI-3, H-2, H-3, and H-4, 

completed so as ~o allow the use of a wire- line inclinometer device. The 

plan-view locations of these boreholes in relation to the main process wells 

A. S, and C are shown in Figure 1. A brief description of the function of 

these instruments can be found in the April-June Quarterly Progress Report . 

The surface instrument system consists of 33 isolation bench marks arrayed 

in four lines radiating outward from an origin bench mark located near process 

Well A. 

\ 
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Preliminary data are now available from the e~ten50meters, shear strips, 

and piezometers. Although much work remains to be d,\ne, a relatively clear 

picture of overburden defornlation and r'oof collapse in response to gasifi-

cation cavity growth is beginning to appear. The defleltometer data will 

require several additional weeks of computational effort ro r reduction, 

and inclement weather conditions at Hoe Creek have preventeG post-experi-

ment surface monument remeasurement. 

Hoe Creek Site II Geology 

The general geology of the Hoe Creek 80 acre UCG Site has been discussed 

by Qualheim ()977) and will not be repeated here. However, knowledge of 

certain geologic details pertaining to the origin of the Felix coals and 

their enclosing sedimentary rock is essential for a more complete understanding 

of the data that will be presented. 

The Felix coals are two of several limnic coals contained within the 

Eocene age Wasatch Formation. This formation consists principally of sands, 

silts, and clays that have been transported and deposited in freshwater 

fluvial and l acustrine environments . These sediments have been subjected 

to considerable overburden loads in the geologic past tllat have led to their 

consolidation but, for the most part, ceme ntation has not occurred. At Hoe 

Creek, the coarse-grained units are mostly dense sands and nqt sandstones, 

and the finer grained units vary from dense silts and clays to very weak 

siltstones and claystones. 
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Figure 2 ;s a folded geologic cress section of Gasification Site II 

at Hoe Creek. It has been cODstructed from natural gamma logs taken in 

boreholes 1-12, H-5, 1-4, ~nd C with plan-view locations shown in Figure 3. 

The top of the 25-foot thick Felix No.2 Coal is located at a depth of 

from 125 to 129 feet below the ground surface, while the base of overlying ten-

foot thick Felix No 1 Coal is at a depth of from 93 to 109 feet. The inter­

vening clastic wedge thins markedly from 32 (Well C) to 20 (1-12) feet in a 

horizontal distance of 80 feet. This wedge, which is composed of one or 

two distinct uniform clean fine-grained sands, and silts and clays is inter-

preted to be a crevasse splay deposit which form~ when a natural levee 

bordt.Ting a delta distr 'ibutary channel is breached during times of flooding . . 
The apex of this splay is probably located to the northeast of Site II and 

may be only a few tens of feet away from process Well C. 

The Felix No.1 Coal is immediately ~verlain by a thin lenso~e uniform 

sand ranging from one to three feet in thickness followed by a thinly inter­

bedded sequence of sands and silts r?nging from three to six feet thick, and 

a sequence of thick extraordinary uniformly graded coarse sand. The last 

unit ranges from 30 to 35 feet thick and contains discontinuous clayey silt 

lenses and small pods of calcium carbonate cemented sandstones. Its probable 

origin is that of a major stream channel. This channel sand is, in turn, 

overlain by a transition sequence of sand to clayey siltstones and lastly 

by silty sands that extend to the ground surface • 

• 

I 
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Several features of the geologic section at Site II are worthy of additional 

emphasis. First, these sediments and weak sedimentary rocks are generally quite 

coarse grained and permeable to the flow of fluids. Second, most impermeable 

strata are located in a six-foot thick zone immediately overlying t~e 

Felix No.2 Coal, and a 10 to 20-foot thick zone overlying the channel 

sand located high in the geologic section. Third, the sediment split between 

the two Felix coals is thicker in the immediate vacinity of Site II than at 

any other known location at Hoe Creek. 

11ultiple Position Bore hole Extensometers (M PB X) 

Six wire-line extensometer systems were installed in boreholes EX-l and . 
EX-2 . Their purpose was to measure overburden relaxation and collapse that 

results from creation of the gasification cavity. Construction overview 

and detail drawings indicating anchor positiuns are shown in Figures 4A 

and 48, and Figures 5A and 58 for boreholes EX-l and EX-2, respectively. 

During the design phase of Experiment II, concern was expressed that semi-

open extensometer boreholes might allow the escape of product gases into 

the Felix No.1 Coal or other stratigraphically higher and permeable units 

causing their contamination . and that the presence of gasification cavity 

pressures on roof strata might detrimentally affect their physical strength 

and behavior. Thus, it was deciderl to case these boreholes through the 

relix No.1 Coal and into the sediments between the Felix coais. Following 

anchor installation, and to further mitigate these problems, the borings 
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were plugged with a neat cement grout that extended six to ten feet into 

the casings. This last measure involved some risk of locking extensometers 

in place should unwanted grout intrusion 0ccur between the extensometer sensing 

wire and its sheath. 

Figures 6A and 6B are slightly smoothed compound drawings showing the 

time-deflection history curves for the various extensometers in boreholes 

EX-l and EX-2. respectively. These curves were originally constructed from 

discrete digital data (voltage anal09s of displacement) acquired by the 

Vidar/HP-2l computer data logging system and outputted using the linear-

line graphics code PLOT2. Salient features of these figures and other per-

tinent data are summarized in Tables 1 and 2 for EX-l and EX-2. respectively. 

A crucial. ass'1mption is that the anchors remain affixed to the rock material 

to wrich they were originally attached while the rock strata are deforming. 

Recalling the low strength nature of these sediments, it is clear this 

assumption may not always be true, but inspection of the curves in Figure 6 

suggests that the hydraulic anchors performed remarkably well. 

The forward combustion portion of Experiment II began on Julian Day 

301.4 and lasted until Julian Day 359.9. Cavi~y formation in the Felix No.2 

Coal proceeded circumferentially outward from Injection Well A and funneled 

toward Production Wells Band C; thus, extensometers in EX-2 were the first 

to respond (Figure 6B). The lowermost anchor (No.1) in EX-2 slipped 

during a post-installation pull test, and it was suspected that this extenso-
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meter would be locked in place by the cement grout. The data acquired 

and presented in Figure 6B confirm this su~p~cion. Therefore, during con-

struction, Anchor No.2 was positioned essentic1ly on top of Anchor No.1 

to act as a back-up. 

,. 
, ­

,,; .. -

Extensometer No.2 documented what is interpreted to be sudden roof 

collapse on day 308.12. All of its motion occurred between successive 

datd sc? .. s that were being taken at one-half hour in te rvals. Extensometer 

No.3 shows rapid motion beginning on day 308.52 followed by collapse 

on day 309.02. The electricnl shear strip in boring SS- l also faile d in 

tension at l23.5.:!:.1 foot on day 308.67+ 0.08. This event is followed by 

a five-day hiatus before first motions were registered by Extensometer 

Nos. 4,5, and 6 on day 314. These data suggest t~la t a significant change, 

following the motions observed by extensometer No.3, occurred in the manner 

and position of cavity formation. Operations records confirm that a radical 

change of injection air-flow geometry was made on day 311.38. 

Extensometer Nos. 1 and 2 in EX-l (Fi gure 6A) sensed motion beginning 

on day 310.68 that appears to be time-linear and elastic until about days 

314.1 and 315.0, respectively. This ~uggests progressive roof relaxation 

over a nearby cavity of rather limited lateral ex tent. Ultimately, these 

motions accelerated until collapse occurred on day 316.22 and 316.98 for 

extensometer Nos. 1 and 2, respectively. Extensometer No.3 in EX-l, which 

was not fully inflated because of a premature inflation line burst, showeG 

no motion. 
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Extensometer Nos. 4, 5, and 6 in EX-2 tended to move toS ther as a unit 

as measurable strain quickly progressed upward throu gh the splay deposit at 

this location. These motions accelerated on days 318 and 319, and reache_d 

the extension limit of the MPBX head assembly on day 320. Unfortunately, 

the head could not be reset before overburden collapse occurred on day 321. 

It is likely that a cavity of large areal extent caused these motions . The 

dashed-line curves shown in Figure 6B show the approximate extent of this 

plastic defo~~~ti0!l_ before collapse. It is suggested these data recorded 

on day 321 do represent a collapse event because only about 0.5% of wire 

strain could reasonably have occurred between time the head extension limit 

was reached and subsequent anchor release. This is well within the elastic 

range of the invar extensometer wire. 

In EX-l data from Extensometers 4, 5, and 6 indicate a slower rate of 

gasification cavity induced roof deformation. First motions were registered 

on days 315.72, 317.56, and 318.30, respectively; and are choracterized by 

long periods of elast~~_asi-pl _a~tJ.~_~li~n . A distinct acceleration of 

motion indicating major roof stress readjustments was re~istered by Extenso-

meter No.4 on day 321 about the same time as th~ previously discussed roof 

collapse occurred in the vicinity of the top three extensometer anchors in 

EX-2. Roof materials in the vicinity of anchors 5 and 6 do not appear to have 

been affected by this event. The downward motion detected by Extensometer 

No.5 in EX-l accelerated on day 324 and gaps totaling five inches of 

thickness were closed to about one inch when sudden renewed motion was 
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induced in the strata containing Anchor No.4 on day 325. A sudden 

downward deflection occurred in strata containirlg Anchor No.6 at the 

same time as convergence of the lower roof occurred . Taken together, 

these movements probably resulted from roof stress readjustment following 

roof collapse elsewhere in the cavity . 

. / 

... On day 326.34, the sensing elements in th e EX-l head assembly for 

Extensometer Nos. 4 and 5 were successfully reset which resulted in their 

ljeldjng several additional days of deformation history. The deflections 

recorded by Extensometers Nos. 4, 5, and 6 were at first quite slow, 

followed by acce~erating and then decelerating motions, and ultimately by 

collapse or anchor release on days 333.88, 334.19, and 334.32, respectively. 

It is not known with certainty whether collapse occurred at these times 

or whether deformation and/or therma lly inci 'lced deterioration of the roof 

strata al~owed these anchors to be released. 

-Other indirect evidence of continued roof collapse has also been 

obtained from the extensometer boreholes. On day 333, the extensometer 

head assembly of EX-2 began to leak product gases, and on day 342, the 

same event occurred at EX-l. It seems likely that roof collapse had 

proceeded to the extent that the lower ends of casings were exposed to 

the gasification cavity environment. 't is also likely that the Felix No. 

Coal had began to combust by this ti me . The action of these product 

gases, or thermal expansion of the casings, or both had either caused the 

release of the neat cement plugs or burn-off of the casings thereby allowing 

the escape of product gases. 
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The performance of commercially available electrical shear strips was also 

evaluated a5 a part of the geotechnical subsidence program. One of the 60 ft. 

long shear strips having a two-f00t resistor spacing was installed in borehole 

5S-l as shown in Figure 7. In this location, it was expected that shear strip 

failure wOllld occur in tension as the cavity roof sags and ultimately collapses; 

rather than in a shearing mode The first event 'detected by this unit occurred 

on day 308.67~ 0.08 at a depth of 123.5+ 1 feet and its significancE has been 

discussed in the preceeding section. However, following this break .saline 

groundw~ ter intruded under the polyvinyl chloride paint ~'ater barrier shunting 

t~,~' copper foil conductors and ca!1sing a continuGJs decline in the strip',s 

apP.?Tent resistance. , Occasionf!1 resistance measurement~ , obtained by using an 

ohmmeter, were not sufficient t6 delineate the continuous resistance change 

that resulted. Although subseq~ent higher breaks undoubtedly occurred, they 

could not be detected. 

The second shear strip was installed in boring 5S-2 as shown in Figure 7. 

Its purpose was to detec t shearing deformatiun such as may take place along 

an inclined surface known as the angle-of-brfak . This device was broken on 

day 331 .34 at a depth of lll~ 1 feet, or abolJt two feet below the base of the 

Felix No.1 Coal . Calculations of the dista~ce to this single break by using 

both top and bottom apparent resistance values yielded the same result. 

Because of the break's position and the corroborative calculations, it seems 

unlikely that combustion at the base of the Felix No.1 Coal burned through 
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this shear strip. Ground-water incursion did not occur in this instance 

possibly becau~e little free water existed at this location. Although 

the presence of an angle-of-break shear is not definitely established by 

this single event, this particular mode of subsidence deformation is cearly 

a possibility that demands further investigation . 

Piezometers 

Four electrical pore-fluid pressure transducers or piezometers were 

installed in "a single borehole designated PZ-l as shown in Figure 8. Their 

purpose was to monitor changes in ground-water pressure over the expdnding 

cavity. Thi.s borehole was advanced without the aid of drilling muds to 

avoid plugging the permeable roc~ units which required piezometer installa-

tion tc be done through t~e drill rods to prevent hole collapse . The 

sensing elements were placed in the center of at least four-foot long sand 

filter sections that are hydraulically isolated from each other by bentonite 

pellet plugs. The piezometer electrical leads were attached to the scanning 

vidar/HP-21 computer data acquisition system . Piezometer No.1 was placed in 

sand at the bottom of the borehole approximately 2.5 feet above the top of 

the Felix No.2 Coal at a aepth of 124.5 feet. The enclosing sediments are 

dense slightly silty clays of probable lacustrine origin that form the cap-rock 

of the No.2 coal. The second piezometer was placed at a depth of 116.5 feet 

in a four foot thick fine-grained sand whose base is located about ten feet 

above the top of the Felix No.2. The third and fourth piezometers were 
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placed at depths of 103 and 85 feet near the bases of the Felix No . 1 Coal 

and previously discussed channel sand, respectively. 

Stone and Snoeberger (1976) have studied the native hydrology of the 

Hoe Creek in situ coal gasification site . Although they were concerned 

principally within the Felix coals, the hydraulic characteristics of the 

enclosing strata were also studied. They concluded from well tests that 

the various major geologic units constitute a multiple leaky aquifer system . 

The Felix Nos. 1 and 2 Coals and the coarse channel sand deposit are classed 

as the principal aquifers. While the extremely fine-grained underclay of 

Fe l ix No.2 Coal confines the base of this aquifer, the degree of confinement 

provided by the overlying crevasse spi ay deposits varies from modest to 

non-existent depending on which of various experimental sub-sites is being 

considered . Therefore, this coal is classed as a leaky to very leaky 

confined aquifer. A single well test of the Felix No.1 Coa l indicated 

tha t vertical leakage is more severe than was observed for the deeper No . 2 

coal leading to its classification as a very leaky to unconfined aquifer. 

Stone and Snoeberger (1976) also noted a progressive dec line in the 

piezometric head potential in wells completed in successively deeper lithic 

units. They 'interpreted this resulting head loss to be caused by a vertically 

downward component of ground-water flow such as occurs in recharge regions . 

The steady state piezometric heads measured over a 20-day time period by the 

four transducers before air- flow tests gave the same result as shown in column 
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four of Table 3. It is interesting to note that minimal head loss occurs 

between piezometer Nos. 4 and 3 (about 0.45 foot-of-water), and Nos. 3 

and 2 (about 0.24 foot-of-water). An average 'lea d loss of 4.25 feet-of-

water occurs between piezometers Nos. 2 and 1 suggesting that the most 

impermeable strata are located in the region immediately overlying the 

Felix No.2 Coal. 

Figure 9 is a plot of the raw piezometer data in psis obtained during 

their useful life, and the A-wel l head air injectin pressure ir. ~sia. A 

six-hour plotting interval has been used to somewhat reduce the data varia-

tion. The proximity of borehole PZ-l to injection Well A suggests that 

injection pressure rather than cavity back-pressure provides a more meaningful 

basis for comparison. 

The digital data acquisition became active on Julian day 284.7 during the 

pre-ignition air flow tests portion of the experiment (Figure 9). A-wel l 

pressure varied rapidly over a wide range as different injection/production 

well and pressure configurations were tested. Ignition near the base of the 

No.2 Coal Occurred on day 287 .4, and the B-wel l to C-well and B-well to A-well 

reverse combustion links were completed on days 289.5 and 301.0, respectively. 

The forward combustion portion of the experiment began shortly following com-

pletion of the wel "' B to well A link and continued until day 359.9. 

Figure 9 clearly shows that ground-water pressures sensed by the four 

piezometers are highly correlated with the A-well injection pressure. The 
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mean pre-test piezometric pressures (Table 3, column 3), shown along the left 

margin of Figure 9, provide a basis of comparison for the subsequent data. 

During the reverse combustion linking of wells B and A, a relatively high 

ambient air injection pressure of about 84 psia was required until a dramatic 

reduction in flow impedance occurred on day 298. Piezometers Nos. and 2 

visibly respond to this pressure while piezometers Nos. 3 and 4 were only 

affected to a minor extent. The observed pressure differentials (Table 3, 

column 5) were 28, 32, 54, and 60 psi for piezometers 1, 2, 3 , and 4, respec-

tive1y. It is evident that the overburden seal was leaking slightly during the 

high pressure linking operation, but is still intact. 

Very soon after forward combustion mode began on day 301, the air injec-

tion pressure was reduced to a relatively low 20 to 30 psia. -rhe piezometric 

heads measured at that time by transducers 1 and 2 were less than the static 

ground-water heads measured prior to the experiment indicating that signifi-

cant de-wa ~ring of the lower portion of the sJlay deposit occurred during 

the linking operation. The original two psi pressure differential bet~een 

piezomete rs 1 and 2 was redu~ed to less than one psi and the net ground-water 

flow was towdrd the expanding cav ity. 

On day 302.7, the output from pi ezometer No.1 is judged to have become 

unreliable, for it no longer re sponds in a logical manner to changes in air 

injection .pressure. It is suggested that this condition, termed incipient 

failure, was caused by excessive tranducer temperature and in turn suggests 
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that combustion was occurring in the upp~r part of the Felix No.2 Coal in 

the immediate vicinity of well A. This piezometer continued to operdtc 

marginally until day 307.3 when its millivolt level Ol!tput signal began 

to fluctuate wildly, suggesting physical separation of the sensing element 

from its electrical cable by roof collapse. 

~ distinct change in the response characteristics of piezometer No.2 

is observed to begin on about day 306. The pressure differential between 

A-well air injection pressure and the unit No.2 piezometric pressure steadily 

declined indicating p,ogressive deterioration of the gasification cavity roof 

seal. Incipient failure occurred on day 309.6 about 1-1/2 days after piezo-

meter No.2 had indicated exposure to full injection air pressure and was 

prooably caused by excessive temperature. Marginal operntion continued until 

day 319.8 when catastropic failure, possibly indica ~in g sensor detachment by 

a roof crllapse mechanism, was observed. 

The response characteristics of piezmeters Nos. 3 and 4 also changed on 

about day 306. Before '"Ioi s time, these uni ts had i ndi cated only sl i ght 

pressure changes in response to gross changes in air injection pressure. 

Now, the sensed press ure fluctuations became more pronounced, and tne air 

injection pressure to fluid head pressures differentials began to decline - ­

again indicating cavity seal deterioration. eetween days 311 and 313, the 

pi ezometri c head measured by l. Ii t No. 3 exceeded the head measured by uni t 

No.4 and corresponds roughly with excessive product gas loss detected by 

monitors at the ground surface. This phenomenon may possibly have been 

caused by strain induced pore-water pressure changes. 
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Beginning on about day 323, and shortly following the roof collapse 

event documented by extensometer Nos . 4, 5, and 6 in EX-2, piezometer No.3 

observed a rapid increase in pressure (decline in pressure differential) 

until incipient failure occurred on day 324.5. Catastrophic failure followed 

shortly on day 327.3 and is judged to represent ~e n 50r thermal destruction . 

The Felix No.1 Coal may well have began to participate in the gasification 

process about thi s time . 

Piez ometer No . 4 responded in a very s imilar manner with a rapid pressure 

increase beginning on about day 330 follow ed by incipient failure on day 336.4 . 

Ultimate transducer failure occurred seven days later. At about this time, . 
chemical mass-balance calculations indicated that unacceptable amounts of 

product gas were being lost to t:le overburden and the gasificat i on cavity 

back-pressure would have to be reduced. Also, large amounts of steam were 

observed in the flare plume. It is clear that a combination of roof collapse 

and thermal induced effects such as rock shrinkage and fissure formation 

with drying had essentially bre ached he rock units forming the gasification 

cavity seal. 

Summary Comments 

In general, the extensometers installed in EX-l and EX-2 successfully docu-

men t ed progressively higher cavity roof strain and collapse. At first the roof 

strains were quite rapid and we ~ e followed quickly by ccllapse events. Subse-

quent strains were slower, more sporadic in nature, and apparently, were 
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followed by periods of stress readjustment around the growing cavity. 

Ultimately, roof collapse extended into the Felix No.1 Coal which then 

almost certainly participated in the gasification r~action. Simplified 

two-dimensional finite element code calculations by Greenlaw, et al, 

(1977) suggested that roof collapse might extend about half way through 

the crevasse splay deposit. Although this model represents a distinct 

improvement in the state-of-the-art, other factors such as gasification 

induced pore-water pressure phe - ~me non, thermal induced strains, and roof 

strata buckling need to be included. 

Shear strip performance was adequate but clearly can be improved 

through better a~paratus design and an improved data aquisition system. 

More suitable water barrier coatings such as epoxies or a segmented strip 

design may be successful in preventing ground-water intrusion. An auto-

matic resistance measuring system ~ou1d aid in more precisely defining 

the time and distance to shear strip breaks, or monitoring ground-water 

intrusion, should it occur. 

The four electrical piezometers in borehole PZ-1 did an excellent 

job of measuring the effect of the A-well injection pressure with time 

on the piezometric heads at their locations. They successfully documented 

the effect of progressively higher roof collapse and heat induced deteriora-

tion of the roof strata that provided the gasification reaction zone seal. 

Indirectly, they gave indications of excessive temperatures and probably 
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of roof collapse in the case of units Nos. 1 and 2. However, these data 

pertain to only one particular plan-view location (i.e., at ?Z-l) and a 

three-dimensional picture will require several boreholes of this type. 

In conclusion, given the inherently difficult nature of this problem 

which is one of measuring rock deformation and attendant phenomenon over 

an ~ situ coal gasifier producing a hot, toxic, and flammable gaseous 

product, these instrument systems performed exceptionally well during this 

first geotechnical experiment. 

HCG: ky 
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FIGURE CAPTIONS 

Plan-view of Exoeriment II showing extensometer EX boreholes, 
shear strip SS boreholes, piezometer PZ borehole, and deflec­
tometer SI and H boreholes; and their relationship to process 
wells A, B, and C. Solid symbols represent instrUlnent ~ystems 
discussed in this report 

Simplified folded geologic cross-section of Hoe Creek UCG Site II 

Plan-view locations of boreho1~s used to construct geologic 
cross section shown in Figure 2 

Borehole EX-l construction overview 

• Borehole EX-l anchor placement detail 

Borehole EX-2 construction overview 

Borehole EX-2 anchor placement detail 

MPBX borehole EX-l time vs. deflection history 

MPBX borehole EX-2 time vs. deflection history 

Electr.ical shear strip boreholes SS-l l-l N/) 55 - 2. 

Multiple piezometer borehole PZ-l 

Injection pressure and piezometric tranducer pressures time 
hi story 

• 
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TABLE 1 

MPBX DEFLECTION HISTORY EX-1 

1/ 
Depth to Height Above- Julian Day of - Total 
Anchor No.2 Coal Deflection 
( ft. ) (ft.) First Motion Collapse (inches) Comments 

1 125.25 1.25 310.68 316.22 8.8 Shortest time histor 
in this borehole 

2 121 .75 4.75 310.68 316.98 3.7 Anchor slippage may 
have occurred 

3 118.25 8.25 Locked in position 

4 114.0 . 12.5 315.72 333.88 14.9 Longest time history 
and largest measured 
deflection of all 
extensometers 

5 110.75 15.75 317 .56 334. 19 13.7 Motion here caused 
renewed motion on 
Anchor 4, some wire-
drag interference 

107.75 18.75 318.30 334 . 32 5.6 Extremely long 
quasi-elastic motion 
history 

1/ 
- Estimated depth to the top of the Felix No.2 Coal is 126.5 feet 
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TABLE 2 ' 

MPBX DEFLECTION HISTORY EX-2 

1/ 
Depth to Height Above- Julian Day of - Total Anchor No.2 Coal Deflection (ft. ) (ft. ) First Motion Collapse (inches) Comments 

124.0 2.0 Locked in position 

2 123.25 2.75 30B.12 30B.12 -1. 0 Collapse signature 
only 

3 120.25 5.75 30B.52 309.02 7.2 Extremely rapid 
defl ect i on 

4 117.25 B.75 314.04 321.43 '" lB Anchors 4, 5, & 6 
in materials tha~ 
tended to deform 5 · 114.25 11.75 314.65 321.50 '" lB as a unit. MPBX 
head assembly could 

6 109.5 16.5 314.B2 321.50 '" 1B 
not be reset on day 
321 

1/ 
Note: - Measured depth to the top of the Felix No.2 Coal is 126 feet 

L 
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TABLE 3 

PIEzm,1ETERS RESPONSE HISTORY SUr~r'1f1RY 

1/ 
Pre-test- Depth to y 

Fluid Equivalent tiP During Inci~~ent , Failure Time of Piezometer Depth Pressure VJater table Reverse Linking 2/ Catastrophic Unit Nurrb er (ft . ) (psig) (ft. ) (ps i) t,P(psi) Tirne(days) Failure days Comments -
. 124.5 25.05 66.65 28 <0 302.7 307.3 Sensor may have been ±0.60 

physically detached 
by roof co 11 apse 

2 116.5 22.84 62.40 32 ",0 309.6 319.8 Sensor may have been ±0.36 
physicaliy detached 
by roof collapse 

3 103.0 17.69 62.16 54 ",4 324.5 327.3 Sensor may have been ±0.12 
physically burned 

4 85.0 10.09 61 .71 60 '\,3 336.4 343.4 Sensor probably suffered ±0.09 
thermal degradation 

1/ 
Hotes: - The average ±3 standard deviations of 14 measurements taken over a 20 day pre-test time interval . 

2/ 

- Absolute pt 'essure differential between the A-well injection pressure and the respective piezometer 
pressures using an average 12.3 psi atmosphere pressure. 
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DP,AFT 

PROCESS WELL AND SUBSURFACE GEOTECHNICAL BOREHOLE 
PLAN VIEW ~ 

I H-4 0 

~------~ 
/' 0 SI-1 --- _-..., 0 H-2 

/ '~ . 
. ~ I Approximate burn boundary J '-.... 

10 ft 

'" f ~Injection well Production wells '" 

\

eSS.2 0J ~'-...-
@ EX-2 @ EX.1 ~ "/J 

\ 
~ ~ 

• PZ-1 • SS-1 / 

\ // 
'" r) SI-2 / "'-. ,/6 H-3 

"...-' 
~ . SI-30 .".------- -..,.,.-

FIGURE 1 



~ 

L 

HOE CREEK U.C.G. SITE II 
1·12 

51 .7 rttt 
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Silty und 

CleYltone to 
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" Alh" lon, 
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FIGURE 2 
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;'11~AFT 

MAIN PROCESS AND CROSS SECTION COl\lTROL WELLS AND 
BOREHOLES ~ 

H-5 

1-4 

80.0' 
R-~L 

SGOoW 

FIGURE 3 
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EX-1 AS-BUILT OVER-VIEW 

Ground surface ___ -.. 

6 1/4" rotary drill 

'10 1/2 Ib / ft 4 1/2" 0.0. 
4" LD. casing 

103.81' 

0.79' 

/34' to cement stemming 

i / Centralizer 59.74' 

Cement 2% gel stemming 

90±'. 97±' to neat cement plug 

Felix No.1 Coal ' " ~ Casing point: 103.02' 
100±'--L-~ .::': /' ~ Total depth: 6 1/4"- 107.5' 

MPBX anchors 
(see detail) 

::: "" 
Longyear HQ core 3.8" 

Total depth: 125.54' 

Top Felix No.2 Coal - 126.05' est 

FIGURE 4 A 

• 
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EX-l AS-BUILT DETAIL 
--------------------------~----------------------------- ~ 

' Felix No.1 
Coal 

100±' --------L"I 

1.0' h 

Casing point: 103.02' 

Total depth: 107.5' 

Anchor No.6 
107.75' 

Anchor No.5 
110.75' 

Anchor No. 4 
114.0' 

Longyear HQ core 3.8" 

Anchor No . 2 
121.75' :~ .~ .. ;~. j:. 

·.1·· .. ·: '. 

base 

Casing grout 

Sheathed extensometer 
wires 

Plug grout 

Very fine grained SAND 

Silty CLAYSTONE 

Very fin e gra~ned SAND 

Silty CLAYSTONE 

SANDSTONE 

SI L T and very 
fine grained SAND 

CLAYSTONE 

:1;:: .. < Total depth: 125.54' 
Anchor No~,-",-~ __ 

125.25" , 
------------Top: 126.5 est 

Felix No.2 Coal . . 

FIGURE 4 B 
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EX-2 AS-BUILT OVER-VIEW 

Grounri surface ----

77/8" rotary drill 

10 1/2 Ib/ft 
4 1/2" 0.0. 

4" 1.0. 
casing 107.02' 

90±' ----yo-; 

Felix No.1 Coal 
100 ±' ----'---1 

MPBX anchors { 
(see detail) 

" 

. ~ 8' to cement stemming 

I "-.. 

~Cement 2% gel stemming 

:~centralizer 63.72' 

95±' to neat cement plug 

Casing point: 106.02' 

r----Total depth: 77/8"- 107.5' 

::.~: --- Longyear HQ core 3.8" 
:.:: ___ Total depth: 126.54 ' 

Top Felix No.2 Coal - 126.05' 

FIGURE 5 A 
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EX-2AS-BUILTDETAIL ~ ----------------------------.----------------.---------------

to I.!!,I . 
;~ jlll·t. =:~ Felix No.1 Coal 

1 OO±' ~';, q III ~: .. :.... Base 
T1 n ----+.~\ )Iil 't-'; ;\ 
~_v 1-.-0'-h-~ ~ti ;111~: \~; Casing grout 

7 7/8,,' rotary drill 

Casing point: 106.02' 

Longyear HQ core 3 .8" 

:f . '. \ III.' ,-
~\ ) 1.1 ;. i·;· Sheath ed extensometer ",. . . 
~'. :. wires 

Very sandy 
CLAYSTON E 

Sandy, sil ty 
CLAYSTONE 

Anchor No.5 
114 .25'---__ --+ 

SANDSTONE 

An chor No.2 
123.25' 

Total depth: 

SAND 

Silty C LA YSTON E 

SAND 

CLAYSTONE 

J------------Top: 126.05' 

Felix No.2 Coal 

FIGURE 5 B 
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FIGURE 6 A 
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_S_S_-1_A __ N_D_S_S_-_2_A_S_-B __ U_IL_T_S ________________________ ~ 

Random fill 

Top: 66.5'--.... 

95.55' ---

105.20' ---( 

Base: 126.5' 

127.16'---

151.30' ---1 

'-Ground surface J 

Sheathed electrical 
cables 

Top: 67' 

Shear strips 

Base: 127' 

Felix No.2 Coal 
cal ·seal plug 

FIGURE 7 

Random fill 

t"\--- 98.75' 

J----l08.83' 

""1--- 128.25' 

Cavings 

'A--- 153.25 ---
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DRAf-T 

PZ-1 AS-BUI L T ~ 
--~~~--~--------------------------------~--------------

Ground surface 

Longyear HO core 3 .8" 

I 10' v 

Bentonite plug 

Piezometer No.4 
85.0'---

30±' 

____ Electrical cables 

Cal ·seal grout 

Channel SAN D 

Silty CLAYSTONE 

Felix no. 1 coal 

SILTSTONE 

SAND 

Piezometer No.1 CLAYSTONE 
124.5' .. : .. 

_ -- -- -- -- -- -- -- -- -- -- Top: 127' est 
Total depth: 126.0' Felix No.2 Coal 

FIGURE 8 
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TKl HOE CREEK 11 FIELD EXPERIMENT ON UNDERCROUND COAL CASIFICATION 
I. 

PRELIMINARY RESULTS· 

W.R. Ai.an, C.B. Thor.ne •• , R. W. Hill" R.B. Roz.a 

R. Cena, D.W. Cregg and D.R. Stephen. 

ABSTRACT 

A .econd in-.itu coal ,alitie.cion . experiment va. performed b~ LaWTence 

Liver.ore Laboratory at Hoe Cree~ in Wyoaing. The Linked Vertical Well •• cheme 

for in-.itu co.l ga.ification v., uled. The experiment took 100 days for air 

fl,w telting, reverie combultion linking, forward combu.tion g.aifica,ion. and 

po.t-burn ateam flow. Air v •• u.ed for , •• i!: cation except for a 2 day te.t 

with oxygen and .tea •• 

Rever.e combu.tion linking t~ok 14 day. at 1.5 m/day. Air requirement. 

for linki~g were 0 . 398 ~ol per meter of link a.suming , .intle direct link. 

The co.l pyroly.ed during linki~6 wa. 17 m3 , vh ich corre'pond. to a .ingle link 

1.0 • in diameter. There W31, however, .trong evidence of at le.at two lin~.ge 

p.th • • The detected link •• tayed belov the 3 m level in the 7.6 coal .eam; 

hovever, the product flev from the forvard-burn g •• ific.tion probably folloved 

the co. I-overburden interface not the reverie burn channell at the 3 m level. 

A total of 232 Mgmol. (194 M.cf) of ,a. v •• produced vith he.ting value 

.bove 125 kJ/mol (140 Btu/.cf) for .i,nific.nt time periods and an avara,e 

of 96 ~J/.ol (108 Btu/.cf). During the oxygen-.team te.t the heating value 

., 
j 

va. above 270 kJ/,aol (30~ Btu/.cf) tvice and averaged 235 kJ/gm~1 (265 Btu/.cf). 

* 
." ork 1k,(o,mC'd wndtr tht .u.rK'CI or tht 
l i S Dcpar',"rnl II' FMtn' b) 1he: l;J'It",cnct 
Ln'nnu)ft Laboratory "nd.r C'O"UKl fMNIlbcr 
.. ·,.OS·ENe· ... • 

-2-

The coal recovery wa. 1310.3 (1950 ton) . Ca.ification va. terainated becau •• 

of d.crea.ing product quality not becau.e of burn through. The product 

quality decrea.ed bee au •• of inc rea. in, under,round beat 10 ••• 
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lnt roduc t ion 

In-.itu co.l , •• ific.tion i •• n old idea vhich h.1 become aore 

attr.ctive II the alternative. have becoae Ie ••• ttrlctive. The b •• ie f,. n t ; , 

concept involve. parti.l oxidation of • coal depo.it under&round and 

.ublequent recovery of • coabu.tible CI. at the lurf.ce . Pr.ctical .e.n. • II;.'. 

for in-litu co.l , •• ific.tion vere developed in the USSR in the 1930'1, 

~ut di.covery of large oil and natural ga. relource. c.u.ed I decline in 
. / 

I 

the Ute of in-.itu , .. ification by the USSR. Development of the.e techniquu " / I , 

.110 .tarted in the United State. in the 1950'., but 10 .. coot oil and "eturad :1 \ 
". precluded nar uae of in-aitu co.l g.sific.tion at that time. Ii 

:\ 
. . II 

However. large locre.,el in coa1 \ I The pr08re •• ive depletion of oil and natural ga. re.ource. ha. made 

ule of COil re.ourc •• auch aore .ttr.ctive. 

production ~.ing conventional method •• re difficult bec.u.e of nev empha.il 

on human he.lth .nd well being in the ca.e of deep .ining .nd becau.e of 

environ~nt.l impact concerns in the c.le of .trip mining . 

[n-.itu coal , •• ific.tion obt.ins energy from co.l depo.it. without 

the underground labor a.loci.ted w\ th deep mining .n~ vithout the a.lsiYe 

lurf.ce di.ruption a •• oeiated wi th .trip mining. The economic and relource 

recovery factor. are ,110 .et i .ctive (1. 2 , 3, 4). 

Th~ b.,ie coal g'lifieation proce., i •• imple in concept. coo.iltin, of 

I , 

i I 
I j 
. I I , 
l~· 

tl.ree .tepl : 1) lhe coal i. he.ted vhicn drivel o ff water .nd then volatile. j 

lo form char (a. in de.tructive di.till.tion), 2) the char re.ct. vith hot I 
.team to form CO + 112 , .nd 3) finally the remaining char re.ct. vith O2, The 

char/02 re.ction provide. the heat to drive all the other re.ctions, vhich are 

endothermic . The char/H20 re.ction produce. CO .nd H2• The pyroly.i. re.ctioo ' 
I . 

allo produ~e . CO and H2 •• well ••• vide range of hydroc.rbon product.. I I 
I ' 
! 

. I 
, I 

I I 

: .. 11 ; 
'.1' 1' 
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For maximum product heat ina value • particular amount of w.ter au.t enter 

the reaction.. Since the bound-vater content of the cOIl .t Hoe Creek i. 

bi,ber than the opti.~ amount. influx of around vater Clule. deerel.e. in 

product heat in, value. 

The overall .eheae of in-.itu , .. ific.ticn .. oed in the Hoe Cruk II 

experiment i. c.lled the Linked Vertic.l Well. proce •• , vhich va. fir.t u •• d 

in the USSR more tb.n 30 yr •. a80 . (4) The Linked Vertical Well. proce., i • 

11.0 being developed by the Laramie EnerIY Ie.elrch Center (LERC) .t H.nn., 

Wyoaing in their in-lieu S •• ification experi.ent •• (S) , All I •• ific.tion .che ... 

iovolve the three be.ie .tepa, but the .ethod. of pra.otiol contact between 

co.l .nd oxygen differ. 

A fundament.l problem in in-.itu c~al a •• ific.tion i. th.t the permo.bilitr 
• 

of und i oturbed (or "Ioli.d") co.l i. tuo low ( < 1 darcy) to .llov .ufficient 

a'~ flov through the co.l for pr.ctical , •• ificat i on . Before ,a.ific.tion can 

proceed, the perme.bility of the co. I mu.t be incre •• ed.* In the Linked Vertic.l 

Well procell, the peraeability can be increased by • "rever.e" co=bu.tion procell. 

Thi. proce.M prov i de. a "linktl or hi,h peraeability path between the injection 

and "production veIl. 

tlRever.e" and "forward" combustion are the two po •• ible proce •• e. which 

c.an occur when an oxidizer flcy...,. through .. penat!able .olid fuel. ·"Rever •• 
ot 

cocabu5tlon i. t.)ccul'riu¥ wn~u t he c~1"U.ti"'h {ront. muv. up.t tcCllm .~.iU'L ",he 

flow of oxidizer. In. fuel bed ignited at the center, rever.e cosbultion 

can occu ~ if the oxidizer flev i •• ufficiently lev '0 th.t the he.t tran.fer 

can .ucce •• ively ignite the f~el .he.d of the combultion front. Forward 

*In the Hoe Creek eKperimenc the co.l .e .. v •• fractured .. ith cheaical 
e,plo.ive.. The pe~.bility enhancement w •• not I. ,re.t I. ~ad bzea 
expected . (6, 7. 8) 
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ca.bultion occurl if the oxidizer flow rate il too hiah. Forward co.bultion 

allo occur. when the burn zone reache. the oxidi&er .ource, bee.ule there i. 

no .ore fuel up.tream. 

lever.e combultion tend. to concentrate into a ••• 11 zone leaving I biah 

permeability channel behind, through vhich the ,ombultion productl flow.(4) 

Thi. channel i. not empty but i. filled with char .inee reverie combultion 

conlU8ea only the volatile .aterial in the coal.(4) 

Reverl. combu.tion ha. another important property . During the combu.tion, 

the producta flow through I channel in which the permelbility ha. been in- ,. 
crelled . The productl fro. a forwlrd combuetion mult flow through cold, un-

reacted coal. The vater and tar. produced by the combu. tion proce •• e. cln 

condenle and block the poroaity of the coal. ThuI, forward combustion can be 
"1 

lelf-inhibiting . 

The procedure of applyin& the Linked Vertical Wel l method ia quite 

atrai,ht{orvlrd : I) Drill two ~ella (A Ind B) into the coa l and caae them to 

near the bottom of the aeam. 2) Link the wella at the bottom by reverae com-

bUltion ; i.e., inject I low flow of air at high preslure into A Well and ignite 

COil in I We ll ao that reverae combusti~n proceedl ~ro~ B Well to A Well. 

1) When the link ia completed to A Well (which drlmatically decrels.1 the 

flov Tesiltance), increa.e the air flov into A Well and ga.ify the coal aeam 

with r~rward c~m~~.ti~n. 

The re are three major questions about thie Linked Vertical Well method: 

. 1) Kow can the reverae combustion proce.a be controlled to provide a a i ngle 

link at the bottom of the coal aeam vhile linking .t the Qaxi.um pOlaible 

ratel 2) Mow wide vill the final combuation zone be? Thlt ia, hov much coal 
•• 1 411\ 

will be react~d ? 1) What will the product quality be through the burn? 

I · 
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In the Linked Verticil Wella ache •• for in-aitu ,Iaification, it .ppelra to 

b. iaportlnt thlt the link between the wella il at the botta. of the Ie .. (4, 9). 

It il poatullted thlt ca~ing of cOil into the ,rowin, cavity Ipreadl the ,alifi-

cation ~one and enhance. contact betve.n air and coal. 

The injection and production weIll vere cI.ed to vithin 0.1 • of the 

botto. of the 7.6 m coal aeem 00 the atlrtina and finilhina poi~t. of the link 

vere at the bottom of the .~am. One of the factorl to be deterained in the 

experim~nt val hov high the link might rile during the reverie combuation 

proce.s . 

The path of the reverie combuation link between the injection and exhlult 

poin te in the'coal aeem ia probably governed by three factora: I )'rlndom vanderinc, 

2) vater in the lover portion of the Ie .. , Ind 1) bouyancy effectl. Rondom 

• 
vander ing of the path i . cauled by the non-onifo1_1y diatributed fracture Plt-

tern. in the c leat .tructure of the Call aea.. The rever,e combus tion will. 

of courae, not penetrate •• ignificant amount of vlteT at the bottOD of the 

aeam. The buoyancy of the burned productl ~.y Clul. a tendency of the link 

to r iae in the seam •• it proceeds through the coal. 

.The product quality from g~sificltion of I givan coal depend. p1imarily 

on how much CO
2 

and N2 dilute. the product, .inee the ot he r major .peeie., 

M
2 

and CO, have nearly identical heatini valuea . The amount of CO2 dependa 

~n hvw much wat~r entera the n~"Ctlon aoJ 1.10 hvw lO\l.ell h~at i, lu~L rcv~ ll.t: 

procel s. Use of 02 rather tha ~ a, r can eliminate the N2 dilution. 

The lor-g-term g011 of the In-Situ Caaification Prosr .. il to develop a 

procea. which yieldl .edium heating value all (200 - 10~ Btu/acf). To produce 

t~i. product 02 mUlt be uled rathel' than .iT to .li.inate the HZ diluent i n 

the product ga.. In previous e xp e ri~ent. air hal been u.ed for r e •• on. of 

.iaplicity .nd econo.y. Hov.v~ r. the dyn .. ic. of the in-.itu proce •• alY b. 
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.icnificantly different vith 02 r.ther th.n .ir •• the oxidi.er. Our Dext 

field experiment, Hoe Creek II1"vill be • full 02-.team , •• ific.tion. A .hort 

period of 0z-Ite •• 1.litie.tion val incorporated into the Hoe Creek II experi .. ot 

to I.in lome experienc. and to provide preliainary data. 

The .bove con.ider.tion. led to the Collowina •• j . ob j ective. for the 

Hoe Creek II experiment: 

1) lnve',tigate rev,er.e combultion proce •• in ' nI, vet, hydro-

10gi(ll1y active coal Ic.a . 

2) Determine forward ga.iCication p.ra.eter. vith injected air flow. 

of 40-80 8Nol/. (2000-4000 .cC.). 

3) Conduct •• hort oxygen-at ••• burn vithin the Ho. Creek II air burn. 

4) Evaluate diagno.tic inltrumentation. 

5) Evaluate operational plr.meter •• 

6) [valuate environmental concernl . 

The Coal 5 •• m .nd the Experimental Equipment 

The Felix 12 coal .eam , which ve gasified , i. a vet, hydrologically active 

.eaa with. nearly zero dip, which underlie. the thin~er Felix '1 coal .ea. I~g 

(Fia 1). Th. F.lix , 2 coal h .. lov ash (4 . 05%), but high water (30 . 11%) 

content. (Tabl. I .hov. on analy.i •. ) The ash-free coal can be repre.ented 

by • pseudo coal molecule of CIlO. 91 °0 . 19 NO. 018 50 . 027 (+0.41 H20) vith • 

molecul.r wei,h: of 1~ . 3 (~3 . 7) 3nd 3 hiih~r heatina value of 481 kJ/gmol . 

(The actual .ol.cular w.iaht. oC coal mol.cule. ar. gr~at.r than 1000.) The 

.ea. i. 7. 6. thick .nd the bottem of the .ea. i. nominally 45.7 s d.ep. 

A preliminary e.ti.at. of 1000.3 v ••• ade of the coal voluae which vould" 

be guified in a 7.6 ••• ac b.tveen velll 18.3. apart . The model und in .,1 
I " U 

•• ~in& the e.ti.ate treat. coal a. a permeable .ediu. (10). Th. e.ti •• t.~ 

-8-

The proce.s veil. (0.340. diam) vere c •• ed to vi thin 0.3 • of the bottoo of 

the co.1 to control the 10c.I ~ on of the reverae cOll1bu.tion link. C liell (0.197. 

diam) vas intended to b. In auxiliary dev.terina vell and va. linked to the 

botte. of the production veil by rever.e co.bustion. 

The.e thr •• well. vere .ach equipped vith both .ir injection .nd production 

piping , but Well A va. intended •• the injection veil, Well B •• the production 

veil (18.47 m fro. A) . and Well C ~. a dev.tering veil (3.31 m fro. B). Well. A 

.nd B serv.d eo intended, but We·ll C .... al.o und ..... a""iliuy production 

veil. Detail. of the proce •• veil •• re .hovn in Fig.~. The .urC.ce pl.nt 

provided for cONpre •• ion .nd injection o~ the .ir .nd for Cl.rine of the prcduct 

g... The injection and production flow. vera •••• ur.d via orifice plate. in 

the linea. 

There were 12 inltrument veIl! eaplated in a pattern de.i,ned to conitor 

the burn zone .s it d.veloped. (S.e Fig. 3). Each in.trument v.ll carried .eveD 

th.rmocouple. (or .or. - the l.vel.* are .hovn in Tabl~ II) .nd •• tainle ••• teel 

tube with an open bottom at the 2 . 1 m level, which WI. u.ed for pre s .ure mea.ure-

.ents and for gas .ampling (.xce?t for 1-10). Three of th •• e veil., I-I, 1-5, 

and 1-10, alao had inconel tub •• (clo.ed at the bottom) for a travel ina th.rmo-

couple ~ The traveling thermocouple eon.i.ted of a thermocouple vhich WI. lowered 

doYn the t ube on an I Well by • winch mechani... The winch .echanism WI' pro-

.ram:ncd to , top .1: variou. lc\*e: '" whilc the thtr~~:oupl .: rc.po:"\dcd to t~e tc.~?o:=.1'" 

l . -~ at that point. The proce •• veil. al.o carried fix.d th.rmocouple •• t the 

level •• hovn in Tabl. 11. 

The veil. d •• ignated H-I throuih H-6 and 51-I, 51-2, and 51-3 v.r. u •• d 

~or hiah frequ.ncy electromagnetic (HFEK) tran •• i •• ion me •• ureQent.(II) vith a 

il.iCieation zone width WI. 12 ID. *The ,tcrlll nfevelh
- ..,ill be . u •• d to indic.at. diltanc • • above the bottoQl of 

the coal ..... 
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tr.n •• ittina antenna in on~ vell and I receiving antenna in another. Pyroly.i. 

of the coal to fora hot char incruln the ablorption of the HFEK be .. , 10 th .. . :~ 

HlEK probe can locate the burn zone underground. Wella EX-I, EX-2, 65-1, and, .t ~n l 

55-2 cont.ined inltruaentation to .a~itor lubaurflce ,round aotion. The well 

PZ-l contained four piezometer Sluge. to me •• ure locil pre.lure ch~nge. in 

the llyerl 8boye the coal. Weill W5-1 through W5-9 vere deligned for vater 

... plin" pri •• rily POlt bu~n, for environaental monitoring. All down hol~ 

inltrumentation WI' operating properly at the time of iloition. 

The product gal va. lamp led and an~lyzed continuoully by a let of three 

chroIDltoil'lph. and by • de", PC!.ltt hygrometer. In addition, vater and tar 

were conden.ed out of • I •• ple .trea. for me •• uce~ent and analy.i •. Concen- . 

trationl of H20, N2 , O2, CO, CO2, H2, CH4 , C2H4 • C
Z
H6 , C

3
H

6
• C

3
H

S
' "Higher HC" 

(nollinllly C5H12 obtained by backflulhing the HC column), and "Tar" vere recorded 

which allowed the cOllputer to ell. .late heating Yaluea and energy recovery 

rate •. 

A Hewlett Packard 21 HX-E* computer Iyltem recorded, procelaed, and displayed 

the data from the ga. analyzer., the pre •• ure tran.duce;., and the ther~ocouple •• 

In excel. of 1/2 million data point. vere recorded and procealed. Numeroul 

plotting and tabulating programs allowed accell to the rav data and to procelled 

data. The ability to .onitor and proce ••• uch of the data in real time proved 

valuable in op~ratin& the ~xp~ri.ent . CGmputer .t~ra&e of the dat~ al.o areatly 

.implified Po.t-~xperiment data reduction. 

The data reduction code. vere ba.ed on heat and .aterial balance. a. 

preyioully reported (12). Further detaill concerning the preparationl for the 

experiment Qre availlble (13, 14, 15). 

-"Reference to a company or product name doe. not i.ply approval or recoamendation 
~t the product. by the UnlYeroiey of Californil or the U.S. Dep.rtment of Energy 
\'l th~ .xelu.1on oC other. that say be ,u1table." 
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Conduct of the Experiment 

Site Pr~p.ra[ion, Hydrogicll Teating, and Air Flow Teltina 

Site preparation Itarted on April 17, 1977. The 37 weIll to be uled in the 

experi.ent were drilled in the pattern shown in ri, . 3. Water pump~dovn te.t. 

Ihowed that 8 Well, the intended production well, Val ... ch "tighter" than A Well 

or I Well . Thi. lov perae.bility at B Well val reflected in the relultl of the 

.ir flov telt • . 

Air flov teot ing Itarted when the lurface piping val completed on 10/4/77 

(day 277 of 1977). Air flow telting ~.a continued over the next 10 day •• while 

the procell ay.tema ~ere completed and check~d. Durin, the .ir flov t~ltlng (and 

rever.e combu. tion) any vater which &ccumu!ated in the proce •• veIl. va. pe riodically 

blown out through special "dewatering" line. by opening a valve and inert •• ine the 

Iy.tem', baCk pre •• ure. These line., which extended into .ump. at the bottom 

of the vella, were made of 2" .teinle ••• teel pipe .0 that they could .urvive 

the co.bultion procellel. The de~atering line in C ~ell al.o had a pUlip to 

aid in dewa tering during the reverse co.bultion proce... Hovever, thi. pump 

va. burned out early in the reverae COQbu8tion proce... Fortunately no difficulty 

val encountered in removin, vater from a Well throu£h itl devatering line. 

vhere: 

The #verage flov conductance between the velll wal: 

Well 
COCibination 10-12 gmol/1 Pa2 

A to B 1.65 
C to B 2.26 
A to C 1.69 

c • Qprod 
_ P 2 p , , 

lnJ prod 

C 

W3~(pE~ 

3.9 
5.1 
4 . 0 

Thi. conductance did not appear :0 increa.e .ianificantly after the firlt few 

daYI of the air flov teltl nor did it .ee. to be a function of the "y"t •• prel-
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~ure.. SYlt •• pre •• ure did affect vater influx, II expected. Flov rate. ou~ ." 
of the production well of 0.3-0.4 ga?l/. (15-20 .cfa) v~re produced vith a 

back pre •• ur. of 310 kPa (45 p.ia) and vith a reo.onable injection pre •• Ur3 

of 552 kPa (80 p.i.). Thi. flov rate va. con.ider.d to b. high enough to 

lupport an .d~qu.te reverie coabultion link . 

len i t ion and .ever.e Coc~u.tion Linking 

The coal va. ignited (da~ 287 . 392) at the bottom of B Well vith ai= i njection 

into both C Well and A Well. (A helium tracer te.t .hoved that about 60% of the 

air arriving at I veIl had been injected into C veil. Thil fraction iDcr ..... d 

to Ibov. 80% ju.t Ifter i,nition . ) ~, flov out of 8 Well VI. to be controlled at 

about 2.0 g.ol/. (100 .cfm)· throughout the rever.e coabu.tion Ind the pre •• ure 

va. to b. controlled at about 345 kPa (50 p.ia). To ignite the coal bed, 100 •• ' 

coal v .. placed in the bottom nvera! feet of B Well, an electrical ignit(lr va. ,. d 

placed on top of the loo.e coal. and .ev.ral feet of vax coated charcoal 

va. placed on the ignitor ••• 

Within one hout after the ignitor VI. turned on, a .ample of the product 

,a. contained combu.tion product. with ~ •• entially zero O2; however, 7 hour. ve~e 

vere required before the thermocouple at the bottom of the B Well ca.ing fully 

reflected the on.et of coabu.tion (T > 200 C.). 

I..:·t 

The rever.e c,~bu.tion linkage va. completed to C Well It 289.542. Completion 

Q£ th~ lin. v •• signaled by .n i~cre.,e in the temperature at the C veil . C Well 

i. 3. 31 a froa B Well .0, a •• uming a dir.ct path, the linka,e rate va. 1.5 m/day 

*In the text, flov rate. are on a vet ba.i •. Table III li.t. dry ba.i. flov rate •. 
"Waterproo f ignition .. terisl. are e •• ential becau.e water can reinvade the bottoa 

of the vell durin, th~ charcoal loading proce •• beeau.e the .y.tem pre •• ure i. 
low. Our fir.t ignition att.apt failed becau.~ the charcoal di.integrated when 
it got v.t and fell avay frna the ignitor into the .ump (Fig. 2). 

Llvn 

f 'l 
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(18 ~a/.). During the B to C linkage proce •• , the avera •• inj.ction and 

production veil head pre •• u,e. ver. 419 kP. (61 p.io) and 308 kPa (45 p.ia). 

The average production flov . rote v •• 2.43 &mOll. (122 .cfa). 

The rever.e combu.tion l inkage va. ~oapleted to A Well at 301.046 . A 

Well i. 18 .47. froQ B Well .0 the linkage rate va. 1. 6 a/day (19 a/.) , 

"Iumina negligible pro~p~ ~. toward ~ We!! duriol the I to C link.,e procell. 

During tbe B to A linka,e proc •••• the ave,age injection and PTo~uction veil 

head pre •• ure. vere 517 kPa (75 p.ia) and 316 kPa (46 p.ia). Th •• v.r.,. 

production flov rate ••• 1.86 gmol/. (93 .cfm). 

lecause t he S - C link and the B - A !.ink vere burnine at the 'IIK ti.e, 

the .. proce .... can not be complet.ly uparated i n analy.in, the product flow 

data. Thus, tvo link. vere lumped cogether for calculatio& the air requir~ment. 

for linking . 

A carbon balanc~, u.in& the compo.ition and flow rate of the product ,I.e., 

.hoved that 8.76.3 of coal va. co=pletely con.um.d leaving an empty channel 

or that 17 m3 of coal va. pyrolYled leaving a chat filled channel. For a 

total link di.t ance of a t lea.t 21.78. (8 to C plus I to A, a •• uming direct 

path.), thi. mean. I .ingle, direct reverIe co.ou.tion chanoel would hive a 

dil .. ter of Ie •• than 1. if char filled (0.7. if empty). The air injected 

va. 8.67 M&~ol ~ r 0.398 Mgmol per meter of link. 

The linka&c rate calrulation. a •• ~d that the link took the .herte.t path 

between the well.. However, the permeability of the coal formation va. very 

non-uniform and the linka,e path. vete not dir.ct froa veil to veil. The 

thermocoup le. on the inltruaent vella ce.ponded to the rever.e combustioll I. 

.howr. in Figure 4. 

Fra. thi. ther~couple re.ponl. data ve can conclude th at the rever.e (0.-

bu.tioft va. not a .inale c~annel (nor vere the channel •• trai,ht) . At lea.t 
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two plthl vere involved Ind perhlpl .ore . None of the velll Ittlined I 

t~.perature Ibove the Ite_ pletuu ,( 100'C) It Iny level Ibove 3.. The 

HFEH probing located a link at 2.5 - 3. but lav no evidence of reverie 

combu.tion above 3 • durina the reverie combu.tion ph.ae. The oblerved 

dlta indiclted thlt III linkl vere It or belov the 3 a level and that the 

rever.e combu.tion proce •• had beeD I.tief.ecory . Hovever, the product flow 

fray the forvlrd coabu .t ' ~~ ,'aificltion left thele chlnnela ao(~ Ift~r the 

atart of forward combu.tion. 

Castfie.tion in Foru.cd Combustion 

Aa the rever.e combuation link Ippro8ched the A Well, the flov conductante j,l 

increaled grldually, la the link VII completed, to 1. 1 x 10-10 gmol/. PI2 

(0 . 25 Icfm/plil2) (Figure 5). With this lov flow re.iltance, high flov rate. 

v~re po.aible It reaaonlble injection prea.ure. . The flov v.a increlled in 

three .tepI, from th~ 2.0 gaol/. (100 Icfm) flov u.ed in reverie combustion up to 

2 &.al/l (1050 Icfa) by the end of day 301. The product ,aa had a good heating 

value of Ibout 125 kJ/gaol (140 Btu/acf) but l arge amounta of part.icullte 

•• tter vere Ilia blown out of the production well. Analyaia of the p£rticulate " 

~tter .howed thlt it VI. not alh but either char or dried COIl. The reaponael 

of thermocouple. on A Well Ind 1-10 indicated that the burn ?at ter~ developaent 

va. upward .a much al horizontal during thi. period. l.·n 

.nen the flow va. increl.ed (301.36S) at Lhe atart of forward combultion, i t 

the thermocouple. i n .11 of the rever.e combu.tion channel. relponded, indicatio, 

flow in t he le channell. The initial flov VI' Ilong an A Well to 1-6 Well to I-I 

Well to a Well channel, but thermal relponl.a vere leen It all of the other theraoe • 
I • • ll ..... 

couple. in the revera. coabu.tion channel. indie.tin, flov in .ever.1 reverae . . 
.. '. Ii 

combuation channell. 

At 301 . 70 III of the thermocouplel vhich had been indicltine flow in the 
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rever.e combu.tion channel •• i.ult.neo~.ly .tarted Co cool a,ain which indicated 

thlt the flov in the.e chlnnell had .topped. No further indicatio~ of hot ,aa 

flov v .. oboerved in £ny of the Hnke which hId been detected during reverae 

combulcion . 

There val a large inere.le in the conductance between A We] and a Well .e 

301.7 vhich clolely correaponded to the flow atoppa,e in the o,iginll reverie 

burn channeh. The opening up ef I previoully undetected channel vo uld explain 

the.e obaervation.. The channel m~1 have been alona the coal-over burden in ter-

face but there vere no thermocouple junc tion. located tficre . Kc~ever, l.ter i n th. 

experiment, numerou. theraocouple. vere burhed off betveen the 7.16 Ind 8.53 

• level., which bracketed the coal-overb~dened interface . In Idd itioD, the 

movement of the burn zone to the top of ~he COIl leam vIa confirmed by the HfEK 

aea.urement s and by the traveling theraocouple datI. 

This burning off of the~ocouple. va. a co~tinuin, problem du,ing the experi-

ment. ~. burned-off therm"couple v .. euily detected by a liaple reoiatonce check 

between the leld. Ind the Iheath .ince they vere ori,inlily iaollted electrically • 

At many of the wella the thermocouple bundle vould burn off just aa the tem?erature 

reaponle started during forw.rd burn. The trlvelin, thermocouple tube. in 1-1, 1-5, 

and 1-10 lurvived much lonier to provide critic.lly needed infor •• tion. The 

trlveling thermocouple probe VII 10lt on day 315 vhen the tube in 1-5 burned 

off with the proDe down hole. 

Although the burn apparently moved quite quickly to the top of the Ie .. , 

five daYI of good gal production follov~d the increl.e in flow rate It 101.4. 

Durina thi. time, H2 .nd CO concentration. decre •• ed .li,hcly but incre'lel 

in the hydroc~rbon cor-centration. cauaed the product he.tine value to re~in 

near 125 kJ/gmol (140 Btu/lcf) (Fig. 6). Althouih ,Dod ,al VI. produced, the 

particulate proble. continued. 
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On day 104 a hole va. erod.d through the ca.e of the. ,to .. tic back pre.-

.ure control valv ·: becaule of the particulate .atter in the product ,u. lack 

pre •• ure control v ••• hifted to • sanuel valve but other leak. developed in bel­

IOWI e.panlion joint . in the production line. On day 305 the flow va. cut in 

half and the blck pre.lure va. incre~.ed. but the particulate production (OQ-

ticued and .ore le.k. developeJ. On d.y 306 the production flov va. bypa •• ed 

throuah I lit line while repair. vere .ade to the production line. The injection 

flov va. reduced to 17,.01/. (850 .c fm) .t • back pre •• ure (B Well) of 310 kPa 

(45 p.i.). Repair. took 7 hour •. 

The product'. heating v.lu~ beg.n to decline ju.t before the repair period. 

Ov~r :he n~xt five d.y. the heating v.lue fell from the 125 kJ/gmol (140 Btu/.cf) 

level to e •• enti.lly &ero (Fig . 7). During the decline, production from eWell 

r.ther than from 8 Well v •• tried. No effect vas found on the product heating 

value, but the particulate production va. reduced. Production froa C Well became 

the .tand.rd mode of oper.tion for th~ rem.inder of the experiment. At thi. 

point in the experiment it va. pootul.ted th.t the inj~ction veil caaing had 

brok~n or th.t • hole had been burned through the ca.ing at the top of the 

coal .ea. allowing air to bype •• the preferred reaction zone at the botto. of 

the coal .eam. It va. further po.tulated th.t a bypa •• channel exi.ted ~lona 

the top of the .e.m over to the production veil. 

Th~.e po.tulate. implied that the re.ction zone va. located .t the top of 

the .e.2 vhich vould c.u.e tvo problem •. A lon, term problem va. that. lar,e 

p.rt of the co.l .e •• co~ld be byp •••• d if the burn proceeded over the top. 

The imaedia te proble. w •• he.t 10 •• to the overburden. The heat in, value of 

li~ 

• . 1:0· 

the product i. Itrongly dependent on the extent of the Ite •• -et.ar reaction which 

i. endother.ic .nd of the pyroly.i. reaction vhich require. heat inK of the co.l. 
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The.e proce •••• are driven by the heat relea.ed by the oxidation reaction. 

the heat rele,"ed br the oxidation reactioD i. lo.t from the .y.te. then the 

product viii be .o.tly CO2 and N2. 

If 

The heat may hav~ been lOlt becau.e the coal I.,ifie.tion reaction occurred 

in the coal just under the overburden or there DIy have been dUll eir injection 

point.. One injection point moy have been in the coal I.aa, ~here COIl VI. 

"aified. The other injection point .ay have been in the overburden, perhap. 

vhere the veIl t •• ina va. broken. If the ,a.ification product. vere burned in 

the overburden by the air trom the .econdary air injection, then the heat re-

le.,ed would be 10lt to the inert overburden. 

The broken cuing .. nd bypu. channe~ ;>o.tulatea vere not definitely con­

firmed, but on day 311 they led u. to .vitch the injection flow from the A 

Well c •• ing to the 2" .t.inle ••• teel dewatering line vhich extended to the 

bottom of A Well. (See Fig. 2). Thi. 2" line vas protected by the oute r 

c •• ing from the combu.tion , •• el and trOll rela!ive .ov~.ent. of the overburdeD 

and the coal se ... 

When the air injection we. Iwitched to the dewaterina pipe in A Well the 

heat ina value quickly incre.sed to the 110 kJ/gmol (120 Btu/lcf) level (Fig. 

S). The SUeCta8 of the dewatering pipe mode of operation tenda to confirm 

the bypa •• po. tul.te •. 

The product he~ting v31ue re",ained at the liO kJ!~ol (12Q Btu/ sef) level 

for the next) days, Then, in preparation {or the 02-.team mini-experiment. the 

air inje(tlon wa. returned to the outer c'lina of A Well on day 314 and the 

heat ina value dropped a,air. • 

At thi. point the anticipaced felult. for the 02-.te ... ini-experi~ent 

were very poor, beeaulI the 02 entered the coal for.ation at about the la~e 

level •• the air injected in the outor c •• in,. (See Fi,. 2.) It v •• expected 
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that heat 10 •• vould a,ain prevent the re.ction. vhich produce the fuel ,a.e •• 

After 02-.team injection at.rte~, the heat inc v.lue initially decre •• ed. 

'ut then • rapid incre •• e commenced, which carried the heat ina value to above 

270 kJ/gmol (300 Btu/.cf) (Fig. 9). The ri.e in he.ting v.lue va. curtailed 

by • failure of the 02 .upply .y.tea. The Clow of 02 .s. near .~ro for an hour 

and periodic decre •• e. of flow p\a,u£d the ezperi.ent for the entire 02 ph •• e. 

The 02-.te .. , •• ific.tio~ pha.e wa. terminated at 316 . 4 when oxygen break­

through into the product , •• e. occurred. The total duration of the 02-. te .. 

ph •• e "a. 2.2 day. . Healecting the tr.n.ient period., the produced ga. h.d • 

235 kJ/g801 (264 Btu/.ct) .verage he.ting v.lue . Thi. corre.pond. to 663 kJ 

per gmol oC injected 02' 

The .ucce •• af t he 02 ph •• e of the experiment mu.t have been due to 

the hilh temper.ture of 02-coal coabu.tion. The he.t 10 •• to the overburdtn 

_tt h.ve been ove ;vh.el.ed by the ... ount of enerlY .voil.ble. 

After the 02-.teaa ph •• e it w •• decided to check .ir ga.ific.tio~ u.ing 

tbe ... e injection pDint by injecting .ir vith the 02 l.nce. The product 

h.d poor heating value .nd 02 breakthrough occurred i n 2 hour •. 

Air injection va. then returned to the dewatering line which extended 

.I. 

. [ 

to the bottom of the coal .e.. . The heat ina v.lue ro.e r.p i~ ly to t he 125 kJ/gmol 

(140 Btu/.cf) level (Fi, . 10). App.rently there v ••• till • re.ction zone .vail-

able at t he bot tam of t he ,oal l~alD where the: endothermic r eaction. were Dot 

prevented by heat 10 ••• 

Ca.ific.tion continued vith injection i n the dewaterina line for .not~er 

43 .1 day.. During thi. tise period the product'. he.tina v.iue decrea.ed 

aore-or-le •• line.rly with time (Fi,. 10) . Thi. decline in heatina value 

apparently wa. due to incree.e. in heat lOll to inert •• teri.l. un~erlround. 

The product'. hiaher hea~ina v.lue correlate. fairly .. ell vith t~e c.lcul.ted 
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underaround heat 10", con.idering the impreci.ion in thi. calculated ter. 

(Fig. 11). Ch.nge. i n vater influx did not .. tch the decliDe in he.tina 

value. 

C •• ification wa. tel~inated by .huttina off the cOQpre •• or. on Chriat ... 

Day (359.8) when the heatinl value WII 59 kJ/C . ...,1 (67 Btu/.d). B"rn throu&h 

had not occurred and ungA.ified coal remained near the production veIl •. 

Aft.r the compre •• or. were .hut off and coabu.t ' on .topped, large quontitie. 

of .te •• continued to flov out of the production weli ••• the around water filled 

Che hot burn ~one. A .mall amount of pyroly.i. , •• v •• ·.l.o produced in the •• rly 

p.rt of the .team flow period . Flov cea.ed.on d.y l71 (J.n. 12, 1978) when the 

production ·wells cooled to helow the .teem temper.~ure and. liquid .eal for~d • 

Slll!!!ARY 

The experiment took 100 days from the fir.t .ir injection to :he f in.l .tea. 

production . Table III provi~e. an overall d.ta .um..ry. The injection flaw .nd 

the heating value of the product , ••• re .hown in Fia . 12 vh ich i •• 1.0 marked 

along t~e tim~line with the majrr event. of the experi.ent. The variation. in 

product 148 compo.ition are .hovn in Fig. 13. $y.te. pre •• ure, net yater influx, 

.nd aa. recove ry (N2 bal.nce) are .hown in ,il . 14. 

The tot. 1 ene rgy production (ga. + tar) w •• 2.4 z 1013 J (2.3 x 1010 Btu) 

from the galification of IllO ml ( 1952 ton) of coal. Th~ aver.,. gao quality 

vaa quite good at 96 kJ/gmcl (108 Btu/.cf) for air injection .nd 235 kJ /gcol 

(264 Btu/.cf ) for O2 injection. A tot.l of 2.11 x 108 ,.01 of .ir w •• injected 

.nd the average .y.te. pre •• ure va. 324 kPa (47 p.ia). Of the N2 contained in 

the injected air, 19 . 9% va. not recovered in the prcduct over the cour.~ of 

the experiment . The aa. which v •• lo.t probably re.cted with the coal before 

flovinc out into the formation . Thu. another 325 .l of co. 1 prob.bly , •• ified 

but the product. vere lo.t. The fat. of the.e , •••• i. not entir.l, knOVD but 
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no I.r,e qu.ntity of , •• v •• ob •• rv.d I •• ving the ,round in .ny loclli .. 6 .re. 

near the a •• ifie.tioo lite . 

Durins the entire ••• ifie.tioD period exce •• vater influx occurred. ~e 

product qu.lity d.cr •••• d vb.n the .y.t •• pr ••• ur. f.ll b.lov the hydro.t.tic 

,r ••• ure, •• peci.lly durin, the elrly p.rt of the experi •• nt. G •• 10 •••• 

li.it.d tbe u •• of hi,h pr.laur. to control v.ter intrulion. 

Ianition and rever.e burn linkina .eemed to 10 very well. Iiniti~o oc~urr.d 

vith the •• cond tryon day 287.4. Linking to C Well occurred on 2~9 . 5 ,nd to A 

Well ~n 301.0 for. link.,e r.te o! 1.6 ./d.y . At le •• t tvo .nd perh.p. three 

link.,. p.th. v.re inf.rr.d from the r •• pon.e. of the downhole th.rmocoupl ••• 

All of the •• link. v.r. belov the 3 m I.vel in the 7.6. ••••• L.t.r .v.nt. I •• d 

u. to pa.tuIQt •• nother flow p.th .cro •• the top of the .eam. 

Forw.rd combu.tion ,I.ific.tion .t.rted o~t v.ll on d.y 301 .r.d lood , •• 

~ •• produced (135 kJ / ,mol - 14C Rtu/.ef) for the fir.t five d.y., ho~ver h.3VY 

particulate productioG occured which daa.ged tn~ p=oduction line.. Durin, thi. 

period the burn p.tt.rn development v •• upv.rd •• much •• horizont.l. Th. 

initi.lly d.t.cted flow in the r.ver •• burn channel. at the 3 m level .topp.d 

.t 301.7. The flow w •• prob.bly then .long the cOll-overburden interf.c •• 

Production of r ••• on.bly ,Dod , •• continued until 306.4 .t which tia. ~o .. not- ."I 

fully-id.ntifi.d ch.n,. in the formation c.u.ed the on •• t of • dec lin. in the 

~ •• tinl v.lue of the production aa. . A l •• k in the injeclion v.ll c •• ina •• y 

have re,ulted in the reaction Eone mavin, to the top of the COIl Ie ••• where 

he.t v •• lo.t to the ov.rburd.n. Shiftini inj.ction flov to .n .uxili.ry 

line Jhich ext.nded to the bottom of the coal •••• in.id. the A Well c •• in" 

c.uI.d the product'. he.tina vllu. to returro to the I~S kJ/gaol (140 atu/ocf) 

l.v.l. 

Th. oxy,en-It ••• aini .aperiment (314 . 889 to 316.513) vent quit. veil. 
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Th. product'. he.ting v.lue .ac.eded . 270 kJ/aaol (300 Btu/.cf) tvic. and aver.ae4 

235 kJ/gmol (264 Btu/.cf). Follovin& the oay,en-.team eaperiment, air va •• ,ain 

injected into th~ au~ili.ry line and ,I.ifieltion continued for another 43 day. 

(316.7 to 359.84). The he.ting v.lu •• c.rt.d .g,in .t t~. 125 kJ/toOl (140 Btu/ 

.cf) l.v.1 but .t •• dily decliued to 59 kJ/amol (66 Btu/.cf) a: .hut down. 

Aft~r the injection flow va • • hut off, .te.= c~ntinu. to flow for 17 more 

d.y. (359-367) •• inflOLin, vat.r contacted hot rubble in the burn zone. The 

energy produced ' durin, the .team flov period v •• 81.9% of the inte,r.1 h •• t 

10 •• froQ the pr.c.eding period. of the experiment. The overall ret h~.t 

10 •• ~nd.rground v •• 2.6% of the energy cODtlin.d in the co.l , •• ilied . Th. 

.ize of chi. 101. cera i . comp.r.ole vit~ the experiaent.l e rorl involved. 

Th. combullion zone n.ver burn.d through to R or C veil durin, the l.ter 

.tage. of operation. C.lific.tion va. terminated b~c.u.e of the dec:e •• i~a 

protu~t qualit/' Durin, the final ph •• e, thera v •• a direct tr.d. off between 

qual ity and quantity (Fi,. 15) . 

The final burn zone v •• very large in .re.. All of the v.ll. in Fi,. 3 

.bowed evidence of contac t with the burn tone, except for H-l , H-2, WS-4 and 

WS-5. Thu. the burn zone V.I .t lea.e 16 = v ide . A portion of the coal, 

n •• r the prodaction wello va. prob.bly not con.u.ed . A coring telt i. p!.nned 

to better defi ne the burn zone. 

Diltus.ion 

Delpite the cAny difficulties encounteced the final re.ult. were quite 

lood. Problem. were encountered with • Ifadual heat ina v.l~. dr-cline !n the 

latter ~.rt of the experi~~t. with control of the burn pattern, with parti'~ 

culate production, ~ith vater influx, and vith hiah ve l l head temperature • • 

lhs aa. quality v •• aood but it v_ried videly. partly bec.ule ~f lh. 

pro~la. of controllin, the burn p.ttern. Th. , •• ific.cion w •• t ... in.ted 
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beeau.e incre •• ine heat 101. to inert material, underground had caused the pro­

duct'. heatina value to decline. A .izable a.ount of coal near the production 

well VII not ,alified, but the total coal recovery v •• quite ,Dod .nyvay be­

cau •• the l,aifieatioD zone va. vider than expected. 

The forw.rd cOQbu.tion proce •• apparently did not follow tbe rever'e 

eo.bu.tion ch.nnel".t the 3. level in the 7.6 •• e ••• Shortly after forv.rd 

coabu.tion .tarted, the flow in the.e ch.nnel •• topped, then the product flov 

va. probably at the co.l~ overburden interface. Cavinl of the ·inert overburden 

.. terid. directly into the burn :one mly have c.und the high IInderground heat 

10 •• which va. reapon.ible for the decline it the ~roduet'. heating v.lue. 

Porticul.te production va •• problem p.rticul.rly during the e.rly p.rt of 

the a •• ific.tion. Thele particul.te. eroded holel in the ~ac~pre •• ure control 

valve and in .everal expanaion bellow. in the production line. 

~ater in(lux into the burn zone v ••• problem. particularly in the early 

part. of the experiment, whenever the .yatea prea.ure v •• below the hydro.tatie 

he.d .t the bottom of the co.l .eaa. 

Exce •• ive production veIl head temperature. vere experienced during the 

l.tter part. of the experiment. Water injection into the production veIl va. 

~.ed to keep the veI l head belov the metal .oftening temperature ~4 50 C) . 

The v.ter ••• plin, pOTti~n of the experiment i. only jUlt underw.y . Thil 

pro ject i. con~erned with the quantity and the rate of vater pollutant. luch 

"' phenol .nd CN- £oraed during the combu.tion proce •• e.. W.ter a.mpling vill 

continue ove ~ the next 24 month. in order to determine hoy ~ch and what kind 

of pollut.nt. vere foraed .n4 hov they sove through the co. 1 .e... FortuA.tely, 

the coal Ie .. act l like an ad.orption coluae to Ilov the move.ent of poll~t.ftt. 

avar fro. the burn &one . Durin& the alov deaorption procel •• the ,~ouDd vater 

flov •• y dilute the pollut.nt. to below .ccept.ble limit • • II 

/ 

.' 
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Surface subsidence i. the other environmental impact concern which we 

.ddre •• ed in thi. experiaent. A det.iled .urvey of the .anua.nt. pl.ced ~n 

the .urf.ce .oove the burn aODe h •• not been done, but .1 of thi. d.te no 

.ublc,nti,1 .ublidence hal occured. Thel •• onuaent. vill De .oaitored over the 

oext 18 .onth. in order to detect any future lub.idence. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

CONCLUSIONS 

Cood qUllity aa. v •• produced. 94 kJ/,mol (106 atu/.c!) Qnd 23~ kJ/,.ol 

(264 Btu/. e f) .ver.,e for . ir and for O2 aa.ific.t~on re.pectively . 

c •• i£icat lon VI. te,-min.tod bee.uoe of dec rea. ina product qu.lity-~9 kJ/gaol 

(66 Btu/.cf) .t ceraioation. 

The •• ount of coal , •• ified v •• 1310 .3 (19~2 too). 

The total energy recovery .t the .urf.ee v •• 97% vith 63% in the fora 

of co.bu.tible , ••• 

c •• 101. underground VI' 19.9% (N2 bll.nce' . 

iever.e co.bu.tion .ppe.red to proceed •• de.ired vith linkina .t the 

3. level in the 7.6 ••••• and no cle.r indicltion of link •• t higher 

levela. The link.,e rate val 1.6 a/d.y (3 Well to A Well). 

De.pite the .pparent linking only .t the 3 D level, the .. in flov path 

Ihifted on the fir.t d.y of forward , •• itie.tion to • level ne.r the top 

of the coal 111m, perhap. at the ~yerburdeQ interface . 

In the later Itlge . of the g~.ific.tion it va. eSlenti.1 to inject the 

air into the coal .eam through a devlterinc line which extended to the 

bottom of the .eam. Injection into the .. in veIl c •• ina produced low 

qu.l ity g", probably bec.use of • broken vell,c.ain,. 

The &alification zone val exceptionally wid •• which .ccounta for the hiab 

co.l recovery even thouah the co.l ne.r the production vell. va. not 

c.oD.waed. 
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PLANS 

1. 'aplorltory velll vili be drilled to loclte tbe burn .one boundlriel. 

2. The lub.ideoce and vater qual i ty ~uitorinl prolr ... viII contiQue in 
,If 

order to det~raine the environ.ental i_pactl of the .=oc •• ,. 

3. Further dltl InllYlil Ind .odeling vill be done in order to aore fully 

underltand the rever.e and forward coabu.tioD proc ••• e. which occured 

durin, thil eaperiaent. 
' ''~ I 
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TABLE 1. An.ly.i. of Co.l. 

Proximatt anall,i'l % 
M received Dry BlIlI 

30.11 lIoiltur. 

4 . 05 5.80 C.rbon 

32.12 45.96 Hydrolen 

33.12 48.24 litro,en 

100.00 100.00 r.h lotin. 

Sulfur 

8.359 11.960 .uh 

19 . 4 27.8 Ox"en (Iliff) 

TAIlLE II.- Dovn-Hole Thel'1llOcouple L.·lIla 

Ultia.te .nall.i'l % 
.u received Dry aui. 

30.11 

48.38 ' 1;9.23 

3.66 5. 24 

1.01 1.45 

0. 00 0.00 

0.34 0.49 

4.05 'L80 

12.45 ...!2.:22. 
100.00 100.00 

Leve!· .!::!. .!:! 1-3 .!::! .!:l 1-6 1=2 .!:! .!.:! 1-10 !:!l !::!.t. . ABC 

a 

13.4 " 
12.2 " x x x 

11.0 " 
9.8 " 
8.S " x " x x " x x " x " " x " " 
7, 2 " x x " " " " x x " x " " " " 
5.8 " " x x x " " x x " x " X " x 

4.4 x x x x x " x x " x x " " x " 
3.0 x x " x x x " " " " x x " 
1.7 x x " " " " x " " " x x " " " 

.3 " " x x " x x x x x x x x 

• "Level" i. u.ed to indic.t. di.t.nc ••• bove the bottoa of the co.l .e ... 
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TABU: III. SU_ICZ oC D.u 

n.e EnerlY Production Total 
Period,· Flov Rate Inject ion (Dry lI .. il) Syate. Produced 
doy oC (COl' T.d Flow Rite, flow Rat e, ~ Dry Ca., 

~ HII &11101 I!. !d. ~ Ie fN !!.! poio Kg.., I KlcC 

287.400- Reveri e C~bu.tion Pe ri od 
301. 395 O. ll 7: 2 3-61--WI---7~7 59 .1 1. 83 1.5 

301.395- Initial Ca.ification Period 
306 .492 6.24 27 . 9 1401 45.4 2279 238 34 . 5 20 . 0 16 . 72 

306 . 830- Oed ine Period 
311 . 378 3.47 38 . 4 1928 40.9 2053 480 69 .6 16.08 13.44 

311 . 400- Dewatering FiEe Injection Period 
314 . 549 2.93 30 .6 1536 25 . 3 1320 357 51.8 7.16 5. 99 

314.950- O~ - Ste am Injection Period 
316.497 6 . 60 11.3 56 24 . 6 1235 314 45.6 3.24 2.75 

316.700- Tenainal Period. 
359 . 788 4 . 88 46 . 1 2314 49.6 7490 288 41.8 184.7 154.43 

359.788- Ste •• Plov Per iod 
377 (2 . 77)** 0.1i 0 (53.3)·· 2676 85 12 . 4 (79)** 66.05 

301.400- Total Forward Surn C •• ification 
359.734 4.78 41.9 2103 46.1 2314 324 47.0 232.2 194 . 15 

• The.e time period., uled in the integr.l average., exclude tr.n.ition pe riods . 
*. Ste .. equivalent . 
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TABLE III cont. 

Kigher He.ting 

Time Product Composition. mol frae Va-uti 

Period, "2 H2 CH4 CO C0J, kJ/gmo l Btu/ad 

287 .400- Re verie Combus t ion Period 
301. 395 0.619 0 . 119 0.024 0 . 043 0.175 87 98 

301. 395- l~iti.l Gasificat ion Period 
306 . 492 0 . 515 0.175 CJ.024 0 . 122 0 : 147 127 143 

306 . 830- Decline Period 
311.378 0.665 O.~~ 0 . 051 0 . 170 63 71 

31 1. 400- Dewatering PiEe In ject ion Period 
314 . 549 0.539 0 . 155 0.01.0 0.098 0.176 100 112 

314.950-
316 .497 0.001 

at-Steam tnject ion Period 
0 . 3 5 0.056 0 . 228 0 . l37 ,235 264 

316 . 700- Tereinal Per iod 
)}9 . 788 0 . 568 0."tl7 0 .024 0 .07 1 0.185 93 105 

359.788- St ••• Flow Period 
377 

301.400- Totat Forw.rd -!u rn c •• iflc.tion 
359.734 0 . 564 0 . 140 0 .023 0.077 0.183 96 lP8 

Tota 1 lnuIY 
'reduced Coal 

(C!" , T,d . 
.!Ll.~ 

c~o i fied. 

~ ~ 

0 . 16 0 . 15 a . , U . l 

2. 75 2.61 122 lal.a 

1.36 1.29 a4.6 126.1 

.ao 0.76 42.0 62 . 6 

. 88 0 . 83 41.3 61.5 

18.17 17 . 22 1020 1519.8 

(4.0** (3.89)** -

24 .. 08 22.82 1310 1951. 9 

Re.ct.nt 
sto ichiometrz 

°2 /C H2O/C 

0.53 0 .2 1 

0.506 0.153 

0.60 0. 00 

0.507 0.170 

0.423 0 . 254 

0.534 0.180 

0.522 0.171 
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/ Scale H4 t:. • 
H2 1-4 t:. 1·11 III OSI·l a> N Hl (WS·2) 

t:. 
HI 1·2 
t:. ~10 1-8 a> a> 

1·5 

1·12 a> 
~ / 1·1 o a> ~ a> o Ex·2 a> 0 a> B C SS·2 A 

1·10 Ex·l 1-6 

0 a> a> PZ·l0 
"1-11 1·3 0 SS-1 

WS-3 1·7 H~ 
t:. 0 51•2 a> t:. 
H5 

. 0 
WS-4 SloJ WS·5 

0 0 • Proceu well (A. B. C) 

\ G? Th8nnocouple hole (I) 
t:. HFEM hole (HI 
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INTERPRETATIONS OF FIELD HYDRAULIC 
TESTS IN EXPLOSION-FRACfURED COAL: 

HOE CREEK, SITE CHARACTERIZATION 
TO EXPERIMENT NO. 1 

ABSTRACT 

In connection with the LLL program for in situ coal gasification, we have performed 
everal phases of hydraulic testing at Hoe Creek. This report contains a synopsis of the 

hydraulic program and summaries of all hydraulic tests. These data are interpreted and 
relative test methods are evalua ed. The ~- articular aspec,'s of hydraulic testing in modestly 
permeable coal seams that produce anaiytical difficulties are the effects of (l) installing 
several casings close together, which causes changes in the storage coefficient and perturba­
tions of the flow regime; (2) using large well··casings relative to the low formation 
transmissivity, which causes prolonged well-bore storage effects; and (3) anisotropy due to 
fractures and explosive fracturing . 

The most successful methods of testing in situ coal permeability to date have been long­
time, drawdown tests and dual-well tests . Single-well slug tests provide a rapid measure of 
the vertical variation in hydraulic conductivity for a local region. The least successful 
method of testing has been short-term drawdowil tests. 

Hydraulic tests show three major permeability regions surrounding the two explosion 
centers of Experiment No.1: an inner core out to 10 feet with an average equivalent 
isotropic permeability of 10 darcys (D), an enhanced region of 10-50 ft with an average 
equivalent isotropic permeability of 1.5 D , a transition zone of 50-100 ft with an average 
equivalent isotropic permeability of 0.3 D . There is an areal anisotropy with maximum per­
meability in the E-W direction and minimum permeability in the N-S direction. An un­
predicted low permeability ridge eparated the two explosion centers. 

Results also suggest that the radial distributio n of permeability enhancement vs dis­
tance from the shot area follows an inverse distance (1 / r) power law, from the enhanced 
region through the transition zone in the eastern-quadrant shot interaction area, containing 
four of the five environmental monitoring wells . The reduction of permeability along the 
axis of minimum permeability appears to follow a (l Ir) 4 decrease. 

INTRODUCTION 

The Lawrence Livermore Laboratory program 
for in situ coal gasification requires that the region 
around the underground reaction zone be charac­
terized as completely as possible. One of the more 
versatile geophysical methods of underground 
characterization is ground water hydraulics . 
Hydraulic tests made both before and after fractur-

ing and ga ification can j ;eld valuable information 
concerning the underground changes that occur 
during these processes. 

The field program being conducted near Hoe 
Creek in the Powder River Basin of northeastern 
Wyoming includes several types of hydraulic tests . 
This report summarizes the test data and anulyse of 
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Hoe Creek hydraulic data from site characterization 
~ -ough Experiment No . I. and evaluates the effec­
tiveness of the different types of tests in providing 
information relative to the design of in situ experi­
ments. 

Hydraulic evaluation techniques for aquifers 
have evolved in two directions. MUltiple aquifer 
systems have been modeled and type curves 
prepared demonstrating characteristic obser ation-

well response for ground-water systems with high 
permeabilities . In addition, evaluation techniques 
for production-well data interpretation and frac­
tured reservoir evaluation have been developed for 
oil producing systems with low permeabiJities. The 
complete characterization of explosively fractured 
coal seams required a synthesis of these two 
separate developments. The data interpretations in 
this paper draw from both fields . 

SITE CHARACTERIZATION 

The Hoe Creek site is located in Campbell 
County, 24 km south of Gillette, Wyoming, be­
tween country road 50 and state highway 59. The 
site covers 0.3 km 2 and the topography is shown in 
Fig. I. The first gasification experiment was con­
ducted at subsite I. 

Stratigraphy 

Cores from the three subsites show that the sub­
bituminous Felix coal , contained in the Eocene 
Wasatch Formation, lies 30-50 m below the surface 
at subsite I. I Figure 2 illustrates the site stra­
tigraphy . The Felix coal lies nearly horizontal 
beneath the site; it is divided into two seams by a 
siltstone-claystone layer - 5 m thick . Thc upper 
Felix No. I is 3 m thick and the lower Felix No. 2 is 
7.6 m thick . We conducted the first gasification ex­
periment in the lower Felix No. 2. 

The Felix N( . 2 coal seam contains two 
orthogonal sets of naturally occurring fractures. 2 

The better developed set of fractures, the face clea t, 
has an average orientation of about N 70° W. The 
lesser developed et of fractures, the butt cleat, has 
an average orientation of N 29° W. The maximum 
hydraulic conductivity follows the face cleat. 

Geohydrology 

Stone and Snoeberger 2 evaluated the native 
hydraulic characteristics of both Felix coal seams. 
Drawdown tests and slug tests were conducted at 
the three subsites , with the testing at subsite I oc­
curring slightly northwest of the gasification site. 
Standard analytic techniques discussed in Appen­
dix A were used to obtain aquifer and aquitard 
characteristics. The results of this work appear in 
Table I . The values of horizontal permeability for 
Felix No . 2 were 0.4 D along the direction of max­
imum permeability N 59°E and 0.2 D along the 

2 

o 61 122 
I I I I 

Scale - m 

• Drill hole 

f Fence line 

Fig. 1. Hoe Creek site in Campbell County, Wyoming (WI / 2, 
SWI / 4 Sec. 7, T47 R72W). The contour intenal is 3 m. 
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Table I. Hydraulic characteristics of Felix coal and as ociated strati ,' Hoe Creek subsite 1, preshot.a 

Horizontal 
permeability, 

Stratum D 

Felix No. 1 0.48b.l .42c 

Strata between 0.12c 
Felix No.1 
and No.2 

Felix No.2 0.41 e 

0.23f 

Strata below 
Felix No. 2 

Coefficien t 
of storage 

2 X 10-2 

2.2 X 10-3 

d 
4.9 X 10-4 

1.2 X 10-3 

Vertical 
permeability, 

D 

0.022 

O.OOlst 

<0.0015g 

~is table is based on data from Stone & Snoeberger, Ref. 2. 

b A range of values is given for two different-type, single-well tests in the same well. 

cResults of slug-injection tests. 

d yalues are averages for the rllst 8.9 ft of strata above the top of Felix No. 2 coals. 

evalue along the axis of maximum hydraulic conductivity, which trends N 59' E. 

fValue along die axis of minimum hydraulic conductivity, which trends N 31° W. 

gRefers to average values for first 2.1 m of strata below bottom of Feli.'II: No. 2 coal. 

direction of minimum permeability N 31 oW. The 
values of storage were relatively high for an artesian 
aquifer; the estimates for leakage parameters varied 
with the different methods of analysis. 

The regional water level gradient is estimated to 
be 0.007 towards the east. 3 The local gradient 
measured at the site was 0.002 in an easterly direc­
tion. The regional velocity of water in the Felix coal 
for a 1-10% interconnected porosity and 0.3 D 
native coal permeability would be 20-200 ft/y r, 
while at the site it would be 5-50 ft / yr . 

Explosion Fracturing 

A prediction of permeaeility enhancement from 
explosion fracturing was based on hydraulic test 
results from explosively fractured coal at Kem­
merer, Wyoming . 4 The intrinsic permeabilities ex­
pected to be associated with total, failure-induced 
deviatoric strain Efwere: 

k ~ 100 D fOTEf > 10% 
k = 2 D for Ef = 2% 
k = 1/ 2 D for Ef = 1% 

A two-shot configuration for Hoe Creek was 
designed . Figure 3 illustrates the plan view of 
calculated permeability enhancement which extends 

4 

-40 ft from either explosion center. During the 
two-shot explosion, surface displacements were 
measured . 5 The isodisplacement configuration was 
elliptical, with a major axis aligned along an ESE 
direction perpt:ndicular to the axis of the two shots. 

o 13-0W 

Fig. 3. Plan view of Hot' Creek Experiment No. I. The contour 
c!t'tlote the predicted permeabilities. Th.! shaded area denotes per­
meabililies of 1.5-4 D, as measured in hydrological tests. 

.-



The total area showing greater than 0.05 ft displace­
ment covers an ellipse -160 ft long by 100ft wide. 
This pattern correlated with the enhanced per­
meability region. with the direction of maximum 
permeability following the major axis of the 
i odisplacement ellipse. 

locations. In addition, five monitor wells wer~ in­
stalled around the perimeter of the subsite from the 
northeast towards the south . Figure 5 indicates the 
locations of these well . Completion data concern­
ing the pumped wells are shown in Table 2. 

Well Configuration 

Only those wells cased with steel survived the 
two-shot explosion . 5 The preshot wells 4-PW and 
1-0 were not damaged ignificantiy during the ex­
plosive fracturing , but ali the polyvinylchloride 
(PVC) observation wells were damaged . As a result , 
preshot hydraulic te ts could not be repeated post 
shot . 

Table 2. Pumped-well completion data. 

Casing Casing Screen 
diam, depth, interval, 

Well o. in. fl ft 

)-0 19-3/4 127 (l27-152)a 
P-I 9-5/8 147 147-152 

DWI-6 7 168 147-152 
Additional dewatering wells , instruJ11ent well , 

core borings, and production wells were drilled post 
shot. Figure 4 is a schematic of the hole bottom 

aCasing to top of HE hole that is open from 127-152 ft. 

• Thermocouple wells 
o Dewatering or monitoring wells 
o 
10-OW 

4- PW 
o 

12- 0W 
o 

P-2 
(HFEM) 

o 
P- 1 
o-Air in 

DW- 5 C8- 3 
o • ~ -7 o 

8- 0W 
(HFEM) 

1 .. 2 
9- 0W • 
(HFEM) 

o 
DW- 3 

o 

O HE 

1- 5 
• 

;-4 1- 1 
• I 

C8- 2 

1- 8 
• 

1 .. 6 DW- 4 

• 0 

Gas out-o 
1-0 

DW- 2 
o 

o 5 10 ft 
I" \,1,," 'I 

o 
DW- 6 

o 1 23m 

• C8- 1 

1-3 
• 

o 
DW- 1 

Fig. 4. Hole bottom locations. 
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INITIAL POST-SHOT HYDRAULIC TESTS 

Initial post-shot permeability calculations, bas~d 
or. field work performed in the fall of 1975, in­
dicated that the permeability enhancement of the 
coal was not as extensive as predicted by rock 
mechanic calculations and correlations b~ty een 
permeability and failure shear strain observ~d at 
Kemmerer. In particular, a high inner-core per­
meability of k > 100 0 was not ob erved . 5 Table 3 
lists the most reliable permeability calculation ob­
tained from the data . The maximum permeabilities 
measured are - 4 0 at 3-0W and 3 0 at 9-0W. Ad­
ditional dewatering tests indicated that leakage 
from the Felix No. I to the Felix No. 2 was not ex­
tensive, because the well in Felix No. I did not re­
spond to the dewatering of Felix No. 2. 

During the test on November II , 1975, the water 
levels in 9-0W and I- I followed those of the 
pumped weB 1-0 very closely, indicating a direct 
connection . Both exhibited well-bore storage for 
15 min followed by a fracture flow for the duration 
of the test (i.e., 150 min) . 8-0W and 3-0W did not 
appear to be connected directly to 1-0, although 
these two responded as though they were near a 
draining fracture . Figures 6 and 7 are plots of draw­
down vs time for the e wells. 

10 

Slope = Y, ~t/,. 

'iii t . V 
X ....... a. ....... v 

I 
"0''' - 1 'y' /x c 

JJ./ V ~ X 0 
'0 V 
~ ./ CtI • 1-0 pumping .... X 

0 /JJ. X 1-0 recovery 

X/ JJ. 1-1 pumping 

• V 1-1 recovery 

0.1 
10 100 

Time - min 

Fig. 6. Drawdown and reco'ery in wells 1-0 and I- I b pumping 1_ 
o for post-shot te t (Nov. 14, 1975). 
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Table 3. Results of initial post-fracturing penneability 
tests. Now:mber and December 1975.1 

Pumped 
w: U 

9-QW 
(Nov) 

9-QW (2 min pulse)b 
(Nov) 

1-0 
(Nov) 

1-0 
(Dec) 

8-QW 
(Nov) 

Observed 
we/J 

3-QW 
8-QW 

3-QW 
8-QW 

I- I 
3-0W 
9-QW 
HE 
8-QW 
4 -PW 

1-2 
3-0W 
HE 
8-0W 

3-0W 
9-QW 
HE 

Permeability, 
D 

3.0 
1.8·2.6 

2.3 
2.3 

1.5 
1.7 
3.3 
1.6 
1.7 
0.7 

3.3 
4.2 
2.7 
3.4 

0.5 
0.5 
0.4 

~e data in this t.lble is taken from UCRL-50026-75 , 
Ref. 6. 
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Fig. 7. Drawdown and recovery in N~lIs 8-0W and 3-OW by 
pumping 1-0 for post-shot test (Nov. 14, 19/5 ). 
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PREGASIFICATION HYDRAULIC TESTS 

A testing program was designed and implemented 
to measure permeability distribution (especially for 
the purpo e of improving the upper bound estimate 
of inner-core permeability), to locate fractures , and 
to measure interconnected porosity. Several types of 
t.;sts were run to compare the effectiveness of each 
type in providing this in situ information . 

Slug Tests 

Slug tests were designed to empty known 
amount~ of water from a large storage tank into a 
well casing. The amount of released water loaded 
the casing with a 25-ft column of water. Generally , 
45 gal of water were injected in less than half a 
minute. We recorded the declining water level posi­
tion in the casing on strip charts and in the data ac­
quisition system as a function of time. Since the 
bubblers could not always follow the rapid rise in 
water level, preset ounding probes were required to 
measure the peak water level in the casing . We also 
recorded ob ervation well responses. We de ignated 
the maximum water level recorded during the test 
"Ho" and the sub equent data " H". Values of 
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Fig. 8. Test 2 : Water level in DW-6 after loading with 45 gal of 
water. 
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H/ Ho were plotted vs log time for comparison with 
the type curves for the slug te t model. The slug te ts 
indicated well constriction, interwell fracture . and 
intercasing flow . 

Tests I, 2, 3, 8, and 13 were slug tests of well 
OW-6, OW-6 repeat, OW-2, OW-I, and OW-6 
repeat, respectively . The water-level re ponse in 
OW-6 during Test I showed an irregular response . 
We repeated Test 2 to verify that the behavior was 
reproducible. The response hltd two phases. Phase I 
showed a rapid loss in head while adjacent casings 
were filling with water . Further examination of the 
data indicated that the initial height of water in the 
casing was only about half the anticipated ri e, so 
half the water flowed into the system in the 1/ 2 min 
required to fill the casing . Phase 2 showed a more 
gradual loss in head while all interior casings lost 
their water to the coal seam. Figure 8 is a plot of 
head vs time for Test 2, demonstrating the different 
phases of flow . Using an exponentiai J~~del, we ob­
tained time constants of I min for phase I and 
2.5 min for phase 2. 

The water level in OW-2 during Test 3 
demonstrated the anticipated ri e and exponential 
decay with a time constant of 12.3 min as shown in 
Fig . 9. The water level in OW- I during Test 8 did 
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Fig. II Test 3 : WP.ler level recovery in DW-2 after loading with 
45 b of water. 



not rise as high as we anticipated; the time const nt 
was 2.2 min as hown in Fig. 10. 

DW-6 was tested <Igain with 144 gal of water. The 
initial head ri e was 45 ft and the decay was ex­
ponential with a time constant of 2.2 min as hown 
in Fig. II. 

The time con tants obtained in the exponential 
model relate to interwell re istance. n equivalent 
permeability could be obtained if the dimension of 
the connecting region were known . If the resistance 
were distributed into an equivalent homogeneous 
infinite aquifer, permeabilities of 0.5-4 D would be 
obtained, with the lower permeabilities being 
associated with the longer time constants. 

Observation-well responses to slug tests re ulted 
in very low values of inr.er-core permeability. 
Pumped-well skin friction and observation-well 
flow perturbation prevented the Mea urement of 
the higher inner-core permeabilitie with slug test . 

The slug-test re ponse in ob ervation wells 
resulted In permeabilities of the same order of 
magnitude as the 5ingle-well calclllation . The large 
flow required to change the water levels in the ob­
s~rvation wells resu tts ir. reduced and delayed max­
imums. 

Drawdown and Injection Tests 

DrawdC'\ n and injection tests were designed to 
withdraw or inject water at a constant rate, Q. We 
recorded the di charge ratc throughout the te ts , 
and oeca ionallyadju ted flow rates to account for 
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Fig. 10. Test 8 : Water level ,rto.ery in DW-I after loading .. ilh 
SO gal of ",lIer. 
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pump characteristic. We performed injection test 
by pumping a preset value cf 110w from a holding 
tank through a flow meter and into the well. 

All the wells were open to the surface. We u ed 
sub urface bubbler lube, differential strain-gage 
transducers, and ounding lines with a fluid condu _ 
tivity probe to e tablish water elevations in the 
wells . Data from the bubbler tubes and the 
transducer were recorded a. a function of time on 
trip chart and on both paper and magnetic tape in 

a Vidar 5403 data aqui ition system. We recorded 
some sounding data manually and generally limited 
these data to environmental monitor-well responses 
and slug tests . 

Tests ran 5-8 h. We plotted changes in water level 
v time on logarithmic paper for comparison with 
the type curves f~r the variou hydraulic models. 
The mos: significant result from drawdown tests 
was the radial variation of K we obtained from late­
time Jacob analy i 

Test 4 

We pumped DW-4 at an average flow rate of 
1.8 gpm for 300 min . The pumped-well response is 
initially exponential but fails to be followed by a 
Theis· response (see Fig. 12). The exponential 
response occurs because DW-4 is a highly resistant 
well requiring a large drawdown to produce water . 

~heis respon e i one in wh ich all the pre' ure v time plo ts 
follow a singl e Theis- type curve . See A ppendix A fo r further ex­
plana tio n. 
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Fig. 1 J. Test 13: Water lelel rc·co.er) in DW-6 after loading 
with 144 gal of .. ater. 
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In the second phase, pressure in.::rea ed approx­
imately as the fourth root of time. This indicates 
that lhe cone of depression is encountering more 
resistive material as it expands or that more flow is 
coming from the coai a intercasing flow decreases. 
In either case , the water level continued to decline 
excessively in the pumped well . Results of matching 
techniques for this test would be suspect becau e of 
the changing characteristics. 

Even though we did not observe Thei behavior 
at the pumped well by tr : end of the te t, late-time 
approximate (Jacob) analysis for da ta at t 
= 300 min show the distribution of permeability 
(see Fig. 13). The environmental wells are located in 
a tran ilion zone from noticeably enhanced to 
native permeability . Well EM-3 did not respond 10 

the 300-min pump te t of wel/ DW-4. Well 4-PW 
had a reduced re ponse, indicating that it i in a 
native region of coal. The e two re ponse indicate 
that the N- axis is along a direction of minimum 
permc:ability enhancement. All the dewatering wells 
had similar responses, itldk ating a noticeably 
enhanced region extending 50 ft in an easterly direc­
tion. Wel/ 9-0W had a larger than normal respon e, 
indicating a fracture located between DW-4 and 
9-0W. 

In the environmental well responses, plotted as 
tl r 2 in Fig. 14, the width of the data band indicates 
some ani otropy. The well-bore storage and inter­
ca ing flow during the early part of the test ob cure 
the interpretation of the data. At the end of the te t, 
leakage factor were not di cernable within the 
range of measured accuracy. 
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Test S 

In this test , DW-2 was pumped for 80 min at 
4 .9 gpm . We terminated the test when DW-2 was es­
sentially dewatered . During that time, the pumped 
wel1 showed well-bore storage effects for 15 min , 
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Fig. 16. Tesl S: Ob!W~ tation-well drawdowns al 80 min for 
4.9 gpm I" pumped we. I DW-2. 

followed by fracture flow for the rest of the te t (see 
Fig. 15). Theis behavior was not observed during 
the te t. Even though Theis behavior was not ob­
~erved. a late-time approximate analysis of 
observation-well data gave an enhanced region per­
meability of 2 D extending 50 ft. a shown in 
Fig. 16. Wells 4-PW, EM-4. and DW-3 did not re­
spond significantly to the pumping of DW-2; and 
EM 1.2, and 3 did not respond at all during the test. 

Te t" 
In this test , we pumped DW-3 at 3.8 grm for 

40 min. During that time, DW-3 dewatered and the 
observation wells did nOl resj)ond . 

11 

Test 7 

The well 1-0 was pumped at 3.0 gpm for 500 min. 
The pumped well-bore storage response appeared to 
be modified by the presence of the high explosives 
(H E) cavity (see Fig. t 7). Towards the end of the 
test, Thei~ behavior began to be observable at the 
pumped well and a late-time analysis of the data at 
t = 500 min resulted in an inner-core permeability 
of 20 D, an enhanced region of 1 D. and a transition 
to native region of 0.3 D (see Fig. 18). The environ­
mental monitor-well data followed different Theis­
type curve as shown in Figs. 19 anc! 20. A scale fac­
tor of five exists between EM-3 and the other 
monitor wells, indicating areal Rnisotropy . Monitor 
wells EM-1 and M-2 follow lower Theis curves 
than EM-4 and EM-5 because of the radial decrease 
in perme<.bility. The radial anisotropy between the 
close and far monitor wells makes the drawdown 
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versus tlr 2 appear to fit a leaky model, but the 
hydraulic parameters are inconsistent with the per­
meabilities obtained from the Jacob analy~is and 
reali tic values of S. Therefore, we believe that the 
radial variation in K, well-bore storage, and inter­
casing flow perturbations have altered the 
environmental-well re pon e, making matching 
techniques of transient data suspect. 

The method of drawdown difference. discu sed 
by Sherwood et aI., 6 for interpretl1tion of Hoe 
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Fig. 20. Test 7: Responses in en~ironmenlll wells EM-I and 2 for 
3 gpm in pumped well P-1. 
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Creek data appears to eliminate many of the 
problems encountered with matching techniques, 
especially those created by the radial variation in 
permeability and bore-hole storage effects. Well­
bore storage during Test 7 affects the environmental 
data for about 300 min, yet when drawdown dif­
fe~?nces of EM-l to EM-4 and EM-5 to EM-2 are 
plotted vs reciprocal time, a straight line, as shown 
in Fig. 21, is obtained througlJ.out the entire test. 
The permeability calculations for the transition to 
native coal region, obtained from the intercepts, 
were 0.3 and 0.4 D, and tre storage coefficient was 
3 X 10 -4. This technique is dependent on radial 
flow assumptions, and pumped wells that are in the 
inner-core area should be used for the best results . 
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Test 9 

Well DW-I was injected at the rateof2.9 gpm for 
145 min. The pumped-well response was a straight 
line on logarithmic papel with a slope of 1/ 2.5, as 
shown in Fig. 22. The recovery response wa ex­
ponential for 10 min, then followed a cube root of 
time, as shown in Fig. 23. The interpretation of this 
test is predicated on the non-Theis behavior of the 
pumped-well responses. The lack of Theis behavior 
implies that the flow is gradually restricted as the 
cone of pressure buildup expands from the inner 
core into less permeable regions. During the te t, 
flow stabilized in the enhanced region, but not in 
the transition to native coal region . A late-time 
analysis of the enhanced region yields a per­
meability of 2 D, as shown in Fig. 24. Both 1-5 and 
DW-3 responded sluggi hly to the pumping of 
DW-1. 
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Fig. 24. Test 9 : Observation-"ell dn.w\lowns at 100 min for 
2.9 gpm in injection well DW-J. 

Test II 

Well P- I was pumped at 3.2 gpm for 400 min. 
TI; ;s well is screened in the bottom 5 ft of the coal 
seam . The pumped-well response, shown in Fig. 25, 
i very similar to that of 1-0 during Test 7, except 
that it did not clearly demonstrate a Theis response 
during this late time. The pumped-well response 
demonstrated two phases: one in which pres ure 
follows the square root of time, followed by a 
second in which pressure follows the cube root of 
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Fig. 25. Test II : Response in pumped well 1-0 for 3.2 gpm. 



time. These tW() phases indicate fracture flow and 
reduced radial permeability, respectively. The shift 
separating the two phase indicates an increase in 
flow during the transition. 

Even though a Theis respon e is not clearly in­
dicated by the end of the test, the drawdown dis­
tribution at the end of the test was plotted on semi­
log paper, and a late-time analysis was performed 
(see Fig. 26). Again , we observed a region native 
with permear·; 'ity and an enhanced region . The 
restricted entry ,it P-I and the offset of the produc­
tion well from the HE region obscured the inner 
core permeability. We1l8-0W, which is close to P- I, 
showed a very similar drawdown to DW-4 and 
DW-5, which are four times as far away. These data 
points indicate an average inner-core permeability 
of at-out 7 D, an enhanced region permeability of 
2 D, and a transition to native-region permeability 
of 0.3 D. 

The environmental-well data shown in Figs. 27 
and 28 demonstrated some areal anisotropy to 
pumping from P-I, but not as much as from pump­
ing 1-0. 

Test 12 

Well DW-I was pumped at 3.7 gpm for 440 min . 
The pumped-weI! data followed a straight line of 
slope 0.4 for 100 min, then changed to a late-time 
Thris curve towards the end of the test, as .shown in 
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Fig. 28. Tesl II: Responses in environmenlall wells EM-4, and 
EM-S ror 3 . .l gpm in pumped well 1-0. 

Fig. 29. A semi-log plo, of the drawdowns at the 
end of the test and a late-time analysis shows EM-I, 
2, 3, and 4 to be in the transition to native coal 
region , but EM-5 is in the enhanced region that has 
an average permeability of 2 D (see Fig. 30). 

The data for environmental-monitor wells EM-I, 
EM-2 , ami !:M-3 show an area l anisotropy factor of 
five in Fig . 31. The data for EM-4 and EM-5 are 
shown in Fig. 32. 



Test 15 

Well DW-5 was pumped for 50 min . During the 
first 6 min the flow was 6.8 gpm; thereafter it was 
reduced to 4.9 gpm. Although the pumped-well 
response did not demonstrate Theis behavior (see 
Fig. 33), a late-time analysis of the closer observa­
tion wells at 50 min yielded an enhanced per­
meability of 1 0, as shown in Fig. 34. The 
environmental-monitor wells did not respond 
significantly during this pump test. 
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Dual Well Tests 

Dual injection-pumped well tests were designed 
to pump one well and inject the effluent into 
another well. We observed and recorded wat.:r-Ievel 
responses in the various wells on strip charts until 
the flow pattern ~abilized (in - 30 min). The tests 
wen; terminated when a steady-state flow pattern 
was established. We con tructed flow nets from the 
drawdown patterns and calculated local hydraulic 
conductivity from the constructed flow channel 
width and gradients .· These tests permitted higher 
flows and lower total drawdown, thereby increa ing 
the sensitivity of K calculations in the inner-core 
area . We also noted permeability irregularities. 

Te t 9A 

We. pumped well 1-0 at 15 gpm and put the ef­
fluent into P-1. The flow stabilized in -30 min. 
Figure 35 shows the pattern of equipotentials and 
stream lines we obtained during the test. The inner 
core of the northern HE area appears smaller than 
that of the southern H area . Permeability contrast 
between the southern and northern area is evident , 
bu t the symmetry of the flow pattern, with respect 
to the permeability di stribution, and the partial 
penetration of P- I, combined with the sluggish 
nature of DW-3 and 4-PW, precluded a definiti'/e 
interpretation of the apparent a ymmetry. The 
calculated permeability of the 1-0 inner core i 16 D, 
the P-I inner core is 6 D, and the enhanced region is 
4 D. 

·See Flow et secti on in Appendix A. 

16 

Tests 16, 17, 18, and 19 

For Tests 16, 17, 18, and 19, we pumped water 
-respectively from DW-4 to DW-5 at 7 gpm until the 
flow tabilized, to DW-6 at 7.2 gpm until the flow 
tabilized , to 9-0W at 7.4 gpm until the flow 

stabilized, and to DW-2 at 7.1 gpm until the flow 
stabilized. In each test. the flow stabilized in 
- 30 min. The flow net in Fig. 36 shows the per­
meability irregularities obtained during Test 17. In 
particular, the areal extent of the low permeability 
ridge between the hot centers is illustrated . 
Figure 37 is a composite of the areal distribution of 
permeability. 

Although average values of permeability could be 
calculated for each observation well, these values 
would not reflect the real variation in permeability 
that is obtained from a flow-net construction . 

Tracer Tests 

We designed a tracer test to inject a stream of 
known NaBr concentration into a stabilized, dual 
injection-pump well operation . As native concentra­
tion of NaBr in the coal seam had been established 
at -2 Ilg / f, a feed-water concentration of 10 -3 

moles/ litre of Br - was established by mixing 2 Ib of 
NaBr into 40 gal of water, which was injected at a 
rate of 10 gal / h into the mainstream flow of 
10 gpm . We sampled the effluent regularly and 
measured the Br - concentration electrically with a 
calibrated electrode that is sensitive to Br -. We per­
formed a second test the next day and increased the 
concentration of Br to 10 -2 moles/ litre by mixing 
45 Ib of NaBr into 55 gal of water, which was then 
injected at a rate of 10 gal/ h into the mainstream 
flow of 10 gpm. The test ran for a total of 7-3/ 4 h, 
including a flow stabili7atio" period of I h prior to 

aBr feed injection . This I-h period was actually a 
seco nd-phase continuation of the first test from the 
previous day at the lower level of N aBr concentra­
tion . The data from this second phase indicated that 
the results of the first day's test were erratic. This 
erratic behavior was attributed to electrode poison­
ing, which was eliminated by cleaning the electrode. 
Result of the second phase of Test 20 were consis­
tent with the results of Test 21. 

Tile tracer te t results indicated that the intercon­
nected porosity u, using a porous media model, 7 in 
which the breakthrough time is given by 
t = 47rua 2b / 3Q, wa 1/2%. This observed porosity 
is that of the low permeability ridge that separates 
the two HE areas. For a uniformly fractured media 
to yield 1/ 2% porosity with an average inner core 
permeability of 10 D, the fracture spacing woulp 
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Fig. 38. Tests 20, 21 : Tracer test for 10 gpm between 1-0 and 
P-S 1. 

Table 4. Final concentration of Br- during Test 21. 

Br- t oncen tra tiOR, 
Well moles/Q 

OW-I 4.9 X 10-3 
OW-2 3.5 X 10-3 
OW-3 1.5 .< 10-5 
OW4 1.1 .- W-3 

OW-S 7.1 ) 10-4 
OW-6 3.8 X 10-3 

--

have to be about 10 fractures j m 2, according to 
McKee et al. 8 Figure 38 shows ti • ..: concentration 
ratio of Sr - at P-I to Sr - at 1-0. The native concen­
tration o f Sr - was designated "Co" and other ob­
served concentrations, "c." Values of Cle o were 
plotted vs time. Table 4 lists Br - concentration of 
dewatering wells at the completion of Test 21. 
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POST GASIFICATION TESTS 

To esttmate the vertical distribution of per­
meability, post ga ilicati()n tests were perfo:med 
s()uth of the outhern HE region . Slug tests were 
conducted in an open, unscreened hole as drilling 
progressed through the coal seam. Tables of K 
values appear in Table 5. A lOO-fold variation in 
permeability, which was proportional to the degree 
of fracturing, was obtained. 9 The highest values ap­
peared for the bottom third of the coal seam in .he 
enhanced region . These values agree with the 
highest values of permeability obtained by other 
methods. 10 The lowest values appeared at the 
periphery of the enhanced zone and are less than the 
native coal. 

Table 5. E timated in lrinsic penneabilit;, of 
explosively-fractured Felix No. 2 coal. a 

In trinsie 
Test weU and permeability, 

interval D 

WW3 
Complete seam 0.48 
Upper th:rd 0.24 
Middle thin! 1.1 
Lower dlird 0.15 

WWI 
Complele seam 2.2 
Upper third 1.3 
Middle mird 0.73 
lower third 4.5 

WW2 
Complere sean! 6.6 
Upper C,ird 1.4 
Middle mil'! 1.1 
Lowe- Iilird 16 

~e Jat.. in this table is taken from Stone, Ref. 9. 

PERMEABILITY MODEL VERIFICATION 

Different p ,.. ler law distributions of permeability 
enhancement \ J radial distance from an explosive 
shot have been postulated for different loading con­
ditions . For high loading rates, a permeability 
enhancement that decays as the fourth power oi the 
distance (I/r 4) has been postulated, and for lowe: 
loading rates, a permeability enhancement that 
ducays as the first power of the distance ( 1/ r) has 
been postulated. 8,11 

Data [or the enhan'ced and transition regions 
from wells to the east of the explosion center ob­
tained during pregasification tests fit a l l r power 
law such that k = 30(D-m) / r(m) . Since a I/ r power 
law variation in permeability results in a steady­
state, linear gradient when late-time drawdowns are 
plotted as a function of r, the data have been plotted 
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on straight graph paper to illustrate the com­
patibility with this law. Figures 39-41 plot draw­
down vs distance on straight graph paper for 

c 
~ o 
~ 

2 

~ 8 
o 

30 60 90 120 

Distance - ft 

Fig. 39. Test 7: Drlwdown vs di tance towards the eastern 
quadrant for 3 gpm in 1-0 at 570 min. 
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Fig.41. Test 4: Drawdown Y5 distance towlrds the eastern 
quadrant for 2 gpm In DW-4 at 300 min. 

Tests 7, 12, and 4, respectively . All three draw­
downs fit a I/r power law with a coefficient of 
30 Di m. The inner-core permeability, as ex­
trapolated from ~!lese data, indicates that the max­
imum inner-core ;>ermeability should have been 
30 D at 1m. 

Data for the enhanced region from wells so uti. of 
the explosion center obtained during post gasifica­
tion tests fit a much higher power law 12-more like 
l / r 4. The differences in power law distribution 
could be caused by shot interaction effects, giv'ng 
r;se to dilTerent types of loading in different regions . 
Some indeterminacy may also be the result of data 
scatter and system insensitivity. 

Areal anisotropy was exhibited between EM-3 
and EM-I, 2, 4, and 5, indicating that the maximum 
to minimum permeability ratio was 5. The per­
meability values obtained from the Jacob analysis 
would be the equivalent isotropic permeability k. 
The maximum permeability would be..[5 k and the 
minimum permeability would be [/..[5. 

DATA SENSITIVITY 

The pregasification testing ystem was not sen­
sitive to regions of high permeability. V riations in 
drawdown difference of late-time data for in­
dividual well pairs indicate that the error band in 
drawdcwn data was about ±0.005 V or ±O.I ft. 
Figure 42 plots drawdown difference vs time for 
select well pair during Test 7. This is not within the 
component tolerance of the recording equipment. 13 

Power supply stability may have been inadequate to 
maintain system reliability. The maximum value of 
permeability that could be mea ured on site with 
steady-state method for the small w .11 spacings i 
about 10 D. To mea un: high inner-core per­
meabilities (100 D), a ensltlVlty of ±0.01 ft or 
±0.005 V would be required . 

Drawdown differences for the environmental 
wells indicate that the error band in manual well 
soundings was ±0.2 ft. Moving the sounders frolll 
well to well decrea ed the' accuracy that could have 
been obtained by leaving the ounders set for each 
test. 
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SUMMARY 
1 he data were examined with the mallY methods 

of analysis available; the most consistent re ults 
were obtained with (I) slug tests, (2) drawdown dif­
ferences and late-t ime approximation for drawdown 
injection tests, and (3) flow net construction for 
dual injection-withdrawal tests . 

The particular aspects of hydraulic testing in coal 
seam that produce analytical difficulties are the ef­
fect of (I) installing several casings clo ely together 
causing changes in the storage coefficient and per­
turbation of the flow regime, (2) using large well­
casing size relative to the low formation trans­
missivity causing prolonged well-bore storage ef­
fects, and (3) ani otropy due to fractures and ex­
plosive fracturing . These difficulties are be t over­
(.Ome using steady-state tests, particularly the dual 
injection-withdrawal lest. 

Although lug-te t results are affected by inter­
casing flow, slug tests can be used during drilling to 
measure vertical variation in permeability. They can 
also be used anytime afterwards to trace the perfor­
mance of a well througho ut time. The analytical 
ease of this method is generally offset by the 
relatively low permeability values obtained as a 
I esult of well Ie-sse . 

Drawdown tests give a goot:! measure o f enhanced 
region permeabiiity oeyond 5 ft from the HE areas 
and indicate areal anisotropy. Since early-time data 
is distorted by well-bore storage, apparent leakage 
parameters obtained by matching techn iques are 
suspect, unle s a small-diameter well is pumped . 

Dual injection withdra wa l tests indicated per­
meability variations within the inner-core area . In 
particular, the test indicated a low k ridge 
separating the two HE areas that may have been 
responsible for the early override observed during 
gasification. Figure 43 shows the gasified region 
overlain on the hydrology compo ite. An advantage 
of this test is that a whole pattern of site per­
m bility is obtained in 30-60 min . 

The tracer tests were difficult to ana lyze becau se 
of the sh~rt distances involved, an irregular per­
meability distriuution, and large void spaces at the 

wells . The best data relate to the breakthrough time, 
which yields an effective porosity calculation. Un­
fortunately , fracture channels can horl circuit the 
flow, thereby giving short breakthrough times and 
low porosity calculations. 

The permeability models postulated for ex­
plosively fractured media may apply in different 
regions of a dual-shot explosion. The pregasifica­
tion data obtained from wells east of the shot center 
followed a l / r variation and the post gasification 
data obtained from wells south of the shot center 
followed a l l r 4 variation . 

The lack of sensitivity of most test methods 
preclud~d measuring high inner-core permeabilities. 
The data could have been more precise if larger 
pumps had been available for the dual injection­
withdrawal tests. They would have permitted more 
flow between well pairs, thereby increa ing the 
response . 

N~ 

-0 -

o 

0 _ -
"'- ...-
"'-/ 
I" 0 

\ 
\ 

""-
............ o - --

\ 0 
\ 
J 

/ 
/ 

--

Fig. 43. Gasified regioll oyellaid on hydrology compo ile. 

ACKNOWLEDGMENTS 

Many pc:ople who are participating in the coal program contributed to this effort. The contributions of D. F. 
Snoebr:ger, A. E. Sherwood, R. Stone, and T. Butkovich were particularly appreciated . 

21 



REFERENCES 

I . B. J. Qualheim, Geological Exploration of Potential Ullderground Coal Gasification Sites in the Powder 
River Basin of Wyoming and Montalla, Lawrence Livermore Laboratory, Livermore, Calif., Rept. 
UCRL-52237 (1977) . 

2. R . Stone and D. F . Snoeberger, Evaluation of the ative Hydraulic Characteristics of the Felix Coal 
(E(lcene. Wasatch Formation) and Associated Strata . Hoe Creek Site. Campbell County. Wyondng, 
Lawrence Livermore Laboratory, Livermore, Calif., Rept. UCRL-51992 (1976). 

3. N . J . KinB, "Maps Showing Occurrence of Ground Water in the Gillette Area , Campbell C Junty, 
Wyoming," U.S. Geological Survey, Miscellaneous Investigations Serie , Map I-848-E (1974). 

4 . J . R . Hearst, Fractures Induced by a Contained Explosion in Kemmerer Coal, Lawrence Livermore 
Laboratory, Livermore, Calif., Rept. UCRL-51790 (1975). 

5. LLL In Situ Coal Gasificatioll Program, Quarterly Progress Report. October through Decemher 1975, 
Lawrence Livermore Laboratory, Livermore, alif., Rept. UCRL-50026-75-4 (1976). 

6. A. E. Sherwo '.i, R . Quong, and D. F. Snoeberger, Permeability of Explosive-Fractured-Coal Aquifer 
Modeling and Analysis of Field Hydraulic Tests, Lawrence Livermore Laboratory, Livermore, Calif., 
Rept. UCRL-52250 (1977). 

7. D . B. Grove, U.S. Geological Survey Tracer Study; Amargosa Desert. ye County. Nevada. Part II: An 
Analysis of the Flow Field of a Discharging-Recharging Pair of Wells, u.s. Geological Survey, Rept. 
USGS-474-99 (1971). 

8. C R . McKee and M. E. Hanson, "Explosively Created Permeability from Single Charges," Soc. Pet . 
Eng. J. (Dec. 1975) . 

9 . R . Stone, Measurement of the Spatial Variation of Hydraulic Characteristics of an Explosion-Fractured 
Coal Seam, Lawrence Livermore Laboratory, Livermore, Calif., Rept. UCRL-52298 (1977). 

10. D. F. Snoeberger, Field Hydrological Tests of Explosively Fra ctured Coal , Law:ence Livermore 
Laboratory , Livermore, Calif., Rept. UCRL-78957 (1977). 

II. C. R . McKee, M. E. Hanson, and R. W. Terhune, Penneability from Single and Multiple Detonations of 
Explosive Charges , Lawrence Livermore Laboratory, Livermore, Calif., Rept. UCRL-78207, Rev . I 
(1976) . 

12. T . R. Butkovich, Lawrence Livermore Ldboratory , Livermore, Caiif., private communication, Oct. 
1977. 

13 . S. J . Spataro, LLL Instrumentat ion for I" Situ Coal Gasification, Lawrence Livermore Laboratory , Liver­
more, alif. , Rept. UCRL-79551 (1977). 

22 



L 

APPENDIX A 
METHODS OF ANALYSIS 

Several methods of ana lysis have been used for the Hoe Creek data obtained in late 1977. The different 
techniques yielded generally consistent re ult . The major uncertaintie in data interpretation concern leakage 
parameters and inner-core permeabilities. The alternate techniques u ed in this effort art: described below with 
references for more detailed di cussion . 

Type-Curve Analy is 

When test data are converted to dimensionless form and plotted on appropriate graph paper, the flow 
regime can usually be determined from the unique characteristics of the data patterns. Type curves I can then 
be used to calculate hydraulic parameters using matching techniques . 

The Thei -type curve is the fundamental-type curve in ground-water hydraulics. If all observation-well 
data taken from fully penetrating wells, plotted as drawdown vs tl r 2, fall along this curve, thr aquifer is 
homogeneous, confined, non-leaky , and extends beyond the testing boundarie .. During the late-time part of 
the test, the data lend themselves to an approxinlate method of analy i developed by Jacob, whereby a 
traight-line relation hip i obtained between dr3wdown and log time or log distance. 

Hantush developed type curves for leaky aquifer respon e in which observation well data fOllowed dif­
ferent curve on a drawdown vs tl r 2 plot. 

Other type curves are available for ~pecific models including delayed storage effects, drain discharge 
response, and slug te ts . Ob ervation wells near fractures appear to follow a drain re ponse when the pumped 
well i I1tersects the fracture:. 

Deviations from type-curve re ponse can sometimes be attributed to special effects. Well-bore storage af­
fects pumped-well response, and drawdown v time appears as a straight line with a lope of \ on a logarithmic 
data plot. For large casings, the effect la ts far into late-time behavior . Fracture flow affects pumped-well 
respon e and appears as a traight line with a slope 112 on a logarithm ic data plot. Frequently the two effects 
occur together, with fracture flow following well-bore storage flow. 

Another type-curve deviation is cau ed by aquifer anisotropy. If tile data curves are plotted as drawdowm 
vs tl r 2 and fall on horizontally parallel Thei -type curves, the spread between the curves indicates areal 
aquifer anisotropy. If ob ervation well along the major and minor axes are plotted, their separation is the 
scale factor, m, required to eliminate the anisotl orY. If the data curves fall on vertically parallel Thei -type 
curves, the pread between the curves indicates radial aquifer anisotropy , which can be confused with leaky 
aquifer response . 

Slug te ts for radial-flow geometries with distributed pa rameter" have a family of type curves that de­
pends on the storage coefficient. The smaller the storage coefficient the sharper he type-curve response. Some 
of the storage coefficients required for slug te t interpretation are much lower than can be accounted for 
realistically. Tests requiring storage coefficients lower than 10 - 6 fit a lumped-parameter skin-friction model. 
This implies that there i a high local resistance at the well (skin friction) compared to resistance at the aquifer, 
resulting in a non-radial response at the well. The response for the skin friction is an expon;:ntial decay of 
water in the ca ing, according to the relationship H/ Ho = e -(1 /1Ir; Po) where R, the well resi tance , is a lumped 
parameter and should not be related to a permeability value. 

Type curves u ed in interpreting Hoe Creek data are shown in Figs. I _\ and A-2 . 

Flow Net Analy is 

Steady-state flow regimes of similar geometry and boundary c'Jnditions have similar pre sure flow dis­
tributions. Flow nets can be constructed on a plan view of pressure measurements. I These p:ots will show per­
meability irregularities that have distorted the flow net from that produced by a homogeneous permeability. 
In particular, dual injection-pump tests with the same flow value produce a symmetrical flow net in 
homogeneou media. Deviations from this pattern can be used to demonstrate local permeability irregularities 
that might otherwi e be overlooked . Ob~ervation well data from a dual injection-pllmp test can also be u ed to 
calculate average p rmeabilitie from the relationship s = Q In (r I R) 127rT. 2 
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Numerical Analysis 

Sherwood et al. 3 recommended a special analytical model for interpretation of Hoe Creek data. Draw­
down differences between two observation wells were related to reciprocal time. with the resulting intercept 
and slope being ~}(pressed as functions of T and SIT 1. resp~ctively . !he in~ercept is equal to Qln(rzl!I) / 21!'T 
and the negative slope i QS(r ~ - r i)1 1611'T; (r2 > r I)' ThIS model IS partIcularly useful for smoothmg data 
and providing system stability analysis. The model i also valid for concentric regions of diffeient per­
meability. provided the observation wells are located in the arne regions. 
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APPENDIX 8 
FACTORS ~, FFECfING HYDRAULIC TEST 

~NTERPRETATION 

Several complicating factors affected the interpretation of the test data , The installation of so many cas­
ings in close proximity changed the storage coefficient and perturbed the flow regime. Areal and vertical varia­
tions exist in both permeability and porosity. The fractures produce blocks of relatively impermeable coal im­
bedded in a more permeable flow matrix, so that most individual wells are much more resi tive than the total 

system. 

Well-Bore Storage 

One of the fir t problems encountered in coal seams is the phenomenon of well-bore storage effect. The 
petroleum industry has developed analytical procedures to identify it because of the relative contrast between 
large casing capacity and low reservoir transmi sivity.4 The amount of fluid in the casing is appreciable com­
pared to the immediate flow available from the reservoir. As a result, early-time J10w does not leave the reser­
voir; rather the flow comes from fluid stored in the cae;ng. On the ot»"'r hand, the well-bore storage 
phenomenon is rarely a problem in ground-water evaluations because of the relative contrast between small 
casing capacity and high aquifer transmissivit}. The amount of water stored in the casing is very small com­
pared to the immediate flow available from the aquifer . As a result, the early-time flow comes from the reser­
voir after a few second of pumping. The low transmissivit coal seams indicates that, because of storage ef­
fects, mailer observation well make better pump-te t wells for the Hoe Creek site than the larger production 

and dewatering wells. 

Well Friction 
With well-bore storage effects, the flow across the well screen changes during early-test times. As a result, 

the pressure re ponse at early times contains a component that is directly related to the change in flow across 
the well screen . This exponential pre sure re ponse of a well with well-bore storage is characterized at earlier 
time by both the cro sectional area of the casing and the well resistance . 4 

Intercasing Flow 

The in tallation of so many open casing in clo e proximity to one another complicated the hydraulic 
te ting at Hoe Creek . Two problems occurred . First, the torage coefficient of the aquifer system was in­
creased with the installation of each new ea ing. Second, an appreciable percentage of the flow is required to 
change the ater levels in the ca ings during pump te t ,thereby causing a delayed respon e. Intercasing flow 

i 11 major problem in slug-test interpretation . 

Fracture 
Some of the n .. turally occurring fractures have become conduit-like in their ability to equalize pressures 

between observation well pairs or to cause an uneven distribution of flow from a pump well. The most impor­
tant feature of fractured aquifers is that the hydraulic response of a pumped well intersecting a fracture dis­
plays a log drawdown v. log time relationship of a straight line with slope 1/ 2 for early time tests. 5 Observa­
tion well that inter ect the ame fracture also exhibit this relationship. Obst>rvation wells close to a fracture 
how a drain model • response, while tho e further away have a distorted response that is between a drain 

model and a radial-flow 'nodel. Matching techniques for observation wells do not uniquely distinguish 
faulting patterns in a fractured aquifer , In orne cases, however, observation-well responses indicate that a 

nearby fracture inter ect the pumped well. 

• The fi g", I, unidlrecllonal toward a drainage face . 
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Anisotropy 

Due to the non-symmetrical orientation of the dewatering wells with respect to the inner core, tests that 
use dewatering wells as the pumped wells produced flow paths that were nonradial. The inner core area 
collimated the flow, resulting in distorted permeability calculations because the flow was not evenly dis­
tributed from all areas . 

The areal and radial variations in permeability affected the pumped-well and observatil)n responses so 
that available matching techniques were not applicaLle. 

Variable Flow 

Flow perturbations produce a vertical shift in data from one type cu~ve to another. Quite often a pump 
will begin to produce less towards the end of the test because it is operating at a greater head and thus losing 
capacity. The test results then show a flattening of the data curves, reflecting the declining flow, which could 
be interpreted as a leakage response. 
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ABSTRACT 

Bigh-frequ"ncy ~lectroqagnetic .. aves transaitted bet .. "en 
boreholes can be used to map the 9Osition of an underground coal 
gaaification (UCC) burn front, as well as other geophysical 
anoaalie" . The technique uses tranSJIitting and recdving 
antenn .. lowered down boreholes on either side of the gasified 
region. RnuIts fra. the use of this technique in a UCC 
"xperillent show high resolution and close agreement .. ith data 
fra. other instruments. The depth, hei ght and lateral poS i tion 
of the burn front were easily determ! ned and subsid"nce of 
overburden was also evident in the measurements. Several 
variations on the IIlethod weCO! tried. This technique pra.iaes 
several advantages OVer other down-hole instrURentation: lower 
cost, bett"r spatial coverage, and the ability to giv" 
.. "asure ... nts both dur ing and after passag" of the burn front. 
The UCG experiment slso show"d s"veral improvements that could 
be lIad" in th" techniqu". 

INTRODUC'I'ION 

In thla paper we describe a tl'chniqu , that us ... high­

frequency "lectromagnetic .. av"s tran.mitt.d between boreholes to 

""'P an in situ coal gasificationl - 4 burn front. Both the 

hardware and the method are discussed. In add ition , ve present 

result. fra. experillents with this technique perforaed during 

the La .. r"nce Liv"raore Laboratory (LLL) 1911 underground coal 

gas ification project at Boe Cre~., Wyoming. 

lie at LLL have, ov"r a per iod of yean, advocated and 

advanced the use of electr ical and "lectroaag,,,,tic probing for 

various gO!Ologic applications. 5- 23 so.e of theae applications 

are: locating high-contrast anonalies such as voids,15 using 

only one cable to .anitor the detailed te~rature profile 

wi thin in si tu energy peoce ..... , 14 deterllining the "xtent of 

fractures induced by high explosiv"s ellPlaced .. ithin a co.ol 

seaa, 17 ,20 .an i tor ing thre,,-diaenaional progression of a fluid 

injected into a tx".r"hole,12,18 and deterllining detailed maps 

of subsurface constitutive paramHere by using cross-borehol" 
probing. 12 

On" of OUr colleagues first suggested the application of o"r 

high-frO!qu"ncy electrOllagnetic (BPEM) technique to aonitoring an 

underground coal gasification (UCC) burn. 19 We were 

subsO!qu"ntly able to p"rfoclI a su.pl" "xp"riaent on LLL's firat 

UCC project at Hoe Cr .... k, 1Iy000ing, in 1916. 24 Rnulta frOO! 

that "xp"r im""t and from computer aided aodeling studiea25 

strongly suggested that certain of our techniques would work • 

Based on these ruults, we attempted our first full-scale UCG 

mapping ~xp"r imenta dur ing LLL's 1911 project. 26 

Because of the pot"ntial illlpOrtance of in ai tu coal 

gasification, the u.S. Departllent of Bnergy and otheu are 

activdy researching and developing the gasification process . 

Coal is our .. t abundant lossil energy resource and can be 

converted to coabustible gas - an attnctiv" energy fora _ 

by heating in the preser.ce of oxygen an:! steam. Gasifying the 

coal underground ""'y be a ch"'per .... ns of recovering this 

resource than IIlining, ".pecially for deep .... tern coale. 24 

The LLL Pall 1911 UOG exp"riaent had two distinctly 

differ .. nt phases: reverse linkage, followed by a forvard burn. 

Figure I shows the various steps of this process. 
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Our first full-scale program of experimental UCG burn-front 

mapping was very successful. The burn front interacted strongly 

with the electrOllagnetic waves and so was eaaily observable. 

Interpretatitrl of the experimental data was straightforward and 

COfIIpared well with data from other down-hole instr"entation . 

Also. the spatial resolution obtained was better than expected. 

In the rellainder of this paper we descr ibe our HP~ 

techniqUu, present the results of our experimental program at 

Hoe Creek, and discuss the major accomplislwents and 

shortCOmi ngs of our present system. 

THE HPEr. TECIINIQUE 

In this sectitrl we describe our technique of using HPEM 

waves to map a UCG burn front. Both the hardware and the .. ethad 

are considered. 

Pigure 2 shovs the basic setup involved in transmitting 

electromagnetic waves between boreholes to detect a geophysical 

anomaly. Watert ight transmitting and recelving antennas (which 

are connected to the ends of coaxial cables) are lowered down 

individual boreholes to the depths being investigated (Pig. 3). 

The Simple dipole transmitting antenna is driven by an 

oscillator and amplifier putting out 100 II at a frequency 

selected normally between 10 and 100 MIIz. Detecting the wave 

transmitted through the ground is a unique receiving antenna of 

LLL design. 

Figure 4 is a photograph of t .he receiver package, shoving 

its monopole antenna, top-hat terminator and broad-band 

constant-sensitivity down-hole electronic amplifier. The 

detected Si,! ,.d is sent up cable to a spectrum analyzer (for 

amplitude measurement) or a network analyzer (for phase 

measurement). 

Par best efficiency. the le"gth of the dipole tran_itting 

antenna should appro~i.ately equal 1/2 the wav@length of the 

electromagnetic wave in the ground; that ia, L • c/2fn, wbere c 

is the speed of light, f the frequency, and n2 • E 18 the 

relative per.ittivity of the ground at frequency f. Par 

eXallple, if f • 10 MHz and n • 3, the opd ... antenna length L 

would be 5.0 •• 

. he region between the tva borehole. ie investigate<: by 

recordi ng the receiv&:! Signal paraaeters (aaplitude, phase, or 

both) as a function of depth. This ie normally done by 

successively lowering the two antennas an incr ... entat dietance 

and recording the received signal. The optimum increllental 

distance depends on the wavelength and the deaired apatial 

resolution, with 1 ft being ~ypically choaen. so.eti .. ea the tva 

antennas are lowered with fixed ofheta in their depth. to give 

different electrnaagnetic views12 of the geophysical anomaly. 

The amplitude and phase of the received aignsl vary with 

depth if the path between the two antennas passu through or 

very near a geophysicd anClll'.aly whose conductivity and 

permittivity differ significantly frOlll those of the host 

medium. Larger objects require leu of a difference to be 

detectable than do _aller objects. The vadation in _li tude 

and phase of the electromagnetic wave received is a result of 

reflection fro., refraction through, and diffraction around the 

anomaly. 

T~e aignal variation with depth, referred to aa the 

signature, yields infor.atian about the ge<>eetry of the ar.OIIIIIly 

(i.e., ai •• , shape, and position). Par .. ny geophysical 

anOllalies, these interpretations are e .. ay to Blake. H<lIWevf!r, 

this 18 not universally true. To aid in the interpretation of 
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such signatures, lIOdeling studies are often performed. 15 ,27 A 

serie£ of computer-generated signatures (based on an appropriate 

model) for a range of geometrical and electrical par&Qeter 

values often aid the interpretation of signatures obtained 

@IIpirically. 

In the case of OCG burn-front """,itor ing, the electr ical 

properties of t.he coal and burn region vary with posi tion in a 

.... nner that is not known in detail. Figure 5 lhows roughly the 

expected vltriation of conductivity through a OCG burn front. As 

a result at this uncertain and complex behavior, computer­

generated signatures baled on simple models that descr ibe an 

object at uniform properties imbedded in a homogeneous host 

mediUII hav .. falled to match the signatures found i n experiaent. 

In spite of this handicap, however, the interpretation of our 

experimental results has been qu ite straightforward. In 

add itioo, evidence froll other uo:; down-hole instrumentation 

confirms our interpretations. Because of the complexity of 

accurately modeling a UCG burn, we defer that topic to a later 

report. 

We refer to the technique described above as the 

transmission mode of operation (i .e., the electromagnetic wave 

is tranl.itted from one side to the oth<>r of the anomaly). One 

.ay also e.ploy the reflection mode of operation, in which the 

two boreholes lie on the ssme side of the anomaly, as in Fig. 

6. In thil ""se, the receiving antenna responds to the SUD! of 

two waves: that directly fro .. the transmitting ant"nna and that 

reflected off the al'lOOlaly. Because the reflected-wave phase 

differs fro. the direct-wave by an al'lOunt proportional to the 

path-length difference and the frequency of the wave, one can 

deterlline the path difference. The path difference is 

determined by noting the frequencies where minima or maxima 

occur in the detected Signal. These extremes will OCCur at 

those frequencies for which the path difference equals an 

integer multiple of 1/2 wavelength (in the transmitting lIediUl). 

6 

EXPERIMENTAL UCG BURN-FIDNT MAl-i'ING USING HPD4 MAVES 

In this section we c!oscribe the experiaente ..., perfo.:aed at 

Hoe Creek, WyOlling on LLL's second UCG project and ..., present 

burn-front mapping res"lts obtained by interpreting our field 

data. The priaary purpoee of this first full-scale atteapt at 

using our HrD4 techniques to aonitor a uc:.;; burn front .... s to 

c!eaonstrate their feasibility. Other iaportant goals w.re 

mapping the progressing burn and tinding areas ~t our technique 

that need' ': further develo~ent. 

We had access to a total of nine ...,Us (horeholes) during 

LLL's Hoe Creek, Wyoaing, UCG experiment of 1977. Pigure i 

shows the plan view of the we] Is of interest to us. Wells A 

(injection) and B (production) were naturally not available to 

us. The nearness of 5Il to H4 and 512 to 5Il meant that we had 

essentially St!ven locations to choose froa. The wells were 

cased with PVC or fiberglass to permit the transaission of 

electraoagnetic wav.,.. These welis were drilled and cased to a 

depth of apprOximately 180 ft, 25 to 30 ft below the <"OSl leaa 

of interest (Felix No.2). The Felix No . 2 coal sesa (Fig . 8) is 

about 25 ft thick and located approximately between 127 and 153 

ft deep. 

We selected the lex:o tion of our probe wella such that they 

would lie outaide the expected burn region 4 and perait good 

aapping coverage of the re~ion . Anticipating a 10sIY .ediu. 

(coal of high electrical conductivity), we placed our veIls just 

cutside this region so ItS to ainimize distances betveen well. 

and yet not lose the wells to the burn. Meaaure .... nts .... de at 

the time of the UCG burn indicated that the coal was indeed 

quite lossy, having a conductivity of approxiaately 0.01 5/a . 

And, although we did eventually lose wells to the ~\lrn , we were 

very pleased with their place.ent and the Jeta obtained frOOl 

thell. 
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Although, in general, any pair of wells could be used to 

probe the burn, we preferred certain combinations. Six paths 

were probed to obtain good coverage of the important region 

between the injection and production wells (A and B): H3 to Hl, 

H2, and 84,512 to H2 and H4, and HS to H4 (see Pig.7). In 

addition, 512 and RS to R6 probed the reJion to the west of Well 

A. Similarly, 511 to Hl, H2, and H6 were used north of Wells A 

and B, while R3 to 512 and RS served us to the south. A total 

of six motorized cable r~els were used, three with tran~itting 

and three with receiving antennas permanently attached to the 

cables with watertight connections. By locating these reels at 

appropriate wells, we only occasionally needed to move thell to 

probe all the paths shown in Pig. 7. 

Before the burn front started to affect the coal between a 

palr of wells, we Cleasured the transmissivi ty as a fu nctioo of 

deptli. That is, tt~ amplitude of the electromlllgnetic wave, 

tranmi tted between the pair of wells, was recorded for the . 
antennas at I-ft depth increments. Figure 9 contains a 

typical record of such data which are referred to herein as 

baseline data. 

Note from Fig. 9 that the signal falls off as e ither the 

underburden or overburden is approached. This is a consequence 

of the finite length of the transmitting antenna and the higher 

conductivity (greater loss) of those strata. Because t~e 

transmitting antenn.:. ""s either 9 or 12 ft long , part of its 

·Power i nto the transmitting antenna cable wa s fixed at 100 w. 
Not all of this power was radiated, however, because of the 

attenuation in the nearly 200 ft of cable and the impedance 

mismatch between the anten.r.a and the cable. Radl~tf=d power was 

limited to, at moat, a few watts. 

length was out of the coal seam when the .nt~nna center was 

within either 4.S or 6 ft, respectively, of the coal-seam 

boundaries. 

Sa-e of the baseline record. showed what appeared to be the 

effects of the two ash layere .. ithin the coal aeaa (see Pig . 8). 

This was especially true for the path R3 to Hl as shown in Pig. 

10. Por this path, the large dips in the transmissivity at the 

depths of the ash layers aade data interpretation difficult. We 

obtained better results when we tried subtracting out the 

effects of thesp layers. 

DETECTABILITY, TRACKABILITY, AND SPATIAL RESOLUTION 

ChMges in the Signature for a given pair of welle (a given 

path) indicate the presence of the burn in that region. In Fig. 

11 are the signatures observed on three different days for the 

path HS to H4 (translllitter in HS, receiver in H4). Note frOll 

the October 29 data the sharp resolution and the hrge change in 

signal strength caused by the burn. It is apparent from the 

figure that the burn is centered at a depth of approximately 146 

ft and is quite limi ted in vertical extent (a few feet). The 

dip at 146 ft is approximately 20 dB lower than the baseline. 

This very large effect makes the burn front easy to detect . 

The NOvember 1 data in Fig. 11 are also interesting. They 

indicate the burn has moved upward and broadened quite a bit. 

The burn appears to be located Over the top half of the coal 

sea .. on that day. Being able to track the IICtion of the burn in 

this manner is an important fea t ure of the _ technique. Note 

alae from the figure that the November 1 signature has recovered 

in the region where the burn had been on October 29. We believe 

this results from wet coal and wet ash havinq nearly the same 

conductivity (5"" Fig. 6) , wet a.5h being left behind by the burn. 
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Recovery of the tranaaissivity when the burn leaves an area 

greatly ab.plifies data interpretation and utes the bt.rn front 

.uch euier to track. 

Rath .. r than inter!>ret raw data such as in Pig. 11 directly, 

it ia b.tter to first nor .. lize the data r .. l~tive to th .. 

appropriate bo ... lin .. data. Becaus .. the curv ... ar .. in decibels, 

one need only subtr.ct the raw data value~ fr~ the baseline 

values to obtain norllalized data. This is an ilIIportant step 

bee.uae we are interested only in the effeets of the burn and 

not of any preexisting features of the geology. 

In Pig. 12 ve present nor .. lized curves for the path H5 to 

He. Note frOll the figure how well the bum can be tracked. The 

burn i. seen to IIOve fcc. 6 ft ~bove the coal-sea. 'II floor on 

October 28 to 8 ft on October 29, 15 ft on Oct?ber 31, and 19 ft 

(having broadened significantly) on Nove~er 1. Still later, on 

Noveaber 3, ve see quite a difference as ~red to November 1: 

the top 14 ft of the se .. has become much .are transparent. The 

upper 10 ft is actually more transparent on November 3 than the 

baseline. We interpret ~he data of November 3 as indicating 

that, by that time, a void region forlled at the top of the coal 

seam and the burn had overridden th~ seam (i.e., the flow path 

vas now in th .. overburden). The rmocouple data support th .. 

concluaion that an overrid .. condi tion existed in this region on 

Nov .. 1Ibo r 3. 

COMPARISON Of HFEM TO OTIIER UCG INSTRUMENTATION 

Our HPEM data and interpretations can be compared with those 

of the thermocouples and extensometers used on LLL's OCG 

experiment. Twelve ther.acouple and two extensometer wells were 

employed in this experi .... nt. Each thermocouple v .. ll had six 

thermocouples w!thin the coal seam (at 1, 5.5, 10, 14.5, 19, and 

23.5 tt above the coal- ....... floor) and one or mor .. in the 

10 

overburden. Each extan_eter well contained six il..~choca 

located in the overburden between 1 and 20 ft above the 

coal-s ...... roof . The therJlOCOuplea a""sed local t .. "" .. ratures, 

while the extenso_t .. r anchors sensed subsid .. nce and collaplling 

of the ov .. rburden. 

Ther.aco~les sense a burn para_ter at a certain spatial 

point, but RP!M is sensitive to conditiona within a volu.. 

(along and near the propagation path). In spite of this 

difference in saapling, we see good agr ....... nt between these two 

types of inatrlDllentation. Pigure 13 contains the record fr",", a . 
therllOCO~le well md norlUlized IIFEM data for the neareat 

path (512 to He). both for the sa.. day. The HPEM data, vbich 

are plot~ed on a logarit~ic scal .. , indicate about the aaae 

spatial extent and vertical position for the burn as the 

therJ,oco~le data. 

Our technique has s .. veral iJIportant advantages over 

ther.ocoupl .. s for instrum .. nting a OCG expert. .. nt: The IIFEM 

technique will sens .. a burn anywhere along its patb, vhereas 

thermocouples Ilust be very close or the burn can go undeteeted 

(for example, thermocouple _lls often fan to sen ... the 

reverse-linkage burn). Ther.ocouples fail at t .. mpe<a~ures 

norllally encountered vithin tDo burn front (approxiaat .. ly 

10000C) and yield no data thereafter, whereaa HPEM wells can 

be lo.,..ted outside the burn r"g'.on and provide data after as 

well as befoa the burn. Also, the 1IF1!M technique r .. quires 

fewer veIls to aap an ar@4 and .uch lesa expen.e per well. (To 

obtain the s ... e vertical r .. solution, .. ach well ""',ld require 

many therJlOCOuples.) In spi t .. of these advantages tor IIFEM, we 

feel that thermocouples vill play an iooportant role in fu~ur .. 

UOG experiments, certainly where temperature inforaation is 
desired. 

· !.LL's well No. no. 
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During the first 30 days of the DOG burn, when signal 

att.nuation was .ode at and our nPEM r.sults were -are easily 

interpreted, the extensomet era recorded tva overburden 

collapses. The extenao .... ter anchor s located 3 and 6 ft above 

the coal-.... roof in one extenaa.eter well broke loose on 

Novamber 4 and Noveftber 5, respectively, aarking the collapse of 

part of the overburden (presumably i nto the coal seaa). 

Our HP'EM data show ~ noticeable change after these events. 

Pi qure 14 contains normalized curves for November 3 and November 

5 (before and after the two collapses occurred) for the path B3 

to 84 . Note the large signal reduction of approxiJDately 10 dB 

over the upper half of the coal seaiJI. Apparently, higher­

conductivity (higher-loss) .... ter ial from the overburden has 

fall er into the coal seall, reducing sic;:nal trans .. ission therein. 

DETECTIpN OP BURN-FRONT LATERAL POSITION 

In addition to detecting the more important vertical 

position of the burn, we conducted two measurements ai.ed at 

determining its lateral position as well. One of these 

lDeasuu,lD"nt" i nvolved using IIPEM in the reflection mode of 

operation as descri~ed earlier and shown in Pig. 6. 

The reflection-mode measurement ~as unsuccessful at 

detect i ng the lateral position of the burn front. With the coal 

hav ing a high conductivity valUe of 10-2 SlID , the extra path 

difference for the reflected wave resulted in a signal strength 

much reduced fro .. the direct wave GOd thus interference between 

the two was lost in the 5yst .... no ise. This technique .. igh , be 

Buccessful in coal of lower conduct i v ity , ~ever. 

The other measurement for determining the burn's lateral 

position was much more successful. In this HPEM technique, 

several electromagnetic views of the burn are obtained by 

12 

recording aignatures with different depth offsets between the 

two antennas,15 IIOIIe with the trans.itter higher than the 

receiver arA BODe with it lover. Located on opposite sidea of 

the burn, the two antennas are lowered past the burn while 

.... intaining a fixed of!set in depth. Lines drawn between the 

two _lls at the depths where the burn is seen "ill cross at or 

near the location of the burn. Figure 15 centains the results 

of such an experiaent, showifl9 the aoet likely lateral position 

of the burn between the well pairs H3-Hl and H3-B2 at a tiae 

durlng the reverse-linkage burn. Because one wo~ld expect a 

greater accuracy in determini ng the lateral pollition when using 

larger offKets , this technique should work be.t for UCG 

exp~= !.ents in thicker c~l aea. •. 

OISCUS:>iOli 

Although _ had previously transaitted HP'EM waves between 

boreholes to locate and up geophysicll features, LLL's 1977 UCG 

experiment at Boe Creek, Wyoair~, was our first full-scale 

attempt at .. apping a burn front. Tlle exp.riaents we parforaed 

there vere quite successful. We ceaonstrated that the technique 

works, in that Slgnificant signal-level changes resulted frOlll 

passage of the burn front. We obtained better .patial 

resolution than expected and were able to track the .otion of 

the burn front. Our results agreed _11 with those of the other 

UCG instrumentation (thermcoouples and exten~eters). Pinally, 

the technique deaonstrate.3 certain iaportant advantages over 

other down-hole Inatruaentation: lower coat, longer 

lIIeasu=e""",ts, and better spatial coye .. ge. 

During these experilllents, we obtainad valuable indght into 

areas of our technique that need further developaent. We need a 

more rapid setup and data-lICquisition .che .... to probe each path 

lAOre often. The rate of change observed in our Hoe Creek data 

indicates that each puth should be probed at least twice daily. 
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we also need a aore efficient coupling between the power 

.. plifier and the ground. This could be done by Designing a 

down-hole uoplifier connected directly to the tran_itting 

antenna. By thus increasing the radiated power frOli t.he present 

few watta to perhaps 100 II, we could increase tha well spacings 

or increase the .rave frequency (and spatial resolution). The 

increased radiated power would also better enable us to 

exper i ..... t with swept-frequency excitation and look for received 

signal resonances relat>d to tha burn-front geometry . Further, 

we need to develop better models and better _a9urements of the 

electrical parameters in tha burn. Better .odels and conduc­

tivity values would permit the parameter ization of the 

electroaagnetic-w.~e/burn-front interaction by computer . We 

could than better understand and quantify the process, better 

plan future UCG mappings, and i~rove experimental techniques. 

The techniques described harein for the use of HFEM waves to 

map UCG burn fronts might also be applied to in situ oil shale 

retortIng . Al Duba of our laboratory first suggested this 

possibility. lie anticipate that the electrical propert ies of 

shale and tha retort region are within the range of values 

needed for a successful application of our technique. lie are 

anxious to try our technique on an in situ oil ~hale retor t in 

the :"lear future. 

~ 
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rIGUIIE CAPTIONS 

rIG. 1. Sche ... tic depiction of LLL' a 1977 in ai tu coal 
gasificatlon proce .. a howing reverae-linkagv and forward-burn 
phasea. 

PIG. 11. &rIM aignatur'~ for petb 85 to 84 (a .. rig. 7), 
ahowing burn-front detection ~nd tracking. 

rIG. 12. Hor ... lized &rIM aignaturu for tha path 85 to H4. The 
data hu been noraalized vith respect to the baa,liM data, 
peraitting .. aier and QIOCI! accurate interpretation. 

rIG. 2. The hi gh-frequency electroaagnetic-vave plobing 

technique. rIG. 13. C'~ar1eon of _ and tber-.couol .. data frca the _ 

rIG . 3. Photograph of IIOtor bed anten •. '--=~ole reel uaed during 
LLL' a tJCG exper boent a t Hoe Creek, Wyca1 ng. 

PIG. 4. Photograph of LLL-deaigned electromagnetic-wave 
detector consiating of a monopole antenna ~itb top hat and a 
broad-band electronic amplifier. 

FIG. 5. Electrical conductivity expected dur. " g in situ coal 
gasification aa a functiao nf distance frOll the center of the 
burn. Dashed lines indicate req iona of large uncertainty. 

!'IG. 6. Reflectiao lIOde of Hl'EM technique. The high-
conductivity burn front acta much like a airror, r~flectin9 ~art 
of the electro .... gnetic wave. 

FIG. 7. Plan v i ews of the wella we employed in LLL' s 1977 tJCG 
exper aent; A is the injection well, B the production well. 
Part (a) showa the i nterwell Hl'EM paths used to ... p the region 
~etween lIeUa A and B. Part (b ) ailows the patha used to up tbe 
per imeter of the burn region . lIella used f or other 
i nstn.nentatim are not shown. 

FIG. 8. Strata around coal sea ... at llCG si te (Hoe Creek, 
Wyom i ng), det"r.oined frDlll core samples and well logs. The 
experiment took place in the Felix No.2 seam (subbituminous) . 
11.11 112 ir 10 ft west of lIell ~, 14 approximately half way 
between H2 and SIl, and lIell C 10 ft east of lIell B (see Fig. 7). 

FIG. 9. Baseline data (October 27, 1977) for path 85 to 84 (see 
Fig. 1). The frequer.cy was 19 MHz. 

FIG. 10. Blseline curve (~tober 14, 1917) for path H3 to 81 
(a .. Fig. 7), ahowing effect of ash layers on BFEM signature . 
The frequency vas 20.5 MHz. 

Creek tJCG exper iJlent. 

PIG. U. Nor ... lhed IIPI!I!I slgnaturea befor .. (NoveJlber 3) and 
after (Hovneer 5) col !apees in the overburden vere recorded by 
extenSOlMtter a • 

FIG. 15. Locating the lateral position of the burn front frCOll 
several views. Each of the lines ahown reaults frOll! lowering 
tranaaitter and receiver at a conatant giv.n offset. Uelng 
aeveral off.eta, ex views, g i ves several lines, which intersect 
near the burn reg i on. Shaded areas indicate region IIOet likely 
to contain burn center. 
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A SIMPLE MODEL FOR LOCATING THE FRONT 
OF A REVERSE-COMBUSTION LINK FROM 

THERMOCOUPLE-RESPONSE DATA 
ABSTRACT 

An idealized modp:1 for locating the front of a reverse-combustion link has yielded a 
tool that appears u eful in interpreting thermocouple-response data obtained during field operation. 

THE MODEL 

Consider the front of a reverse-combustion link to be a point So urce of energy release of strength Q, mov­
ing at a constant velocity of U m/s along the x axi in an infinite medium having constlint physical properties. 
At :Heady state , the solution to this situation is given in Carslaw and Jaeger, ' p. 267, a 

AT = T - T b= 6 exp ( f - U [(x2 + r2)~ - x ] 12ex } , 
am 41Tk(J\.2+r2/~ 

where k is the thermal conductivity of the coal (W r K-m) and ex is the thermal dlffusivity given by 

ex = k!pCp m2/s. 

p and Cp are the density (kg/ m 3) and heat ';apacity (J / kg-OK), respectively, and AT is the temperature rise 
(OK) above am bient, T:.mb· The ta k at hand i to infer the radius , r, from the axis of the point Source to the 
thermocouples embedded in the coal field , as illustrated in Fig . 1. 

This model is fundamentally different from that used by Hommert and Beard, 2 who assumed that the 
rever e-combustioll-link formation can be represented by transient-heat conduction . The heat would be con­
ducted in~o an infinite medium from a circular heat Source of constant temperature arriving in the vicinity of 
the thermocouple at various times. In fact, their solution is an approximate one, good for only small values of 
the time (Ref. I. p . 336). Our model has an exact solution. If the a"sumption of steady-state heat conduction in 
the soil is not reasonable for a given set of conditions, the analysis may be extended to include transient ef­
fects . In this case the solution becomes 

"p{Ux/2.) J~ oxp 1-12 - [U2(x2 + ,2)/ .60212J]01 . 

(x~: r2 ) ' / 2 

Data analyzed on the b(lsis of the s:eady-state model will always yield e timates of r greater than those of the 
nonsteady-state solution. Hence, we have a conservative estimate. 

METHOD OF ANALYSIS 

We illustrate a preliminary method of analysis and sugge t a more univer al method of data reduction . 
Our first idea was to infer the position of the point ource by using the maximum temperature alone . This 

would be useful for field work , becau e it requires only a quick visual scan of temperature trace for peaks . 
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Fig. 1. Thermocouples Mild point sources : (a ) Isometric-plan view of a point source moving through a field of thermocouples . ( b) Vertical­
plan view of a thermocouple well near a moving point source. 
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This is messy analytically, so we used a more straightforward method based on crossplots of the anaiyti.;al 
sl.l;lltion. 

Preliminary information about reverse-combustion links and average physical properties fOi Hoe Creek 
!I coal are given by 

U "" 1 m/day "" 1.2 X 10-5 m/s ,3 

k "" 0.23 W/tK - m).4 

We may estimate an upper bound for heat release, assuming complete combustion of carbon with injec­
ted oxygen in a ingle link, b;' 

<) "" (0.21) X (2 mole/s air) X (105 cal/mole) X (4.186 J/caJ) 

"" 1.8 X 105 W. 

This heat release is taken to be the strength of the point source. 
Figure 2 illustrates the results of computations using the abo\'e parameters. The figure plots temperature 

rise as a function of distance (or, equivalently, days) with r as a parameter. All temperature responses even­
tually reach a maximum and then decay to zero. The model used in Ref. 2 docs not yield this physically correct 
aituation. In fact, it uses a term "to account for coolin~ . " 2 1t is quite clear that, because of the very low ther­
mal diffusivity of "Vet coal , one must be quite close to the point source before an appreciabie temperature 

300~----~~--~-----'-----'-'---'-----'r-----r-----.--. 

r = 0.5 m 

200 
~ , 
Cl) 
~ 

::::J 
+-' 
ctI 
~ 
Cl) 

L' 
E 
{. 

~ 
100 

2 3 4 5 678 

Distance - In or time - days 

Fig. 2. Temperature rise's distance (or time ) as a function of radius 10 uis of Ihe poinl source. 
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response can be perceived in a reasonable amount of time. For radii greater than J m, the thermal response 
within a week is virtually nil. In addition, by the time such distant thermocouples respond, the point souce is 
many meters along its way, having passed by many days before. 

~ Tmax' the maximum temperature rise above ambient, is plotted as a function of the radius of the ther­
mocouple from the axis of the point source in Fig. 3. Quite clearly, 6T max is a very weak function of the 
radius, r, above about 1 m. The maximum temperature rise i milch higher than the data. Significant flow in 
the coal earn would account for this lowering. The simple model cannot account for this convection . We 
think that the analy is and the curve generated are valid only for about a loooK temperature rise, because the 
coal begins to dry out at thi point. We further think that predicted radii much less than about 0.50 m are not 
admissable, because they lie within the estimated burn path . The excluded area lies outside the indicated 
hatched boundary in Fig. 2. 

Equation (1) can be made dimensionless by irtroducing the following definitions for dimensionless tem­
perature, distance, and radius: 

x+ 

T 

(~~) , 

x m 
r 

rc;:\. 
\U) 

Here the super cript (+) denotes dimensionless quantities. Equation (2) then becomes 
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Fig. S. Comparison of preliminary Hoe Creek II thermocouple 
data with model. The comparison was done in well I-I at 10 feet. 

In this dimensionless form the solution is no longer a function of system parameters. Thus, a universal family 
of plots , shown in Fig. 4, can be geflerated for use in data interpret'ltion . The family of curves has as a 
parameter r +, which is the dimensionless radius corresponding to the previously defined radius, r. 

Data are interpreted by putting the temperature response in dimensionless form on the universal family 
of r + plots. The value of r is then found by determining H,e r + curve most closely corresponding to the shape 
of the data curve. An example of such a fit is shown in Fig. 5 for data taken from a thermocouple in the I_I 
well (of the Hoe Creek II field test) 3 at 10 feet (3 m) above the bottom of the coal. The value of r + = 50 
corresponds to an r value of 0.4 meters . The maxim urn temperature rise is much higher , quite possibly because 
of the convection in the coal seam, as already mentioned, or multiple link paths. Another parameter implicit 
in the model is the zero-time position of the point source. This parameter ari es because of the quasi-steady 
nature of the analysis . This extra parameter allows the entire family of curves to be shifted according to the 
formula 

CONCLUSIONS 

A simple model has yielded some insight into the interpretation of thermocouple-response data taken 
d'lring re~erse-combus :ion linking. More complete models that include phenomena such as flow in the coal 
seam, evaporization of wet coal , and pyrolysis should exhibit the same basic trends as the simple model, wh:; h 
will serve as a check case for limiting conditions. Extending the model to forward combustion is possi ble by 
using moving-line or cylindrical heat source . 5.6 
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A MECHANISTIC THEORY FOR DRYING 
OF POROUS MEDIA 

ABSTRACT 

The basis of a rational phenomenological theory for drying of porous media is derived 
for a single equivalent drying pore by applying two-flUId, two-phase flow theory. Sim­
plifications are made to compare with other theories and models proposed or assumed in 
the literature to assess their correctness. The derivation illustrates the rational way bulk mo­
tion is introduced within the porous matrix. Explicit expressions are also obtained for the 
evaporation rate and phase permeabilities. The extension to a global drying model is made. 
We outline a solution procedure for a simplified version of the model and provide an es­
timate of the coal semi-coking zone by solving an analytical solution for another simplified 
model. 

SECTION 1 

INTRODUCTION 

Experience with Hoe Creek Experiment 2 1 has indicated that water is important in the dynamics of un­
derground coal gasification (UCG). Although there are plausible mechanisms to explain this, 2-4 to our 
knowledge , there are no mt'.chanistic mathematical models of tht: process. A simple model analyzing the two­
dimensional pyrolysis data 5 for wet Roland-Smith coal blocks was once begun at the Lawrence Livermore 
Laboratory (LLL), but is yet uncompleted. 6 Water influx and control have been cited among the major 
technical challenges in understanding UCG . 7 

In this paper , we develop the basis of a simple mechanistic theory that models the simultaneous drying 
and pyrolysis of coal. In this new theory , we use concepts from two-fluid, two-phase flow theory 8-10 and ex­
tend them to describe two-phase flow and phase change within porous media . 

Two-fluid, two-phase flow theory has not been previously applied to describe coal drying. Although the 
model is not complete, it nevertheless embodies wfficient structure to yield much insight. The model 
rationally extends classical drying theory to handle rapid drying of moist solids where bulk motion of steam 
and water occurs within the matrix . 

SECTION 2 

MOTIVATION OF THE MODEL 

Figure 2-1 illustrates several of the chemical proces es thought to be involved in UCG . Although the 
proce5ses of drying , pyroly is, reduction , and oxidation of the coal steam are represented as primarily sequen­
tial along a single open link path, they probably occur throughout the coal seam because of the cracks, 
fissures, cavity formation , subsidence, and grollnd water movement. 

The processes shown in Fig. 2-1 are idealized in Fig. 2-2 . Air is injected into a (nearly) open cavity . Cir­
culation patterns are set up possibly by jetting action , subsided coal and the link channel. An expanded por­
tion of the wall of the burning cavity is also shown in Fig. 2-2. There, the wet virgin coal is shown to be heated 
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Fig. 2- 1. Hypothesized processes involved ill underground coal gasification. 

from an ambient temperature To to the boiling point of water T W' The liquid water evaporates producing 
steam H 20 v, which then flows against a temperature gradient toward the hotter char. At some point, the 
steam begins to react with the char by the typical reactions: 

(I) 

and 

(2) 

The overall reaction with the solid in the presence of excess steam can be considered to be 

(3) 

because, according to Taylor and Bowen who studied these reaction , II very little CO is formed ; the 
predominant products are H2 and CO2, Above 805°C, the reaction is extremely rapid. In the gas phase, H2 
and 02 react rapidly at temperature T G providing the necessary driving force for the above reaction in the 
form of radiant heating of the coal face to temperature Ts. The coal face moves at velocity Uc in a direction 
opposite to the steam flow while it is consumed by the team. 

2 



Evaporation zan; l 
I ~ 
I 
I 

Water heat-up zone I 

I I 
ITw I 

TO-----=~--~--~---

Air 

r Reduction zone 

I;, r Oxidation zone 

T 

TG 

S CO 
2 

--°2 
H20 

CO 
--H 

2 

Link channel 

Free stream 
gas flow 

I 

Fig. 2- 2. Idealization of geometry involved in underground coal gasification and detail of a gasifying coal race. 

3 



The overall effect of the steam flow is to thermally insulate the channel walls through a transpiration 
cooling effect in addition to sealing off escaping gases . 12 In this respect, the physical situation re emble 
reverse combustion where a bum front moves opposite to the air flow . 

Figure 2-3, part (a), which IS adapted from Skafa 3 shows typical gas and solid surface temperatures in a 
direction along the coal face. S( lid surface temperatures exhibiting maxima similar to Fig. 2-3 have been pre­
dicted for rapid surface-catalyzed combustion and subsequently measured experimentally. 13,14 Rapid non­
catalytic surface reactions would be expected to produce similar maxima. Figure 2- 3 part (b), which is also 
adapted from Skafa, shows the typical depth of penetration of the drying, pyrolysi , and reaction zone in 
response to the solid-surface temperature distribution shown in (a) of Fig. 2-3. 

These processes are probably not the only ones that exist in UCG. However, we believe that the e events 
probably occur at some point during the forward burn . The interaction of the free stream fluid mechanics is 
yet unknown, so the surface temperature T 5 will be used in the model. Although the free stream fluid 
mechanics may not be entirely governed by porous media flow , 15 the drying process appears to be more 
amenable to such a treatment. For the reaction given by Eq. (3) to occur, much more than the initial 
approximately 30 wt% water is required. This water could easily be supplied by hydrostatic forces from 
surrounding aquifers . The delicate balance between surface temperature distribution and available water will 
determine the growth patterns of the walls of the combustion chamber. 

Gas temperature 

--- Surface temperature 

T 
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Distance along 
the coal face 

Gas flow 

Distance along 
the coal face 

(b) 

Virgin (unaffected) 
coal 

Depth of heating 
of the seam 

Reacting coal 

Gas flow 

Fig. 2- 3. Scl:ematic of ronality of gasification IIdllpted from kafa . j 
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SECTION 3 

A GENERAL THEORY OF DRYING WITHIN 

A SINGLE EQUIVALENT PORE 

'.' -, . . .. . 

The one-dimensional area averaged equations describing a /lowing nonreacting two-phase single compo­
nent mixture in a single equivalent pore are developed in this ection . 

Figure 3-1 illustrates the drying process considered to occur. All the liquid and vaporous water are 
assumed to exist only within the micro and macro pores that are distributed through<;>ut the coal. Thus, no li­
quid or vapor exists within the ultimate solid portions of the coal itself. This is the same approach taken by 
Whittaker . 16 Bound water or water of hydration is therefore not taken into account in this model. Experimen­
tal evidence indicates there is very little of this type of water in Western Coals. 17 The situation depicted in 
Fig. 3-1 is idealized in Fig. 3-2 where drying is considered to Occur within a single equivalent pore. This single 
equivalent pore model naturally develops into a more general global model and serves as a useful guide in 
developing insight Into the mechanisms involved. The moud also serves as a useful heuristic base from which 
to constn'ct a more general global porous media model, which includes both drying and chemical reaction. 

This approach rationally and mechanistically introduces the treatment of the steam and water motion 
within the drying coal. In some respects the model extends a drying model developed by Whittaker. 16 Whit­
taker uses local volume averaging to obtain his model. The present analysis represents a straight forward but 
unique application of recent two-/luid two-phase flow theory 18-20 to drying. Rather than starting with the 
point conservation equations and averaging, we take advantage of the work already done by others using the 
complementary process of area averaging and shell balances. 

A simplified set of one-dimensional tv.·o-fluid single component area averaged conservation equations for 
flow in a channel are given by 21: 

continuity equation 

(4) 

and 

-Am , 
(5) 

momentum equations 

-AX B v8+Aa:pg 
wg wg g g x (6) 

and 

(7) 

5 
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and by energy equations 

(8) 

and 

(9) 

The {it;:ld equations are coupled by the interaction terms, which include the interphase friction force Aab Bab 
(va - V b), the mass transfer rate rh, and the interphase heat transfer portions of the phase heat transfer rates 
q a. The term m¢ is an interphase momentum transfer term associated wit:} phase change. Terms Pg and Pt are 
the thermodynamic densities, A is the total pore flow area, v g and v t are the phase velocities, P is the pressure, 
and hg and h, are the specific phase enthalpies. When m is positive, evaporatiO!1 occurs . Because the phase 
pressures have been assumed to be equal, capillary pressure force are not present. This assumption is easily 
lifted as shown in the Append ix to include ur face tension effects . One-dimensionality is assumed because the 
coal face is very thick and because a local model is desired . This local model can be used as a boundary 
condition coupling the open cavity space and the coal seam, as indicated in Fig . 2-2. 

The enthalpy form of the energy equations was obtained from the mixed internal energy, enthalpy fo m 
derived in Ref. 21 . Axial conduction, diffusion , and the stress tensor will not be considered within the 
individual phases because, even though the flow is slow, flow terms dominate. Equations (8) and (9) were 
chosen as the starting point for the analysis because much work has been put iato their developmen. and they 
seem to be reasonable. 

Additional coupling enters through the con traint so that the volume fractions add as 

(10) 

which means that the volume of vapor and liquid add up to the total pore volume. The heat transferred to 
each phase is broken into three portions as 20 

qg = qg + q~T + q~AP 
ex t Int Int (II) 

and 

q ll = a ll + liT + qll AP 
"'eX t q in t in t (1 2) 

The three terms on the right-hand sides in Eqs . (11 ) and (12) represent the exter.lal and interphase heat transfer 
resulting from temperature-driving forces and an interphase heat transfer re ult ing from pressure change. 

The mass transfer rate is divided in a similar manner: 

rclt = (~T +~:r + ~~P)h gs ex t In t In t gs 
(13) 

and 

- mh - I~ T + ~ TI' n t + ~AP\h 
lis \: ex t in II 2s 

(14) 
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At thi point, the phases will be assumed to be at the same temperature so that in Eqs. (J J) through (14), 

qgT _ q2T - ~T - 0 
in! - int - int - . 

(IS) 

It is ottt:n convenient to work with the mixture energy equation . This equation will now be obtained from 
Eqs. (8), (9), and (II) through (J 5). 

The first two terms in Eq. (8) are expanded as 

ahg\ 

ax} 

(J 6~ 

The second term on the right side of Eq. (16) is the vapor-phase continuity equation, Eq. (4). Combining 
Eqs. (4), (8), (II), (15) and (16) results in 

(17) 

The equivalent of Eq. (17) for the liquid energy equation is obtained similarly. The resulting expression is 

given by 

(18) 

In the forms given by Eqs. (17) and (18), the pore area term A cancels out. 
The tem perature forms of the energy equations are obtained next by the equations of sta e (eos): 

h( = hteos (P) and hg = hgeos (P), ( 19) 

which state that the (~nthalpies are functions of pres ure only since the phase temperatures are equal. 
Derivatives of the entha lpies appearing in Eqs. (17) and (18) are replaced by temperature derivatives through 

1h 
2eos 

ah2 = (iT aT 
eos 

(20) 

and 

dh 
geos 

ah =(ff" aT 
geos 

(21) 

The derivatives of phase enthalpies should strictly be evaluated along the saturatiun line . They are usually 

replaced by 

lim e::) 
<X -.() P 

g 

= C pa ' 
(22) 

or 
<XfI-.{) 
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where Cpa is the phase heat capacity at constant pressure extrapolated from the single-phase region. By 
summing Eqs. (17) and (18) and using Eqs. (20), (21), and (22), we obtain 

+ f. g + J1 ) + f.q~~P + q~~P) . ,qext CJ;;xt ~ Int In! (23) 

The sum of the heat transfer rates from internal phasl' change is related to mass transfer rate by 20 

q~~P + q~~P + (h - h ) ~~P = 0 . 
Int In! gs lis In! (24) 

Because the phases are at saturation, the external heat added can only cause phase change and so the 
amount of vapor produced by external heat transfer can be computed from 10 

(25) 

where the only external heat sources are through the pore walls. This heat transfer is set up by the solids heat­
conduction equation developed in the next section. The functional form of the wall-heat transfer rates is given by 20 

(26) 

where hwa is the heat transfer coefficient, Awa is the area available for heat transfer to each phase per pore 
cross sectional control volume, and T w is the average pore wall temperature. Combination of Eqs. (23) 
through (26) produces 

(27) 

SECTION 4 

ENERGY EQUATION FOR THE PORE WA~L 

The mixture-energy field is coupled to the channel-energy field through the wall-heat tran fer that ap­
pears on the tight hand side of Eg. (27). Because tte channel walls are not considered to be imbedded within 
the two-phas.: mixture inside the idealized pore, the heat-conduction equation may be averaged independently 
to obtain a field equation for the average wall temperature f w' 
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The wall-heat conduction equation is writt'!n in cylindrical coordinates assuming azimuthal symmetry: 

(28) 

Typical spatial boundary conditions are given by 

k OT-+I . 21TR L = (h A + h A XT - T) 
w or Rp p wg wg w2 w2 w 

(28a) 

and 

(28b) 

T w = Ts (x = 0, Rp ~ r ~ R) (28c) 

oTw 
ox = 0 (x = L, Rp .;;; r .;;; R) . (28d) 

Equation (28d) relates the wall heat flux to the fluid through the phase-wall-heat transfer coefficients. 
Equation (2Sb) states that there IS a heat transfer resistance at the outside wall of the channel. 

Equation (28) is integrated over the solid cross-sectional area according to: 

tlR

>oor 
o p 

[

21T lR oTw 
pw Cw at rdrdO 

p 

( 
OTw) 

r ar rdrdO 

J21T lR k 02T 
+ rW ox2w rdrdO . 

o p 

(29) 

Assuming constant physI.:-al properties, exchange of integration and differentiation, and defining an 
average wall temperature by 

(30) 

£
21T (R 
~ rdrdO 

o p 



results in 

aT 
P c 7r (R2 - R2) ~ = k w w p at w 

(31) 

Boundary conditions (Eqs. (28a) and (28b)] alIow Eq, (31) to be written as 

(32) 

Division of Eq. (32) by 1rR 2 and use of the definitions of the phase wall areas per unit of pore flow area results in 

(33) 

where ~w is the volume fraction of the wall given by 

(34) 

and (1- fw) is the pore volume fraction given by 

(34 a) 

The term Awo at the end of Eq. (33) is the external walI heat transfer area divided by the elltire volume of the 
pore and wall, 2/ R . At steady '>tate and in the absence of heat conduction, Eq. (33) simply states that alI exter­
nal heat transfer goes into .:ooling (or heating) the two phase mixture according to: 

(35) 

or equivalent!) 

(35a) 
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SECfION 5 

CLOSURE OF THE EQUATION SET 

Once expressions are supplied for the friction and heat transfer correlations, area factors, v, and physical 
properh~, the set is closed mathematicalIy . Prototypes for these expres ions may be found in Ref. 22. The 
principal variables are f W' T , v t, v g, ex g, P, and m. The pressure and temperature are related through an 
equation of state as 

T = Teos(P)or P = Peos(T) . (36) 

Because there are six field equations for the six principal unknown variables, m may be computed explicitly 
and does not need to be supplied. This expression is derived in Section 6. 

Equations (4) through (7), (27) and (33) constitutes the complete two-phase equivalent pore drying 
model. These equations have been ~olved for the case of adiabatic walIs (no walI heat transfer) in a constant 
area duct. 23 

SECTION 6 

ALTERNATIVE FORMS AND SIMPLIFICATIONS OF THE 

GENERAL MODEL- COMPARISON WITH OTHER MODELS 

Useful alternative forms of the general equations developed in Section 5 are derived in this section. 
Various simplifications for slow flow are made so that a simple and more tractable model results. The sim­
plified expression also yield much insight into the basic structure of the equations. The simplified models can 
sometimes be solved analytically. Equation (27) may be rewritten in terms of temperature using Eq. (36) as : 

where P' is a fundamental thermodynamic variable which may be computed from the Clausius-Clapeyron 
equation as : 

(38) 

A useful alternative form of the two energy equations given by Eqs. (33) and (37) is obtained by combin­
ing them so as to eliminate the wall heat transfer into the two phase mixture as 

, aT a~v 
(1 - €wX<x'yfgCpg + <x'l/pQCpl/ + P) at + €wPwCw at 

a2f _ __w .~p __ 
- €wkw ax2 - (1 - €w) mint (hgs - hl/s) - hoAwo (Tw - To) (39) 
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Equation (39) shows how the grouping of (I - EW) a ( and (I - (w)ag arise . These two factors are the area (or 
volume) fraction of the total cross-sectional I ow area occupied by each phase. This grouping can be incor­
porated into Eqs. (4) through (7) by the simple transformation: 

(40) 

and 

(40a) 

The terms involving derivatives of the wall temperature and the difference between T wand To are all relatable 
to m ~w the mass transfer rate developed by wall and external heat transfer. Similar to the approach used by 
Lyczkowski and Sol brig JO the total mass transfer rate can be associated with the terms in Eq . (39) to develop 
the constitutive form of this expression as 

(41) 

where 

(41 a) 

and 

(41 b) 

Equations (41) through (41 b) show that the mass-transfer rate is determined from the solution of the system of 
equations and does not ne\!d to be presc~ibed by some rate expression . To do so would overspecify the system . 

The general equation set for slowly varying but finite flows will now be simplified. First, we derive expres­
sions that can be useful for the phase velocity difference. A general form for the transient velocity-difference 
equation may be derived as follows . First the two-component momentum equations are written in nonconser­
vat ion law form. The resulting vapor momentum equation is divided by Aa

g 
and the resulting liquid momen­

tum equation is divided by A a(. These two equatiuns are subtracted and solved to obtain the slip velocity as: 

(42) 
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The relative velocity is easily related to the volumetric flow j through the expression 

(42a) 

or to the difference in volumetric flows as 

(42b) 

Because the flow is assumed to be slowly varying, inertial forces are expected to be negligible . If we 
further assume that wall friction and momentum exchange between phases is negligible, the relative velocity 
may be obtained directly as 

(43) 

An alternative to Eq. (43) is to hypothesize a binary diffusion coefficient by correlating the relative 
reliability according to 24 

(44) 

where V g is the superficial velocity of the vapor. Under the same assumption used tv derive Eq . (43), a consis­
tent alternative expression for the relative velocity may be obtained as 21 

(45) 

Equations (43) and (45) would be good first estimates of the relative motion between the phases for the 
expected sitl·a •. on where wall friction predominates . 

A most important simplification of the problem is to assume that the heat transfer between the coal and 
the two-phase mixtur~ is complete so that they are in a state near thermal equilibrium . In this case Eq . (35) 
becomes in the limit as T w -+ T, and the phase wall heat transfer coefficients become infinite: 

a2
I . 6P 

= € k - - (1 - € ) m. (h - h ) w w llx2 W In t gs Rs • (46) 

When the solid-two-phase equal temperature assumption is made, it becomes unclear whether the additional 
differential terms should continue to be associated with m1xt. We define the mean heat capacity by 

(47) 
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o that Eq. (46) becomes 

pCpm ;; + (I - 'w) [(.s",cps ,g + .",,cpC ") + p' (.s" g + ."p,)] :! 
a2

T 'AP _ 
= €wkw QX2 - (i -€w) mint (hgs -h2s) - hoAwo (T-To) . (48) 

Equation (48) corresponds nearly identically with Whittaker's equation VI-I. 16 The minor difference arises 
from the presence of P' being retained, the definition of m~~t, and the presence of an external heat sink which 
arises because of external heat transfer from the pore. 

An equation re embling Darcy's law for the relative motion between the phases has already been derived 
in Eq. (45). M ore appropriate expressions can be derived for each of the phase velocities, assuming inertial ef­
fects are minimal and wall friction predominates as 

(49) 

where V a is the seepage or superficial velocities. We define the phase permeabilities as 

(50) 

Equation (49) then becomes 

(51) 

In Eq. (50), we clearly show that the phase permeabilities are functions of volume fraction, wall frictions, 
and /low geometry. Equation (51) is basically Whittaker' s equations VI-2 and VI-4. 16 The new term arising is 
the mass transfer effect upon momentum transfer . The effect, not present in Eq. (51), is the capillary pres.ure 
(see the Appendix). A simplified version of Eq . (51) , dropping the mass transfer effect and body force, was 
assumed by Ref. 25 in the a nalysis of rapidly drying wet-sand molds . Water motion was not considered in that 
paper. 

The next important simplification arises by assuming that the vapor will move appreciably faster than the 
liquid. If ~ is chosen to be the velocity from which material is coming 8 and m is positive most of the time, v 
will also be negligible; the body force on the vapor would also be negligible. In this case, the equations of mo­
tion simplify to 

y2 = 0 
(52) 

and 

(52a) 

Equation (52) allows the liquid continuity equation to be written as 

(53) 

15 



Because the phase and waH temperatures are nearly equal, m is basically m~~t. Hence, Eq. (53) may be 
substituted into Eq. (48) to form : 

(54) 

If pressure work terms are negligible, Eq. (54) becomes 

(55) 

where 

. 
pCpm = (1 . €w)(Cit gC pg + CiQPQC pQ + €wPwCw) . (55a) 

The second term on the right-hand side of Eq. (55) can be written in terms of AT as 

(56) 

provided AT is not a function of time. This implies that the entIre pore space and pore wall do not shrink or 
expand. Inclusion of coal shrinkage or expansion as a function of dryness can, in principle, be handled by a 
field equation for the pore wall area as is done in fluid flow within channels having elastic walls . 2f. Such a 
refinement is not justifiable at this point. Combination of Eqs. (52a), (55), and (56) and division thmugh by 
<:pm produces 

aT PgCpgv
g 

aT t'wkw a 2T (hgs - hQSJ a ho~o (T - To) 
at + pC' ax = ~ ax2 + pC' at [(1 - €w) CiQPQ] - pC' 

pm pm ~m pm 
(57) 

Equation (57) is similar to Eq. (1) in Ref. 27. The main difference is that the ratio of (Pg Cpg/ p<:Pml is 
taken to be unity there and the heat transfer to the surroundings is zero. A similar formulation occurs in Ref. 
28, in which wood pyrolysis was analyzed. 

The sum of the two continuity equations may be written as 

(58) 

If the accumulation of mass of vapor is negligible compared to this liquid , and Eq. (51) is substituted into 
Eq. (58), the result is 

(59) 
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assuming Kg/ J.l g is constant. Fquation (59) is ba icaily Eq . (I) of Reference 25, which has apparently dropped 
the second term in Eq . (59) . Equation (59) ," tn also be written a 

(60) 

assuming pi is constant. In this form, the mixture continuity equation now resemble Eq. (2) of Ref. 27. The 
primary difference is apparently in interpretirg the concentration of mass , Had there been an ass.:mmed 
diffusion-type relation between the superficial gas velocity V g and the volumetrix tluxj and a Darcey law ex­
pression been used to correlate j, a diffusive term would arise in Eq. (60) as it does in Eq. (2) of Ref. 27. 

In the limiting situation where the bulk motion became negligible, the theory developed here immediately 
transforms into the classical drying theory as found in the literature, but with negligible adsorption (bound 
water). See Refs . 29-31 for examples . 

The main point of our manipulations and simplifications is that the model we have developed is 
reasonable. When simplifying assumptions are made, field equations result , similar to those proposed in the 
literature. The main difference is that the model rationally incorporates the movement of vapor out of the 
evaporating pore. The mass transfer rate is computed as part of the solution and does not need to be 
prescribed. The need for a moving interface with coupled regions is eliminated . The number of 
phenomonological constants is not as great as Whittaker models. 16.32 

It is useful at this point to summarize the minimum realistic equation set: 

vapor continuity 

(61) 

liquid continuity 

(62) 

vapor momentum 

(K P') aT ( I - € ) <k vg = - - g- -
w g J.L ax 

g (63) 

and 

mixture energy 

(64) 

The factor (I - Ew) has been retained even thought it is constant (no shrinkage or chemical reaction). Typical 
boundary conditions are: 

<kg (O,x) = 0 
(65) 

T (O,x) = T
j (65a) 

17 



p 

~ (O,x) = 0 
(65b) 

aT 
ax (t,L) = 0 

(65c) 

T (t,O) = Ts 
(65d) 

A typical solution procedure would be as follows. 

\. Calculate the temperature of the liquid from Eq . (64) until T ;;. Ts where Ts is the satuiation 
temperature. 

2. Assume a value for m, set T = Ts. 
3. Calculate a(and hence ag) from Eq. (62), assuming p( is constant. 
4. Calculate the total mass flow of vapor from Eq . (60). 
5. Update the temperature using Eq . (64) and the assumed value for m. 
6. Update m using the new value of temperaiures just obtained using Eq. (64) . 
7 . Repeat steps 3 through 6 until convergence occurs. 
8. Compute v g from Eq. (63). 

9. Continue computing m until a ( = 0, at which point vapor begins to superheat. 
The pressure may be obtained from tl, e equation of state. 

SECTION 7 

A SIMPLE ANALYTICAL EXAMPLE 

Assuming m is small and a steady state situation , Eqs. (61) through (64) become 

dGJ! 
dx = 0 (66) 

and 

(67) 

where G g = (1- tw) agPg v g, the flux of vapor per total cross- ectional flow area . 
These assumptions are made so that we might estimate the thickness of the zone between the complete 

vaporization of steam and the beginning of the pyrolysIs section , as shown in Fig. 7-1 . Equations (66) and (67) 
may be solved subject to the boundary conditions 

dT 
€wkw r=(h -h )Cg 

x gs Qs x = 0 (67a) 

T = Tl x = 0 (67b) 

T = T2 x = 2 (67c) 

Refer to Fig. 7-1 for coordinate positions. Equation (67a) states that all the vaporized steam comes from 
water vaporizing at x = O. It is a shock-type approximation to the model presented in the previous section for 
the two-phase region . The solution of Eqs. (66) and (67) subject to boundary conditions (67b) and (67c) is 
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Semi-coking 
1--.-- or heat-up 

region 

x=R 

Water heat-up 
1------ and vaporization -----"i 

region 

x=Q 

Fig. 7- 1. Retioo of inleresl and coordinale syslem for simple pnalylical example. 

(T2 - TI ) (1 - exp (PeX/£) ] 

T = T I + I - exp (pe) (68) 

where Pe is the PecJet number, still to be determined as 

(68a) 

Application of boundary condition Eq. (67a) allows t to be computed from 

(69) 

Assuming a value of the egression rate of the coal face Uc= 10 -6 mls 7, the mass flux of water needed to 
effect this egression rate according to Eq. (3) can be computed as 

(70) 

where Pc is the density of coal. and M H20 and Me are the molecular weights of water and coal, respectively . 
Assuming values of 
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then 

= 0.7. 
= 1.28 X 10 6 g/ m 3, 

18, 

= 12, 

Gg = (2)(0.7)10-6(1.28 X 10 6)(18)/ 12 

= 2.68 g/ (m 2_s). 

Assuming 

then 

kw = 0.23 watt / (K - m) 

Cpg = 1.25 J / (g - K), 

€wkw (0.7) (0 .23) 2 
C Gg = (1.25) (2.68) = 5 x 10- m . 

pg 

Assuming further that 

and 

T 1 = 100°C (temperature at which vapor begins to superheat) 
T 2 = 500°C (temperature at which pyrolysis begins), 

hgs - h(s = 2270 J /g, 

the length of the zone between dryout and pyrolysis initiation becomes 

This value of 1 cm appears reasonable in light of one of the few controlled laboratory experiments in 
which a coal monolith was burned and it was found tha. the semicoking zone, (the region between virgin, but 
dry coal and coked (char) coal) was 3.5 to 5 cm. 33 Considering the vagaries of describing the experiment. an 
agreement of this order of magnitude is remarkable. 

SECfION 8 

EXTENSION TO A GLOBAL DRYING MODEL 

The single equivalent pore drying model has gained attributes of a "global" drying model. The pore 
model is translated into a global model by generalizing the terms tw and Ao according to 
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1 - E ~ w (7la) 

and 

(71b) 

where V c is the volume of char, VTOT is the total control volume size and Asc is the surface area of the coal 
block . In a global model, the heat loss 10 the su rround ings i much Ie s than for a single pore and therefore can 
be dropped. 

The global drying model given by Eqs . (5), (27), (33), (51), and (61) generalize the ad hoc drying 
models u ed 10 the LLL one-dimensional, packed-bed kinetics model. 34 

SECTION 9 

SUMMARY AND CONCLUSIO S 

A mechanistic model describing dryir.g of porous media uch as wet coal has been developed using two­
fluid, two-phase flow theory . The model rationally accounts for the bulk motion of vapor and water through 
the drying matrix while it contains a minimum number of phenomenological constants such as effective dif­
fusivity and permeability . Comparisons of alternative and simplified forms of the mechanistic model with 
models assumed or derived in the literature point out their impliCit and explicit assumptions while at the same 
time lending confidence in the reasonablene s of the approach adopted here. Most of the literature models ap­
pear to be either incorrect, incomplete, or both. An analytic expression was obtained for the mass-transfer 
(evaporation) rate . A closed-form olution of a highly simplified version of the model yielded an e~timate of 
the semicoking zo ne length . The global drying model forms the basis for the more general ituation of c!:tar 
reacting with hot steam , a subject of current investigation . 
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A 

AT 
Agt 

~gt 
Awa 

Awo 
Bg( 

Bwa 
Cpm 

C;;m 
D 

Gg 

gx 

ha 

has 

hwa 
ho 
j 

Ka 
kw 
hwa 
m 

rir1~t 
m1xt . 
mint 
P 
pi 

Q 
q:l 

q~AP In! 

qwa 

q~~t 
q~xt 
R 

Rp 
Tg 

To 

Ts 
Tw 
T 
Uc 
va 
Vaj 
va 
• V 

SYMBOLS 

Pore cross sectional flow area 

Total channel cross sectional area including pore cross sectional flow area and wall cross sectional area 
Surfac: area between vapor and liquid 

Surface area between vapor and liquid phase per lmit control volume of pore 

Surface area of phase "a" in cor.tact with the wall per unit of area control volume 
External wall area per unit area control volume = VR 

Friction coefficient between vapor and liquid phases 

Stationary form and viscous drag between wall and phase "a" 
Average ht:al ~apacity defined by Eq . (47) 

Average heat capacity defined by Eq . (55a) 

Diffusion coefficient defined by Eq. (44) 

Mass flux of vapor = (I - Ew) agPgv g 

Axia l component of acceleration due to gravity 
Specific enthalpy of phase "a" 

Specific enthalpy of saturated "a" 

Wall heat transfer coefficient to phase "a" 

Outside wall heat tran fer coefficient 

Volumetric nux = Q/ A 

Permeability of phase "a" defined by Eq. (50) 
Thermal conductivity of the wall 

Wall heat Lransfer coefficient to phase "a" 

Total rate of vapor generation per unit pore control volume 

Rate of vapor generation per unit pore control volume due to pressure change 

Rate of vapor generation per unit pore control volume due to external temperature difference 

Vapor generation rate oer unit pore control volume due to interpha~e temperature difference 
Pressure 

Fundamer.tal thermodynamic variable defined by Eq. (38) 
Volumetric flow 

Total heat flux to phase "a" per unit pore control volume 

Heat flux to pha~e "II" per unit pore control volume caused by flashing 
Wall heat nux to phase "a" per unit pore volume 

Heat flux to phase "a" pe, unit pore control volume due to phase temperature difference 

Heat nux to phase "a" per unit pore control volume due to external temperature difference 
Channel radius 
Pore radius 

Gas phase temperature away from the coal face 
Ambient temperature 

Surface temperature of coal face ; saturation temperature 
Area average pore wall temperature 

Temperature of two-phase mixture in pore 
Velocity of coal face 

Vol urnetric fl ux of phase "a" = (1 - Ew)d a V a 
Drift flux of phase "a" = V a - j 
Velocity of phase "a" 

Velocity associated with interphase momentum transfer caused by phase change 
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x Spatial dimension 

a8 Vapor volume fraction 

a( Liquid volume fraction (at::: I - a
g
) 

fC V lume fraction of coal 

fw Wall volume fracti"" defined by Eq. (34) 
J.l a Visco~ity of phase "a" 
Pa Density of phase "a" 

Pas Density of phase "a" at saturation pressure 
Pw Density of channel wall 

p Averagl density of two phase mixture = atJg + a(p( 

P Average density of channel = (I - fw) (agPg + atPt) + fwPw 

a Surface tension 

23 



REFERENCES 

1. D . R . Stephens, R. W. Hill, and C. B. Thorsness, Highlights of the LLL Hoe Creek No.2 Underground 
Gasification Experiment, Lawrence Livermore Laboiatory, Rept. UCRL- 0692 (1978). 

2. P. P. Klimentov ,Influence of Ground Water on the Process of Underground Gasification of Coal Deposits, 
(Izv. vyssh. ucheb zavedenii-Ceologiya i razvedka. 1963 No.4) pp. 106-119, Lawrence Livermore 
Laboratory, Rept. UCRL-Trans-10869. 

3. P. V. Skafa, Zonal Characteristics of the Process of Gasification of a Coal Seam In a Channel, 
(Podzemnaya Gazifikatsiya Uglei, No. I, pp. 3-10, 1958); Lawrence Livermore Laboratory, Rept. 
UCRL-Tran -10865. 

4. I. Mc C. Stewart and T. F. Wall, "Reaction Rate Analysis of Borehole In-Situ Gasification System," 
Sixteenth Symposium (International) on Combustion, The Combustion Institute, Pittsburgh (1976) pp. 
525-534. 

5. R . C. Forrester III , "Two-dimensional Studies of Coal Pyrolysis: Preliminary Results" Proceedings 
Second Annual Coal Gasification Symposium, pp. 402-410, MERC/ SP-76/ 3 (1976). 

6. J. H. Campbell, Lawrence Livermore Laboratory, private communication (1978). 
7. Underground Coal Gasification Program, Department of Energy Rept. ERDA 77-51 (1977), p. 26. 
8. C. W. Solbrig, G . A. Mortensen, and R. W. Lyczkowski, "An Unequal Phase Velocity, Unequal Phase 

Temperature Theory t\pplied to Two-phase Blowdown from a Horizontal Pipe," Proceeding of the 25th 
Heat Transfer and Flu id Mechanics Institute (University of California, Davis, 1976, Stanford U niv . Press , 
Stanford, 1976), pp. 00-76. 

9. R. W. Lyczkowski, "Numerical Techniques for the Computation of Transient Unequal Phase Velocity, 
Unequal Phase Temperature Two-Phase Flow and Heat Transfer." Two-phase Transport and Reactor 
Safety (T. . Veziroglu a nd S. Kakac, Eds ., Vol. II, H'!misphere Pub . Co., Washington, 1978), pp . 839-
886. 

10. R . W. Lyczkowski and C. W. Solbrig, "Constitutive Rate Equations for Flowing Phases Flashing at 
nequal Velocities and Temperatures ," (Proceedings of the Topical Meeting on Thermal Reactor Safety, 

Sur Valley, Idaho. 1977), Vol 2, pp . 2-424 to 2-442. 
11. R . W. Taylor and D. W. Bowen, Rate of Steam and Carbon Dioxide With Chars Produced From 

Subbituminous COuls, Lawrence Livermore Laboratory, Rept. UCRL-52002 (1976). 
12. P. N . Thompson, J . R. Mann, and F. Williams, "Underground Gasification of Coal" (National Coal 

Board , 1976). 
13 . Dimitri Gidaspow and R . T. Ellington, Heat Transfer in an Infinif p Tube Supporting Surface Combustion, 

American Society Mechanical Engineering preprint 61-SA-59 (1961). 
14. R . W. Lyczkowski , Dimitri Gidaspow, and C. W. Solbrig, "Simultaneous Convection Diffusion of 

Reactants , Products, and Heat with a Surface Reaction ," Chemical Engineering Progress Symposium 
Series, No . 77,63 (1967), pp . 1-15. 

15. D. U. Olnes and S. K. Madsen, LLL In-Situ Gasification Program Quarterly Report , July through 
September, 1977, Lawrenct' Livermore Laboratory, Rept. UCRL-500026-77-3, Nov. I (1977). 

16. S. Whittaker , " SimultaneolJs Heat, Mass and Momentum Transfer in Porous Media. A Theory of Dry­
ing," in Advances in Heat ., ransfer, Vol. 15, (J . P. Hartnett and T. F. Irvine, Jr. , Eds., Academic Pre s, 
New York, 1977), pp 119-203. 

17. J . H . Campbell, Pyrolysis of Subbituminous Coal As It Relates to In-Situ Gasification Part 2: Charac­
terization of Liquid and Solid Products . Lawrence Livermore Laboratory, Rept. UCRL-52035 Part 2 
(l976). 

18 . C. W. Solbrig and E. D. Hughes, " Governing Equations for a Seriated Continuum : An Unequal 
Velocity Model for Two-Phast Flow," in Two-Phase Transport and Reactor SafNY (T. N. Veziroglu and 
S. Kakac, Eds ., Vol. I, pp. 307-362, Hemisphere Pub. Corp., Washington , 1978). 

19. C. W. Solbrig and E. D. Hughes , "Two-pha e Flow of an Unequal Temperature Fluid," in Two-Phase 
Transport and Reactor Safety (T. ' . Veziro!;ltl .1nd s. Kakac, Eds., Vol. II , 1978), pp 561-576. 

20. C. W. Solbrig , C. J . Hocevar, and E. D. Hughes , "A Model For a Herogeneous Two-Phase Unequal 
Temperature Fluid" Preprints of A ICH E Papers 17th National Heat Transfer Conference, American In­
titute f hemical Engineers, New York ( 1977), pp. 139-151. 

24 



2\. R. W. Lyczkowski, D. C . Mecham, A. A. Irani, N. Fujita, G. R. Sawtelle, and K . V. Moore, The 
De'lelopmenr of RELAP/SLlP For the 5 l111iscale Blowdown Heat Transfer Tt'st S-02-6 (NRC Standard 
Problem 6) (Research Project 695-1) Interim Report, EPRI NP-343, 1977. 

22. C. W. Solbrig, J . H. McFadden, R. W. Lyczkowski, and E. D . Hughes, "Heat Transfer and Friction 
Correlations Required to Describe Steam-Water Behavior in Nuclear Safety Studies," AICHE Paper 
# 21, (15th N ationaJ Heat Transfer Conference, San Francisco, California 1975); Oak Ridge National 
Laboratory CONF-75084 3, 1976. 

23. R. W. Lyczkowski and C . W . Sol brig, "Calculation of the Governing Equations for a Seriated Unequal 
Velocity, Equal Temperature Two-Phase Continuum," Preprints of A ICHE Papers 17th National Heat 
Transfer Conference, American Institute of Chemical Engineers, New York (1977), pp. 100-110. 

24. N . Zuber and F . W. Staub, "The Propagation and the Wave Form of the Vapor Volumetric 
Concentration In Boilillg, Forced COllvection Sytem Under Oscillatory Conditions," Int . J. Heat Mass 
Transfer, 9, 871 {I 966). 

25. H. Saito and N. Seki, "Mass Transfer and Pressure Rise In Moist Material Subjected to Sudden 
Heating," J. Heat Transfer, 99, No. I, 105 (1977). 

26. Stanley Middleman, Transport Phenomena In the Cardiovascular System (Wiley-Interscience, New York, 
1972), p . 47. 

27. K. N. Shukla, "Heat and Mass Transfer in Combustion and Evaporation Processes' in Future Energy 
Production Systems Vol. I (J . C. Denton and N. H. Afgan, Eds., Academic Pre s, NY, 1976), pp. 523-
547. 

28. Hsiang-Cheng I( ;tng, "A Mathematics Model of Wood Pyrolysis," Combustion and Flame, 18, 185 
(1972). 

29. J . Crank, The Mathematics of Diffusion (Oxford University Press, London, 1956), p. 303. 
30. Masao Kito and Sachio Sygiyama, "Heat Transfer of Condensible Vapor Diffusing Through Porous 

Media" Int . J. Heat Mass Transfer, 13, 1705 (1970) . 

31 . C. A . Chase, Jr ., Dimitri Gidaspow, alld R. E. Peck, "Diffusion of Heat and Mass In a Porous Medium 
With Bulk Flow," CEP Symposium Series No. 92, 65, 91 (1969). 

32 . Stephen Whittaker, "Toward a Diffusion Theory of Drying," Ind. Eng. Fund, 16, No.4, 408 (1977). 
33. I. P. Kirichenko and V. S. Ton, Experiments In Underground Coal Gasification at the Lisicha'lk Mine, 

Gornyi Zhurnal, Vol. lII , ~o . 8, 10-21 , (1935); UCRL-Trans-lOi2, (1976). 
34 . C . B. Thorsness and R. B. Roza, "Lawre-nce Livermore Laboratory In Situ Coal Gasification Program: 

Model Calculations and Laboratory Experiments" 51st Annual Fall Technical Conference and 
Exhibition Soc. Pet. Eng, AIME, New Orleans, (1976). 

35. J. D. Ramshaw and J . A. Trapp, " Characteristics, Stability, and Short Wavelength Phenomena In Two­
Phase Flow Equation Systems," Nuclear Sci. and Eng. 66, 93 (1978). 

CCD 

25 



APPENDIX: INCLUSION OF SURFACE TENSION 

For the model derived in this paper, we assumed that the pressures of the two phases are equal. 
The effect of surface tension may easily be included following the approach given by Ramshaw and 
Trapp. 35 

The pressure between the two phase is given by 

where (J is the surface tension and Rc is the radius of curvature of the interface given by 35 

If the assumption is made that 

the phase pressures became related as 

a 20: 
g 

p -p = -oR --2 
g II P ax 
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ANALYSIS OF HANNA II IN-SITU COAL GASIFICATION EXPERIMENTS 

by: R. J . Cena 

INTRODUCTION 

The Laramie Energy Research Center (LERC) has conducted several gasifi-

cation experiments in recent years, at its Hanna, Wyoming test site . 

Herein is an attempt to quantify field test results using material 

balance calculations consistent with those reported for Hoe Creek . The re-

suIts of this study are compared with published results for Hanna II Phase I 

and Phase 111,2 and with recent Hoe Creek II results . 3 

Background 

Two reactions are considered in determining ~ he overall material balance 

for in--situ gasification: 

COAL Heat> XCI) CHAR + [I-X(I)] Volatile Products 
(1) 

and 

CHAR + A(I)02 + A(2) H20 -- Products 
(2) 

Summing these reactions with the product species enumerated we arrive 

at the overall stoichiometric relation for in-situ gasification reported for 

Hoe Creek 1:4 

CH Os +A(1)02 + A(2)H20 -)- A(3 )H
2 

+ A(4)CH
4 

+ A(5)CO + A(6)C0
2 

(3) 
a l 1 

Dry ash-free coal + A(7)C 2H6 + A(8)CHa 0
8 

+ A(9)CH
a 

° S3 

(Tar)2 2 (Char1 
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In Equation (3), A(9) represents the net amount of char left under-

ground, rcsult~ng from more char being produced in reaction (1) than consumed 

in reaction (2). 

Assuming the a's and ~'s are known or can be reasonably estimated, 

equation (3) contains nine unknown coefficients A(I)-A(9). To solve for the 

unk~own coefficients, nine independent relations must be known. We choose 

the following set: 

A) Atomic balances 

Overall C Balance 

Overall H Balance 

Overall 0 Balance 

B) Molar ratios of individual 
product species 

C) Molar ratio of 02 consumed 
to product spec i e " , using 
02 tracer i~ pr0duct gas 

3 equations 

5 equations 

1 equation 

TOTAL 9 equations 

For air gasification, N2 ~rovides the necessary 02 tracer in the 

product gas. However for burns ?ther than air a suitable inert 02 tracer 

must be supplied. 
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HANNA II EXPERIMENTS 

The Hanna II in-situ gasification experiments were conducted in the 

Hanna #1 coal seam, a 30 foot thick subbituminous coal seam at an 3pprox~­

mate depth of 275 feet. The physical properties of this coal pertinent to 

the solution of Equation (3) are given in Table 1. (See Attachment I) 

The Hanna II experiments consisted of three phases. Phase J and II 

will be discussed here. 

TABLE 1. Physical Properties of Hanna II Coal 

COAL - C HO'I O~l 

0'1 (H/C ratio) 

~1 (O/C ratio) 

TAR - C Ha2 O~2 

0'2 (HIC ratic) 

~2 (O/C ratio) 

0'3 (HIC ratio) 

~3 (O/C ratio) 

COAL - X( l) CHAR + [l-X( 1)] VOLATILE 

M.W. 

M.W. 

M.W. 

16.06 

0.9659 

0.1923 

13.01 

1.0 

0.0 

12.12 

X(l) 

0.1018 

0.0003 

0.6533 
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HANNA 11 PHASE I 

The Hanna II Phase I experiment consisted of reverse combustion linking 

of two wells 52 ft . apart followed by 38 days of forward gasification . 

Published results
l 

summarizing the forward gasification are presented in 

Table 2. 

TABLE 2. HANNA II Phase I Summary 

Overall Average Composition of rroduct Gas 
(volume percent) 

N2 51.0 

HZ 17.3 

CO 14.7 

CO2 12.4 

CH4 3.3 

C2-C4 0.6 

Average Operational Parameters 

Heating Value of Gas (Gross) 152 Btu/set 

Daily Gas Production 2.7 MM scf 

Daily Air Injection 1.9 MM scf 

Daily Btu Production 420 MM Btu 
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HANNA II PHASE II 

The Hanna II Phase II experiment consisted of reverse combustion linking 

of two wells 60 ft. apart followed by a 27 day period of forward gasification. 

The average forward burn gas composition and operating parameters, derived 

from daily averages,5 are presented in Table 3. 

TABLE 3. HANNA II Phase II Summary 

Overall Average Composition of Product Gas 
(volume percent) 

N2 49.08 

H2 16.421 

CO 15.913 

CO2 11. 900 

CH4 5.416 

C2-C4 0.4506 

Average Operational Parameters 

Daily Gas Production 6.59 MM scf 

Daily Air Injection 4.13 MM scf 
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Material Balance Calculations 

Using the physical properties in Table 1 in conjunction with reported 

Pllase I results, Equation (3) is solved for the unknown coefficients A(l) _ 

A(9). The results of this calculation are presented in ' ~able 4. 

TABLE 4. Stoichiometric Coefficients for Hanna II Phase I 

A(l) °2 0.2732 

A(2) H2O 0.0474 

A(3) H2 0.3443 

A(4) CH4 0.0657 

A(5) CO 0.2925 

A(6) CO2 0.2468 

A(7) C2H6 0.0119 

A(8) TAR 0.0 (assumed) 

A(9) CHAR 0.3711 

For completeness a second calculation, disregarding the 02 tracer informa­

tion and assuming no net CHAR formation A(9) = 0 is presented in Table 5. 
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TABLE 5 . Stoicht ometric Coefficients for Hanna II 
Phase I, Assuming No Net CHAR Formation 

A(l) 
°2 0 . 3762 

A(2) H2O 0. 3291 

A(3) H2 0. 5475 

A(4) CH4 0.1044 

A(5) CO 0. 4652 

A(6) CO2 0.3924 

A(7) C2H6 0 . 0190 

A(8) TAR 0.0 (assumed) 

A(9) CHAR 0.0 (assumed) 

Similarly, Equat:.on (3) is sulved for Phase II using product composi-

tions in Table 3. These results are presented in Table 6. Table 7 corre-

sponds to the case where no char is assumed. 
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TABLE 6. Stoichio~etric Coefficients for Hanna II Phase II 

A(l) °z 0.Z333 

A(Z) HZO 0.0419 

A(3) HZ 0.Z897 

A(4) CH4 0.0955 

A(5) CO 0.Z807 

A(6) COZ 0.Z099 

A(7) CZH6 0.0080 

A(8) TAR 0.0 (assumed) 

A(9) CHAR 0.3979 

TABLE 7. Stoichiometric Coefficients for Hanna IT 
Phase II , Assuming No Net CHAR Formed 

A(l) °z 0.3081 

A(Z) HZO 0.355Z 

A(3) HZ 0.4811 

A(4) CH4 0.1587 

A(5) CO 0 .466Z 

A(6) COZ 0 .3487 

A(7) CZH6 0.013Z 

A(8) TAR 0.0 (assumed) 

A(9) CHAR 0.0 (assumeci) 
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Results 

Two interes~ing results are evident from the material balances presented 

in Tables 4 and 6: 

(1) A large, unreacted CHAR zone is calculated to remain follow­

ing gasification, in both cases , 

and, 

(2) Ve~y little water is calculated to enter into the overall 

reaction. 

The fraction of coal carbonized only to the total amount of coal affected, 

carbonized and gasified is A(9)/X(1). 

For Hanna II coal, X(l) = 0.6533 which yields for Phase I, 57% ca~bonized 

and for Phase II, 61% car.bonized . 

Thus total coal consumption, on a dry ash free (DAF) basis, can be 

calculated from the operating results in Tablea , and 3. For Phase I a total 

of 1143 tons of coal were affected with 493 tons gasified and 649 tons 

carbonized only. LERC rep~rts1 538 tons gasified and 475 tons carbonized 

which agrees reasonably well. 

For Phase II, a total of 2124 tons of coal were affected with 830 tons 

gasified and 1293 tons carbonized. Here LERC reports2 2190 tons of coal 

burned on a wet with ash basis, which corresponds to 1367 tons (DAF). This 

value was not determined from conSideration of a complete mate r ial balance 

but rather by summing carbon in the product gas, which tacitly assumes that 

no net Char is left underground. This is in obvious confli c t wi th material 

balance results. 
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Hoe Creek II Results 

Material balance results ~or Hoe Creek II are presented in Table B. 

TABLE B. Stoichiometric Coefficients for Hoe Creek II 

A(l) 
°2 0.449 

A(2 ) H2O 0.189 

A(3) H2 0.404 

A(4) CH4 0.067 

A(5) CO = 0.221 

A(6) CO2 0.527 

A(7) C2H6 0.023 

A(B) TAR 0.039 

A(9) CHAR 0.099 

The fraction of carbonized to total coal affected for Hoe Creek II is 

0.099/0.6725 or 14.7 percent. This compares with 57 and 61 percent carboni­

zation for Phases I and II, respectively. 

Also, the amount of water entering into gasification is two to four times 

that calculated for the Hanna experiments. 
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Sensitivity Study 

Before any conclusions can be derived from the above results, the matter 

of sensitivity should be considered. Presented in Figures 1 through 3 are 

plots showing the variation in the amount of unreacted char versus variations 

in 1) product gas ~omposition, 2) tar composition and amount a~d, finally, 

3) coal composition. 

In Figure 1, we see that large changes in the product gas composition 

does affect the amount of unreacted char. However, for reasonable ranges 

of variation, ~ 0.5 mole percent, very little change occurs. 

In Figure 2 we see that no reasonable assumptions as to the amount or 

composition of unreacted tar serves to significantly reduce the amount of 

char formed. 

And finally, in Figure 3 we see that the amount of unreacted char is 

sensitive to coal composition. 

However, a deviation of greater than 10 percent for the HIC ratio 

coupled with a 50 percent change for the olc ratio from reported values is 

necessary to bring the Char estimates to zero. 
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Conclusions 

The results of this analysis show that large amounts of unreacted char 

may be left underground following gasification. Also , very little water is 

calculated to enter into the overall gasification reaction at Hanna II. In 

view of t- le heterogeneous nature of Hanna coal, the apparent conclusion of 

a large char zone may be partially offset by differences in the composition 

of coal actually entering into gasification. 

However, since coal composition is one of the few parameters which can 

be measured in a field experiment, it is felt that uncertainties in this 

area should be eliminated, so that more abstract parameters such as un­

reacted char formed may be addressed . 
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ATTACHMENT I 

Analysis of Coal Taken from Hanna No. 1 Seam 

Hanna I Site 
Hanna II Site As received Moisture-free Moisture-and ash-free As Received 

Proximate analysis: (wt %) 
Moisture 

9.51 - - 8.62 Volatile matter 32.64 36.07 48.91 31.66 Fixed carbon 34.09 37.67 51.09 30.78 Ash 
23.76 26.26 - 28.92 100.00 100.00 100.00 99.98 

~ltimate analysis : (wt %) 
Hydroge'1 

5.09 4.45 6.04 4.64 Carbon 
4~.60 54.81 74.33 45.34 Nitrogen 
1. 29 1.43 1. 94 1.14 Oxygen 

19.58 12.30 16.67 19.27 Sulfur 
.68 .75 1.02 0.69 Ash 

23.76 26.26 - 28.92 100.00 100.00 100.00 100.00 ~eating Value (Btu/lb) 8,660 9,580 12,990 8,600 

L 
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NOMENCLATURE 

Enthal py of gas species " i" at temperature T
J 

(cal/g-mole) 

Entha lpy of solid specie " i" at temperature T
J 

(cal/g) 

yj (Ja mole fraction of specjes " j" at location "j" 

Temperature 'it location "j" (K) 

Gas flux at location "j " (g-mOle) 
cm2 

Liquid water flux at location ' 'j " (_g_) 
em! s 

Den ity of solid species "k" (_g_ ) 
\cm3 

Molecular weight of olid pecies " k" 

M~ Molecular weight Of ga pecie " i" 

W R Reaction front velocity 

Wn Drying front velocity 

W s Steam front velocity 

Gas specie : I - N2 
2 - O2 

3 - H 20(g) 
4 - H2 

Solid pecies : I - Coal 
2 - Char 
3 - H 20(M) 

( csm) 

( csm) 

( csm) 

5 - CH4 

6 - CO 
7 - CH2 

8 - Tar 

v 



MOVING EQUlLmRIUM FRONT MODEL FOR 
IN SITU GASIFICATION 

ABSTRACT 

We have developed a imple model fel forward-combu tion ill situ coal gasification . The model 
treat chemical and thermal problem of ga~ification by con idering macroscopic material and energy 
balances written around the moving front as ociated with the proce s. At variou points in the y tern. we 
a ume th rmodynamic equilibrium to exi t, thu allowing the thermal and mass balance to be coupled in 
uch a way that the performance of the sy tern is completely specified. We have Jone ample calculation for 

a number of feed compositions using variou a umptions about the thermodynamic properties of the 
solid-phase char and y. tern operating pres ure . The equilibrium as:mmptions u ed are 010 t appropriate for 
high oxygen-feed concentrations and for coals with a mole ratio of water to carbon in the char below 0.35 . 
The u 'efulne of the model is limited by two primary con ideration : predicted hot gas equilibrium 
temperatures Call be so low that rate limitations in reaching equilibrium can be severe; and energy release 
into the wet coal may not be high enough to en"ure that the predicted rate of drying will exceed ~he predicted 
ate of coal con umption . 

INTRODUCTION 

To gasify coal ill situ , the bed is first prepared and then ignited and a steam-oxygen and/or air 
mixture is injected iflto it to ustain combu tion. This report present a simple model of the response of the 
bed to ga ification . We feel that the model amplifie our understanding of the gasification proces and thereby 
help u to achieve maximum results . One approach to modeling ill sitll ga ification proces involves writing 
out differential equations describing the rate proce "es inv')lved and solving the resulting set of equations. 
Thi lead to a detailed des" iption of the proce S' ·4 but at the same time requires detailed submodels to be 
generated to de cribe reaction rates, tran port coefficient. etc . The complexity of these model . and the 
ga ification proce s it elf, suggest that the development of simpler models be explored. 

We treat chemical and thermal problems of gasification by examining the macro copic material and 
energy balance a sociated with moving fronts. We assume a one-dimen ional adiabatic model in which heat 
and rna ~re only tran ported in the system by convection. We al'>o assume that equilibrium exi ts at various 
points with respect to chemical changes . Thus, thermal and mas balances can be coupled to completely 
pecify the performance ot the y tern. 

Stcphens5 •6 prev;ously explored the u e of an equilibrium assumption to help under tand ga i­
fi cation. Our work is differe nt from Stephen . in that we consider ga iftcation to be a continuou pro e s 
rather than a batch proce s . In addition, we u e energy balance to couple equilibrium temperatures to 
available energy , which Stephen did not. 

The moving fronts-bed temperature --important to this model are sketched in Fig. I. Ea h i 
as ' 0 iated with a trong heat effect and each front moves at its own velocity. The reaction front represents 
the face of the unconsumed ' har, the drying-pyrolysi front i where coal i dried and then pyrolyzed to char, 
and the condensation front is where the coal i heated, primarily by steam condensation , to an appropliate 
steam-plateau temperature. We a ume that the processes involved in the vidnity of these front are rapi.::, 
and we thu treat change in this area essentially as tep changes. In previous work7 a similar model wa 
u ed to investigate pressure drop in the ystem. However, here we a ' ume pressure drop to be unimpor­
tant and empha ize the chemical makeup of the produced gas a well as the relative motion of thermal 
fronts . 

The gas pecies we con ' ider are O2 , N2 • H20 . H2 • CH4 • CO. CO2 • anJ tar; ,he nonga eous pecies 
are coal , char, H20(F), H20(M), and ash . Char i the ba ic olid produ t of coal pyroly i~ and tar repre­
sents a pseudo-component incorporating all product of pyroly i that are not among the li sted ga pecie . 
H20(F) is " fixed " or bound water contained in the coal and relea ed in the drying process. and H20(M) is 
"mobile" water contained in the flow-carrying porosity of the ystem . 



MODEL EQUATIONS 

The basic model equations involve the mass and energy balances of the three moving control 
volumes shown in Fig. 1. Between control volume we assume that no change in th~ system Occurs and that 
gases and solids are the same temperature. Figure 2 shows these control volume in reference frames 
moving at the velocity of the individual fronts . Major inflow and outtlow streams are shown for each of the 
control v llume R, D, and S. We as ume that he gas velocity is much greater than the front velocities and 
as a consequence we need not consider relative motion of the control volume wht!n deaJing with gas streams. 

WRI 
r:~C, r-- - - -., 

I I 
~I 

I Drying and I 
I pyrolysis I I 
i I I r I I I I I I I I I I 

WT-Gas I Char-gas I I I => I reactions I I I I I I I r- ---I I I 
I I I Steam I I I 
I I I condensation I I 
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L-____ :J coal 
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FIg. I. Fronts with moving control volumes. 

" 
G1 @T1 G2 @T2 G3 @T3 y i yi y i yi 

1 2 3 4 

Zone 1 Zone 2 Zona 3 

WS(Pl + P3 + P4) -@T
4 

Fla· 2 Flow streams (or mass and tne'lD' baJlIIICeS. 

2 

) 



Zone I repre ents the inlet region where we assume that the inlet gas is in thermal equilibnum with 
ash. Zone 2 represent the region where the ga '-pha e that contains reaction products is assumed to be in 
thermal and chemical equilibrium with olid containing char and ash. Zone 3 is the team plateau region 
where a solid phase that contains undried coal and ash are assumed to be in thermal and water-vaporlliquid 
equilibrium with the flowing gas tream . ZOfle 4 repre ents the unheated coal bed. also assumed to be in 
thermal and water-vapor/liquid equilibrium with the flowing ga stream. Also present in Zone 4 is a liquid 
water tream . All char/gas reactions are as umed to occur within the confines of control volume R. In con­
trol volume D we assume that water in the wet co~1 is dried and that solid coal is pyrolyzed to yield gaseou 
species and a solid char. In control volume S we a sume that the steam condenses to liquid water. 

Reaction-Front Control Volume R 

The mass balance fo r species i in control volume R can be written 

5 L W p2R1 
..!d..I + G yl + _R __ R = G. y.1 

J8 t t M2 . 2' 
s 

(I) 

51•3 = 0 (i ,;. 3) , 53 .3 = I, 

where the numerical sub cripts refer to the zone from which or into which a given stream is flowing, the 
super cript "i" i the gas species , G is the molar gas fluxes , Y is the ga mole fraction, and W

R 
is the ve­

locity of the reaction front. A separate equation is written for each gas pecies. The RR'S represent 
stoichiometric coefficients defined for the overall reaction of char (CH. O

b
) 

(2) 

An enthalpy balance around control volume R yields 

8 

L th: + G t ~ Yl~ I T t + WR [P2h~ I T2 + 3h~ I T2 - p~h~ I T t] 

8 

= G2 ~ y~~ I T2 ' 
1= 1 

(3) 

where the gas enthalpy h, i defined per mole of species " i" while the solid species are defined per gram of 
material. We assume that the enthalpies are only a function of temperature . 

The following problem must be solved : given p2, p~, yl, GI> and TI> find R~, ex , {3, W
R

, yi , G2, and 
T 2 • The solution is oblained by fITst rearranging £ q . (3) so that 

w, ~ G, [t, ylh.: I T, - G, t. ylh.: I T, - L,ht I T, ] 

[P2h~ I T2 + p~h~ I T2 - p~h~ I TtJ - t (4) 

Eq . (1) must then be ummed over i 0 that 

(5) 

3 



The rest of the solution then involves an iterative process that proceeds in the following manner: T2 is 
estimated and equilibrium assumption then allows the calculation of Rk, G2> and yl (see Appelldix A). 
Equations (.1) and (5) are then used to calculate two values for WR. lfthey do not agree, a new estimate of the 
T2 is made and the procedure is repeated. 

A computer program has been written (see Appendix B) for the computations outlined above, as 
well as for those given below for the other fronts. 

Drying-Pyrolysis-Front Control Volume D 
The mas balance around control volume D is given for each of the eight gas species as 

(6) 

where ~ is the coefficient of the overall reaction for pyrolysis and 

+ R~ CeHr (tar) . (7) 

Also note that the effective char density is defined as 

(8) 

wher! Rb is the coefficient for the drying reaction and is simply 

Rt = I 

and Rb = 0 for iF 3 . 

The enthalpy balance around the control volume is 

(9) 

4 



The following problem must be olved: given O2 , yt T2, Ri" Rb. pi, P~. and p5, find Wo, O~, YA. and T
3
. 

The olution i obtained by first combining Eqs. (6) and (9) to produce an equation for W 0 and eliminating the 
unknown 0 3Y! ' Thus, 

w, ~ G, I;' [y! (~ I T, - ~ h , ) ] I 
Ip'h: I T, + p'h: I T, + p'hl I T, - p' h, I T, - p' hl I T, 

-. ~ [i pi 
R:, + P3

Rb.\ h.:' J 1-' ~ \ M~ M~ ) T3 

An equation for 0 3 i generated by summing Eq . (6) over all i: 

(10) 

( II) 

The remaining part of the solution procedure is iterative . An estimate is made for T
3

, Eq. (10) is solv .:d for 
Wo, and Eq . (6) is used with i = 3 to caJculate y! . The assumption of water-vapor IIi quid equilibrilJ In zone 
3 allows a relation to calcula e T3: 

PH
2
0 = ygP, 

d . P (,12.61 - 4
T
690

3 

) , an ,assummg H
2
0 = exp \' 

then 

(12) 

Here PB 20 is the vapor pressure of water (atm) at T 3 • If this calculated T3 agrees with the estimated value , a 
olution has been obtained and the remaining concentrations are found using Eq . (8) . If it does not agree, this 

vaJue is used as a new estimate for T3 and the procedure repeated until agreement is obtained. 

Steam Condensation Front-Control Volume S 
The gas pecie m ss baJances for these control volumes lead to the following : 

(13) 

5 



The only change allowed in this control volume is steam condensation that causes an effluent liquid water 
stream L4· We assume that the solid phase composition does not change while traversing this front. 

The enthalpy balance is 

(14) 

The following problem must be solved: given Ga, y!, Ta, and T., find Ws , G. , yl, and L4. Unlike the 
previou olutions , the e result. ,an be found directly. Fir"t the water vapor concentration in zone 4 is found 
by assuming water vapor/liquid equilibrium in zone 4: 

y~ = (15) 

Equation (13) with i = 3 is then used along with Eq . ( 13) summed over i to find the liquid water rate 

(\6) 

The equation for gas flow in zone 4 is 

(17) 

E<tuation (13) is then used for each species to determine y~. Finally, Eqs . (14), (16), and ( \7) lead to an 
equation for the rate of front movement 

Ws = Ga 

+ 18 

+ p. 

8 

~ (y~~ ITa) + [Y~h~ IT.] 
[

I - (y~ - yn ] 
( I - yn 

il 3 

{Yi - Yl~ ha I I p' (h~ I T4 - h~ I Ta ) (I - yn • T4 

1-' (h: I T. - h: I Ta ) + p5 (h: I T. - h~ I Ta) 

6 

(18) 



THE REACTION FRONT 

In 'he equations that de cribe the moving front (I through 18), upstream fronts are, for the most 
part , uncoupled from the downstream fronts. Thus , the motion of the reaction front and accompanying gas 
compo ition and temperature in zone 2 can be inve tigated without refelence to the other fronts . The primary 
variables that influence the reaction fron t are the gas-feed stream composi,ion and temperature, the system 
operating pressure , the ash content of the char, and the exact nature of the a slimed equilibrium in zone 2. 
Total gas flow rate and total solid den ity influence only the magnitude ofWR but not reaction temperature or 
compo ition . 

To calculate equilibrium composition (a outlined in Appendix A) , everal equilibrium constants 
must be calculated and the number and compo ition of chemical pecies allowed in the equilibrium mixture 
must be estimated. The equilibrium constants are calculated from the thermodynamic properties of the 
specie present in the sy ·tem. The properties of gas species are well known . On the other hand , the 
properties of the char in zone 2 are not well known , because its exact tructure is unknown. Consequently, 
we have estimated the thermodynamic propertie of char (heat of formation. ab olute entropy, and heat 
capacity) that cover a range of po sible specifications, including ,8, graphite and a much less ordered 
ubstance with a nonzero standard free-energy of formation . Appendix B de cribe the nature of char 

thermodynamics as well as the thermodynamics of the other substances . 

In general. the reacting species allowed in the equilibrium mixture of zone 2 consist of char in the 
solid phase and Nz, Oz, H 20 , H 2 , CH4 , CO, and CO2 in the gas phase. This Ii t i modified for somf. 
calculation by omitting CH. becau e it appears in zone 2 via a reaction whose rate is cO'lsiderably lower 
than those fN other constituents . 

We performed a series of calculations to investigate the influence of the importa It parameter on 
the behavior of the reaction front. The results of some of these calculations are present .;d to illustrate the 
pos ible range of behavior. These results are divided into five cases that show the imluence of particular 
variables. Becau e oxygen concentration is the dominant variable we present a series of concentrations for 
each of the five cases. Table I presents the pertinent input data required for each case. 

Table 1. Input data for cases A through E: gas now rate for all cases IXIO - 4 mol 
s cm 2 ' 

CH, Char Asb 

Case T IS present Pressure, Density, Chemistry Density. 

aIm g/.m3 g/.m3 

A Dew point Yes 0.245 CH .... O o,. 0.0408 

B Dew point Yes 0.238 C 0.0408 

C Dew point No I 0.245 CH . ."O .,. 0.040IS 

D Dew point Yes 30 0.245 CH .... O.o,. 0.0408 

E 300K Yes 0.245 CH 090 0,. 0.0408 

Case A is a standard against which the influence of other assumed conditions can be compared. 
We used a char typical of that obtained from subbituminous coal and low-pressure operation . Figure 3 
shows the calculated gas composition and temperature in zone 2 a a function of the oxygen mole fraction . 
Steam is the other reactant that flows into the reaction zone along with the oxygen. The inlet temperature 
changes lightly with oxygen content because we as ume tte inflowing reactants to be at the dew point. 
The gas composition of the product gas responds as expected to the change in oxygen concentration . At 
low oxygen concentrations the temperature is relatively low and rather large amounts of CH. and CO2 are 
pre ent. As oxygen concentration increases , the temperature also increases and CO and Hz become the 
dominant ga es. Note the rather complete decomposition of H20 at all conditions. In addition, the calcu­
lated equilibrium temperatures are relatively low at low oxygen concentration. To establish a low-temper­
ature equilibrium mixture would require very long residence time in the char zone. 

7 
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Fig. 3. Char adiabatk equilibrium, lit 1 111m with methane; y', 
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FIg. 4. Graphite adiabatk equilibrium, at I atm; y', T, vs 
mole fraction O. In the feed. 

Case B shows the results assuming that the char thermodynamics correspond to ,a-graphite. 
Figure 4 gives the calculated gas composition and temperature for this case. The CH. concentration is 
much lower than that for Case A and H2 is higher. At low oxygen concentrations the amount of steam de­
composition is considerably less than that of case A. The equilibrium temperatures are in general some­
what higher than those of Case A. 

Ca e Chows the influenc..; of sup~res ing CH. on the computed gas composition and tempera ure 
(see Fig. 5) . Ga composition are similar to Ca e B but the equilibrium temperatures are lower, primarily as 
a result of the slight increase in steam decompo ition. 
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Figure 6 gives the calculated ga compo itions and temperatures for Case D. We can find the 
influence of increa ed pres ure by comparing the e result with Case A. The higher pres ure operation 
slightly increa e the methane concentration and substantially increases the equilibrium temperature . 

Case E illustrates the influence of changing the feed stream from oxygen/steam to oxygen/water. 
Figure 7 show the calculated gas compo ition and temperatures . When we compare these results to Case A 
we ee a con iderable reduction in the equilibrium temperature caused by the additional heat load of 
vaporizing water. The concentration of CH 4 and CO2 increase in response to the lower temperature 
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The a h l..o ntent of the char i the only remaining v'lriable that could influence the reaction front. 
However, when we removed all the ash from Ca e A we did not find any significant change in calculated gas 
composition or temperature . 

Figure 8 show the velocity of the reaction front for I!ach case as a function of oxygen feed 
concentration. At high oxygen concentration all ca e reach the same asymptote corresponding to the 
formation of Hz and CO as the only reaction products. The slight ofT et of Case B tems from the lower 
value of char density u ~ed in the calculation . 

The computed gas compositions a hown in Figs . 3 through 7 are not a function of the magnitude of 
the total ga flow. For a constant char/ash ratio they are not a function of absolute solid den ity. In addition, 
we have found that W R at a given oxygen feed concentration i directly proportional to the total feed rate and 
inversely proportional to the solid density. Figure 8 can be u ed to determine WR for any value of reactant 
flow or ~olid den ity . Appendix D summarizes additional runs including some in which air is as umed 
for the feed stream. 

In summary, we can make several conclusions about the performance of the model. The most 
important va ri -.j!e influendng the calculatcd results is the oxygen/steam ratio in the feed gas . The next 
consideration is the nature of the char thermodynamic') and the pre ence or ab 'ence of methane in the 
equilibrium mixture . The operating pres ure i Ie important. The remaining variable, ash content, i of very 
little importance . Low oxygen-feed concentrations favor CH4 and CO2 while high oxygen feeds favor Hz 
and CO. The temperature calculated for low oxygen concentration probably invalidate the assumption 
that the system would reach such an equiliblium in a reasonable amount of time. However, for rea onably 
reactive chars many of the higher oxygen-feed concentrations ~ay approach the calculated eqllilibrium 
states. 

THE DRYING/PYROLYSIS FRONT 

The heat required to turn wet coal to dry/hot char and the rate at which heat is upplied to the front 
controls the rate of movement of the drying/pyrolysi front. This heat is supplied by the hot gas that emerges 
from the reaction zone ; consequently, the rate of movement of the drying/pyrolysis front is nece arily 
coupled to the ll?strearn reaction front. 

The change in gas composition and temperature when crossing the front is of less interest than 
changes acro the reaction front because we are not considering any reactions other than the evolution of 
pyroy is products and team . 

A di cussion of the drying/pyrolysi front must define the solid phase in zone 3 and the pyroly is 
reaction . The solid is wet coal. For the zone 3 olid we take: 

pi (coal) = 0.415 _g_, 
c 3 

p4 (fixed water) = . 

p5 (ash) = 0.0408-g-, 
cm3 

as well as a coal molecule of CHo.912 0 0. 194 , The assumed pyrolysis reaction is given by 

CHO.912 0 0 . 194 0.776 CHo.09 0 0.0 16 + 0.078 H20 

+ 0.083Hz + 0.044CH4 + 0.103 CO 

+ 0.037COz + 0.014 C9H z5.itar). 

The e values are for a particular subbituminous coal from the Wyodak mine in Wyoming. 

(19) 

(20) 

(21) 

(22) 

We can see that the ratio of the drying/pyrolysis front velocity and the reaction front velocities for a 
particular sy tem are independent of both ga feed rate and the total solid density . Thus , the calculated 
results for WD/WR shown in Fig. 9 are independent of total flow rate and olid density and are shown 
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0.6 

corresponding to the reac1ion front performances in cases A, B, C. and D. 

For the initial physical picture of the proces to be valid, the ratio Wn/WR must be greater than, or 
equal to, one to ensure the presence of a hot char zone in equilibrium with the flowing gases in zone 2. A 
value less than one indicates that heat convected down tream from the reaction zone is insufficient to dry and 
pyrolyze the coal rapidly enough to supply the char requirements of the reaction zone. Figure 9 shows that 
for many of the case the model calculates Wn /W R < I. We can only model systems with reaction-front 
properties that correspond to cases A and D for high oxygen-feed concentrations . However, if char behaves 
more like graphite (case B), the model predicts possible solutions over the entire range of oxygen 
concentration. In any case, the lower water decomposition and low methane concentrations reduce the 
effective carbon-carrying ability of thl:: gas stream and (hus slow the reaction front enough to always allow 
WD to be greater than WR. 

Certainly , real systems with feed compositions and char thermodynamics that yield W n/W Riess 
than one would perform as adequate ga ification chemes . The above results only indicate that they would 
not operate with equilibrium compo itions and temperature in the hot char zone . Rate processe would be 
important in the e systems. 

The primary parameter influencing the speed of the dryillg/pyrolysis front for a given gas flow rate is 
the total amount of water that must be removed from the wet coal. The reaction front speed, on the other 
hand , is related to the effective char density . Consequently, the ratio Wn/WR for a given system is a func­
tion of the ratio of water in the coal to char formed from the coal. To determine how the model applies to 
coal of varying wetness we made a series of runs. We ran cases A, B, C, and D using the same assump­
tions a before except that we varied the amount of water in the coal . Figure 10 shows the results of the e 
run . The lines represent the conditions for which WoIWR = I as a function of oxygen feed concentration 
and coal wetness . Coal systems with water content on or below any particular line would have calculated 
WoIWR> I. Thi would indicate the possible pre ence ofa hot char bank in equilibrium with the reacted gas 
mixture. For all four ca e , coals with a mole ratio of water to char less than 0.33 would yield Wn/W

R
> I, 

and thus would repre ent (at least theoretically) po:. ible system performance. 

II 



MODEL APPLICABILITY 

The number of po sible coal sy tem propertie and ga ification operating conditions i large . 
However, we have e tabti hed some general guide line to indicate when the pre ent model might apply. The 
three major variables that influence the Wr:/WR ratio are gas-feed compo ition. char thermodynamics , and 
water/char ratio . Figure II defines region where the model could be at least theoretically applied. Bound­
aries are hown separating the figure into regions . Two of the e boundarie repre ent a ystem where we 
assume the char to behave like ;3-graphite: the other two repre ent a system where the char i a more ac­
tive pecies with thermodynamic propertie e timated for the char CHo.1I900.018' (A ystem in which 
methane is uppre ed act much lik~ that of the ~-graphite system.) Boundarie for two pressure levels 
for each system are shown. 

1.2~--------~--------~--------~--------~--------~------~ 

30 atm Models not -- applicable /' , 
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I'"" I Char 
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fig. 11 . Range of model applicability for char and graphite, PH
2
o/Pchar vs mole fraction O. in the feed. 
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We u ed an additional factor, beyond the con ideration ofWr/W Il ratio, to establish the boundaries 
shown in Fig. 11 . While the portion uf the boundaries with a horizontal component only require W r/W R;?!; I, 
the vertical boundaries are based on a temperature limitation. This limitation i an attempt to recognize the 
fact that equilibri Jm will not be achieved in the hot char zone if the calculated equilibrium temperature is not 
high enough to promote rapid reaction rate . In Fig. II we drew the vertical boundarie orne what arbitrarily 
at the point where calculated hOl char temper"ture was 9OOK . 

For a given set ofa umplions about char thermodynamic , the more the ystem i below and to the 
right of the corresponding boundary, the more likely an equilibrium de cription of the proce s would apply . 
In thi regard, distance from the vertical boundary is more important becau e it represents a hotter char 
zone. Because most reaction rates are exponential in temperature, hift to the right are accompanied by 
large increases in reaction rate in the hot char zone, and thu a greater probability of equilibrium. Increased 
distance below the more horizontal portion of the line represents larger values of W r/W R that tran late into 
the development of larger hot char bank . This increase also increases residence time in the hot char zone as 
well as the chances of reaching equilibrium. However, it is not as important a factor as increased 
temperature . 

THE STEAM CONDENSATION FRONT 

The steam conden ation front is a thermal front driven primarily by steam condensation. The only 
gas composition change allowed in the model acro s the front is the removal of steam from the gas phase 
accompanied by the appearance ofa watel phase . We assume the water phase to move out of the system at 
a rate identical t it generation rate. 

The speed ofmovem nt of the front is primarily a function of initial solid temperature, average olid 
heat capacity, and water saturation of the gas arriving at the front. In all cases in which a reasonable amount 
of water i pre em in the system, the velocity of the st::am condensation front is much greater than that of the 
other fronts. Figure 12 shows a typical re ult of the ratio of the steam conden ation front velocity to that of 
both the drying/pryrolysi front and the reaction front. ;\s with the other fronts, W. is directly proportional to 
the injected gas flow rate and inver ely proportional to the total density. Thus , for a given system the result 
in Fig. 11 are independent of total flow and total solid den ity . These particular re ults are for a char that we 
as ume to behave a a ,a-graphite and for which the other input variable are those of ca e B with the additional 
a umption that P1 = 0.224 g/cm3. 

The movement of the tearn front is not important in con iderations of dry gas production or model 
applicability. However, it does allow us to e timate the arrival of steam at the production end ofa sy tern. 
The size of zone 3 (the region between the drying/pyrolysi and team conden ation fronts) may influence the 
overall pressure drop in the system. 7 
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Fig. 12. W, fWo, W, fWH vs mole fraction O. In the feed for graphite. 
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ENERGY RECOVERY FROM REACTION ZONE 

A an example of the result that can be obtainea from the model, we calculated everal parameter 
that are important in the optimization of the gasification proce . We limited our consideration to product 
from the reaction zone for ca e A, B. C. and D de cribed in the earlier ection. 

Figure 13 shows calculated values of energy recovery in the gas as a function of oxygen feed 
concentration. The two set ofcUlve repre ent two method ofreporttng the results . One i the ratio of the 
heat of combustion of the produced gas to the heat of combu tion of the char consumed. The other relate 
the energy produced in the gas to the amount of oxygen required. The calculated energy recovery as a 
fraction of that in the char i nearly constant, decrea ing lightly for higher oxygen-feed concentrations. 
Thi decrca ere ult from the increa e in wa te- en ible heat at the higher oxygen concentration. Value ' 
of this ratio greater than one ari e becau e steam feed i used in these example and because heats of com­
bu tiun of the product ga e u e water at 298K a the combu tion product. A latter example, which ac­
. ounts for the energy delivered into the sy tern by the team. always gives values of the heat-recovery ratio 
less than unity. 

The ga heat of combu tion per mole of oxygen feed how more variation than the fraction 
recovery ratio. The trend for all four ca es favors lower oxygen concentration . This trend is more pro­
nounce in ca e A and 0 where ubstantial amount of methane are present. As more oxygen is u ed , the 
temperature increa es and the methane drops rather rapidly. The dotted portion of the curves represent 
y terns with a calculated char temperature Ie than 9OOK. 

Another important con ide ration in ga ification performance is the heating value of the dry 
produced gas. Figure 14 presents calculated dry ga heating values reported here as heats of combustion with 
final products at 2 °C ar.d water in the liquid form. Here we can e two different trends . The models using 
.: ar a CHU.0900.016 show a decrease in the gas heating value a oxygen concentration i increaser! . In the e 
systems. this decrease corresponds to the decrease in methane at higher oxygen concentrations , as methane 
ha a "trong influence on the heating value. On the other hand, model using either graphite thermodynamic 
or tho e that uppres methane how the oppo<;ite trend . Becau e little or no methane is pre ent in the e 
ystem , the CO2 level i the dominant factor that controls the heating value. At higher oxygen concen­

tration , the CO2 concentration decrea e and thu the heating value increa e . 
Figure 15 compares the relative energy recovery using team and water feed. For the steam 

calculation we assumed that the oxygen/steam feed was at its dew point. For the liquid calculations, we 
as umed thar the oxygenlliquid Nater feed wa at 300K. We completed thi calculation for char that be­
haved like l3 -graphite at a pressure of 30 atm. For the steam feed ca e there are two bases for the relative 
energy recovery: a gro S value ba ed olely on the heating value of the produced gas at 298K, and a result 
calculated by ubtracting from the gro s ga heating value the energy required to generate the steam/oxy­
gen feed from an oxygen/liquid water feed at 300K. 

Even with the energy cost of generating the steam feed , Fig. 15 how the net cold-ga energy 
recovery to be greater than that for the liquid feed over a con iderable range of oxygen feed compo ition . 
However, we have not considered any inefficiency in steam generation . Al 0, the greatest differences appear 
at low oxygen concentrations where the computed equilibrium temperatures are lowest and where the 
equilibrium as umption is most likely to break down. We found that the calculated results showed a similar 
trend at low pressure (I atm), but for ' y terns wi '1 substantial amou nts uf methane (e.g., the char of case A) , 
we did not compute any difference in correcte. 1 sleam-feed sy tern and liquid fe d y terns. 

In all the above computations, the inclusion of the drying/pyrolysis front in the y"tem would 
influence the re ults . Including the pyroly is ga in the ystem generally softens trend in the computed 
energy recovery a a function of oxygen becau e it i more or les a constant additive term . 
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Fig. 14. Gas heal or combusticn from reaction zone vs mole 
t':1K1ion O. in the feed for cases A through D. 
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WYODAK COAL CALCULATIONS 

This section pre ent~ "orne examples of calculated results for a typical overall system. The coal 
properties and pryrolsi behavio' are tho e of sub bituminous coal from the Wyodak mine ."' 9 We assume the 
thermodynamic properties of the .:har to b those of ,a-graphite, primarily because they allow calculations on 
the full sy tern to be carried out over a complete range or oxygen/steam ratios , not because they are 
necessarily the recommended values for the char obtained from this coal. 

Figure 16 hows the calculated energy recovered in the form of combustible gas after the complete 
ga ification of a quantity of coal. In this calculation we a sume that the components treated here as tar do not 
contribute to the energy recovered. The re ults shown are not a function of the total amount of coal ga ified 
because the result are pre ented in the form of ratio . We have only shown the result for which the hot char 
zone had a temperature of 9OOK. The fractional energy recovery is reasonably constant at 0.75 to 0.8 over 
the range of oxygen concentrations. The calculated ratio of t.otal gas heat of combustion per mole of oxygen 
put into the system again shows mure variation and again favors lower oxygen concentration . The system 
pressure is shown to hav!' little influence in the l-w-30-atm range . 
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Figur~ 17 shows calculated velocitie or each of the three fronts . We performed these calculations 
using a particuldr gas rate and set of olid concentrations: 

GI = 1 X 10-4 ~-mole 

cm2 s 

PI = 0.415 glcm3 

P2 = 0.238 glcm3 

P4 = 0.224 glcm3 

p~ = 0.0408 glcm3 

S r = 0.918 P = L glcm3 

i= l 

However, a we previously pointed out, velocities of each front for other flow rates and total densities can be 
calculated using 

W W Gnew ~ 
new = old ---

G Old Pnew 

2 ~------~------~------~ 

W X 10- 1 
s 

:: 
(!) Wp ....... 
Cl. 
~ 

WR 

o ~------~------~------~ o 0.2 0.4 0.6 
Mole fraction of 02 in feed 

Fla· 17. Wyodak coal froat velocities a5SW11Ing #-grapilite char properties. 

The front velocities are shown for a system operating at I atm. The results are not strong functions of 
pressure. 

As a final example, Figs . 18 and 19 show typical temperature, flow rate, and gas compositions for a 
single run as a function of time . The coal system lIsed is that given above. In the re ults, we use dimensionless 
units so that the a sumed length, absolute flow rate , and total olid density are not important. This particular 
run used an oxygen feed-stream mole frat;tion of 0.2. The re t of the feed stream was steamed at its dewpoint 
(432K) ; pressure wa taken at 30 atm . 
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Exit gas flow rates and temperature are hown in Fig. 18. The changes in the variable occur in 
stepwise curves that correspond to the arrivals of the three fronts at the exhaust end of the sy tern. The 
change in exhaust gas composition al 0 occurs in the same stepwise fashion a hown in Fig. 19. 

The curves shown above as well as water production rates and ga heating value can be generated 
for any coal system and gas feed composition u ing the computer program given in Appendix B. 

CONCLUSIONS 

We have developed an equilibrium model to describe the in situ gasification process. The model is 
most appropriate for high oxygen-feed concentration and for coals with a mole ratio of water to char 
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below 0.35. The usefulness of the model is limited by two considerations: inadequate temperature of the 
equilibrium gas hot-char mixture that would lead to rate limitations in reaching equilibrium, and the pro­
blem of generating enough energy in wet coal so that the predicted rate of drying exceeds the predicted rate 
of char consumption . 

For systems where thc: model is applicable , the overall predicted energy recovery is ratller 
in en itive to the process variables con idered. The energy recovery per unit of oxygen consumed is 
somewhat more sensitive, and favors low oxygen-feed concentrations. Under certain as umptions the 
energy recovery per unit of oxygen may be higher for steam feeds than for water feeds , even when 
considering the energy debt incurred in generating the steam. 

The calculated gas compositions obtained from this equilibrium model for a given coal y tern are 
influenced by the following (given in order of importance): 

• Feed stream compo ition . 
• Char thermodynamics and/or assumed presence of CH4 in the hot char zone equilibrium. 
to System operating pressure . 

The pressure is much less important than the first two factor . 
Future work should include an examination of alternate pseudo-equilibnum assumption that can 

be applied to the hot char zone . Some assumption based on a minimum temperature and assumed water-gas­
shift equilibrium might allow an extension of the range of applicability of the model. 
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APPENDIX A 
A GAS PHASE EQUILmRIUM WITH COAL CHAR 

We want to determine the phase composition for a C,H,O,N system in equilibrium with a car­
bonaceous solid containing hydrogen and oxygen and repre ented by the formula CHaOb • For a Wyoming 
subbituminous coapo dried at 400 K , a = 0.8 , b = 0 .2. Pyroly i of thi s coal at about 800K gives a coal char 
with a = 0.4, b = 0. 1. Hyrdrogen and oxygen content continue to dimini h as temperature increases , leading 
eventually to the formation of graphite. Graphitization , however, is a slow process requiring temperatures 
above 21)()()K . I . F(lr our present purposes , we a sume that the compo ition and thermodynamic properties of 
the char are know and that it reaches equilibrium with a feed stream containing oxygen, team, and nitrogen . 

The phase rule tells us that there are 3 deg offreedom in a system containing four "components" 
(C, H ,O, N) and two phases (gas and solid) . The sy tern is then fixed by pecifying temperature, pressure, 
and two gas-pha e composition variables. For composition variables we choose the molar ratio of steamJ 
oxygen (s) and nitrogen/oxygen (n) in the feed stream. As a convenient basis for calculation, we take 1 
mole of equilibrium product ga and consider the eight species noted in Table A- I. Oxygen will not be pre­
sent at equilibrium in a significant amount and we list it as a trace species. The initial moles of oxygen in the 
feed stream are defined as y moles O2 , We require char to be present at equilibrium. A trace quantity is 
ufficient because it is a solid species. The initial amount of char required to produce 1 mole of equilibrium 

product gas is defined as z moles . 

Gas species 

O. 
CO 

CO. 

H. 
CU, 

H.O 

N. 
Solid 

CH.Ob 

Thble A-I. Initial and equilibrium species 

Initial moles 

y 

o 

(! 

o 

o 

sy 

ny 

y( l+s+ n) 

z 

Equilibrium moles 

Trace 

x. 

Trace 

We have a total of eight unknowns listed in Table A-I, including the equilibrium composition 
variables x, to Xo, and the initial oxygen and char y and z. Five of these may be eliminated by the four-element 
balances and the definition x , = 1. 

From a carbon balance , 
z = x, + X2 + x4 • 

From an oxygen balance , 
y = (x, + 2X2 + X5 - bz)/(2 + ). 

From a nitrogen balance, 
X6 = ay 

where a = n/(2+s). 
Using the above with a hydrogen balance gives , 

X 5 = Co - C,X , - C2X2 - C3X3 , 

X4 = Do - D,x, - D2x2 - D3xa, 
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where: 

Co = CJC., 

C. = {C5 [I +a(J-b)] + 13(I - b) + sl2} IC
4

, 

(A-7) 

C2 = {C5 [I + a(2-b)] + 13(2 - b) + al2} IC., 
(A-8) 

Ca = (C5 - I)/C., 
(A-9) 

C. :: C5(l+a) - I + 13, 
(A-IO) 

C5 = (2 - al2 + I3b)/(J -ab), 
(A-II) 

13 :: s/(2+s), 
(A-12) 

Do = [I - (1 +a)Co] ID., 
(A-I3) 

D. = [I + a(1 - b) - (l+a)C.] ID., 
(A-14) 

O2 :: [I + a(2-b) - (1 +a)C
2

] 10
4

, 

(A-IS) 

Oa = [I - (I + a)Ca 1 10., 
(A-16) 

D. = I - abo 
(A-17) 

(A-18) 

We are left with three unknowns, x. , x2, and X3 that require three independent reaction-equilibrium 
expressions involving the unknown species. For these we take: 

(I) CO + H20 ~ CO2 + H
2

, 

(2) CHaOb + (I-b) CO2 (2-b) CO + (;) H
2
, 

(3} CHaOb + (2 - ; - b) H2 CH. + (b)H
2
0. 

(A-19) 

(A-20) 

(A-21) 

Let K .. K
2
, and K3 repre ent the equilibrium constants at a given temperature and pressure for the above three reactions and define 

f. == K.x .xs - X2X3, 

f2 == K 2x2 · -
b 

- X. 2- b Xa" 2, (A-22) 
(A-23) 

(A-24) 

The fj defined above will be zero if the correct equilibrium compositions are chosen. We solve these 
equations by Newton-Raphson iteration. If we assume trial estimates of x .. x

2
, and Xa on the jth iteration 

and call these Xk, we can form new estimates xkJ+. by solving the linear equations 

(A-25) 
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The derivatives 
(A-6). are available from Eqs . (A-22)-(A-24) with X4 and X s replaced by Eqs. (A-5) and 

The above method of determining the equilibrium composition has been programmed for computer 
solution and converges quite rapidly . We have found that a single starting estimate, 

XI = 0.30, X2 = 0. 15, Xa = 0.10, 
suffices over the range of conditions of interest to u 

500 ~ T ~ 2000 K, 
I ~ P ~ 100 Atm , 
I ~ ~ 5, 
o ~ n ~ 4. 

For an accuracy of within ± 10- 5 in mole fraction, about five iterations are ne ded at 2000 K increasing to 
about 15 iterations at 500 K . Calculated results from this gas/char equilibrium computer program are 
di scussed elsewhere in this report. 

In our calculations we have not con idered hydrocarbon gases other than methane on the grounds 
that they will not be present in significant amounts except at low temperature where we do not expect 
equilibrium to prevail. One can argue that methane may not be presen t because the methane formation 
reaction i not rapid without a catalyst. A modification of the program to suppress methane is imply to set Ka 
= 0 in Eq. (A-24). The calculation then proceeds smoothly to converge with methane uppressed . 

A second modification allows for an arbitrary feed gas compo ition. Let 

hI = mole initial CO/mole O
2

, 

hz = moles initial CO2/mole O
2

, 

ha = moles initial Hz/mole Oz, 
h4 = moles initial CHJmoie O

2
, 

(A-26) 
(A-27) 
(A-28) 
(A-29) 

One can show from element balances that the only change needed in the program i to redefine a and 
f3 [(Eqs . (A-4) and (A-I3»] to read: 

a = nI[2 + + hl(l - b) + hz(2- b) - h
4
b] , 

f3 = s - h la /2 - h2a/2 + ha + h4(2 - a/2) 
2 + s + hI (I - b) + h2(2- b) - h

4
b 

22 

(A-30) 

(A-31) 



L 

APPENDIXB 
COMPUTER PROGRAM 

The olution of the equations Outlined in the body of the report are obtained through the use of a 
FORTRAN computer code written to run on LLL' DeD 7600 computers. The program consi ts of a main 
program and a number of Subroutine . Below is a hort summary of the main functions carried out by each unit of the program. 

MAIN Program 

The main program is responsible for the overall control of the problem solution. It reads all required 
input data and initializes all parts of the program through subroutine calls. It also contains the overall logic for 
obtaining olutions around the drying/pyroly i and the steam conden ation front. 

SUbroutine TBURN 

Thi ubroutine is responsible for obtaining a olution to the equations written to descrii:;e the 
reaction front. It iterates the solution to obtain a consistent gas compo ition and gas temperature in tile hot 
char zone as well a a reaction front velocity. It is called by MAIN. 

Subroutine EQUILX 

This subroutine calculates ga composition in equilibrium with excess coal char, given temperature 
pressure , and inlet gas composition. It i called by TBURN . 

Function ROOT 

This is a routine written by A. e . Hindmar hll that is u ed by MAIN as a root-finding routine to 
calculate the steam-plateau temperature . It is called by MAIN . 

Function ""'UN 

This i a routine called by ROOT to establi h the function, in this case a relation for the steam­plateau temperature , that ROOT is solving. 

Subroutine HREACT 

This subroutine contains the specifications of all the thermodynamic propertie . Depending on the 
type of call, it calculates equilibrium constant · or enthalpies of each of the chemical species at a partIcular 
temperature . The routine is initialized by a call form MAIN . It is called by MAIN, FUN , TBURN, and EQUILX. 

Subroutine AU 

This ubroutine calculates slio hiometric coefficients required by the problem solution. It al 0 
specifie and/or calculate molecular weights for all pecie . It i called only once by MAIN . 
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Subroutine OUT 

This subroutine calculates values for ga cOmpOSitIOn, ga flow rates , temperatures , and heating 
values existing in the system as a function of time . Thi routine is only entered if WD > WR' It is called by 
MAIN . 

Subroutine PNT 

This subroutine write most of the output generated by the program. It is called by MAIN . Follow­
ing is an example of a computer source prograM . 

2 
PROGRAM EMOD (INPUT EOUT TAPE2 s lNPUl TAPE3-EOUT) 

O •••• lllllllllllllllllllltlllltIIIIIIIIIIJ.*11111111111I1111I11 o 
C 
c 
o 
c 
o 
c 
c 
o 
C 
c 
c 
c 
c 
c 
c 
C 
c 
C 
o 

THIS PROGRAM WILL OALCULATE GAS OOMPOSIT(eNS6TEMPERATURES~AND 
VELOCITIES OF A GASIFICATION PROCESS DIVE INTO THREE ~ONES . 
THESE INCLUDE A REACTION ZONE~A STEAM PLATEAU ZONELAND 
A UNHEATED COAL ZONE . EQUIL!~RIUM RELATIONS ARE U~ED 
TO CALCUI _ATE THE REACTI ON Z~NE GAS COMPOS I TON AND TEMPREATURE 
CONTSTRAINTED BE MATERIAL AND ENE Ray BALANCE CONSIDERATIONS. 
THE FORMATION OF METHANE IN THIS ZONE MAY BE SUPPRESSED IF 
DES I REO . GAS COMPOS I T ION I N THE STEAM PLA T I~AU ZONE I S FOUND 
BY DETERMINING THE AMOUNT OF DRYING AND PYROLYSIS 
ASSOCIALTED WITH THE COOLING OF THE HOT REACTION GAS . FINALLY 
IN THE UNHEATED ZONE THE GAS COMPOSIT[ON IS CALCULATED BASED 
ON REMOVAL OF THE APPROPRIATE AMOUNT OF W~TER FROM 
THE GAS PHASE. 

A HEAT LOSS TERM MAY BE ASSOCIATED WI TH THE REACTION ZONE 
BY SPECiFYING QLOSS AND TLOSS

t 
WHERE 

HEAT LOSS=QLOSS(TREAC ION-TLOSS) 

o INPUT: 
o Al-H/C RATIO IN CHAR 
C Bl-0/C RATIO IN CHAR 
o A2-H/C RATIO IN COAL 
C B2-0/C RATIO IN COAL 
C A3-H/C RATIO IN TAR 
C ETA2-RATIO C-CHAR/C-COAL 
C ETA3-RATIO C-TAR/C-COAL 
C ROB -EFFECTIVE DENSITY OF COAL BED 
C FCOAL-WEITGHT FRACTION C IN OAF COAL 
o FH20F-WEIGHT FRACTION FIXED WATER IN TOTAL SOLID 
C FH20M-WEIGHT FRACTION MOBILE WATER IN TOT~L SOLID o FASH-WEIGHT FRACTION ASH IN TOTAL SOLLID 
C GI-FEED RATE (MOLlS) 
C TO-FEED TEMPERATURE (K) 
o TI-INITIAL COAL TEMPERATURE (K) 
o XL-BED LENGTH (CM) 
o PRES-SYSTEM PRESSURE (ATM) 
C FS-INJECTED STEAM/02 RATIO 
o FN-INJECTED N2/02 RATIO 
C FL-INJEOTED LIQ H20/02 RATIO 
C GV(7)-.GT . O NO CH4 IN REACTION ZONE 
o . LE . O CH4 IN REACTICN ZONE 
C QLOSS-HEAT LOSS COEFICIENT IN REATION ZONE 
C CAL/K/MOL OF PRODUCT GAS 
C TLOSS-TEMPERATURE PARAMETER IN REACTION ZONE HEAT LOSS (K) 
C THERM- . LE . O WILL USE Al AND B1 FOR THERMODYNAMIC PROPERTIS 
C OF EXCESS SOLID IN REACTION ZONE 
C .GT.O WILL USE A4 AND B4 FOR THERMO PROPERTIES 
C A4-H/C RATIO FOR SPECIAL THERMO PROPERTIES 
C B4-0/C RATIO FOR SPECIAL THERMO PROPERTIES 
C 
CIII~IIIIIIIIIIIIIIIIIIIIIIIIIIIIXIIIIIIIIIIIIIIIIIIIIIII111111111 

EXTERNAL FUN 
COMMON/GIVEI GV(20) TK(20) 
COMMON/ROOTCOMI XX(20) ,YY (20) 
COMMON/PNT/IRUN,G,Y(8),TR,X(8),RO(~) ,T[,TS,U , V , W,XL,S,GO 

1 ,FW,FP,PRESL GI L OEND(100 , 12) 
2 ,BZ(~),HoB(~) 
3 YIG(9) QLOSS TLOSS 

COMMON/PAR/A(13 8S WM(13),F(8),HF29S(13) ROS(~) XXL,PX 
COMMON/STOIC1/AI,BIIA2 , B2 , A3,A4,B4 , ETA1 ,~TA2 , ETA3,WW,WA, ITHERM 
COMMON/ENTHALI ENT( 3) 
COMMON/ONE/T1,T~, i6 
DIMENSION DUM(S) 
CALL CHANGE (~H+EQMD) 
LW:a20000 
CALL CREATE ( 4HEOUT ,LW,MIW) 

24 



C 

ERR-O.l 
READ (2,02) Al Bl A2 B2 A3 ETA2 ETA3 
READ (2~02) RO~,F60AL,FR20t,FH20M,FASH WW-FH20n+FH20F 
WA-FA5H 
ETA1-FH20F/FCOAl 
T5-300 . 
CAll AIJ 
CAll HREACT (O,TS,TS,TS,DUM,PRES) 5S-0 . 
DO 10 J-t,s 

10 SS-SS+A(J,3) 
DO 11 J a l S 

11 X(J)aA(J ~)/SS 

100 

RO( 'I ) =RO~*FCOA!.. 
RO(2)=RO(I)*WM(10)/WM(9)*A(10,3) 
RO(3)=ROB*FH20M 
RO(4)=ROB*FH20F 
RO(~)=ROB*FASH 
FP-SS*RO(I)/WM(9) 
FWe(RO(3)+RO(4»/1S. 
IRUNaO 
CAll PNT(l) 
READ (21 02) 0lLTOLTI6Xl,PRES 
I F (0 I . L. T . 0) 00 To 1 00 
READ (2,02) FS LFNtFlLOV(7),OLOSS,TlOSS 
READ (2t 02) THE~M,A4,~4 
ITHERM= HERM 
OV(4)=FS 
OV(6)=Fl 
OV(~)=FN 
IRUN a IRUN+l 

01 FORMAT CI2
t
Fl0 . 0) 

02 FORMAT CSF 0 . 0) 
OV(1)=ROC~)/RO(I) 
OV(2)=PRES 
OV(3)=TO 
OV( 10) =FCOAl 
OVCll)=FH20F 
OVCt2)=FH20M 
GV( 13) =FASH 

6000 DO 6000 l"l,S 
YIGCI)=O . 
DEN a l . +F5+FN+Fl 
YIG(I)=FN/DEN 
YIG(2)=t . /DEN 
YIG(3)=F5/DEN 
YIG(9)=Fl/DEN 
CAll PNT(2) 
CAll TBURN 
GCaTK(1)+TK(2)+TK(4) 
Y(I)"TK(IS) 
Y(2)aO . 
Y(3)·TKCt5) 
Y(4)"TK(3) 
YC~ ) aTK(4) 
Y(6 ) aTK(I) 
Y(7)aTKe2) 
YCS)-O . 
TR"TK(7) 
G"GI*TK(8) 
CAll HReACT (3,TR , TR,TR,DUM,PRES) HGeO . 
DO 20 J-t 8 

20 HGaHG+Y(J~*ENTCJ) 
TtaG*HG 
T~=RO(2)*ENT ( 10) ' WMC to) 
T6-ROCt5).ENTCI3 ~ /WMC13) 
J a ll5 
XX(I)=TS 
XX(2)=0 . 99*TS 

CC liSE ROOT SUBROUT I NE TO F I NO ZERO OF FUNCT I ON FUN. TH IS 
CC ~Ill YIELD THE STEAM PlATEUA TEMPERATURE . C 

TS=ROOT (FUN ERR ERR,J) 
CAll HREACT t3,TS,TS,TS,DUM , PRES) HG-O . 
DO 30 J"l 8 

30 HG=HG+Y(J~*ENTCJ) 
T2=G*HG 
HG=O . 
DO 40 J.l 8 

40 HG=HG+X(J~*ENT(J) 
T3=FP*HG 

T4=FW*ENT(3) 
T7a ROCt5)*ENT(13)/WM(13) 
T8=RO(1)*ENT(9)/WMC9) 
T9 =RO(4)*ENTCI2)/WM(12) 
Tt O=RO( 3) *Erne 11) IWM( 11) 
Tll=RO(2)*ENT(10)/WM(10) 
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L 

C 

V=CT1.T2)/CT3+T4+T5+TS.T7.TS_T~_Tl0) P=V*FP 
GDRaO*C 1 . -Y(3» 
f"OR::P*C 1 . -)(C3» 
VPR=EXPC12.S1 - 4690 . /TI) 
S=VPR/CPRES-VPR) 
R8=T8 
Rl0=T7 
R12=T9 
R14=Tl0 
WO=S*CGDR+PDR) 
WV=Y(3)*G+X(3).P+V.F~ 
WLO=WV-WO 
Rl z T2-Y(3)*O*ENTC3) 
R3=T3*V-X(3)*P*ENTC3) 
R5=WV*ENT(3) 
CALL HREACTC3~TI,TI,TI , DUM,PRES) HG=-Y(3)*ENTC;J) 
DO 50 J"l 8 

~O HG=HG+YCJ~*ENTCJ) 
R2"G*HO 
HG"·X(3)*ENTC3) 
DO 80 J=l 8 

SO HG=HG+)(CJ~*ENTCJ) 
R4:oP*HG 
RSaWO*ENT(3) 
R7:oWLO*ENT(11) 
R9"RO(1)*ENT(9)/WMC9) 
Rll=RO(5)*ENTC13)/WMC13) 
R13=RO(4)*ENTC12)/WMC12) 
R15 =RO(3)*ENTCll)/WMCll) 

CC EIASEO ON CALCULATED STEAM TEMPERATURE AND ON GAS FLOW 
CC RATES FIND THE DRYING/PYRILYSIS AND THE STEAM 
CC CONDENSATION FR~NT VELOCITIES . C 

U=CR1-R2+R3-R4+R5-RS-R7)/(R8-R9+Rl0_Rl1+R12_R13+R14~Rl5) W=G*GC*WM(10)/ROC2) 
F02: 1. IC 1. +OVC 4) +GVC 5) +GVC S» 
OENDCIRUN,1):oGVC4 ) 
OENDCIRUN,2)"F02 
nENDCIRUN , 3).PRES 
OENDCIRUN,4)aTO 
OENDCIRUN,5)=TR 
OENDCIRUN,6)=rS 
OENDCIRUN,7) :W 
OENDCIRUN,8)=V 
OENDCIRUN,9)=U 
OENOCIRUN 10)=V/W 
HCHAR=HF2~8Cl0)+94052 . +Al/2 . *68317 . 
BZ(1)=YC4)*S8317.+YC5 )*212800.+Y(S)*S7S36 . BZ(2)=BZC1)/HCHAR/GC 
FTO"GV(4)+GVC6)+1 . +GVC5) TT=GV(3) 

~a~~=~~7~rjFtg~J~tT~~rJv~~7i~~a!~NT(11)+1 . /FTO*ENT(2) 1 +GV(5)/FTO*ENTC1) 

HOFF=HOFF-l . /FTO*13.-CGV( 4)/FTO+GV(S)/FTO)*C_S8300 . )-GV(5)/FTO.13 . BZ(3)=CBZC1)*G/GI -HOFF) 
BZ(4)=BZ(3) /GC/HCHAR*GI/G 
BZ(3)=BZ(3)/OENOCIRUN,2) 
BZ(1)=BZC1)*G/GI/OENDCIRUN,2) BZ(5)=HOFF 
IF (V . LT.W) GO TO 70 
CALL OUT 

70 CONTINUE 
CALL PNT(3 ) 
GO TO 100 

1000 CONTINUE 
CALL PNT (4) 
CALL E){I T 

4000 FORMAT (5C2X,E12 . 3 } ) 
END 
SUBROUTINE TBURN 

CIIII~;IIIIIIIIIIIIIIIIIIIIIIIXIIIIJIIIIIIIIIIIIIIIIIIIIXIIIIIII C 

C CALCULATES THE REACTION ZONE TEMPERATURE . C 

CIIIX';XIIIIIIIIIIIIIIIIIIIIIIIIIIIIXIIIIIIIIIIIIIIIII1111111111 COMMON/GIVEI GV(20),TK(20) 
COMMON/ISIGI NXCH4 
COMMON/STOIC1/Al ' Bl'A2'B2'A3'A4'B4'ETA1'ETA2 ' ET~3 1 ,XXX, XXXX 
COMMON ICAPI CC13 5) 
COMMON/PAR/AC13,8~'WM(13 ) 'FC8)'HF298C13)'ROSC5)'XL'PO COMMON IENTHALI HI(13) 
DIMENSION XCS) ,ID(12),HIOC13),HRC8) TO=2500 . 
IF CCFS+Fll . LT.l.5) To=eooo . DT=-100 . 
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L 

C 

C 

C 
CC 
C 
CC 
CC 
C 

CC 
C 

CC 
C 

CC 

T:zTO-DT 
DTO-DT 
NTa~o 
NLOOK= -1 
GPaGV(1) 
paGV(2) 
NXCH4=GV(7)+0.001 
FSaGV(4) 
FNaGVC~) 
TOaGV(3) 
FLaGV(6) 
FCOAL=GV(10) 
FH20F"GVC 11 ) 
FH20M:lGV(12) 
FASH:oGV(13) 

FT IS TOTAL H20/02 RATIO 
FT:oFL+FS 
TOUT-GV(8) 
NTRY-O 
NLAST=O 
LAPaO 
00 700 M. 1 , tH 
LAP-LAP+l 
T·T+DT 
CALL EQUILX CT,P,FT,FN,X,Z,Y,PF) 

M.l.TERIAL BAl"ANCE-BASIS ONE MCLE PRODUCT GAS 
SCILIDS IN 

CHAR AND ASH 

CHAR·Z 
ASH:OCHAR/ETA2*WM(9)/FCOAL*FASH/WM~13) INPUT GAS LIQUIDS 

02,H20CG),H20CL),N2 
021NaY 
XN2IN=YaFN 
H20GINzY*FS 
H20Ll NaY*FL 

GAS PRODUCTS OUT 
H20L H2/.CO{ C02, CH4 

COoTa.l\Cl) 
C020T=X(2) 
H20TaX(3) 
CH40T=X(4) 
H200T=XC~) 
XN20T:zX(6) 

CC SOLID OUT 
C A·SH EQUAL TO ASH IN 
C 
CC ENERGY BALANCE 

CALL HREACT C3,TO TO,TO HR,PRES) 
HIN:002IN*HI(2)+XN2IN*Hltl)+H20GIN*HIC3)+H20LIN*HIC11) HOUT=ASH*HI(13) 

~~~;H~~;~~I~~HTtT6r+~~H~~rf13) 
HOUT:ZHOUT+COOTaHI(6)+C020TaHIC7)+H20T*HIC4)+CH40TaHIC~) 

~ +H200ra HI(3)+XN20T*HIC1)+QLOSS*CT_TLOSS) 
IF CHIN-HOUT) 700,7~O,400 

400 IF CNTRY) 7~O,420,4~0 
420 NTRY= 1 

T=T-DT 
DT:lDTO/l0 . 
GO TO 700 

4~0 IF CNLAST) 7~O,460,7~0 
460 NLAST= 1 

T:zT-DT 
DTaDTO/l00 . 

700 CONTINUE 
7~0 CONTINUE 

CC IF" LAP . LT . NT THEN SUCCESSFULLY FOUND BURN TEMP~RATURE AND CC GAS COMPOSITION 
C 

IF CLAP . LE.NT) GO TO 760 
WRITE C3 1000) LAP T 

1000 FORMAT ClX,30HNO SbLUTION FOUND IN TBURN CALL EXIT 
760 CO/IITINUE 

DO 790 L=l,6 
790 TKCU=XCU 

TK(7):zT 
TK(8)=F-F 

800 CONTINUE 
RETURN 
END 
SUBROUTINE EQUILXCT , P,FS , FN,X , Z,Y , PF) 
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C····~;···········~······.~ .... ~ .. ~.~.~.l ........ l •••••••••••• l •••••• ~l. C 

C CALCULATES EQUILIBRIUM GAS COMPOSITION AT A PRESSURE OF P 
C AND A TEMPERATURE OF T. EXCESS SOLID CHAR IS ASSUMED C TO BE PRESENT . C 
C 
C 
C 
C 
C 
C 
C 
C 

INPUTS : T-T~MPERATURE (K) 
P-PRESSURE (ATM) 
FS-RATIO H20 TO 02 IN FEED 
FN-RATIO OF N2 TO 02 IN FEED 
NXCH4-IF.LE . 0 SUPPRESSES CH4 

SETTING EK3=EK(7)=0 . 
IF . GT . 0 CH4 ASSLIMED 

C OUTPUTS: XCK)-PROD. GAS COM?OSITION 
C I-CO 
C 2-C02 
C 3-H2 
C 4-CH4 
C 5-H20 

IN RE~CTION ZONE BY 

PRESENT IN REACTION ZONE . 

C 6-N2 
C Z-MOLES OF CHAR CONE CARBON) REACTED PER MOLE GAS PRODUCED 
C V-MOLES OF 02 PER MOLE OF PRODUCT GAS 
C PF-MOLES OF PRODUCT GAS PER MOLE OF FEED C 

CI ••• ~; II •• I.IIIIIIIIII.II.I.III.IIIIIIIIIIII.IIXIII.1.II ••• II ••• III.I~ COMMON/ISIGI NXCH4 
COMMON/STOIC1/AI , BI,A2 , B2,A3,A4 , B4,ETA1 , ETA2,ETA3 
'DIM~~~I~~X~K(8) XCS) 
DIMENSION DFC3,~),FC3),DXC3) , BSC9l,RSC3) , WSC3) , VSC3l AH=0 . 5*Al 
ALFA~FN/(2.0+FS) 
BETA=FS/(2 . 0+FS) 
C5~(2 . 0-AH+BETA*Bll /C l . 0-ALFA*Bl) 
C4~C5*(1 . 0+ALFA)-1 . 0+BETA 
CO=C5/C4 
Cl- rC5* (1 . O+ALFA*C 1 . O- Bl» +BETA* (, . 0-B1 )+AH)/C4 
C2-(C~*Cl . 0+ALFA*C2 . 0-Bl»+BETA*(2 . 0 - B1)+AH)/C4 C3-CC5-1 . 0l /C4 
0 4'" . 0-ALFA*Bl 
O~ C 1 . 0-( 1 . 0+ALFA)*CO) / D4 

01- (1 . O+ALFA* (1. O-Bl ) - (1 . O+ALFA) *Cl ) 104 
D2-(l . 0+ALFA*(2 . 0-Bl)-(1 . 0+ALF.A)*C2) / D4 
D3-Cl . 0-Cl . 0+ALFA)*C3l / D4 
DUM2~1 . O-Bl 
DUM3:z2.0-Bl 
OUM4:z2 . 0-AH+Bl 
CALL HREACT (2,T,T , T,EK,Pl 
EK1:zEK(8) 
EK2-EK(5)/(EK(8 )* *DUM2) 
EK3=0 . 0 
IF (NXCH4 .LF. . 0) EK3=EK(7) 
EPS=1 . 0E-OS 
EPSH2=0 . 001 
Xl~0 . 30 
X2-0 . 15 
X3"0.10 
X4=0 . 01 
X5=0 . 01 
NTRY=O 

30 CONTlNUE 
LAP"1 
DO 50 J=I , 30 
IF(J-l) 44 , 44,40 

40 CONTINUE 
Xl-Xl +Dxe 1 l 
X2 l1 X2+DX(2) 
X3:zX3+DX(3) 
X4:z00-Dl.Xl - D2*X2 -D3_X3 
X5.CO-Cl*Xl-C?~ X2 -C3*X3 
IF(l(3) 42 , 42,44 

42 X3l1EPSH2 
44 CONTINUE 

DUM=X3**AH 
F(1)=-EK1*Xl*X5+X2*X3 
OF ( 1 , 1 ) = EK 1 * ( X 5 - XI- C 1 ) 
DF(I , 2)=-EK1*Xl*C2-X3 
DF(I,3)= - EK1 *Xl*C3 - X2 
F(2)=-EK2*X2*~DUM2+Xl**DUM3*DUM 
OF(2L ')lI-DUM3*X'**DUM2*OUM 
IF(X~) 440L440,445 

~40 DF(2.L.2)=EK~ 
GO To 450 

445 DFC2 t2)=DUM2*EK2*X2**(-Bl) 
450 CO~J T NUE 

OF(2~3)=-AH*Xl-*DUM3*DUM/X3 
IF(Xo) 460 460 465 

460 F(3)=-EK3*k3**6uM4+X4 
DF(3,1)-Dl 
DF(3 .2)~D2 
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DFe3L3) ~ DUM4*EK3*X3**eDUM4-1 . 0)+03 
GO To 470 

46~ F(3)=-EK3*X3**DUM4+X4*X~*.Bl 
DFe 3 ,1 ) ·Bl*Cl*X4*X~*. e -OUM2) +01 .XI5*.Bl 
DFe3,2)zBl.C2*X4*X~**(-DUM2)+D2*X~**Bl 
DFe3t3)aDUM4*EK3*X3.*eOUM4-1 . 0)+BlaC3*X4ax~** e -DUM2)+D3*XI5*a81 470 CONT NUE 
CALL MLRe3,3t3,DF~F , DX~BStRSLWS,VS) 
IFeAeSFeDX(1})+AB~F(DXI2)}-E~) 60 , eO,4g 

4~ LApaLAP+l 
FeXl +DX(I» ~01,1502,1502 

1501 IJX(l)=-Xl 
~02 CONTINUE 

IFeX2 +DX(2» 1503,1504,1504 
~03 DX(2)=-X2 
~04 CONTINUE 

IF(X3 +DX(3» ~oe,~oe , ~o 
eo~ DX(3)=-X3 +EPSH2 
~O CONT I ~IUE 
80 CONTI Ie ~ 

X6=AL Io ~ ... eel . 0-81 ) *x 1 + (2 . 0-81) *X2-8 1 *X4+xe) 

6~ ~~!~~~~~g~orOt~~:~~,FN 
70 CONT NUl:. 

X(I)·Xl 
X(2)·X2 
X(3)aX3 
X(4)=X4 
XC!5)·XI5 
X(6)·X6 
DO 200 J"1 6 
I F ( X ( J» 1 60, 200, 200 

1 00 I F ( X ( J ) + 1 . OE - O~ ) 1 20, 1 8'; , 1 80 
120 IFC NTRY) 130 , 130,140 
130 NTRY=1 

Xl =0 . 1 
X2 a O. l 
X3-a . l 
X4"0 . 10 
X5:a0 . l 
GO TO ~O 

140 WRITEe369~2) T,P,FS,FN,X(J) 
180 X(J)"O . 
200 CONTINUE 

SUM=O . O 
DO 300 J=I,6 

300 SUM=SUM+X(J) 
SUM= 1 . O/SUM 
DO 400 J=I , 6 

400 X(J):aX(J)*SUM 
Z=Xel )+X(2)+X(4) 
y=eDUM2*Xel)+DUM3*Xe2) - 81.X(4)+X(e»/(2 . 0+FS) 
IFCZ) 620L6~O,630 

620 WR I TE(3,904) 
Z"I . 0 

630 IF(Y) 640 L 640,6!50 
640 WRITE(3 , 9n6) 

Y=1 . 0 
6!50 CONTINUE 

PF:a 1 . 0/ (y. (1 . O+FS+FN» 
RETURN 

9~0 FORMAT( " 30 LAPS EXCEEDED I N EQU I L ~ 1.1 OX L 4E 1 15 . 4 / /) 
9~2 FORMAT("NEGAT IVE XeJ) IN EQUIL", 10x , ~El~ . 4//) 
9!54 FORMATe " Z IS NEG OR ZERO, SE7"1 . 0 " ) 
9~6 FORMAT("Y IS NEG OR ZERO, SET"I . 0·) 

END 
FUNCTION ROOT(FUNC OX DY J) 

~~~~~t~~~~~~~~~~~~~~~~~~t~~t~~t~~~~~~~~~~~~~I~~~~~~~~~~~ll~~~~~I~~~III~~ C 

C roo I' F I NO I NG SUBROUT I NE . F I NOS THE ZEROS OF FUNCT I ON FUNC . C 
CXX~Xt~I~I~ " ~~~~~I~~I~~~~~~~~~~~~~~~~~~~I~X~I~~~~~~XI~~~I~X~ 

COMMON'ROOTCOM/x(20 ) .Y(20) 
DIMENSION C(20),P(2C) 
JMAX"J. J=2 

2 

3 

q 

DIF=X( l i -X( 2)' IFeDIF)l 11,1 
ye 1 ) =FUIIC(Xe 1»S y(2)=FUNC(Xe2» 
XNOW =X (' ) 

b~~r ~ 6;F~~~~~~:~~~~) 
P(2)=-YC1) 
GO TO 6 
R=I . S 
JJaJ-l 

SaO . 

DO 4 K=2,JJ 
S=S+CeK)aR 
R=p(K)+eYNOW-yeK».R 
peJ),,-p(J-l).YCJ-l) 
Q=peJ)+YNOWaR 
IFea)!5,11,~ 
C(J)= - YNOW*S/Q 
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7 

8 

8 
10 
11 
12 
13 

DIFaC(J)*PCJ) 
JaJ+1S X(J)aXNOWaXNOW+DIF 
IFCDIF)8,7(8 
Y(J)aYCJ-1J 
IF(ABSFCY(J»-DY)13 11,11 
YCJ)aYNOWaFUNC(XNOW) 
IF(ABSFCDIF)-DX)9 10 10 
IFCABSFCYNOW)-DY)13,10,10 
I F C J - JMAX ) 3, 1 2, 1 2 
ROOTaXCJ)S J=OS RETURN 
ROOT-XCJ). Ja-1S RETURN 
ROOTaXCJ), RETURN 
END 
FUNCTION FUNCTST) 

ClllltllllllllllllllllllllllllllllllllllllllJllllllll111111 C 

C FUNCTION U~ED BY ROOT . ZERO OF FUNCTION WILL YIELD STEAM C PLATEAU TEMPERATURE . 
C 

Cllll';l~lllllllllllllllllllllll~~llllllllllllllllllll1111111111 
COMMON/PNT/IRUN,GLY(8)!TR ' XC8) ' ROC~) 'Tr' TS,U'V'W ' XL , S,GC 1 ,FW , FP PRES G cEND(lOO, 12) 
COMMON/PAR/ACI3L8)'WMCI3)'FC8)'HF298CI3)'ROSC~)'XXL'PX COMMON/ENTHALI ~NTCI3) 
COMMON/ONE/T;,T~,T6 
DIMENSION DUM , 8) 
CALL HREACTC3,TST,TST,TST , DUM, PRES) HGaO . 
DO 30 J=1 8 

30 HG:HG+YCJ~*ENTCJ) 
T2 aG*HG 
HG=O . 
DO 40 J=1 8 

40 HG=HG+XCJS*ENTCJ) 
T3 a FP*HG 

T4=FW'tENTC 3) 
T7:ROC~)*ENTCI3)/WMCI3) 
T8=RO(1)*ENTC9)/WMC9) 
T9 =RO(4)*ENT (1 2)/WMCI2 ) 
Tl0=RO(3)*ENTCll)/WMCll) 
Tll=RO(2)*ENTC10)/WMC10) 
V:CT1-T2)/CT3+T4+T~+T6-T7-T8_T9_T 10) 
PP:PRESa CV *FW+Y(3)*G+XC3l'V*FP)/ CG+V*FP+V*FW) 
FUN:TST-4690 . ICI2 . 6 1-ALOGCPP» RETURN 
END 
SUBROUTINE HREACT CN T TG TS HR P) 

CIIII'; IIIIIIIIIIIIIIIIIIII*I*II*llt~I*lllllllllllllll11111111111 C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

HilS 
SUBROUTINE CALCULATES ALL THERMODYNAMIC PROPERTIES . 
ENTHALPY OF CHAR AND COAL AS WELL ENTROPY GIVEN AS 
A FUNCTION OF HYDROGEN AND OXYGEN CONTENT. 

C 
C 
C 
C 
C 
C 
C 
C 

HAND 0 CONTENT ARE ZERO THEN PROPERTIES ARE THOSE OF 
GRAPHITE . CO~~rANTS A4 AND B4 WIL L BE USED TO CALCILATE 
THE THERMODYNAMIC PROPERTIES OF CHAR IF ITHERM IS . GT . O. 
CHAR IS THE SUBSTANCE ASSUMED TO BE IN EXCESS IF THE 
REACTION ZONE EQUILIBRIUM PROBLEM . NOTE HOWEVER THAT IN 
MATERIAL BALANCE CONSIDERATIONS THE A2 B2 STOICHIOMETRY OF CHAR WILL ALWAYS BE RETAINED . 

INPUTS : N- . EQ . O FOR INTIALIZATIDN 
. EQ . 1 CALCULATES HEATS OF REACTION 
. EQ . 2 CALCULATES EQUILIBRCUM CONSTANTS 
. EQ . 3 CALCULATES ENTALPIES OF ALL SPECIES 

T- TEMPERATURE AT WH!CH TO CALCULATE EQUILIBRIUM CONSTANTS 
AND HEATS OF REACT CON 

TG-GAS TEMPERATURES USED TO CALCULATE ~AS SPECIES ENTHALPIES 
TS-TEMPERATURE USED Te CALCULATE SOLID SPECIES ENTHALPIES . 

Al,A2,A3LA4LB1 L B2L B3,B4-STDICHIOMETRIC PARAMETERS 
FO~ ScLlu S~IC ES 

C OUTPUTS : 
C 

ACI{J)-STOICHIOMETRIC COEFICIENTS FOR REACTIONS 
HRCKJ-FOR N. NE . 2 HEATS OF REACTION 

C 
C 

Clllltlll%llllllllllllllllllllllllllll%lllllllllllllll1111111 
COMMON/PAk/ACI3,8) ' WMC13),F(8) ' HF298CI3),ROSC~l'XL,PO 

HRCK)-FOR N. EQ . 2 EQYILIBRIUM CONSTANTS 
HICKl-ENTALPY OF SPEICIES K F~R N. EQ . 3 
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COMMON/STOIC1/AI~BI,A2 , B2,A3,A4,B4.ETA1,ETA2,ETA3 
'COM~~~"~~~il~~r3M~) 

COMMON IENTHALI HICI3) 
DIMENSION HR(8) DCS , e) 
DIMENSION HROC8i LEO(8)(EC8,S) 
DIMENSION S298Cla)tGC8 }(PEC8) 
DIMENSION TOXKCS)L OFCS} 
IFCN.Ea. 1) GO TO GOO 
IFCN . EQ . 2) GO TO 700 
IFCN . EQ.3) Be TO 900 c------- INITIALIZATION _______________ _ 

C S298CI) IS ABSOLUTE ENTROPY~ , C~L/MOL-K, AT 298 , IS K 
C HF298CI) IS ENTHALPY OF FORnAT10N CAL/MOL AT 298 . 1~ K 
C CCI,K) ARE HEAT CAPACITY COEFF1CI~NTS , CP IN CAL/MOL-K DO 100 I-I 13 

S298CI).0 . 6 
HF298CI) .. 0.0 
DO 100 Kal , S 

100 CCI1.K)=0.0 
C • N2 

C 

C 

CC1,1 )"'S.!524 
C C 1 , 2) aI, 2!50E - 03 
C(1 6g)=-0.001E-06 

S298(2)"'49 . 00 
C(2,1)=6 . 148 
C(2,2).3 . 102E-O~ 
C(2J.3)=-0 . 923E-06 

"20 
S298(3)a4S . lOS 
HF298(3)::-!57798 . 
C ( 3, 1 ) .7 . 2!5S 
C(3,2):2 . 298E-03 

C C C 3H~)=0 . 283E-06 

C 

C 

C 

C 

C 

C 

S298(4)a31 . 21 
CC4,1)=6 . 9~7 
CC4,2)=-0 . 200E-03 
CC4L3)aO . 481E-06 

~H4 
S298(!5)·44 . 48 
HF298C!5)=-1789!5 . 
C C !5, 1 ) = 3 . 381 
CC!5,2)=18.044E-03 
CC!5t;g)a-4 . 300E-06 

S298(S)=47 . c!l 
HF298(6)=-26417 . 
CC6,1)=6 . 420 
CC6,2)=I . S6!5E-03 
CC6L3)=-0 . 196E-06 

~02 
S298(7)a!51 . 07 
HF298(7)a-940!54 . 
CC7,1>=5 . 214 
CC7,2)=10 . 39SE-03 
CC7 3)=-3.~4!5E-06 

tAR C1L31~ TRIMETHYLBENZENE, C~H12) S298 C 8 ) .9" . 1!5 
HF298(8)=-3840 . 
C C 8, 1 ) a 20 . 1 
C(862).0 . 0~32 

AF COAL 
S298(9)al . ~!59+3 . 17.A2+4.0aB2 
HF298(9)a-8710 . 
CC9 , 1)=-1 . S86!5+A2ao. 87a l . 008+B2*0 . 36*16 . 0 C(9,2)=I . !580!50E-02 
CC9,3 )= -1.38974E-0!5 
CC9 , 4 ) =!5 . 7677E-OS 
CC9L e)z - 9 . 2008E-13 

~HAR 
ATaAl 
BTaBl 

C 
CC 
C 

IF CITHERM . LE . O) GO TO loe 

SET TO SPECIAL THERMO PARAMETERS 

C 

10~ 

110 
120 

ATaA4 
BTaB4 
CONTINUE 
S298Cl0)=1 . 3!59+3 . 17*AT+4 . 0*BT 
IFCAT> 120 120,110 
HF298(10)=~600 . -68000 . *BT 
CONTINUE 
CC10 , 1)= - I . !586!5+AT*0 . 87*1 . 008+BT aO. 36*16 . 0 CC10 , 2)=CC9 , 2) 
C( 10 , 3) "'CC!~, 3) 
CC10,4)"'C(9,4) 
CC10L !5)=CC:;1 , e) 

H,OCL) 
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C 

C 

C 

C 

HF29SCll)=-S8317 . 
C C 11,.1 ) a 1 . 03*WM C 11 ) 

M20CFl 
HF29S(12).HF29SClll 
CC 12L 1 )aCC II, 1) 

A;,H. 
CC13,ll a O.142*WM(13) 
CC13,2l=1 . 4E-04*WMC13l 

DO 200 Jal,S 

200 
DO 200 Kal, ~ 
DCJLK)=O . O 

C 

DO ~10 Jal,S 
DO 210 K=l,~ 

210 
DO 210 1.1,13 
DCJLK)=DCJ,K)+ACI,J)*CCI,K)/FLOATFCK) 
TO=~9S . 1~ 

300 

310 
3,0 

400 
420 

500 
520 

600 

620 
6~0 

660 

DO 320 J=1,8 
HROCJ)=O . O 
DO 300 K=l,~ 
HROCJ)=HROCJ)-DCJ,Kl*TO**K 
DO 310 1=1,13 
HROCJ)=HROCJ)+ACI,J)*HF298Cll 
CONTINUE 

R=1 . 9872 
DO 420 J=4,8 
EOCJl=HROCJl/TO-DCJ,l)*LOGFCTOl 
DO 400 K=2,~ 

EOCJ)=EOCJl-DCJ , Kl*TO**CK-l)/FLeATFCK_l) 
EOCJl=EOCJ)/R 
DO 520 J a 4 8 
ECJ,1)=-HR6CJl/R 
EeJL2l=DCJ, 1 l/R 
DO 000 Ka3,6 
ECJtKl=DCJ,K-ll/CFL~ATF(K-2l*R) 
CON INUE 
T=TO 
T2=TO*TO 
T3 a T2*TO 
T4"T3*TO 
T~=T4*TO 
DO 650 J a 4,O 
HRCJl=HROCJl+DC), ll*T+DCJ,2l*T2+DCJ,3)*T3+DCJ,4)*T4+DCJ,5l*T~ GCJ )=HRCJ)/TO 
PEC J ) "0.0 
DO 600 1=2 10 
G C J) "'G c.n -A C I , J 1 *S298 C I ) 
DO 620 1=2 7 
PECJl=PECJS-ACI , J) 
GCJ )=GCJ l/R 
DO 660 K=1 , 5 
TOXKCK) =TOnK 
RETURN 

C------- CALCULATES INTEGRAL OF DELH/RT~*2 FROM 298 TO T 
C AND THEN CALCULATES EK , Jl; REFERRED TO AS HRCJl 

C 

700 CONTINUE 
T2"T*T 
T3-T2*T 
T4"T3*T 
XL"LOGFC Tl 
DO nso J"4 8 
DUM= EOCJS+ECJ,ll/T+E(J,2l*XL+EeJ,3)*1+ECJ,4)*T2+E(J,5l*T3 1 +E(J 6)*T4 
HR'J )=EX~FC-GeJ )+DUMl*p**PEeJ) 

7:50 CONTINUE 
RETURN 

C---- -- - CALCULATES HEAT OF REACTION _______ _ 
C 

C 

800 CONTI;>lUE 
T2=T*T 
T3:aT2*T 
T4 a T3*T 
T5a T4*T 
DO 8~0 J=1,8 

8~0 HRCJl=HROCJ)+DCJ,ll*T+~CJ,2)*T2+D{J,3 l *T3+DCJ , 4).T4+DCJ,5).T~ RETURN 

C------- CALCULATES ENTHALPY OF SPECIES I ______ _ 
C 

900 CONTINUE 
TXK=TG 
DO 910 K=1,5 
XKaK 
TDFCK)=CTXK-TOXKCK)l/XK 

910 TXK=TXK*TG 
DO 9~O 1=1,8 
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HI C I ) :: HF2g8 C I ) 
DO 9!50 K"l l5 

9!50 HICI)::HICI~+C(I,K)*ToFCK) 
TXK"TS 
DO 960 K" 1 , !5 
XK"K 
ToFCK)"CTXK-TOXKCK»/XK 

960 TXK"TXK*TS 
DO g80 I=g 13 
HI ( I ) :: HF298 C I ) 
DO 980 K:ol !5 

980 HI C I )"HI C I ~+CC I,K)*ToFCK) 
RETURN 
END 
SUBROUTI NE AI J 

CIIII~IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIXIIIIIIIIIIIIII11111111111 C 

C FIll. ~TI ON STO I CH I OMETR ~ C COEFF I CI ENTS SET, AS WELL SPEC I ES C MOLECULAR WEIGHTS. C 

Clllltllllllllllllllllllllllllllllllllllllllllllllllll111111111111 
COMMON/PAR/A(1318)IWMC13),FC6)'HF298C13)LROSC~)iXL,PO 
COMMON/STOIC1/AI.BI,A2,B2.A3,A4,8~,ETA1,~TA2,ETA3 1 XXX,XXXX 
CO~MON/STOIC2/IOS(13), loR(8) C---- ---_ oEFINE : ATOMIC WTS, II,JJ ___________________________ _ 
AWC-12 . 011 
AWH::1 . 0080 
AWO"1~ . 9gg4 
AWN-14 . 0087 
11"13 
JJ;'8 
NC"9 

C-------- SPECIES 10 SETUP AND MOLECULAR WT CALCULATION ________ _ I OS ( 1 ):: 8H N2 
WM(1)=2 . 0*AWN 
loS(2)=811 02 
WM(2)::2 . 0*AWO 
loS(3)::8H H20 
WM(3)::2 . 0*AWH+AWO 
loS(4)::8H H2 
WM(4)::2.0*AWH 
loS(!5)::8H CH4 
WMC!5)::AWC+4 . 0*AWH 
loS(6)::8H CO 
WM(6) "AWC+AWO 
loS(7)=8H C02 
WM(7)::AWC+2 . 0*AWO 
loS(8)=8H TAR 
WM(8)::AWC+A3*AWH 
WM(8)::WMC8)*NC 
10SC 9)=8H oCCS) 
WM( 9)::AWC+A2*AWH+B2*AWO 
loS(10)"8H CHARCS) 
WM :l 0)=AWC+Al*AWH+BlwAWO 
I oSC 11) "8H H20Cl) 
WMCll)::WM(3) 
loS(12)::8H H20CF) 
WM(12)=WMC3) 
loS(13)"8H ASHCS) 
WMC 13) =180. 0 

C-------- STOICHIOMETRIC COEFFICIENTS ___________ _ 
DO 200 J=l,JJ 
DO 100 1"1, II 

100 A C I tJ) = 0.0 
200 CON INUE 

AC3\1l=1 . 0 
AC 1 1..1):: -1.0 
AC3c:l::l . 0 
AC1~ 2)"-1 . 0 

C USES H20,C02,ANO CO TO BALANCE 
AC9 3)=-1. 
AC161.. 3) ::ETA2 
AC4 , ;')=0 .083 
AC!5.3)::0 . 044 
ACS,3)=ETA3/NC 
AC3 3)=CA2-Al*ETA2-2 . *AC4.3)-4.*AC~L3)-A3*ETA3)/2. AC7 ; 3)=B2-~ . -Bl*ETA2+ETA2-AC3J,.3)+ACo,3)+ETA3 
A C 6,3) = 1 . - ETA2-A C 7,3) -A (!5. 3) -~ TA3 
A C 2 . 4) = - ( 1 . O+A 1/4 . -B 1/2 . ) 
A(3.4)=Al/2 . 0 
A(7

6
4) = 1.0 

ACI 4)=-1 . 0 
AC3,~)=-1 . 0+Bl 
AC4 . !5)=1 . 0+Al/2 . -Bl 
AC6!5)=1 . 0 
A(16 !5)"-1 . 0 
AC3,$)=Al/2 . 0 
AC6,6)=2 .0+Al/2 . 0-B\ 
A(7 , 6)::-1 . 0-Al/2 . 0+Bl 
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AC10 ... 5).-1 . 0 
AC3, ()=Bl 
AC4,7)= - C2 . 0-A1/2 . 0+Bl) 
AC!5 7)=1 . 0 
AC16,7)=-1 . 0 
AC3,8)--1 . Q 
AC4, 8)=1 . 0 
ACt;, 8)=-1 . 0 
A<7 8)=1 . 0 c---- --- ~EACTION RATE 10 SETUP - ----- - -
10RC 1 ) "10H 11=3 
IDRC 2)=10H 12=3 
10RC 3)=10H g=IO+ 
IDRC 4)=10H l J +2= 7+3 
10RC 5)=10H 10+3= 4+6 
10RC 6)=IOH 10+7= 6+3 
10RC 7)=10H 10+4= 5+3 
IDRC S)=IOH 6+3= 4+7 
RETURN 
END 
SUBROUTINE OUT 

CIIII';llllllllllllll%lllllllIIIXlllIIIXlIIIIIIIIIIXlllllllll 
C 
C CALCULATES EXHASUST FLOWS TEMPERATURES, AND COMPOSITIONS 
C FOR THE COMPLETE SYSTEM . ONL~ DONE IF ALL FRONT 
C VELOCITIES ARE INTERNALLY CONSISTANT . CIE WR . LE . WD) 
C 
CXlll'; X~IXlllllllllIXIXXllllIXIIIXIXXXXXllIXIXXXXXXIIIIIXIIIX 

COMMON / PNT/IRUN tGL YCS),TR , XCB),ROC!5),T[ , TS , U, V, W,XL , S , GC 
1 , FW,FP , PRES , G ,cENDelOO , 12) 

2 BZe!5) HOB(3) 
COMMON / PAR/A c13 S; WM(13) , FCB) , HF29SCI3) ROS ( 5) XXL , PX 
COMMON / STOIC1/A \ LB\ , A2 , B2 t A3,A4 , B4 , ETA1 , tTA2 , ETA3 , WW , WA , ITHERM 
COMMON/GIVEI GV ( ~O) TKe20} 
COMMON/PNTll TM(3)LtLe3 ), TEMP C3) , BF e3) , GFDC3 ), YWe3 , S) , YDC3,8), 

1 HV(3)6YGI C3
6

S) t Gt" I (3) , HVI ( 3) , FL I ( 3 ), HCOAL 
olMENSI N YGI CSI , DT(3) 
DIMENSION DUMCS) 
TMe 1) =XL/U 
TM(2)=XL/V 
TM(3)=XL/W 
P=VlI'FP 
GDR=G* e l .- y(3» 
PDR=p*el.-x(3» 
FLel)=V*FW - S*CGDR+PDR )+ye3)*G+xe3 ) *p 
FL(2)=0 . 
FL(2 ) =0 . 
TEMPC 1) =T1 
TEMP(2) :: TS 
TEMP(3)=TR 
GF(3)=G 
GF C 2) =G+P+V*FW 
GFCI )=GFC2) - FLC1) 
DO 10 J= 1, S 

10 YWe3
6

J)=yeJ) 
DO 2 J= 1 S 

20 YWC2,J)=C~*YCJ)+xeJ)*p ) /GFC2) 
YWe2.3)=YWC2,3)+V*FW/GFC2) 
DO 20 J=I , S 

25 YWC1,J)=YWe2 J)*GFe2) / GF ( 1) 
YWC 1

6
3) = CYWC 2 , 3) *GFC 2) - FLC 1 » I GFC 1 ) 

DO 4 1:01,3 
DO 30 J=l,S 

30 YDCI,J)=YWCI , J)/el . -YWCI , 3» 
YDCI 3)=0 . 
GFo C t ) =GF C I ) * C 1 . - YW C I , 3) ) 

40 HVel)=YDCI L4)*6S317 . +YDeI , 5)*212S00 . +YDeI , 6)*67636 . 
DO 50 J= I, tt 

50 YGIOCJ)=O . 
GFIO=O . 
HVIO-O . 
DTC 1.) =TMC 1 ) 
DTC 2) = TM e 2) - TM e 1 ) 
DT(3)=TMe3i-TMe2) 
DO 70 1=1 3 
TFLW=GFCI>*oTCI) 
GFICI)=GFIO+TFLW 
GFIO=GFIC!) 
HVI C I )=HVIO+GFOC I )*DTC I )*HVC I) 
HVIO"'HVI e I) 
DO 60 J=1,8 
YGlel,J):oYGIOeJ)+YWCI,J)*TFLW 

50 YGIOCJ)=YGICI,J) 
70 CONTINUE 

HCOAL=94052 . +A2/2 . *68317 . +HF2g8eg) 
HCOAL=RO(1)*XL*HCOAL/WMCg) 
OENOCIRUN , 11)=HVIC3)/HCOAL 
OENOCIRUN(12)=HVIe3)/CTMC3)*GI*OENoeIRUN,2» 
HOFF=BZC5} 
HOBel)=eHVle3)-GI*TMe3)*HOFF) 
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HOB(2)~HOBC1)/HCOAL 
HOB(1)=HOBC1)/OENDCIRUN,2)/GI/TMC3) 
RETURN 
END 
SUBROUTINE PNT CNN) 

CIIII~;IIIIII"I'IIIIIII"'III'IIIIII~IIXII'lllIIIXXII IllllXll C 
C F'ROV I DES MOS T OF THE PR I NTED OUTPUT . C 
CIIII~;IIIIIIIIIIIIIIXIIIIXIIIIIIIIXllllllllllllllllll1111111111 

COMMON/STOICl/A1LB1,A2IB2,A3LA4,.B4LETA1{ETA2,ETA3~WWLWA, ITHERM 
COMMON/PAR/AC13,G),WMCI3),FCG),HF2»8C131 ROSC~),XAL,~X 
COMMON/PNT/IRUNlaLY(8)!TR . XC8),RO(~),TI,tS,U,V,W,XL,S,GC 

1 ,FW,FP,PRESLG LoEND (IOO,12) 
2 ,BZ(~),HoB(~) 
3 YIG(9),QLOSS TLOSS 

COMMON/PNTll TM(3~LFLC3),TEMPC3),BFC3),GFDC3),YWC3,8),YDC3,8), 
1 HV(3)~YGIC318),G~IC3)LHVIC3),FL1C3),HCOAL 
COMMON/~IVEI ADD(20)LADuDC20) 
IF (NN . EQ . 4) GO TO 4uOO 
IF CNN . EQ . 3) G~ TO 3000 
IF CNN . EQ . 2) GO TO 2000 
WRITE (3 400) 

400 FORMAT (IXII130X
t

17HSYSTEM PROPERTIESIII) 
WRI E(3 22) A2 B2,ETA2,ETA3,WW,WA 

22 FORMAT(~X 22HCOAL PROPERTIES- H/C= F~ . 3 6H, O/C= F~ . 3 
1 9HL CHA~/C=IF~.3,.8HL TAR/C=LF~.3,6H, H20=,F~.3,6H, ASH=,F~.3/) 
WRIT~(3 23) AI,Bl,HF2v8(10) A~ 

23 FORMAi(~XL22HCHAR PROPERTIES- H/C=JF~ . 3J6H , 0/C=,F~ . 3, lH" 
1 7H HFoRM= FS.O lOX 
2 21HTAR PROPe:RTIES- H/C=,F5 . 3/) 

WRITE (3 O~) 
O~ FORMAT (~XL13HPYROLYSIS GAS/) 

WRITE (3,0~) X 
WRITE (3 06) RO 

06 FORMAT (IX/~X,15HSOLID DENSITIES,15H (GM/CC OF BED)I 
2 10X,~HCOAL ,F7 . 4/10X,~HCHAR , 
1 F7.4/10X 1 5HH20M ,F7 . 4/10X,5HH20F ,F7.4/10X,5HASH ,F7.411) WRITE (3,401) 
WRITE (3 402) WM 

401 FORMAT (IXI,5X L17HMOLECULAR WEIGHTS/) 
402 FORMAT (10XL7FG.2/10X,F8 . 2) 

403 ~~A~~T(~I~~~:5XL18HHEATS OF FORMATION/) 
WRITE (3 404J H~298 

404 FORMAT (IX/l0X,7Fl0 . l/10X,7Fl0 . 1) 
WRITE (3 429) 

429 FORMAT (2X J 27HSTOICHIOMETRIC COEFFICIENTSII10X,8HREACTION,40X, 
1 9HCOMPONENT/18X,42H N2 02 H20 H2 CH4 CO 
2 49H C02 TAR COAL CHAR H20M H20F ASH I) DO 430 J=l 8 

430 WR I TE (3 411) J (A ( I , J) , 1=1 , 13) 
411 FORMAT (14X, 12,2X, 13(F6 . 3,lX» 

RETURN 
2000 CONTINUE 

WR I TE (3 01) I RUN 
01 FORMAT :IHlll 50X , 4HRUN ,12) 

WRITE (3 2001) GI 
2001 FORMAT (~XL11HFEED RATE =LE12 . 2, 14H (MOL/CM2/SEC)/) 

WR I TE (3, O~) (Y I G ( I ) , I = 1 , tI) 

WRITE (3,2002) YIG(9) 
WRITE (3 04) ADD(3) 

2002 FORMAT (1~X,10HLIQUID H20
I

F7 . 4) 
07 FORMAT (lXIII15X,20HINIT AL COAL TEMP =,F12 . 2,4H (K» RETURN 

3000 CONTINUE 
VRITE (3,07) TJ 
~RITE (3 10) PRES 

10 FORMAT(5k68HPRESSURE,Fl0 . 2
J

6H (ATM)/) 
WR I TE (3 8) XL 

08 FORMAT (~X'7HLENGTH=IF10.2,5H (CM)/) 
IF (ADD(7) . GT.0.) WR TE (3 30!0) 

3010 FORMAT (5X L 18HMETHANE SUPphESSED) 
WRITE (3,0<:) G 

02 FORMAT ( lXIII~XL23HREACTION GAS PROPERTIES/l0X,6HFLOW= , E12.2, 1 13H(MOL/CM2/S~C» 
WRITE (3 3300) QLOSS TLOSS 

3300 FORMAT (IOX,20HHEAT Loss PARAMS ,5X,7HQLOSS= ,E15 . 3, * 5X L 7HTLOSS= ,F8.2) 
WRITE (OJ 03) Y 

03 FORMAT (IOX,27HCCMPOSITION (MOLE FRACTION)I 26X 
1 4HN2 F7 . 4/26X J 4H02 F7 . 41 
1 26X,4HH20 LF7 . 4/26X,4HH2 tF7 . 4/26Xt4HCH4 ,F7 . 4/26X,4HCO 
2 F7.4/26X(4H~02 ,F7 . 4/26X,4H AR JF7 . 4J 

WRITE (3 04J TR 
04 FORMAT (IOX I 12HTEMPERATURE ,Fl0.2,4H (K)/) 

WRITE (3 2010) 
2010 FORMAT (lXI15X~22HFOR REACTION ZONE ONLYII) 

WRITE (3,99) (t)Z(I) , I"'l,4) 
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~~ FORMAT C 20X,13HHCOMB/MOLE 02, 10X,20HHCOMB GAS/HCOMB ~HARI 1 22X,9H(CA~/MOL)11 
1 10XL~HAT TI,~XIE12 . 3Ll0XIF8 . 41/3X , 16HWRT H20CL) 300 K,~X, 2 E12'~L 9X{F8 . 31 OX . 4H~EED} 
WRITE (~,09) W, V U 

09 FORMAT C.1111~X,36HCALCULATED VELOCITIES (CM/SEC)II~X,9HREACTION , 
1 E12.3/9XL9HDRYING ,E12 . 3/9X , 9HSTEAM , E12 . 3) IF (V . LT.W) ~ETURN 

WR I TE (3 100) 
100 FORMAT (IH1 1 11~X , 13HSYSTEM OUTPUT/38XL9HWET BASISI 17X,4HTIME,27X, 

1 11HCOMPOSIT I ON,20~L4HTEMP,4X,3HeAS,~X,3HLIQI 
~! 7X ~H(SECJ, lOX 2no2 4X,2HN2, 
3 4X ~HH20 3X 2HH~ 4X,~HCH4 3X,2HCO 4X , 3HC02,3X 3HTAR 
4 3X,3H(KI,3X , 4HFLOW,6X,4Hf:LOW/ 7X ' ~HO . 0 , 70X , 13H(MOL/6M2/SEC» DO 40 1=1 3 

40 WR I TE (3 1 101) (YW ( I 1. J) . J:o 1 68) , TEMP ( I ) , GF ( I ) , FL ( I ) , TM ( I J 
101 FORMAT ( 8XL8F6 . 3,F~ . 1 , 2El . 3/~X , E13 . 4) WR I TE (3 1 O~ ) 

102 FORMAT (IX/38X6 9HDRY BASIS/6GXL4HHEAT , 8X , 3HGAS/68X , ~HVALUE,8X, 1 4HFLOW/7X,3H . 0 , ~8X , 9H(CAL/MoL» 
DO !!i0 1=1 3 

~O WRITE (3 1103) (YD(I LJ) , J:l,.8)I HV (1) , GFD(I),TM([) 
103 FORMAT ( 8X,8F6 . 3 , 2~11 .3/~~,EI3 . 4) 

WRITE (3 104) 
104 FORMAT (IXI1 34X , 21HINTEGRATED QUANTITIESII10X , 4HTIME,9X,2HN2,8X, 1 2H02,8X, 3HH20 , 7X , 2HH2,8X,3HCH4, 

~! 7X 2HCO,8X,3HC02 , 7X 3H1AR ~X 8HHEAT VALl 
3 10X , ~H(SEC) , 40X,9H(MOL/CM2) , 37X,9H(CAL/ 6M21) DO 60 1"1 3 

60 ~RITE (3LI0~) TM(I)L(YGI(I,J) , J.l , 8) , HV I (IJ 
10~ FORMAT (oX,E13 . 4, 8~10 . 3,EI2 . 4) 

WRITE (3 106) HCOAL 
106 FORMAT (IXI140XL 19HCOAL HEATING VALUE , E12 . 3 , 10H 

WRITE (3 107) HoB(l) HOB(2) 
107 FORMAT (lXI II , 17XL '7HBASE H20 ( L) 300 K, 3X , 

(CAL/CM2 ) ) 

1 17HHCOMB GAS/ MoLE 02 , E12 . 31 
1 20X 4HFEc.D 
2 1 4Xt.~OHHCOM~ GAS/ HCOMB COAL, F8 . 3 ) RETURN 

4000 CONTINUE 
WRITE (3 300) 

300 FORMAT (IH1 , lX I I I L 40X , 7HSUMMARY II/
L 2 ~X , ~3HRUN F~ F02 P~ESS 

3 ~4H WR WP loiS WP / WR 
DO 303 J=1 IRUN 

TO 

WRITE (336,) J , (OEND(J , Ll , L=1 12) 
301 FORMAT (~XI3 , 2X, 2F8 . 4 , 4F9 . 1,3f:9 . 6 . 2F9 . 3 , EI2 . 3) 303 CONTINUE 

RETURN 
END 
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INPUT 

The following card images demonstrate the required input for running a problem, or set of 
problems. All formats are F 10.0. 

Card I. Chemistry parameters 
A. a (char HlC ratio). 
B. b (char O/C ratio). 
C. c (coal H/C ratio). 
D. d (coal O/C rati0). 
E. fie (tar HlC ratio). 

F. 7J (mole char produced per mole of coal pyrolyzed). 
o. e·R~ (atoms of C in tar per mole of coal pyrolyzed). 

Card 2. Solid composition: 

A. Effective solid density of bed, _g_ . 
cm2 

B. Weight fraction dry coal. 
C. Weight fraction fixed water. 
D. Weight fraction mobile water (generally 0) . 
E . Weight fraction a h. 

Card 3. System operating parameters : 

A. O. + L. (Feed flux), mole 

B. T. (Feed temperature, K) . 
c. T4 (initial coal temperature, K) . 
D. L (system length , cm). 
E . P (system pressure, atm). 

Card 4. Feed composition and equilibrium a!. umption: 
3 

A. I!.(steamloxygen mole ratio). 
y~ 

• 
B. I!.(Nitrogenioxygen mole ratio). 

y~ 

C. ~(Liquid waterloxygen mole ratio). 
y~O. 

D. Y: = - I. Methane allowed in zone 2, 
= + I. Methane not allowed in zone 2. 

Th;:: set form ',d by cards 3 and 4 can be repeated as many times as desired . 

Card 5. Terminator 

A. Supply a negative number to terminate input. 
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APPENDIX C 
CHARTHERMODYNANnCS 

The equilibrium calculations described in Appendix A require equilibrium con tants at given 
temperatures and pressure for reactions involving coal char and several common gas pecies. The ba ic 
thermodynamic information requiren for each specie i the heat offormation and absolute entropy at 298 K. 
and the heat capacity from 298 K to the temperature of interest. For the gaseous pecies the 'e data are 
available in the JANAF tables 12

• For coal char, however, the ,hermodynamic functions must be e timated . 
Represen~ing char as CHaO b , the following empirical relations are u ed : 

AH Y.2US 
o . a = 0 

2.6 - 68.0b ,a > 0 

1.359 -!- 3. 17a + 4.0b 

(kcaVmole), 

(callmole-K). 

Cp(T,graphite) + O.88a + 5.8b (cal/mole-K) 

(C-I) 

(C-2) 

(C-3) 

Equation (C-I) for the heat of formation , with a > 0, is based on the Dulong formula l3 for the heat 
of combustion of coal. The formula is simply back-solved for the heat of formation of char , knowing the 
heats offormation of carbon dioxide and liquid water . The Dulong formu la ha been found by Thibautl4 to 
work well for coke containing varying amounts of hydrogen (a) and oxygen (b). To generate the quoted 
heat offormation ofamorphou:; carbon , (2600 kcaVmole) , we set b = 0 and a = 10- 6 in Eq. (C- I) . To gener­
ate graphite with a zero heat of formation, we set a = b = O. 

Equation (C-2) for the absolute entropy of coal char (;omes from a Krikorian l 5 correlation based 
on the entropies of high-molecular-weight solid aromatic hydrocarbon . For a = b = 0, the entropy reduces 
to the value for graphite . 

Equation (C-3) for char-heat capacity is essentially a Kopp 's law addi tive atomic component 
relation, except that the carbon component is assumed to have the normal graphite temperature dependence. 
For graphite we use a polynomial in the temperature that accurately represents the JANAF tables from 298 
to 2000K. We have taken the Kopp' Law coefficients for hydrogen and oxygen from Gomez, Gayle, and 
Taylor ,10 who determined these from a variety of British coals at room temperature. Over a temperature 
range from 300 to 2000K , the heat capacity of graphite increases by almost a factor of three while hydrogen 
and oxygen increase only about 20%. It therefore eems reasonable that the heat capacity of a char should 
follow the graphite temperature curve with small, essentially temperature-independent correction cau ed 
by the presence of hydrogen and oxygen. This procedure i consistent with the findings of Kirov and 
Stephens l6 • Equation (C-3) also gives a piau ible heat capacity estimate over a wide temperature range, 
unlike the equations given in either Ref. 9 or 16 which give unrea on able results at higher temperatures . 

Thble C·)' Calculated equilibrium properties of a carbonaceous solid, CH aO b , at lOOOK, 3 atm, and a 
steam/oxygen molar feed ratio of 2. 

MolesO. Composition, mole % Heating value, 
Solid a b mole solid CO CO. H. C H, H.O Btul CF 

Equilibrium methane 

Grapbite 0 0 0.38 37 21 28 2 12 260 

Amorpbous carbon 10-<1 0 0.29 53 13 24 6 4 320 

High.temp cbar 0.15 .02 0.23 62 6 19 12 380 

Low·temp char 0.40 .10 0.17 69 8 21 460 

Metbane suppressed 

Graphite 0 0 0.40 35 21 31 13 240 

Amorphous carbon 10 • 0 0.32 51 II 33 5 280 

Higb.temp char 0.15 0.02 0.27 57 5 36 2 300 

Low·temp char 0.40 0.10 0.23 60 39 310 
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It should be clear from the above di cussion that our scheme for char therralOdynamics is quite 
approximate , and based on very limited data. One use for the formalism is to explore the sen itivityof 
calculated equilibrium results to the hydrogen and oxygen content of the char. Table C shows calculated 
results for carbonaceous solids ranging from graphite to a low-temperature char with a high hydrogen and 
oxygen content. The caJculations have been carried out both with and without methane in the equilibrium 
gas. 

With methane present, the calculated he~ting value of the equilibrium gas increases as the hydrogen 
and oxygen content cf the char increase . The oxygen requirement also decreases ubstantially (moles O

2 required/mole solid consumed), a a and b increa e. The differences between graphite and amorphou 
carbon stem from the finite heat offormation of amorphous carbon. With methane suppressed, the calculated 
heating values are redllced and the sensitivity to the char hydrogen and oxygen content is diminished . 
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APPENDIX D SUMMARY OF RUNS 

The following tables show the calculated result for reaction zone temperature , gas compoSitions, 
and relative velocity for a variety of assumed conditions. Included a re runs for cha r having a CHO.090 .016 and a 
C stoichiometry a well as results for pressure of I and 30 atm with and without methane in the equilibrium 
mixture. In addition to pure oxygen/water feeds, a number of results are given for air and air/water feeds. 
Results for both steam and liquid water feeds are al 0 included. The velocity ratio hown for each ca e 
as umes an ash weight fraction of 0.06 and a water weight fraction of 0.33 in the wet coal. 

Thble D-l. Char, CH O.090 .016; 0 2/steam feed . 
. Pres ure = 1 atm ; CH 4 present. 

Feed Reliction zone gas Velocity 'hmp, Mole rraclJon Temp, Mole (raction ratio K 0 , H,O K H,O Hz CH, CO CO, WofW R 
320 0.10 0.90 805 0.060 0. 145 0.278 0. 195 0.322 0.664 
327 0. 15 0.85 848 0.047 0.184 0.211 0.314 0.244 0.689 
334 0.20 0.80 883 0.035 0.210 0.160 0.421 0. 175 0.697 
339 0.25 0.75 915 0.026 0.228 0. 118 0.510 0. 119 0.698 
343 0.30 0.70 951 0.017 0.244 0.083 0.587 11.070 0.702 
346 0.35 0.65 1000 0.009 0.261 0.052 0.648 0.031 0.717 
350 0.40 0.60 1112 0.002 0.286 0.019 0.687 0.005 0.780 
352 0.45 0.55 1533 0.000 0.293 0.001 0.706 0.000 0.977 
355 0.50 0.50 2118 0.000 0.272 0.000 0.728 0.000 1.133 
359 0.60 0.40 3022 0.000 0.226 0.000 0.774 0.000 1.313 

B. Pres. ure = 30 atm; CH4 present. 

Feed Reaction zone gas Velocity 
'hmp, Mole rractlon Temp, Mole rraction ratio 

K 0 , H, K H,O H, CH, CO 0 , Wof ,V. 
407 0.10 0.90 951 0.079 0.0'12 0.304 0.211 0.315 0.766 
422 0.15 0.85 1013 0.063 0.12 1 0.244 0.339 0.234 0.791 
432 0.20 0.80 1063 0.049 0.142 0.195 0.448 0.166 0.796 
441 0.25 0.75 1112 0.035 0.162 0.153 0.541 0. 109 0.797 
450 0.30 0.70 1168 0.024 0. 183 0.116 0.616 0.061 0.1103 
456 0.35 0.65 1215 0.013 0.209 0.081 0.671 0.026 0.828 
462 0.40 0.60 1387 0.005 0.247 0.042 0.700 0.006 0.896 
467 0.45 0.55 1707 0.001 0.271 0.010 0.7 11 0.001 1.033 
472 0.50 0.50 2229 0.000 0.268 0.002 0.730 0.000 1.169 
480 0.60 0.40 3075 0.000 0.225 0.000 0.774 0.000 1.353 
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C. Pressure-l atm; CH4 not present. 

Feed Ruction lODe IU Velodty 
Temp, Mole rrllCtlon Temp, Mole fractloa Rallo 

K O. H.O K H,O H. CH. CO CO. W,jWR 

320 0. 10 0.90 723 0.311 0.397 0.042 0.2SO 1.316 

327 0.15 0.85 797 0. 172 0.438 (1. 147 0.244 I.JJ4 

334 0.20 0.80 1145 0.103 0.421 0.~9 0._ 0.975 

339 C.25 0.75 1184 0.063 0.403 0.386 0.148 0.818 

34J 0.30 0.70 921 0.037 0.374 0.491 0.098 0.811 

346 0.35 0.65 967 0.018 0.345 0.586 0.5SO 0.770 

3SO 0.40 0.60 1064 0.005 0.318 0.667 0.010 0.n6 

352 0.45 0.55 1524 0.000 0.295 0.705 0.000 0.975 

355 O.SO O.SO 2117 0.000 0.272 0.721 0.000 J.J33 

359 0.60 0.40 3022 0.000 0.226 0.774 0.000 1.313 

. Pressure = 30 Iltm; CH4 not present. 

Feed Reliction ZODe IU Velocity 
Temp, Mole fraction Temp, Mole frlo.ctlon utlo 

K O. H.O K H.O H. CH. CO CO. W,jWR 

407 0.10 0.90 U6 0.407 0.324 0.061 0.208 1.645 

422 0. 15 0.85 953 0.259 0.370 0.168 0.203 I.3SO 

432 0.20 0.80 1014 0. 170 0.375 0.215 0.170 1.162 

441 0.25 0.75 106~ 0. 110 0.366 0.394 0.129 1.039 

4SO 0 .30 0.70 1117 0.068 0.3SO 0.495 0.087 0.956 

456 0.35 0.65 1178 0.037 0.332 0.582 0.049 0.906 

462 0.40 0.6(j 1288 0.013 0.314 0.658 0.015 0.900 

467 0.45 0.55 1644 0.001 0.294 0.704 0.001 1.020 

472 0.50 0.50 2218 0.000 0 .27:t 0.721 0.000 1.168 

480 0.60 0.40 3074 0.000 0.226 0.774 0.000 1.353 

'Thble D-2. Char, C (~.graphite) ; Oz/Steam feed 
A. Pressure = I atm; CH4 present. 

Feed Reaction ZODe !las Velocity 
Temp, Mole rrKtlon Temp, Mole ruction ratio 

K O. H.O K H.O H. CH. CO CO. W,j 'NR 

320 O. !O 0.90 805 0.314 0.262 0.090 0.057 0.277 1.527 

327 0. 15 0.85 875 0.211 0.331 0.051 0. 154 0.253 1.486 

334 0.20 0.80 924 0.143 0.351 0.030 0.264 0.212 1 ..,04 

339 0.25 0.75 964 0.096 0.348 0.018 0.371 0.167 1.246 

343 0.30 0.70 1002 0.061 0.334 0.011 0.473 0. 121 1.1.:g 

346 1).35 0.65 1043 O.O~ 0.315 0.006 0.565 0.077 1.074 

3SO 1> 40 0.60 1101 0.01 7 0.293 0.003 0.650 0.036 1.025 

352 0.45 0.55 1254 0.003 0.273 0.001 0.719 0.005 1.043 

355 0,50 O.SO 1803 0.000 0.250 0.000 0.750 0.000 1.209 

359 0.60 0.40 2873 0.000 0.201 0.000 0.799 0.000 1.385 
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lemp, 
K 

407 

422 

432 

441 

450 

456 

462 

467 

472 

480 

Temp, 
K 

320 

327 

334 

339 

343 

J46 

350 

352 

355 

359 

fimp, 
K 

407 

422 

432 

441 

450 

456 

462 

467 

472 

480 

Mole fraction 
O. H,O 

0.10 0.90 

0. 15 0.85 

0.20 0.80 

0.25 

0.30 

0.35 

0.40 

0.45 

0.50 

0.60 

Feed 

0.75 

0.70 

0.65 

0.60 

0.55 

0.50 

0.40 

Mole fraction 

0, " ,0 
0.10 0.90 

0.15 0.85 

0.20 0.80 

0.25 0.75 

0.30 0.70 

0.35 0.65 

0.40 0.60 

0.45 0.55 

0.50 0.50 

0.60 0.40 

Feed 
Mole fraction 

0 , H,O 

0.10 0.90 

0.:5 

0.20 

0.25 

0.30 

0.35 

0.40 

0.45 

0.50 

0.60 

0.85 

0.80 

0.75 

0.70 

0.65 

0.60 

0.55 

C).SO 

0.40 

B. Pressure -= 30 atm; CH 4 present. 

Temp, 
K 

959 

1048 

1111 

1165 

1217 

1274 

1352 

1506 

1934 

2939 

H,O 

0.337 

0.2':S 

0. 182 

0.130 

0.089 

0.057 

0.030 

0.009 

O.OCII 

0.000 

Reacllon zone ga 
Mole fraction 

" , CH, 
0.170 0.139 

... 230 0.097 

0.259 0.069 

0.272 

0.275 

0.273 

0.268 

0.262 

0.248 

0.200 

0.048 

0.033 

0.022 

0.013 

0.005 

0.001 

0.000 

C. Pre sure = 1 atm; CH4 not present. 

Temp, 
K 

785 

8(i5 

918 

960 

999 

1040 

1099 

1254 

1803 

2873 

0 .418 

0.253 

0. 162 

0.105 

0.066 

0.039 

0.018 

0.003 

0.000 

0.000 

Reaction rone gas 

H, 

0.321 

0.380 

0.386 

0.372 

0.350 

0.325 

0.299 

0.274 

0.250 

0.201 

Mole Fraction 

". 

D. Pres ure = 30 atm; CH 4 not present. 

Reaction rone ga 
Temp. Mole fraction 

co 
0.082 

0. 190 

0.298 

0.401 

0.495 

0.578 

CUi53 

0.714 

0.750 

0.799 

co 
0.037 

0.130 

0.243 

0.356 

0.462 

0.557 

0.647 

0.: 18 

0.750 

0.799 

K H,O H, CH, CO 

933 

1031 

1099 

II 55 

1208 

1265 

1342 

1492 

1929 

2938 

0.505 

0.341 

0.235 

0. 161 

0. 107 

0.067 

0.035 

0.011 

0.001 

0.000 
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0.257 0.051 

0.313 

0.330 

0.3:d 

0.318 

0.304 

0.287 

0.270 

0.250 

0.201 

0.148 

0.258 

0.366 

0.466 

0.557 

0.640 

0.709 

0.749 

0.799 

O. 

0.271 

0.236 

0.193 

0.149 

0.108 

0.070 

0.036 

0.010 

0.001 

0.000 

co, 
0.224 

0.237 

0.209 

0.167 

0.122 

0.079 

0.037 

0.005 

0.000 

0.000 

CO, 

0.188 

0.198 

0.177 

0.144 

0.108 

0.07~ 

0.039 

0.011 

0.001 

0.000 

Velocity 
rallo 

'WOl/ W" 

1.618 

1.590 

0.149 

1.385 

1.294 

1.223 

1.174 

1.172 

1.263 

1.434 

Velocity 
ratio 

W"IW" 

2.262 

1.772 

1.489 

1.304 

1.176 

1.087 

1.030 

1.044 

1.209 

1.385 

Velocity 
ratio 

W,,IW. 

2.81i2 

2 181 

1.792 

1.548 

1.383 

1.270 

L195 

1.1 15 

1.263 

1.434 
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'DIble D-3. ~har, CHO.0900.l ti: 0 2/H20 (lIq) feed. 
A. Pressure - 1 atrn; CH. present. 

Feed Reaction zone p VeJodly 
'Jemp. Mille fraction 'temp, Mole fraction ratio 

K 0 , H.O K H.O H. CH. CO CO. W"IW. 

JOG 0. 15 0.85 746 0.070 0.087 0.317 0.088 0.4311 0.5'3 

300 0.20 0.80 815 0.056 0.145 0.232 0.232 0.335 0.660 

300 0.25 0.75 1IS1 0.043 0.179 0.172 0.361 0.246 0.677 

300 0.30 0.70 894 0.031 0.201 0.125 0.474 0. 169 0.679 

300 0.35 0.65 :nil 0.021 0.216 0.009 0.566 0. 108 0.678 

300 0.40 0.60 972 0.012 0.231 0.057 0.646 0.054 0.684 

300 0.45 0.55 1056 0.004 0.252 0.026 0.7OS 0.013 0.720 

300 0.50 0.511 1395 0.000 0.268 0.002 0.729 0.000 0.890 

300 0.60 0040 2664 0.000 0.226 0.000 0.774 0.000 1.200 

B. Pressure = 30 atm; CH. p~sent. 

Feed Reaction zone I:as Velocity 
'Jiomp, More fractJon 'Jemp, Mole fraction ratio 

K O. H.O K U,O H. CH. CO CO. W"IW. 

300 0. 15 0.85 8SC1 0.091 0.046 0.339 0.075 0.449 0.659 

300 0.20 0.1ll 954 0.077 0.087 0.264 0.221 0.344 0.754 

300 0.25 0.75 1018 0.060 0. 114 0.207 0.369 .251 0.774 

300 0.30 0.70 1071 0.045 0.135 0.161 0.488 0.172 0.775 

300 0.35 0.65 1122 0.032 0.152 0.124 0.584 0. 108 0.773 

300 0.4!) 0.60 1186 0.020 0. 173 0.0119 0.663 0.055 0.781 

300 0.45 0.55 1287 O.OO!' 0.201 0.OS5 0.717 0.018 0.816 

300 o.se 0.50 1533 0.002 0.241 0.018 0.738 0.002 0.928 

300 0.60 0.40 2667 0.000 0.225 0.001 0.774 0.000 1.214 

C. Pressure = 1 Rtm; CII. not present. 

Feed Reliction zone gas Velocity 
'Jemp, Mole fraction 'Jemp, Mole fraction rlltio 

K 0 , H.O K H.O H. H. CO CO, Wr/W. 

300 0.13 0.85 632 0.515 0.237 0.006 0.243 1.243 

300 0.20 0.80 754 0.241 0.382 0.080 0.297 1.102 

300 0.25 0.75 819 0.134 0.398 0.211 0.257 0.967 

300 0.30 0.70 865 0.078 0.380 0.347 0. 195 0.864 

300 0.35 0.65 903 0.046 0.353 0.467 0.135 0.794 

300 0.40 O.tiO 147 0.026 0.323 0.578 0.075 0.745 

300 0.45 0.55 1020 0.009 0.296 0.668 0.027 0.735 

300 0.50 0.5e 1382 0.000 0.272 0.728 0.000 0.886 

300 0.60 0.4G 2664 0.000 0.226 0.774 0.000 1.200 
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D. Pressure = 30 atm: H4 not present. 

Feed Reaclion 20n(' gas Velocity 
'&mp, Mole fraction Temp, Mole fraction ratio 

K O. H.O K H,O H, CH, CO CO. WIl/WR 

300 0. 15 0.85 73J 0.620 0.162 0.008 0.210 1.46(; 

300 0.20 0.80 887 0.357 0.296 0.089 0.258 U51 

300 0.25 0.75 971 0.222 0.3.'2 0.217 0.229 1.165 
) 00 0.30 0.70 1031 0.142 0 . .1.13 0.345 0.180 1.031 

300 0.35 0.65 1083 0.089 0.322 0.460 0.129 0.940 

300 0.40 0.60 tJ41 0.051 0.305 0.566 0.079 0.879 

300 0.45 0.55 1227 0.022 0.228 0.659 0.032 0.852 

300 0.50 0.50 1446 0.003 0.270 0.723 0.004 0.909 

300 0.60 0.40 2664 0.000 0.226 0.774 0.000 1.214 

Thble D-4. Char, CHo.onO o.oI6; Air/ H 20 (liquid) feed. 

A. Pressllre = I atm; CH 4 pre5ent . 

Feed Reaction wne gas Velocfty 
Thmp, Mole frllttion Temp, Mole fraction rati " 

K O. H.O K H,O H, CH, CO CO, W,jWR 

300 0.10 0.52 720 0.351 0.045 0.053 0.208 0.045 0.298 0.774 

300 0.15 0.29 860 0.454 0.016 0.109 0.062 0.253 0.105 1.108 

300 0.21 0.00 1919 0.639 0.000 0.016 0.000 0.345 0.000 2.303 

B. Pressure = 30 atm; C H 4 present. 

Feed Reaction zone gas Velocity 
Thmp, Mole fraction Thmp. Mole fraction ratio 

K 0 , H,O K H,O H. CH, CO CO, W,jWR 

300 0. 10 0.52 802 0.359 0.057 0.024 0.222 0.032 0.306 0.815 

JOO 0.15 0.29 1011 0.470 0.025 0.068 0.083 0.238 0.116 1.241 

JOO 0.21 0.00 1919 0.639 0.000 0.016 0.000 0.345 0.000 2 . .114 

C. Pre sure = I atm; CH 4 not present. 

Feed Reaction zone gas Velocity 
Thmp, Mole fraction Thmp, Mole fraction ratio 

K O. H,O K N, H,O II , CH, 0 CO, Wn/WR 

JOO 0.10 0.52 61!, 0.345 0.337 0. 152 0.003 0.164 1.684 

300 O. I~ 0.29 840 0.446 0.038 0.203 0.196 0.118 1.390 

JOO .1.21 0.00 1919 0.639 0.000 0.016 0.345 0.000 2.303 

D. Pressure = 30 atm; CH 4 not present. 

Feed Reaction zone gas Velocity 
Thmp, Mole fraction Temp, M:lle fraction ratio 

K 0 , H,O k N, H,O H, CH, CO CO, W,jWR 

300 0.10 0.52 697 0.356 0.410 0.093 0.003 0.138 1.939 

JOO 0.15 0.29 980 0.462 0.076 0. 171 0.173 0.118 1.684 

300 0.21 0.00 1919 0.639 0.000 0.000 0.345 0.000 2.314 
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'DIble D-S. Char, C (,a-graphite); Alr/H20(lIquld) feed. 
A. Pressure = 1 atm; CH. present. 

Feed Reaction zone ia Veloclty 
ltmp, Mole fraction Temp, Mole fraction ratio 

K O. H.O K N. H,O H. CH, CO CO. Wo/WR 

JOO 0.10 0.!!2 668 0.363 0.292 0.064 0.07!! 0.004 0.202 1.700 

JOO 0.1!! 0.29 901 0.470 0.0!!9 0.164 0.008 0.168 0.131 2.073 

JOO 0.21 0.00 1832 0.6!!3 0.000 0.000 0.000 0.347 0.000 2.6!!IJ 

B. Pressure = 30 atm; CH. present. 

Feed Reaction zone ~5 Velocity 
ltnlp, Mole t-. actlon 'ltmp, Mole fraction ratio 

K O. H.O K N. H.O H. CH, CO CO. Wo/WR 

JOO 0.10 0.!!2 726 0.371 0.304 0.024 0.09!! 0.002 0.204 1.!!71 

JOO 0.1!! 0.29 1056 0.488 0.089 0.115 0.022 0.1!!3 0.133 2.374 

300 0.21 0.00 1833 0.6!!3 0.000 0.000 O.~ 0.347 0.000 2.702 

C. Pressure = 1 atm; CH. not present. 

Ff'ed Reaction zone gas Velocity 
ltnlp, Mole fraction 'ltmp, Mole traction ratio 

K O. H.O K N. H.O H. CH, CO CO, Wo/W. 

JOO 0.10 0.!!2 660 0.361 0.413 0.086 0.002 0.138 3.169 

300 0.1!! 0.29 903 0.468 0.065 0.175 0.160 0.132 2.161 

JOO 0.21 0.00 1832 0.6!!2 0.000 0.000 0.347 0.000 2.6!!8 

D. Pressure = 30 atm; CH. not present. 

Feed Reaction zone gas Velocity 

ltmp, Mole traction ltmp, Mole traction ratio 

K 0 , H.O K N. H.O H. CH, CO CO. Wo/W. 

JOO 0.10 0.52 740 0.367 0.453 0.054 0.002 0.124 3.597 

300 0. 15 0.29 1049 0.484 0.110 0. 139 0. 141 0. 128 2.661 

300 0.21 0.00 1833 0.653 0.000 0.000 0.347 0.000 7.702 
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HIGH-BTU GAS VIA IN-SITJ COAL GASIFICATION 

D. R. Stephens*, R. W. Hi11* and E. L. Burwe11** 

ABSTRACT 

Underground coal gasification offers a relatively low cost, 

environmentally sound method to produce SNG from coal. The resource is huge 

a~d widely distributed. The results of recent underground coal gasification 

tests in the U.S. have been very encouraging. A brief review of the 

technology is given followed by a description of Lawrence Livermore 

Laboratory's recent underground coal gasific~tion experiment, Hoe Creek 12, in 

which gas of 100-150 Btu/scf was produced using air injection, and 250-300 

Btu/scf when injecting steam and oxygen. Plans for future experiments are 

also described. 

*Lawrence Livermore Laboratory, P. O. Box 808, Livermore, California. 
**Branch Chief, UCG, Division of Fossil Fuel Extraction, DOE, Washington, 
D.C. 20545. 



INTRODUCTION 

A major ob,jective of t~e U. S. energv program is the development of en-

vironmentallv acceptable ways to use coal. Thus, development of processes to 

produce clean f uels from coal is a ~iqh orioritv task. In-situ coal gasifica­

tion is one of the most promisinq of these processes . It offers three major 

potentia1 advantages as a source of syntheti c fuel: (1) oipeline q~ality gas 

at costs competitive with or lower than that of other synfuels, (2) use of as 

much as 1.8 trillion tons of coal (quadruple the present coal reserves) that 

would not be economical to strip or deep mine, and (3) possible environmental 

advantages. 

The DOE underground coal gasification (UCG) program has been described in 

detail by Wieber. (1) A brief update will be given in this paper followed bv 

a more detailed description of LLL's project to produce high Btu gas via in­

situ coal gasification. 

History 

Underground coal qasification has existed as a conceot since 1868 and 

field tests have been conducted since 1912. (2) The Soviets have executed a 

f l eld orogram for over 40 years, and have ooerated semi-commercial UCG plants 

for over 20 years. USBM tests in the 1940's and 1950's in the U.S. were quite 

unsuccessful but did not take advantage of the proven Russian experience. 

The USBM resumed UCG testing in 1972, which grew into the current DOE 

program. A !'lumber of major milestones have been accomplished, including the 

fo 11 owi nq: 

• Air injection producing low Btu gas (165 Btu/sci) at 8.5 mi Ilion 

SCFD. T~is experiment was conducted by the Laramie Energy Technology 

Center and was in operation continuously for 55 days. 
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• Steam/oxvqen injection producinq medium Btu gas (265 Btu/scf) at 1.7 

million SCFD. T~is exoeriment was conducted by the Lawrence 

L.iverrnore Laboratory and was in ooeration for 58 days of air qasifi-

cation wit~ a scheduled 2 day oxygen test. 

BASIC PRINCIPLES 

Coal is asified underground by drilling boreholes into the seam and in-

jectin air Lor oxygen and steam) into the underground reaction zone. The hot 

2ases are forced throug~~he seam to the exit borehole and are carried t~e 

surface where they are cleaned and upgraded for use. 

~al-lJed permeability must be increased since the natural permeab'~li~y 

is too low for gasification. The bed is prepared by reve~e combustion, dt: 

rectional drilling, shaoed charqes or other techniques to form a linkage path - -- ---- -
lJetween the array of bore~oles near the bottom of the seam. Th'js ~el s to 

maximize resource recovery by undercuttinq the coal as it is gasified. The 

existence of a lonq hot linkaqe c~annel ensures the product gas is properly 

reduced and has a ~igh heating value that remains fairly uniform with time. - --
Fiqure 1 s~ows a side view of a gasification zone.(3) The linkage path has 

been formed a· the bottom of the coal seam. As asification roceeds from 

~ight to lef: . coal falls into t~e gasified cavity and creates a highly re­

active rubble zone. As the system ex ands the gasification zone gradually --
encompasses t~e full thickness of the coal seam and moves in a broad front 

towards t he out 1 et we 11. 

Figure 2 shows a plan view of a field development as applied by the 

Soviets near Moscow which allows extraction of the entire coal resource. (3) 

The dotted lines show the location of the underground linkage channels fO:111ed 
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'~L----~ __ 
--Oxidation zone--.,j 

"---"---Reducing zone------------l 
1--- Drying and pyrolysis zone -------------------_1 

Fig. 1. Conceptual view of a channel during gasification. 
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Fig. 2. Plan of an undergrou nd coal gasification p . lant near Mo!lCow. 
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in the coal by reverse combustion in preoaration for gasification. The rro­

duction phase of gasification is carried out by forward gasification in the 

channels. Commercially attractive well spacinqs are believed to be longer 

than the 75 ft showr in this figure; spacinqs of 100-150 ft would be more ap­
orooriate in the U.S. 

Resource 

Figure 3 shows the estimated total U.S. coal resource, the resource amena­

ble to UCG, and the proven reserves of coal. Almost 1.8 trillion tons of coal 

are believed to be available for commercial UCG orocesses. This huge resource 

would more than quadruple the U.S. proven reserves and is equivalent to more 

than 3000 quads (ld
5 

Btu) after process efficiencies and inaccessibility of 

some of the coal is assumed.(4) 

Coal seams suitable for UCG are found at depths of 300 ft to 2000 ft. ----
Most of the new coal mines utilize strip-minable coal at depths of less than 

200 ft. Therefore UCG is, in general, not competitive with coal mining but 

utilizes an alternate resource. 

The western coal is oredominantly deep, thick, sub-bituminous or lignite, 

and thus is verv desireable for UCG. These coals are highly reactive and tend 

to shrink and fall aoart when heated. This tends to self-rubble the coal and 

oroduce an underground packed bed. The midwestern and eastern coals tend to 

be thin and bituminous, and swell uPon heating, decreasing the permp.ability, 

and thus present a greater challenqe for UCG. 

Cost Estimates 

Independent cost estimates, which were not funded by DOE, have been made 

for underground coal gasification by Bechtel, Gulf, SRI, the Resource Sciences 

Corporation, Amoco and PG&E which shew that product gas .from underground coal 
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Total Coal to 6000 feet (billions of tons l:* 
Estimated Mineable Reserve Base (Billions 

of tons) : 

2030 100 3,260 620 350 
10 2 200 110 110 

6,360 Total 
432 Total 

Estimated UCG Resource (Billions of tons) : ' 640 20 920 140 BO 1,800 Total 

-Divide these numbers by 1.1 to obtain tonnes. 

Fig. 3. Coal Resources for Underground Coal Gasification. 
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gasification is projected to cost some 65-75% as muc~ as t~at produced by 

strip mining and abov~ground coal gasification. (5) 

Table 1 presents projected cost data of SNG from underground coal gasifi­

cation compared wit~ ot~er met~ods. Synt~etic natural gas produced by unaer­

ground coal gasification cannot economicallv compete wit~ conventionally 

produced natural gas. However, underground coal gasification is comoetitive 

with LNG, the Northwest Alaskan ~ioeline, surface coal qasification, and with 

much of the unconventional sources of gas. 

DOE PROGRAM SUMMARY 

Projec i.~ 

There are four major field projects in the DOE Program: (1) Western Low­

Btu Gas, directed ':>y L. ETC, (2) We,;ter'n Medium Btu Gas, directed by LLL, (3) 

Eastern Coal Technology, directed by METC, and (4) Steeply Dipping Beds, 

directed bv Gulf R&D Comoanv. Sandia Laboratories is providing diagnostic 

instrumentation to LETC and LLL. There also is a supporting laboratory pro­

gram, including participation bv ORNL, ANL, LASL, U. Texas, U. Alabama, and 

other universities. 

Results 

Since 1972 the Laramie Energy Technologv Center has been apolying the 

reverse combustion (linked vertical well) proce'ss to underground coal gas­

ification in t~e Hanna field in Wyoming, as summarized in Table 2. (6-8) 

Some of the data from the Hanna 2, p~ase 2 test is s~own in Fi~. ~; as can be 

seen, a very constant and high heating value of product gas was obtained. 
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Table 1 

Cost of Pipeline Gas from Alternate Domestic Sources (as Produced) 

J978 Cost/106 Btu 

• Alaskan Gas1 $4.20 - $4.50 

• LNG1 $3.20 - $5.00 

• Devoni an Shale1 and Tight Sands1 $2.00 - $4.00 

• SNG from NaPtha1 $5.00 - $7.40 

• Geopressured Methane1 $4.50 

• Surface Gasification1 $4.00 - $4.80 

• UCG (MOPPS Reston Workshop) $2.70 - $3.40 

• UCG (MOPPS Intermediate Supply Gp.) $1. 75 

• UCG (Gulf R&D Co.) $2.10 - $3.10 

'OOE Commercialization Task Force, Oct. 1978 
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In five of the six field tests after Hanna 1, the reverse combustion 1in~ 

orooaqated at the bottom of the seam. Lateral deviations and in some cases 

multiple links were observ:,-. As can be seen from the table, these tests 

produced high quality gas. During Hanna 4 an override situation dev210ped 

using reverse combustion and low quality gas was produced when linking across 

a spacinq of 100 ft. At oresent Hanna 4 is shut down to effect reoairs, drill 

additional process wells and additional instrumentation wells. It is planned 

to relay a reverse combustion link in stage~ across a total length of 120 ft. 

Since 1972 the Lawrence Livermore Laboratory has been studying 

permeability enhancement (linking) technique~ and steam-oxygen gasification. 

We have completed two underground coal gasification tes~s at the Hoe Creek 

site near Gillette, wyoming as shown in Table 3. (9, 10) Explosive frac­

turing was used to link Hoe Creek #1 while reverse combustion was used to link 

Hoe Creek #2. The LLL project will be described in more detail in the fo110w-

inq section. 

The Sandia La~oratories is providing valuable diagnostic information pre­

dominantly to LETC and recently to LLL. They have diagnosed all the Hanna 

burns and will participate in the Hoe Creek #3 test. The~ have successfully 

developed both downhole (thermocouples, pressure and gas sampling, subsidence 

and acoustic) and remote (electrical) techniques to analyze the propagation of 

the burn front to aid in -understandinq and control of the underground oroc­

esse (11, 12) It is expected that commercial operators would prefer less 

costly surface diagnostics pat her than downhole instrumentation. Sandia has 

a1 so been acti ve in site chaY'acteri zati on for LETC. 

The Morgantown Energy Technology Center is studying the gasification of 

bi tuminous coal near Pricetown, West Virginia, as shown in Table 4. (13, 14) 
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Table 2 

Underground Coal Gasification Project at the 

Laramie Energy Technology Center 

T~ project features low Btu (air) gasification, using reverse combustion 
(LVWl, in the Hanna Basin, WYoming. 

Hanna I: Linked by hydraulic fracture and reverse clwnbustion. HHV 
126 Btu/sef, good resource recovery. 

Hanna II, 01 : Linked by reverse combustion, 152 :ltu/scf, good resource 
recovery, 83~ thermal recovery. 

Hanna II, 02: Linked by reverse combustion, 175 
recovery, 89% thermal recovery_ 

Btu/scf, high resource 

Hanna II, 03: Linked by reverse combustion, 138 Btu/scf, high resource 
recovery, 76% thermal recovery. 

Hanna II I: Linked by reverse combustion, 130 Btu/scf, high resource 
recovery. 

Hanna IV: Linked by reverse combustion, active. 

Hanna V: Multiple process well sweep test, planned. 

Pi 1 ot T "s t : Planned. 
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Fig. 4. Production rates and heating value of gas from 
LERC experiment Hanna II . Phase 2. 



Table 3 

Underground Coal Gasification Project at the 

Lawrence Livermore Laboratory 

The project features steam/oxygen gasification and linking 
techniques, in the Powder River Basin, Wyoming 

Characterized Hoe Creek site, near Gillette, WYoming in 1975 

Hoe Creek #1 Linked by explosive fracturing 1975, gasified with air in 1976 
product heating value = 110 Btu/scf, 73% thermal recovery, l5~ 
resource recovery. 

Hoe Creek #2: Linked by reverse combustion, gasified with air (two-day 
oxygen burn), in 1977 
product heating value - 106 Btu/scf (263 Btu/scf with oxygen/ 
steam), 68% thermal recovery, very high resource recoyery. 

Hoe Creek #3: Linked by directional drilling, to be gasified with oxygen/ 
steam, July 1979. 

DeeD Test #4: Deep line>ar burn, steam/oxygen, planned. 

DeeD Sweep #5: DeeD multiple process well sweep test, planned. 

Pilot Test: Planned. 
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Table 4 

Underground Coal Gasification Project at the 

Morgantown Energy Technology Center 

The project features low Btu (air) gasification of a swelling 
~1tuminous coal near Pricetown, West Virginia. 

Pricetown I: To be linked by reverse combustion (LVW), early 1979. 

Pricetown II: To be linked by directional drilling, 1980. 

Future Tests: To be determined. 
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Fig. 5. Well placement for Pricetown I. 
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Their earlier work was primarily in laboratory experimentation but emohasis 

has nryn shifted to the field. Thev are currently fie1dinq Pricetown I which 

aoolies reverse combustion experience gained in t~e west to eastern coal: see 

Fig. 5. The test will be iqnited in early 1979. It is to be fo110w~d by 

rricetown II, which is to be linked by directional drilling in 1980. 

The underground gasification of steeply dipping coal beds is under devel­

ooment-by the Gulf Research and Development Company and TRW Systems, Inc., 

workinq at a site ~ear Rawlins, Wyoming. Steeply dipping beds (dips in excess 

of 35
0
) are, in general, uneconomical to mine, yet 100 billion tons of coal 

are available to UCG, mostly in the Rockies and the Pacific Coast. The 

Soviets(15) have described in detail a very successful gasification method 

employing slant drillinq along the dip of the bed, and so the technolo~y is 

almost in hand for this resource . Gulf plans to execute three field tests, as 

shown in Table 5(16) and is currently involved in site characterization. 

Fig. 6 shows the planned configuration for the first two experiments. 

Experimental Scale 

The experimental scale of these underground gasification tests is not 

always recognized. At present, U.S. experiments have not included end use of 

the product gas. However, all experiments are continuous - most tests have 

been for 30-60 consecutive days, which illustrates the simplicity and relia­

bility of the UCG process. Coal consumpti n rates have been 20-120 tons per 

day, producing 2-12 mmscfd of 110-170 Btu/scf gas. LLL's Hoe Creek 12 oxygen 

ohase utilized 30 tpd of coal, producing 3 mmscfd of 260 Btu/scf gas. 

Thus the scale of ooerations and size of equipment are of the order of 

DOE/Fossil Energy oi10t plants, and in general the length of runs without 

interruotion are greater. 
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Tab1 e 5 

Underground Coal Gasification Project at 

t~e Gulf Researc~ and Development Company, with 

T~W Systems as Subcontractor 

The project features low Btu (air) gasification of steeply dipping coal 
beds, near Rawlins, Wyoming, linked by slant drilling. 

Burn 11: Ju1v 1980 Simple initial experiment. 

Burn #2: September 1980 Instrumented test. 

Burn #3: September 1981 Sweep test. 

Pilot Scale Test: P1 anned. 
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Burn No.1 configuration 

Production 
well 

Injection~ .... 
well ~. 

Burn No. 2 configuration 

Fig. 6 . 
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Environmental Issues and Control 

Env;ronm~nta1 issues with UCG include air quality, subsidence, 3 r .d water 

quality. The air quality issue is similar t~ ~boveground processing with 

resoect to fugitive emissions from the olant and can be minimized by good 

engineerinq oractice. The underground process itself should have no signifi­

cant imoact uoon air quality. This issue will not be described further. 

Efficient coal extraction will cause surface subsidence. Regions of sur­

face cultural activity, ~uch as towns, roads, pipelines, etc., should be 

avoided. This is a problem with any type of efficient coal extraction, in­

cluding strip mining and underground mining. 

Surface subsidence can be minimized by wide spacings of the rows of 

orocess wells. In this way pillars of unburned coal will support the over­

burden above the gasified zones, and surface subsidence should be small. This 

technique limits resource re~overy but has little effect upon process econom­

ics. Eventually a decision will be necessary on this issue: whether subsi-

dence is to be minimized or resource extraction is to be maximized. 

In general, all coal beds are aquifers. Dang~us coal derived contam­

inants such as phenols a~e in~oduced into the ~oa1 aquifer durin and fo110w­

jrrq the coal gasification process. Fortunately, coal itself absorbs the 

contaminants and confines them nfar the burn zone. Data fr~~1 the LLL's Hoe 

Cree~ 11 experiment, which has been monitored for over a year, show that the 

contaminants produced from thi3 test are immobilized and have decreased in 

concentration by a factor of 100: see Fig. 7. (17) Thus~ predictions made 

in the laboratory exoerimenta1ly and by calculations have been thus far 

verified in the field, although more work remains to be done. 
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Fig. 7. Concentrations of phenolic materials as a function of 
distance from the nearest burn bound::ry of the Hoe 
Creek I in-situ coal gasification experiment. Times 
are measured from the end of gasification. Sampling 
wells are completed in the gasified coal seam and 
located in various directions from the gasification 
zone. 
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THE LLL PROJECT 

The major objective of the LLL project is to develop a commercial in-situ 

coal ga5ification process which produces medium Btu product suitable for up­

grading to pioeline quality gas. The process involves first i~creasing the 

coal bed permeability, since the natural permeability of the coal in-place is 

too low for gasification, followed by injection of mixtures of oxygen with 

steam or carbon dioxide. A second objective for the project is to deve10p 

improved techniques to increase the coal bed permeability. Methods under in-

vestigation include chemical explosive fracturing, reverse combustion, shaped 

charges anrl directional drilling. 

Previous underground coal gasification exoeriments, using oxygen/steam or 

enriched air/steam have been analyzed. (18) Most of the tests were conducted 

in Soviet-Bloc countries. These experiments were operated for a month or 

more, consumed uo to 20,000 tons of coal, with no serious technical problems 

reported. The Soviets reported that if air gasification was efficient, then 

an oxygen or steam-oxygen process was also efficient. This was confirmed in 

the U.S. by the USBM tests in Gorgas, Alabama. 

Data for these test are summarized in Table 6. The results from 

Gorlovskaya, Podmoskovnaya, and Poland suggest that a medium-Btu gas suitable 

for uogrdding to oioeline quality gas can be obtained from underground coal 

gasification, particularly if steam-oxvqen rather than enriched air and steam 

are used. On a nitrogen-free basis, the following gas quality was obtained in 

the e~periments: CH4, 2-6~; H2, 37-42%; CO, 18-27~; CO
2

, 25-34%, with a 

higher heating value of 220 to 270 Btu/sef. 

Hoe Creek 12 

The major objectives of the Hoe Creek 12 underground coal gasification 

experiment were: 

-21-



Table 6. 

Enriched A~- and Steam-Oxygen Underground Coal Gasification Test Data. 

B1 ast 
composition Moles steam H'lgher 

Stati on (~) per h.!ati ng 
and Genet'ator 02 N2 mole blast CH4 H2 CO CO2 N2 H2S CnHm 02 val ue 

Btu/scf 

Gor10vskava, 11, USSR 45 55 2.8 29.4 19.5 18 .3 27.8 187 

Lisichansk, '24, USSR 44.8 55.2 2.38 15.8 7.62 32.2 38 . 33 2.09 O. ~Q 0.37 103 

P~moskovnaya, IVNII, USSR 65 35 1.9 35.0 15.3 28.1 16.2 2.9 0. 4 0.2 190 
I 

N 
N Poonoskovnaya, IVNII, USSR 65 35 0.42 1.8 35.0 15.6 28.4 15.7 2.9 0.4 0.2 190 I 

Mars Mine, Poland 100 0 6.3 37.0 25.8 28.8 1.4 0.7 267 

Gorgas , Alabama, USBM 100 0 4. 1 24.5 21.2 47.8 0.3 0.2 195 

L 



1. Investigate reverse combustion process in a uniform, we~, 

hydrologically active coal seam. 

2. Determine for~ard gasification parameters with injected air flows of 

2GOO-4000 scfm. 

3. Conduct a short steam-oxygen burn with the Hoe Creek 12 air burn. 

4. Evaluate diagnostic instrumentation. 

5. Evaluate operational parameters. 

6. Evaluate environmental concerns. 

All of the objectives were accomplished successfully. 

5ite stratigraphy is shown in Fig. 8 and a plan view of the wc1~ layout is 

shown in Fi g. 9. 

We gasified the Felix #2 coal seam, hich is a wet (30% H20). low ash 

(4%) subbi~um;nous coal. The seam is 25 ft. thick at a nominal depth of 125 

ft. The wells 1-1 through 1-12 each contain six thermocouples in the Felix #2 

coal seam and at least one thermocouple in the overburden. In addition to the 

thermocouples, each instrument well, except 1-10, contained a stainless steel 

tube, open at the end, seven feet from the bottom of the coal seam, for 

pressure measurement and gas sampling during the burn. Wells 1-1, 1-5 and 

1-10 included additional inc'mel tubes for a traveling thermocouple. Well A 

was the injection well, B was the production we ll , while C-wel1 was planned as 

a dewatering w~ll. We linked C with B u~ing reverse combustion. 

The wells designated H-l through H-6 and 51-1, 51-2 and 51-3 were used for 

high frequency elect.cmagnetic (HFEM) transmission measurements for burn front 

detection. Wells Ex-l, Ex-2, S5-l, 55-2, SI-l, SI-2, 51-3, and PZ-l were used 

for subsurface ground motion measurement. Wells W5-l through W5-9 were used 

for post burn water sampling. 
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All instrumentation wor~ed well. 

All the data ta~en were stored on magnetic disc and tape by an HP-2l MX-E 

computer, which allowed instant access to both raw and processed data with a 

large number of plotting and tabulating routines. Field work took place from 

June to October, j977. Air flow tests began on October 4 and showed that 

product flow rates of 35-40 scfm could be produced with a bac~pressure of 53 

osia. On October 14 the coal was ignited in Well B, with injection in Wells A 

and C, and two reverse burn links simultaneously initiated toward the injec­

tion and dewaterinq wells. Data from traveling thermocouples, fixed thermo­

couples and HFEM indicated that there were several reverse burn paths which 

aopeared to be near the bottom of the seam. 

The reverse burn lin~ to the injection well was completed on October 28, 

and forward gasification was then carried out thro~gh December 25, a period of 

58 days. A scheduled two-day oxygen burn was executed which produced a more 

efficient gasification with air with no safety or operational problems. 

An override situation developed after a few days of forward gasification, 

causing a raoid decline in oroduct heating value: see Fig. 10, which shows 

the oroduct gas heating value over the entire forward gasification period. 

This apoeared to be due to damaqe to the casing and the presence of multiple 

gasification paths, some near the bottom of the coal and some near t ;le top. 

The injection casing had been completed within the bottom 5 ft. of the coal. 

This problem was overcome in 1977 day 311 by injecting air near the bottom of 

the coal seam using an auxiliary stainless steel dewatering line. As can be 

sp.en in Fig. 10, the heating value increased to over 100 Btu/scf. Following 

thi, phase, the steam-oxygen test was carried out. We injected the oxygen 

through a 3-in. stainless steel pipe completed inside the A well casing and 
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injected the steam through th~ space between the 3-in. pipe and well casing. 

Since the 3-in. pioe was completed near the top of the coal seam, and since 

the main casing was almost certainly burned off at this time we believe that 

the oxygen emerged near the top of the coal seam. 

For several hours after we started oxygen injection, the heating value of 

the product gas decreased as tfote burll zone moved to the top of the coal seam. 

As the underground temperature rose, however, the heating value increased 

steadily to over 280 Btu/scf and remained fairly constant throughout the rest 

of the t~st. Figure 11 outlines the changes in the heating value of the prod­

uct gas from the beginning of the oxygen burn. 

Figure 12 sfotows the concentrations of the three main combustible gases 

before, during, and after the oxygen-steam burn. The dip in carbon monoxide 

production (and in heating value as shown in Fig. 11) occurred at the start of 

the oxygen-steam burn, when the burn zone was changing position. Good quality 

gas was produced using oxygen in the same injection geometry that, with air, 

produced very poor gas which suggests that the oxygen gasification produced a 

much hotter burn, consuming the oxygen close to the injection well. If this 

is the case, better control over product gas quality may be obtained with 

oxygen gasification compared to that with air. These results are qui t e en­

couraging for steam-oxygen gasification. 

After the oxygen/steam test , air injection was returned to the auxiliary 

dewatering line. Gasification continued for another 43 days. During this 

time the oroduct heating value decreas ed more-or-less linearly with time, f rom 

140 to 67 Btu/scf, when gasification was terminated by shutting off the com­

pressors on Christmas Day. Burn through had not occurred and ungasified coal 

remained near the production wells. The decline in heating value apparently 

was due to increases in heat loss to inert materials underground. 
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During forward gasification, 2300 tons of coal were consumed, producing 

product gas of an average heating value of 108 Btu/scf with air injection and 

264 Btu/scf with oxygen and stpam injection. The sweep width was approximate­

ly 50 ft. Gas losses during the test averaged 20%. The energy balance for 

the consumed coal is shown in Fig. 13. The results for the Hoe Creek #2 ex­

periment are described in more detail in Ref. 10. 

Issues 

A number of key issues must ~e resolved in UCG to move the technology into 

the commercial sector. The major issues are: 

I Demonstration of reliable link at bottom of coal seam. 

I Control of water influx. 

• Minimize gas losses. 

I Subsidence control. 

I Process control with good gas quality. 

• Environmental control. 

I Technology transfer to industry. 

Hanna IV and Hoe Creek #2 have shown that, at times, reverse combustion 

links do not propagate at the bottom of the coal seam, as required for effi­

cient gasification. The demonstration of a reliable link at the bottom of the 

coal seam is beinq approached in two ways. LETC and SLA, together with the 

other laboratories, are developing improved site characterization techniques 

to determine the geologic factors which determine whether reverse combustion 

will stay at the bottom of the coal seam or not. Hanna IV was shut down in 
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part for t~is purpose, and the second p~ase of this test will provide addi­

tional information on the reliability and control of reverse com~ustion. 
LLL and METC, together with the other laboratories, are investigating the 

use of mechanical links which can effect the link at t~e bottom of the coal 

seam independent of geology. LLL is working on directional drilling and the 

use of shaped charges wt,ile METC is working on directional drilling and hydro­
fracturing. 

Hoe Creel( #3 

The first gasification test using a mer~anical link in the U.S. will be 

LLL's Hoe Creel( #3. T~is experiment is cO-sponsored by DOE and GRI. 

In order to ensure a single link near the bottom of the coal seam, we have 

used directional controlled drilling to construct a known gasification channel. 

T~e deViated hole was drilled during July-August, 1978, using a 2-3/8" di­

ameter Dyna-Drill mud motor to drill a 3" diameter hole. Initially the drill­

ing angle was inclined 300 to the horizontal and deviated at a rate of 

aporoximate1y 50 per 100 feet of travel. 

DeSPite some difficulties with drill sticking in the unconsolidated sand 

above Felix #1, a hole 710 ft. long was completed with the bottom half of the 

coal seam for a distance of 200 ft. An elevation view of this hole is shown 
in Fig. 14. 

Vertical wells will be drilled and linked to this channel in October of 

1978 as the fi rst step in the dr ill i ng program for Hoe C;'eek 13. A h; gh 

pressure water jet caSing cutter will be used to make the links. 

After the linking phase is completed the rest of the wells will be drilled 

to complete t~e pattern for Hoe Creek #3, as shown in Fig. 15. Surface piping 

and orocess systems will be constructed starting early in 1979 and should be 

como1eted by early summp.r. Gasification is scheduled for July-August 1979. 
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Since the directional hole is only 3" in diameter, reverse burn will be 

used to enlarge the hole to allow for the high production flow rates desired. 

This step should ta~e two or threA, days and will be followed by up to two 

weeks of forwa'rd burn with air to allow a direct comparison to b~ made with 

Hoe Creek '2 results. 

Following the air bur'n we plan to gasify with steam and oxygen at a coal 

consumption rate of 80-100 TPD for up to six weeks. 

Future Plans 

In all UCG projects the intent is to perform linear (two-to-three process 

well) experiments such as Hanna IV, Hoe Creek 13, Pricetown I and SDB burn 11, 

to: demonstrate reliable linking, show that water influx can be minimized 

while also minimizing qas losses, obtain good gas quality and good process 

control which is vital for favorable economics, and demonstrate acceptable 

environmental impact. With success at this level, it is then necessary to 

scale uo to sweeo tests to demonstrate at a significant scale that all the 

above criteria are met, including acceptable subsidence control. 

A schedule for the LLL medium Btu UCG project is shown in Fig. 16. A deep 

site (coal seam at 500-1000 ft.) of potential commercial interest would be 

selected and characterized. A three-process well, steam-oxygen test, desig­

nated experiment '4, would be deSigned, fielded, and tested at the 100 TPD, 

5 x 10
6 

scfd of medium Btu gas level. Test #5 would be ~ sweep experiment 

involving UD to three simultaneous burns in a six-to-nine well pattern. The 

test would be carried out on a sufficiently large scale (300 TPD coal con­

sllmpti on, 15 x 10
6 

scfd product) to verify technical, environmental and 

economic predictions. We anticipate executing tests #4 and *5 in conjunction 

with an industrial partner, under joint DOE/GRI sponsorship. Following the 
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Steam and oxygen tests 

Hoe Creek expt. No. 3 
3 wells 
80 TPD ~ 4 MMSCFD 

Deep linear expt. 4 
3 wells 
100 TPD --jo 5 MMSCFD 

Deep sweep expt. 5 
6 wells 
300 TPD ~ 15 MMSCFD 

Pilot plant 
20 wells 
1000 TPD ~ 50 MMSCFD 

Cost 
(Millions dollars) 
Total - 90 

1978 1979 1980 1981 1982 1983 1984 1985 

2 5 6 10 15 20 

~ Design 

~ Field 

(:1:1:::) Test 

• Analyze 

20 12 

Medium - Btu in-situ coal gasification project 

Fig. 16. Schedule for the LLL medium - Btu in-si tu coal gasification project. 
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successful execution of this test, the industrial partner would carry out the 

ensuing pilot scale test with support, as aporopriate, from LLL and other DOE 

1 aboratories. 

T~is is a success-oriented schedule; it may be necessary to repeat some 

test. In addition, it would be desirable to perform some linear tests similar 

to 13 or 14 in other coal deoosits to extend the technology to a wider re­

source base. 

CONCLUSION 

• UCG can recover the energy in unminable coal seams. The coal reserve 

for UCG is vast and widely distributed and could ultimately supply at 

least 3000 quads of energy. 

• Tests to date confirm potential economic and environmental advan­

tages. Economic studies indicate UCG costs to be approximately 75% 

of that for mining and conventional coal gasification. 

• Results of orev;ous steam/enri ched air and steam/oxygen UCG tests, 

and of the Hoe Creek 12 test are very encouraging in that steam­

o~ vgen gasification is technically feasible and produces product gas 

at least as efficiently as from air gasification. Thus much of the 

more extensive data base with air gasification using UCG i s appli­

cable to high Btu gasification. 

• Demonstration of reliable linking at the bottom of the coal s€: am is 

crucial in obtaining good qual i ty gas. Hoe Creek #3 will be the 

first UCG test in the U.S. to use presumed reliable link and will 

also be the first long term steam- oxygen test in UCG. 
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CONTROL ASPECTS OF UNDERGROUND COAL GASIFICATION: 

LLL INVESTIGATIONS OF GROUND-WATER AND SUBSIDENCE EFFECTS* 

S. Warren Mead, Francis T. Wang, and Harold C. Ganow 
Lawrence Livermore Laboratory 

P. O. Box 808 
L.ivermore, CA 94550 

ABSTRACT 

The conversion of coal into combustible gases promises to become an 
important method of coal utilization. If this conversion is carried out with 
the coal in place underground - in situ coal gasification _ additional 
environmental and economic advantages can be realized. Our investigations 
are designed to evaluate some of the environmental implications of th1s 
alternative energy technology, and to identify appropriate environmental controls. 

Changes in ground-water quality and the possible effects of subsidence and 
ground movement induced by the underground gasification cavity represent sig­
nificant environmental concerns associated with the in situ gasification pro­
cess. We have measured these effects at the sites of two in situ coal gasi­
fication experiments conducted in northeastern Wyoming by the Lawrence 
Livermore Laboratory. Our measurements of ground-water qlla1ity in the vicin­
ity of the gasification experiments indicate that the reaction products, such 
as ash and some coal tars, that remain underground following gasification, are 
a potential source of localized ground-water contamination. However, the con­
centration of important contaminants, such as phenols, show a significant 
decrease due to adsorption by the surrounding coal. Complementary laboratory 
measurements are providing detailed information concerning this adsorption process. 

We have also conducted laboratory and field measurements, in conjunction 
with modeling studies, to evaluate the ef~~ct s of subsidence phenomena. Data 
from subsurface geotechnical instruments installed at the second gasification 
experiment, as well as measurements of ground-water levels, indicate that 
roof collapse connected the gasificati on cavity with overlying aquifers. The 
environmental implications of th is interconnection are being investigated. 
Our results suggest that hydrogeological site-selection criteria may be of 
considerable environmental importance in choosing locations for commercial­
scale operations. 

Support for these investi~ations is provided by the Division of Environ­
mental Control Technology (DOE/ASEV), the Office of Research and Development 
(EPA/IERL-CI) and the Division of Fossil Fuel Extraction (DOE/ASET). This 
work was performed under the auspices of the U.S. Department of Energy by the 
Lawrence Livermore Laboratory under contract number W-7405-ENG-48. 
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INTkODUCTION 

The production of combustible gases or chemical feedstock by means of coal 
gasification promises to become an important method of coal utilization. If 
the gasificaton of coal is accomplished with the coal in place underground _ 
in situ gasification - additional environmental and econrmic advantages can 
oe realizen. For example, in situ coal gasification can be carried out 
without the need for underground mine workers, and it may make recovery of 
very deep coals economically attractive. 

In situ coal gasification generally involves a complex series of chemical 
reactions, but it can be simply characterized as the heating of coal in the 
~resence of gasifying agents such as oxygen and steam. Some of the coal is 
burned to provide heat to drive the gasification reactons. In the simplest 
form of in situ gasification, two or more process wells d,'illed into the coal 
seam are used, after the coal is ignited, to inject air or other gasifying 
agents and to withdraw the resulting combustible gas mixture (Fig . 1). In 
most cases, the coal's permeability must be enhanced, before gasification, 
along a path connecting the process wells. (The need to achieve this 
preliminary connection reliably and economically represents an important 
current challenge in the developmellt of a practicable in situ technology.) 
The product gas generally requires some form of clean-up ln a surface rlant 
and, if synthetic natural gas is the desired product, an upgrading process to 
achieve higher energy density . 

Although in situ coal gasification offers important environment~l advan­
tages wh~n compared with more conventional methods of coal utilization , there 
are significant environmental concerns that need to be investi~ated . If these 
concerns are addressed now, in parallel with the development of the in situ 
method, it will be possible to identify appropriate control technologies in a 
timely manner and, perhaps, influence process development such as to preclude 
or minimize adverse environmental effects. 

In order to insure that realistic and effective control methods will be 
identified, it is essential to develop a quantitative understanding of 
potential environmental effects as they wo~ld occur in connection with large, 
commercial-sized operations. Some of these possible effects are peculiar to 
underground gaSification and have not been previously investigated in detai "'. 
Futhermore, important environmental consequences may require decades to 
develop. We are therefore concentrating our present efforts on the 
accumulation of basic data concerning the potential sources of environmental 
effects, and on the development of reliable, predictive modeling capabilities. 
With this baCkground, it should be possible to isolate control technologies 
that are realistically applicable to this promising method of coal recovery. 

Two characteristic features of the in situ coal gasification process have 
led to particular environmental concern: first, the fact that some of the 
reaction products relnain underground as potential ground-water contaminants 
and , second, the cavity (and possible subsidence) produced by the extraction 
of the gasified coal. Our in situ coal environmental group at the Lawrence 



Livermore Laboratory (~LL) is concelltrating special attention on these two 
aspects of the in si:u process. We hope to assess their environmental 
significance ana ldentify methods for controlling any adverse environmental 
consequences. Our approach involves a combination of field measurements near 
in situ gasificdtion experiments, laboratory investigations, and predictive modelirig studies. 

LLL has conducted two in situ coal gasification experiments l ,2 at its 
Hoe Creek site in northeastern Wyoming. These experiments have given us the 
opportunity to measure changes in ground-water quality and subsidence effects 
associated with two underground gasification operations. 

The Hoe Creek site is lucated in a sparsely populated region of gently 
rolling semi-arid rangeland. This area is part of the Powder River basin of 
northeas Wyoming and southeast Montana - a region that may cDntain half a 
t~illion tons of coal suitable for in situ gasification. The coal gasified 
i~ the Hoe Creek experiments (the ' Felix II Coal) is 25 ft thick and lies at 
a depth of about 125 ft - well below the static water level. The Felix II 
Coal is an aquifer and is overlain by two additional aquifers. A detailed 
evaluation of the hydraulic characteristics of the Felix Coal and the near­
by strata at the Hoe Creek site will be found in reference 3. 

The first Hoe Creek experiment l took place in the fall of 1976. The 
two process wells - for injecting air and extracting product gas _ were about 
33 ft apart, and chemical explosives were used to produce enhanced permea­
bility in the Felix II coal. Approximately 120 tons of coal were gasified in an ll-day experiment. 

A second experiment, Hoe Creek II, was conducted during the fall and 
winter of 1977. The process wells were located approximately 60 ft apart and 
the required path of enhanced permeability was achieved using a preliminary 
"reverse combustion" technique, developed in this country by the Laramie 
Energy Technology Center. The gasification operation lasted 58 days, during 
which approximately 2000 tons of coal were converted to gas and extracted 
through the production well. The average energy content of this gas was 108 
Btu/scf. Gas losses during this experiment averaged 20%. 

Perhaps the most significant environment21 concern associated with the 
underground gasification of coal stems from the existence of gasification 
reaction prodUcts that remain underground. These residual materials include 
coal ash, char, some of the coal tars, and approximately 10-15% of the 
product gases which are not extracted through the production wells. When 
ground water returns to the gasification zone, the ash is leached, producing 
inorganic contaminants, and some of the other residual materials, inc'uding 
organics are dissolved. The contaminated water moves through the coal seam 
i~ the general direction of the natural ground-water flow. Fortunately, 
there are other natural phenomena - for example, the filtering and adsorption 
properties of coal itself - which tend to purify the ground water and to 
restrict the contaminants to a localized region. Nevertheless, the ultimate 
environmental significance of the residual underground products is not yet known. 



The ground movement and potential subsidence associated with the crea­
tion of a gasification cavity are also of significant environmental concern -
in part, because these phenomena may affect the dispersal of the reaction­
product contaminants. In particular, fissuring and roof collapse, which 
result from cavity formation, can destroy the intpgrity of the underground 
"reaction vessel" and pennit the escape of pollutants to the surface or into 
overlying aquifers. Large areal gasification operations could also lead to 
significant surface subsidence, with results that may be important environ­
mentally, and in their effects on process facilities. 

WATER SAMPLING AT HOE CREEK I 

Measurements of changes in ground-water quality near in situ coal gas­
ification experiments are of importance, initially, in that they help to 
define the contaminant source. That is, they pennit a description of the 
composition, concentration, and early-time distribution of the underground 
contaminants. Such measurements also provide information concerning short­
term changes in concentration and composition that are a result of chemical 
reactions, sorption by coal and other media , or biological action. Over a 
period of several years , the water quality measurements will begin to yield 
information concerning the possible development of a plume of contaminated 
ground water that may spread outward from the gasification site in the 
direction of natural ground-water flow. 

We have carried out extensive ground-water quality investigations at 
the si tes of both LLL in situ coal gasification experiments. Approximately 
a dozen wells in the vicinity of the first gasification experiment (Hoe 
Creek I) were monitored before, during, and after gasification~,5 The 
samples were analyzed in the field and, much more extensively, at the lab­
oratories of the U. S. Geological Survey, the Research Triangle Institute, 
and LLL. A simplified summary of the data is given in Table I. 



TABLE I. A simpl ified surrrnary of data fOl' contaminants that showed 
a large increase following gasification (Hoe Creek I). 

Inside burn zone Outside burn zone Species Pr~-gasification Concentration Increase 
value (mg/l) (mg/1) 

Concentration Increase 
(mg!l ) 

r: Phenols 0.001 0.1 100 x 500 5 X 10:> x 
CN 0.01 0.4 40 x 300 3 x 104 

X NH+ 0.5 20 40 x 70 100 x 4 
DOC 6 4 200 40 x Br- 0.1 1.0 10 x 4 40 x Pb+2 

0.001 0.001 0.04 40 x Ba+2 0.1 1.0 10 x K+ 5 60 10 x 45 8 x Li +1 
0.03 0.3 10 x 0.2 6 x I~g +2 10 50 5 x 60 6 x ro-2 

200 2000 10 x 1000 5 x 
.) 4 
Ca+2 

40 600 20 x 200 5 x 
B (III) 0.1 0.7 7 x 0.5 5 x 

Among the chemical species that show a large increase as a result of the 
gasification experiment are the phenolic materials, which represent the 
largest group of organic contaminants introduced into the underground 
environment by this experiment. The changes in concentration of the phenolic 
materials, as a function of time and distance from the boundary of the 
gasified zone, are shown in Fig. 2. Notice that the phenol concentrations 
have decreased by roughly two orders of magnitude at all distances from the 
burn zone. Although most other contaminants are also decreasing5, their 
rates of decrease are not, in general, as rapid as those indicated in Fig. 2. 

The water from seiected wells was analyzed by the Research Triangle 
Institute using a method that combines gas chromotography and mass 
spectrometry (GC-mass spec). This technique (now also employed at LLL) 
provides detailed lnformation conce~ning volatile and semi-volatile organic 
contaminants. The coal gasification process produces an enormous variety of 
such organic by-products. The more volatile aromatic materia1~ such as 
benzene, .toluene, x~l~nes~ and naP5halen~ penetrate into the porous media 
surroundlng the gaslflcatlon zone. As 111ustrated in Fig. 3, the species 
of lower molecular weight (more vo1atiie) are transported further from the 
gasification zone. A discussion of some limitations that apply to 
quantitative comparisons of the GC-mass spec data with results obtained by 
other methods will be found in Ref. 5. 



It is important to point out that the natural rate of ground-water 
movement in the gasified coal seam (Felix II) may be only a few meters per 
year. Consequently, data such as those presented in Fig. 2 do not, as yet, 
provide evidence concerning changes in contaminant concentrations that may 
occur as a result of natural ground-water flow. In principal, phenol 
concentrations in the outer wells might ultimately increase. Nevertheless, 
the rapid and uniform oecrease in the concentrations of phenolic materials 
over a period of more than a year is an encouraging example of the 
self-cleansing capabilities of coal aquifers. 

LABORATORY AND COMPUTATIONAL STUDIES 

A clearer and more quantitative understanding of the ground-water changes 
near an underground gasification operation can be achieved by means of 
laboratory investigations carr,ed out in conjunction with the field 
measurements. Of particular interest, are the nature and magnitude of the 
cleansing actions that occur when contaminated water is exposed to coal. 
Results such as those shown in Fig. 4 leave little doubt that henol is 
rapidly adsorbed by coal. More elaborate experiments involving the flow of 
contaminants through a column of coal (Fig. 5) are also underway. They 
establish values of the distribution coefficient, Kd, which is a measure of 
the fractional adsorption of a dissolved contaminant and an essential 
ingredient in contaminant transport modeling. Our modeling efforts include 
tre development of a 2-dimensional computer code capable of predicting 
transient dispersion of contaminants introduced continuously from a line 
source. The model includes convection, longitudinal and lateral dispersion, 
and adsorption. 6 

GROUND-WATER EFFECTS AT HOE CREEK II 

Nine ground-water sampling wells were provided for measuring ground-water 
quality changes resulting from the second Hoe Creek experiment. Since the 
second experiment involved the gasification of 20 times as much coal as Hoe 
Creek I, it would b~ of considerable interest to compare ground-water changes 
near the two sites. Such a comparison might help to establish the dependence 
of the contaminant source strength on th~ amount of coal gasified. In 
particular, the comparison might indicate whether the concentrated "shell" of 
phenolic mater oials just outside the burn zone is a surface effect or dependent 
on the entire gasified volume. Unfortunately, a straightforward and 
meaningful comparison of ground-water measurements at the two sites is 
impossible, for reasons discussed below. 

We have sampled the ground-water near the Hoe Creek II site before, 
during, and several times after gasification. Some analyses are performed in 
the field, and preserved samples are sent for extensive analysis to U.S. 
Geological Survey laboratories, Gulf South Research Institute, and LLL. The 



highest measured concentration of phenolic materials (as determined by field 
analysis) is less than 30 ppm. By contrast, we mea sured phenol concentrations 
of more than 400 ppm near the Hoe Creek I experiment. Of course, the phenol 
concentrations are expected to depend very strongly on well locations relative 
to the burn boundary (Fig. 2), and this effect could account for large 
differences in measured concentrations. However, a more important difference 
stands in the way of a simple comparison of contaminant levels near the two 
sites. Water level data (Fig. 6), subsurface geotechnical measurements, and 
post-burn coring investigations show that cavity roof collapse connected the 
gasification cavity with overlying aquifers (The Felix I Coal and a coarse 
channel sand above it). Since the Hoe Creek site is a recharge area 
(hydraulic head decreasing with depth), water from the overljing aquifers is 
flowing into the gasification cavity and producing an abnormally high 
hydr~ulic head within the cavity. Calculations based on the data of Fig. 6 
suggest that ground-water flow rates in the immediate vicinity of the cavity 
exceed normal flow rates by at least an order of magnitude. Preliminary data 
on phenol concentrations (Fig. 7) showed a temporary increase in concentration 
in some of the sampling wells, which are completed in the Felix II Cual. 
EVidently, source concentrations and source geometry were Significantly 
affected by the aquifer interconnection. The environmental implications of 
the altered contaminant distribution are being investigated. 

Another question whose importance is emphasized by the aquifer 
interconnection at the Hoe Creek II site concerns the possibility that contam­
inants from the gasification zone may migrate into overlying aquifers. Addi­
tional sampling wells recently completed in the Felix I aquifer will help to 
answer this question. It may be that the downward flow of water in a recharge 
area will minimize the spread of contaminants into overlying aquifers. In any 
case, the importance of ~n enlightened choice of site selection criteria is 
becoming increasingly apparent. 

SUBSIDENCE STUDIES 

Since ground deformati ons induced by the gasification cavity may play an 
important role in determining contaminant dispersal and may, in addition, lead 
to significant surface subsidence, an improved understanding of these 
subsidence phenomena is of outs~anding importance. We are attempting to 
extend out knowledge of these effects and develop c reliable predictive 
capability through a comb1nation of laboratory tests of overburden cores, 
geotechnical measurements at ~he site of ongoing gasification experiments, and finite element modeling. 

A preliminary modeling study of the subsidence induced by underground coal 
gaSificati09 was conducted in preparation for the first Hoe Creek 
exper iment. I n the treatment emp 1 oyed, a strat if i ed overburden is stressed 
by gravity loading and by the removal of coal seam elements in a manner 
Simulating coal combustion. The resulting stresses, strains, and 
displacements are determined for the duration of the excavation process and 
for subsequent quiescent periods during which plastic deformation and stress 
relaxation gradually take place in the rock and soil strata. Inelastic 
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procedures are emp10yed, which require the use of measured or assumed physical 
properties for the various strata. The results of these calculations 
indicated that surface subsidence would be small - a few inches at most. 
Within the accuracy of our surface-monument measurements, no post-burn surface subsidence was detected. 

An augmented version of the above method was used in an eff~rt to predict 
subsidence and ground movement for the Hoe Creek II experiment. Two sets 
of assumed values of material properties were employed, termed "probable" and 
"lower bound". We also added a new feature to our method of modeling the 
excavation process associated with gasification. As the computations 
proceeded, roof material that developed tensile stress was mathematically 
removed in a subsequent iteration. In other words: as coal elements were 
"gasified" and zones of tensile stress appeared in the roof, those zones were 
"spalled" or allowed to collapse. This procedure produces a shallow arched 
roof, free of tensile stress, such as might be expected to occur naturally. 

This augmented model also predicted sur face subsidence of only an inch or 
so. On the other hand, relatively large deformations, and considerable roof 
caving were predicted below the surface. It seemed clear that subsurface 
measurements would produce the most helpful data - both for understanding the 
implications of subsidence for the in situ gasification process, and as a 
guide in checking and improving our subsidence modeling capabilities. 
Subsequent measurements have shown that a combination of roof caving and 
combustion (in the overlying Felix I Coal) caused portions of the cavity to be 
extended some 70 ft above the top of the Felix II Coal, much higher than predicted. 

In an effort to provide subsurface data, we deSigned an array of 
geotechnical instruments for instal lation in the overburden at the site of the 
Hoe Creek II experiment (Fig. 8) . The instruments included two 6-position 
borehole extensometers (Fig . 9), two electrical shear strips, a multiple pie­
zometer installation, and a borehole deflectometer apparatus that was utilized 
in six speCially cased boreholes . Provisions for surface measurements 
i ncluded speCially deSigned isolation bench marks, an optical level, and a 
precision tape extensometer. A detaile~ description of these instruments, 
their deployment at the Hoe Creek II site, and some preliminary results are 
reported by Ganow et al . in reference 9. An analYSis of the geotechnical 
data (obtained before, during, and after the Hoe Creek II experiment) has 
provided a relatively clear picture of the overburden deformation and roof 
collapse that occurred in response to the growth of the gasification caVity. 
Of particular interest, is the fact that the extensometers and piezometers 
documented the interconnection of the gasified coal seam with the overlying Felix I and channel sand aquifers. 

Since a variety of measurements have shown that roof collapse extended 
Significantly higher than predicted, we are attempting to develop modeling 
methods that take account of process-related phenomena that may be 
s ignificant. Roof spa11ing due to shrinkage effects induced by heating may be 
an important factor in determining the ut1imate cavity size. A prelimir.ary 
attempt to incorporate these shrinkage effects into the calculations is 
described by Greenlaw et a1. in reference 10. 

• 
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We have also carried out extensive triaxial strength tests on core samples 
obtained from the Felix II overburden at Hoe Creek. The material properties 
obtained from these tests will be used in future modeling studies. 
The usefulness of 3-dimensional solutions will also be explored. We are 
hopef~l that an improved knowledge of subsidence behavior in actual 
gasification experiments, used in conjunction with properly measured 
overburden characteristics, can permit the development of predictive modeling 
capabilities that will be a reliable guide to the subsidence phenomena that 
may accompany large scale in situ coal gasification. 

ACKNOWLEDGMENTS 

The continuing cooperation and assistance of Dr. D. R. Stephens, Project 
Director of LLL's In Situ Coal Program, is particularly imporcant to the 
success of our env~orurrental studies . We are also grateful for the assist­
ance of Dr. Stephens' scientific and engineering staff. John Campbell (LLL) 
and John Busby (USGS) made essential contributions to the water quality 
studies carried out in conjunction with the Hoe Creek I experiment. Our 
finite element modeling effort is conducted by Robert Langland and Russell 
Greenlaw, and the GC-mass spec analysis at LLL is under the direction of Daniel Stl.;ermer. 

REFERENCES 

1. R. W. Hill and C. B. Thorsness, Results from an In Situ Coal Gasification 
Experiment Involving Explosive Fracturing: Hoe Creek Experiment No.1, 
Lawrence Livermore Laboratory, Rept. UCRL-S2229, Feb. 1977. 

2. W. R. Airman, et al., The Hoe Creek II Field Experiment on Underground 
Coal Gasification, Preliminary Results, Lawrence Livermore Laboratory, 
Rept. UCRL-80S92, Feb. 1978. 

3. R. Stone and D. F. Snoeberger, Evaluation of the Native H draulic 
Characteristics of the Felix Coal Eocene Wasatch Formation and 
Associated Strata, Hoe Creek Site, Campbell County, Wyoming, Lawrence 
Livermore Laboratory, Rept. UCRL-SI992 (1976) . 

4. S. W. Mead, et al., LLL Environmental Studies of In Situ Coal 
Gasification, Annual Report Fiscal Year 1977 , Lawrence Livermore 
Laboratory, Rept. UCRL-S0032-78 (1978). 

S. J. H. Campbell, E. D. Pellizzari and S. D. Santor, Results of a Ground 
Water ualit Stud Near an Under round Coal Gasification Ex eriment, (Hoe 
Creek 1 , Lawrence Livermore Laboratory, Rept. UCRL-S240S, 1978. 

6. Robert V. Homsy, Two-Dimensional Transient Convective Dispersion and 
Adsorption in Porous Media, Lawrence Livermore Laboratory, UCRL, to be published (1978). 

7. R. T. Langland and D. Fletcher, Predicting Subsidence over Coal 
Gasification Sites, Lawrence Livermore Laboratory, Rept. UCID-17326 (1976). 



R. C. Greenlaw, H. C. Ganow, and R. T. Langland, Subsidence and Stability 
Studies for underrround Coal Gasification, Lawrence Livermore Laboratory Rept. UCID-17674 1977}. 

H. C. Ganow, R. C. Greenlaw, and R. T. Langland, "Geotechnical 
Instrumentat i on Applied to In Situ Coal Gasification Induced Subsidence," 
Proceedin s of the Fourth Ann ual Under round Coal Conversion S osium 
July -, 8. Also publ i shed as Lawrence Livermore Laboratory, Rept. UCRL-81267 (1978). 

R. C. Greenlaw, H. C. Ganow, and R. T. Langland, "Non-Linear Subsidence 
Modeling at Hoe Creek," ProCeedings of the Fourth Annual Underground Coal 
Conversion Symposium, July 17-20, 1978. 

Reference to a company or product 
name does not Imp ly approval or 
recommend atio n of the product by 
the Universi ty o f Ca lifornia or the 

.S. Department o f Energy to the 
excl usion of others th at may be 
suitable . 

'oncl 
" Th,s report "' ,IS prepared .I; an JCcoUn! o r "ork 
~ronsored b~ Ihe L OIted 'i1,He; Governm~nl 
"ellher the L nlled 'itale; nor Ihe L nlled Siaies 
()ep.tnment or I-nerg) . nor an) or Ihelr emrlo)cel. 
nor an) or thelf contractor . sun OntraclOrs. or 
Ihelr employees. makes an~ ... arran!) . e'pre s or 
ImpJted. or assumes .In) legal Jtablhl) or respon­
"btlll~ ror the accuracy . compielenesl or 
u erulness or an) InrOrmatlon . apparalu . product 
or process dl closed . or repre~enls Ihal II use 
"ould nOI infringe pmalely-o"'ned rlghls " 



• 

L 

Product gas out 
Air in 

I- Oxidation zone 
1 _ ______ Reducing zone ______ ~ 

Drying and pyrolysis zone ----------"'i 

Figure 1. Schematic representation of the 111 SI tu coal gasification process. The region ahead of the oxidation 
zone has been modified before gilsification to provide a path of increased permeability that will 
permit adequate gas flow . 
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Figure 5. Coal column apparatus used to simul" te the flow of 
contaminated ground water through a coal seam. 
During operation , samples are extracted through 
rubber septa using a hypodermic syringe. 



E 
o 
~ 
.t:J ... ,::: .l: _ 

... E 
E .. 

I I I'I 

+ Feb 15, 1978 

80 

~ ~ .--~--~~~--<) i ~ 60 r:::.-____ --"0 
,. u 

.!!= ... ... )( ... ,-
~~ 

.......... o 0 ... 
.l: 

'" 40 'iii 
:r: 

10 20 40 60 100 300 

Distance of wells fro.ll well A, ft 

6.= WS9, 0= WSB, A = WS7, + = Well B, 0= WS6, . = WS5 

0 = WS4, 0= WS3 . = WS2 \7= WS i (in Felix II, . = Well A 

FX I = water level of the aqu ifer in Felix I 

FXII = water level of the aquifer in Felix II 

Figure 6, Water levels in wells near the Hoe Creek II in situ 
coal gasification experimen., The water levels are 
plotted as a function of distance from the injection 
well "A" at var ious times following gasification , 
(A logarithmic distance scale is used to avoid data 
crowding for the close-in wells ,) All wells are 
completed in the gasified Felix II coal seam except 
WS- 1, which was com ,.lleted in the overlying 
Felix I coal aquifer , • he data show how water 
levels have changed since air injection was termin­
ated at the conclusion of the gasification experiment 
on December 25, 1977, The elevated water levels 
in the vicinity of the gasification zone suggest t hat 
the gasification cavity has been interconrected with 
the overlying Felix I coal aqu ifer, which lies about 20 
feet above the Felix II Coal, and with another 
aquifer above the Felix I Coal. 

• 

, 



• 

, 

III 
c: 
0 .;:; 
RI 
~ ... 
I: 
41 
U 
c: 
0 2 u 

'0 
c: 
41 

.c: 
c. 0 

"0 
41 

2 .!::! 
C;; 
E 0 
~ 

0 10 2 

8 

6 

Time since gasification, months 

Distance 
trom burn 
boundary 

t 
-6ft 

-- 8ft 

--14 ft 

-28ft 

--65 ft 

--160 ft 

Figure 7. Changes in the measured concentrations of phenolic materials 
in the Felix II coal aquifer as a function of time after gasifi ­
cation. The measurements were made in some of the wells 
shown in Figure 5. These and other data suggest that the 
contaminants arl' moving outward away from the gasification 
lone. This movement appears to be much exaggerated in the 
immediate vicinity of the gasification lone as a result of an 
interconnection with an overlying aquifer. (Note that the 
actual magnitudes of the phenol concentrations measured in 
the close-in wells are hundreds of times greater than those 
in the outermost well.) 



"40 I 
".,-- --- -- -.......... 

/" 0 sr -, --- _ ~ 0 H-2 

/ "">.-
10 ft 

I App,ox;m,,, bum bound"y J '-.... ~ 

I ~Injection well Production wells ~""'--"" 
I • SS·2 \J B ::::--- c 

. ) EX -2 @ EX-' / 

\ /~ • PZ-, • SS-' /' 

\ /' EX 

~ OSI -2 /" 

" ,/6 H-3 
'- --.............. , __ SI -3 0 ___ ,.-----

SI, H 

SS 

PZ 

Extensometers 

Deflectometer 
boreholes 

Shear strips 

Piezometers 

Figure 8 . Plan view showing process wells and subsidence instrumentation boreholes at Site II. 



Figure 9. 

L 

I 
I 

II 
I, 

--Plastic ___ I' 
weather d I 

I case ~ 

Lead 
counter 
weight 

Base plate 

I! 
I 

I 

Transducer 
(linear resistor) 

Guide rod 

Followers clamped 
to sensing wire 
and to moving element 
of transducer 

Follower in full 
extension position 

Well casing -----\lj'-__ 

Multiple-position borehole extensometer sensing head. Cables from the sensing 
head extend down to expandable mechanical anchors located at various positions in 
the overburden. Displacements measured at the sensing head are the integrals of 
vertical strains occurring between the head and the various anchor points. 



Lawrence Uvermore Laboratory 

HOE CREEK NO. 3 PRE OPERATIONAL REPORT 

R. W. Hill 

December 29, 1978 

L 

ThIS is an informal report intended 
pnmarily tor internal or limited 
external d istnbu t ion . The opinions 
and conclusions stated are those of 
the author and may o( may not be 
those of the laboratory. 

"Work performed under the au~r:~cs of the 
U.S. Department of Energy by the Lawrence 
Livermore Laboratory under contract number 
W-7405 -ENG-48 ." 



HOE CREEK NO. 3 

PRE OPERATIONAL REPORT 

R. W. Hi 11 



TABLE OF CONTENTS 

Page 
1. Scientific Design OUtline 

Hi 11 

II. Data Acquisition System 12 
Cena and Thorsness 

I I I. Chemical Analysis System 19 
Aiman and Clarkson 

IV. HFEM Burn Front Detection 25 
Davis and Lytle 

V. Geotechnical Program 28 
Ganow 

VI. Electrical Remote Monitoring 35 
Ba rte 1 

VI I. Inverted Thermocouple String 38 
Davidson and Bartel 

VI I I. Hydraulic Testing of Hoe Creek No.3 Site 39 
Stone and Naymik 

IX. Water Sampling Program 45 
Mead and Wang 



L 

-1-

I. SCientific Design Outline 

R. W. Hill 

The basic goal of the LLL In-Situ Coal Gasification Project is to develop 

a process for producing medium heating value gas that can be an economical 

source of pipeline quality gas (SNG). The gas produced by gasifying coal 

with air is contaminated with the nitrogen contained in the air, thus lowering 

the heating value. Although it is possible to remove the nitrogen from the 

product, it is more economical to remove the nitrogen from the air and use 

oxygen as the inj~ctant. 

Our first two field experiments were designed to test two different coal 

rermeabi1ity enhancement techniques, exp10$ive fracturing in the case of Hoe 

Creek No.1 and reverse combustion linking in Hoe Creek No.2. Both were 

air burns for reasons of economy. 

Hce Creek No.3 is to be our first full oxygen gasification. The major 

goals of this experiment are to: 

1. Carry out forward gasification with a known, reliable link at the bottom 

of the coal seam. 

2. Determine steam/oxygen gasification efficiencies at coal consumption 

rates up to 100 tons/day. 

3. Gasify at commerical process well spacings (100-200 ft). 

4. Determine burn zone configuration 

5. Minimize gas 10sse~ and water influx. 

6. Determine water quality and subsidence effects. 

There was strong evidence that in both Hoe Creek No.1 and No.2, 

channels were created at the coal-overburden interface allowing gas override 

to occur. In both cases the override led to a reduction in produced gas 

heating va1ue due to excessive heat loss to the overburden and to a reduction 
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in the total amount of coal consumed due to the unfavorable burn front geometry. 

It is possible that the Felix No.2 seam at the Hoe Creek site has a high per­

meability zone at the top of the seam. The tests done so far show that such a 

zone does not extend uniformly over the site, however it may exist locally. 

Since the major goal of the Hoe Cr~ek No.3 experiment is to do a success­

ful oxygen/steam forward burn, it ;s very important to try to insure a proper 

linking channel and to prevent gas override. Therefore, in order to insure a 

single link near the bottom of the coal seam, we have used directionally con­

trolled drilling to construct the channel. 

The deviated hole was drilled during July 1978, using a 2 3/8" diameter 

Oyna-orill mud motor to drill a 3" diameter hole. Initially the drilling 

angle was inclined 30
0 

to the horizontal and deviated at a r~te of approximately 

50 per 100 feet of travel. 

Despite some difficulties with the drill sticking in the unconso~idated 

sand above Felix No.1, a hole 710 feet long was completed with the last 200 

feet in the bottom half of the coal seam. An elevation view of this hole is 

shown in Figure 1. 

Using the logging data provided by the driller, we have attempted to inter­

sect the deviated hole (00-1) with several vertical ho l es. We planned to con­

tact 00-1 by using a water jet tool loaned to us by the Bureau of Mines. 

After several unsuccessful tries an HFEM transmitting antenna was in­

serted in the plastic pipe inside 00-1 and a receiving antenna was placed in 

several holes drilled close to the predicted location of the C-we11. The re­

ceived signals indicated that 00-1 was almost 50 feet further west than pre­

dicted by the driller's log. One of the holes used for HFEM location was in­

dicated to be only 1-2 feet away from 00-1. This was confirmed by inserting a 

2.5 curie Cs y-ray source into 00-1 and Jsing the y log detector in the vertical 

hole. Additional HFEM and y logging has been ysed to locate the far end of 00-1. 

It is expected that all of the HFEM wells, water wells and SJme of the caSed 

instrumentation wells will be drilled by the end of January 1979. The remainder 
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of the drilling program will be completed starting in March or April. 

Instrumentation Plan 

A. Underground Thermal and Pressure Instrumentation. 

A plan view of the well layout for the Hoe Creek No.3 experiment, is 

shown in Figure 2. 

Wells A, B, and C are all process wells. Wei1 A is designated as the in­

jection well and Well B as the main production well. Well C will be used as 

an auxilliary production well to allow measurement of gas composition chdnges 

over a long production path and tc determine what operational probl~ms are in­

volved with long underground channels. Aithough there are no plans to change 

the injection point, Wells Band C will be designed to allow such a change 

although not without a prolonged shutdown of the system. 

The thermocouple types and emplacements are given in Table 1. The design 

philosophy is to try a number of ideas to try to increase the lifetime of the 

thermocouples in the high temperature environment. The results from Hoe Creek 

No.2 show that we can expect to collapse up into Felix No.1 and perhaps 

higher. Therefore, thermocouples are also to be placed in and above the 

upper seam for Hoe Creek No.3. 

Most of the thermocouples will be installed in o~en holes using a wire 

rope messenger cable as was done for Ho~ Creek No.2. Cement grout will be 

used to stem the holes. Three wells will be equipped with 4" heavy duty steel 

casing and the thermocouples will be grouted inside the casing. 

We will attempt to fill these pipes with some sealing materi31 that will 

prevent gas flow in the event of pipe failure but will not cause damage to the 

thermocouple sheathing. 

Three wells, 1-6, 1-7, and 1-8, will be used to test three combinations of 

thermocouple sheathing material, insulation and wire thickness. 

Bubbler tubes similar to those used on Hoe Creek No. 2; b~t made of ordinary 

iron pipe will be installed in most instrument wells in the bottom one meter 

of the Felix No.2 seam. In addition, bubbler tub~s will also be installed 

at the top of the seam 1-1 and 1-3. 
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HOE CREEK NO.3 - ELEVATION VIEW m= 
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Figure 1. Process Wells and Directionally Drilled Channel 
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X = 31055, 1/8" D I = Incalloy 8()0, 1/8" D B = Bubbler, Gas Sample Tube o = 31055, 1/8" D outside casing A = 31055, 1/8" D Alumina ins. * = 4" 5teel Cased # = 310~S, 1/8" D 0n pump line L = 31Q$$, 1/4" D ** = Sandia Inverted TC plus 
standard TC string 

Hoe Creek # 3 Downhole Thermocouple Array 
Height Above TC 
Seam Botton Length 1>* :it * * !~eters I1 I2 13 14 15 16 17 18 19 110 III 112 I13 114 115 ABC P1 P2 P3 P4 H7 H8 
30 28 X X X X o 0 0 0 25 33 X X X X 20 38 X X X X X X X 000 0 17 4-1 X X X X X X X 15 43 X X X X X X X X X X X X X X X o 0 0 0 0 0 0 X X 14 44 X X v X X X X 1\ 

13 45 X X X X X X---X...-.X.. X X X X v X X o 0 0 0 o 0 0 X X on 11.5 40.5 X X X X X X X 10 48 X X " X X X X v X X X X X X X 000 0 u 0 0 X I. 
1\ / ', 

8.5 49.5 X X X X - X X . 7 51 XB x XB X X X X X X X X X X X X o 0 0 0 o 0 0 X X 6 52 X X X X X X X X X X X X X X X o 0 0 o 0 0 X X 5 53 X X X X X XO XO XO X X X X X X X o 0 0 o 0 0 X X 4 54 X X X X X X X X X X X X X X X o 0 0 o 0 0 X X 3 55 X X X X X XO XO XO XI XL XA X X X X If /I /I /I 0 X X 2 56 X ;; X X X X X X XA XI XL X X X X /I # /I # /I /I /I X X 1 57 XB X XB XB XB XB XB XB XLB XAB XIB XB XB XB XB X X 0 58 
-1 59 /I /I /I 3 -3 61 
-5 63 /I /I /I 3 !41-1 No. 310SS in string 15 15 17 10 17 10 '/0 10 10 10 17 17 10 10 15 - - - - 10 10 No. TC special 3 3 3 - - -No. TC outside casing 2 2 2 - 9 9 6 9 8 7 7 No. TC on p'Imp1 ine - 2 2 2 4 3 3 
No. TC Total 15 15 17 10 17 12 12 12 13 13 20 17 10 10 151111813 91111 10 10 300 b61 

'L 
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All of these tubes will be provided with nitropen flow and pressure transducers 

for continuous computer monitoring of the down hole pressure. They will also 

be provided with valves and fittings to allow gas samples to be taken manually 

when desired. 

We are currently planning to try a downhole Freon tracer system. This 

wi 11 consi st of 5-10 contai ners, probably some 1 aboratory type gas sampl e 

bottles, filled with different varieties of Freon and arranged to open at a 

preset temperature or pr'essure. These containers will be grouted in place 

in some of the instrument wells. An on-line Freon detector will sound an 

alarm when a container bursts and a sample will be collected for analysis. 

Thus a positive indication will be given that the temperature reached the 

preset value at a particular point ir. the formation. 

All wells that have pipes coming to the surface, must have some sort of 

sealing mechanism to prevent blowout in the case of pipe failure. 

B. Resistivity Net and Inverted Thermocouple. 

Sandia Laboratories will field a surface resistivity network experiment 

for the Hoe Creek No.3. This will be d~signed to give us an alternative 

method of locating the burn lone. It is expected that the data can be analyzed 

via a phone link to the Sandia Albuquerque computer and relayed back to Hoe 

Creek with a reasonable turn around time. 

Sandia will also field an up-side-down thermocouple string where the 

temperature will be measured, digitized, FM multiplexed and transmitted to a 

receiving antenna underneath the coal seam and outslce the burn zone. This 

system will be battery operated to prevent loss of signal by override burn 

off. 

C. HFEM Well Placement. 

The high frequency electromagnetic burn front location technique (HFEM) 

was tested successfully on Hoe creek No.2. The present experiment will utilize 
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the HFEM technique to monitor the reverse burn of the drilled channel and 

then to measure the initial cavity growth around the injection well. This 

will allow us to determine the cavity size and position without having any 

wells penetrating the coal in the immediate vicinity of the injection well. 

This shculd minimize the probability of inducing fractures in the coal and 

the possibil ity of creating an override path. 

D. Environmental Measurements 

Both collapse instrumentation and water sampling will be done for Hoe 

Creek ~o. 3 in essentially the same manner as for Hoe Creek No.2. A well 

layout plan view showing all of the wells is shown in Figure 2. 

A monitoring program for air Qualitv is also being planned This program 

will be designed to give us reasonable assurance that we are complying with the 

appropriate state ann feneral regulations. 

E. Gas Analysis. Water and Particulates 

Gas analysis will be similar to that done on Hoe Creek No.2. A new 

process gas chromatograph and a process mass soectrometer have been purchased. 

They will be used on the clean gas stream to give fast turn around analysis 

for essentially continuous displav. 

Water content of the gas will be determined bv a hllmidity meter similar 

to but improved from that used on Hoe Creek No.2. This will allow continuous 

humidity measurements to compliment the gas analysis. 

Particulates in the gas stream will be dftermined in two wnyS. A large 

knock-out tank will be used in the production ~as stream. Periodic samoling 

of the collected particulates will be done. A seoarate. small aas stream 

samole will be used to qet a more ar.curatp partir.ulnte ~amnle at more frequent 
intervals. 

We will attempt to determin~ the fraction of injected steam that reacts with 

the coal bv using deuterated water as a tracer in the steam boiler. The prOCp.ss 

mass ~per.tromet.er shoilld be cnpable of on - line annlysis for deuterium. 
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Reverse Burn Widening of Channel 

According to Krein;n and Revva (UCRl-Trans 10810) the standard way of 

enlarging a directionally drilled hole, (and linking it to vertical wells) is 

by reverse combustion. Although the data they give are for a harder 

bituminous coal the order of magnitude of their measurements ought to be 
about right. 

Reverse burn along a 120 meter-long drilled hole 7.5 cm in radius (fj" 

diam) took approximately 72 hours or 1.7 m/hr (5.6 ft/hr, 130 ft/day). The 

hole was enlarged to .5 m diameter. The average flow rate during reverse 
burn was 1740 m3/h or 1074 scfm. 

Since our directionally drilled hole has a 3 inch diameter, we would 

expect to operate in the 200-300 scfm range. A series of laboratory tests is 

scheduled to get better data on the rates in question. 

Reverse burn of the directionally drilled hole will be necessary to 

increase its air acceptance even if it has been mechanically linked to the 
verti cal well s. 

Air flow and hydrology testing will precede ignition. The coal seam 

will be ignited at the bottom of Well C with air injection into Well A, 

assuming Wells A, B, and C are already satisfactorily l i nked t o the directionally 

drilled hole. If the wells are not already linked, then the injection pOint 

will be moved from well to well as required to draw the burn zone along the 
desired path. 

When the burn reaches Well A, the forward burn phase will be started. A 

short period of forward burn with air injection (up to one week) will be 

used to establish a hot burn zone at the bottom of the coal seam before 

oxygen/steam flow is started. A period of one week of air burn would allow a 

direct comparison to be made with the results from Hoe Creek No.2. 
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At the start of forward burn, both air flow and pressure will be raised 

very gradually in small steps t : insure that the flow remains in the channel 

and no override is precipitated. 

Oxygen-steam injection will be started in Well A at the end of the air 

burn period. Current plans are to use a high percentage of steam as a dilutant 

for the oxygen during the first part of the experime~t. This will provide a 

test of the hypothesis that the width of the burn zone is directly related to 

the input flow rate. However, we will adjust the steam/oxygen ratio as needed 

to maximize the gas heating value and minimize the amount of oxygen used per 

ton of coal consumed. 

A forward burn with oxygen-steam from Well A to Well B will satisfy all 

of the goals outline6 earlier. A planned program of flow rate and operating 

pressure changes will be used. The majority of the er.periment will be 

conducted under the flow conditions that give the best gas composition, or if 

that is nrt practical, at the maximum oxygen flow available. 

The experiment planned is a forward burn from well A to well B with gas 

production from both Band C. We do not plan to continue the burn from B 

to C. However, the design will include a provision for converting well B 

into an injection well with a shor shut down period if necessary. This 

would allow continuation of the burn if additional funds becom available. 

We want to determine the effect of the oxygen/steam ratio on the burn 

geometry. In order to do this we will plan to inject at as high a steam 

flow as practical (50% to 80% steam) for a period of time long enough to 

determine the cavity growth rates in both width and length before changing 

the oxygen/steam ratio. 

The average oxygen injection rate planned is 20 moles/sec (1000 scfm). 

Short periods (one or two days) of operation at double this rate are being 

planned for . 
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Although we hope to have better performance for Hoe Creek #3 than was 

achieved during the oxygen burn during Hoe Creek #2, all estimates are based 

on Hoe Creek #2 results. Table II is a summary of the parameters expected 

for Hoe Creek #3 as sumi n9 simil ar performance. 
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TASLE 2 

Performance Estimates Based on Hoe Creek No.2 Results 

Coal Consumption - 5280 tens 3550 m3 

Average Injection Fl ow Rate Oxygen 2U mol/s = 1000 scfm 

Ste~m 80 molls = 4000 scfm 

Burn Period at Average Rate = 45 Days 

Total Oxygen Consumption 

Total Steam Consumption 

= 2780 Tons 

= 6220 Tons 

Steam Generation Water Feed Rate = 33,000 gal/day 

Produced gas Flow Rate = 148 molls = 7430 scfm 

Produced Gas Temperature 650°C 

Produced Gas Flow Rate After Cooling 181 molls = 9086 scfm 

Cooling Water Needed for Gas Temperature of 3bO°C = 9.4 gpm 

Produced Gas: 

Wet Heat of Combustion = 101 KJ/mol = 114 Btu/t t 3 

Dry Heat of Combustion = 235 KJ/mol = 164 Btu/ft3 

Produced Gas Composition 

Befere Cooling After Cooling 
Mol Fraction Mol Fraction 

H 0.530 0.617 

H· , 0.178 0.145 

CH4 0.026 0.021 

CO 0.105 0.085 

CO2 0.156 0.127 

C2H4 1.7 x 10-4 1.4 x 10-4 

C2H6 10.8 x 10-4 8.8 x 10-4 

C3H6 1.4 x 10-4 1.2 x 10-4 

C3H8 2.2 x 10-4 1.8 x 10-4 

C5H12 13.5 r. 10-4 11.0 x 10-4 

Tar 28.4 x 10-4 23.2 x 10-4 
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The Wells PI, P2, P3 and P4 are designed to be directly connected to the 

drilled channel. If it is possible to have water pumps surviv~ in wells 

connected to the channel, we may be able to operate at low backpressure and 

still keep the area dewatered. In any case, we will be able to observe the 

effect of water influx on gas quality for a burn with the p:'oduction channe~ 
at the bottom of the coal seam. 

A report will be issued at a later date givir.g the operating plans in 

more detail. 
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II. Data Acquisition and Storage 

R. Cena and C. B. Thorsness 

A. Experimental Data 

The Hoe Creek IIi data acquisition and storge system will build upon the 

computer operating syst~1 developed for Hoe Creek II. The experimental data 

to be collected fall into three catagories: 

1) Process Data 

2) Compositional Dta 

3) Diagnostic Data 

1. Process Data 

Parameters which determine the state of operation of the above ground 

facility constitute process data. The specific data include: 

• System pressures and temperatures throughout the above ground 

process piping. 

• Pressure temperature and differential pressure for each process 

flow metering station. 

• Parameters pertinent to process geometry, e.g., orifice size, active 

metering station, etc. 

• Parameters pertinent to specific process equipment, e.g., boiler, 

compressors, incinerator, flare, etc. 

As discussed earlier, the process consists of air or oxygen/steam 

injection into the coal seam with production from the coal seam 100 me1~rs 

from injection. The product gas travels throlJgh a particle removal devi ~e 

and is then sampled before passing to th~ incinerator and flare for disposal. 

2. Compositional Data 

The flow rates of all streams entering or leaving the system will be 

computed from the process data. Compositional data will be collected for 
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the product stream, four instrument well sample streams, and the oxygen injection 

stream. Details of the analysis system are discussed in Section 3--Chemical 

Analysis System. The process stream flow rates and compositions will be used 

in energy and material balances to calculate variables which can not be measured 

directly such as char accumulation and heat loss to inert materials underground. 

Diagnostic Data 

The state of the process beneath the ground will be monitored using diagnostic 

tools. These include: 

• Downhole thermocouples at fixed locations in each I-well, process 

well, and pump well. 

• HFEM probing techniques. 

• Electrical resistivity measurements. 

• Geophysical measurements. 

• Tracer measurements. 

The downhole thermocouples located throughout the coal seam and in the 

overburden represent a large portion of our diagnostic data. The locations of the 

wells are shown in Fig. 2 and the specific locations for TC's in each well 

is shown in Table I. Each thermocouple wi ll be routinely measured for junction 

voltage, loop reSistance, and resistance to ground, thus providing not only 

temperatures but diagnostics concerning TC failure. 

Tracer techniques will be used to obtain information concerning the fluid 

dynamics in the system and the propagation of the burn zoroe through the coal seam. 

Two types of tracer information will De utilized during Hoe Creek III: 

1) Helium tracers 

2) Flurocarbon tracers 

A pulse of Helium tracer gas will be injected along with the injection stream 

periodically with the resultant response measured in the production stream. Continuous 
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rlta will be collected from the first response to a pOint where little or no 

detectable Helium remains. The will data provide measurements of the active 

volume and dispersiveness of the underground system. 

Flurocarbon tracer canisters will be placed at various locations 

underground to help identify the extent of burn propagation under ground. 

Detection of flurocarbons in the product gas will signal the arrival of burn or 

subsidence at the canister location. 

B. Experimental Hardware 

The hardware components (Fig. 3) of the data acquisition and storage 

system fall into two catagories: 

• Data Acquisition Hardware. 

• Data Management Hardware. 

1. Data ACquisition Hardware 

The bulk of the process and c'iagnostic data will be routinely collected 

via two COMUX digital voltmeter scanners, each equipped with 252 channels. 

The COMUX, SUpplle~ by Sandia Laboratory, is designed such that each 

channel is capable of measuring a thermocouple junction's voltage, loop 

resistance, and resistance ~o ground. 

This feature allows complete monitoring of each thermocouple using only 

a single channel. 285 downhole thermocouples will be connected to the COMUX 

as well as most above ground TCs. 

In addition to the thermal couples several other data gathering instruments 

will be directly linked to the COMUX for routine data acquisition. These include: 

• Pressure transducers to measure the above ground and down hole pressure 

throughout the system. 

• Two humidity meters to measure the water content in the produced 

gas and the ratio of water to organic liquid. 
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• Several geophysical instruments to measure ground movement discussed 

in detail elsewhere. 

Much of the constituent data will be analyzed in the field via an online 

time of flight mass spectometer analyzer and a process gas chromatograph. 

The gas chromatograph data will be collected at 60 minute intervals for 

backup and calibration of the mass spectrometer system. 

The primary gas sampling system will be t he mass spectrometer with 

sampling times as short as 10 seconds. This will pro ide essentially 

real time analysis of the composition of the product gas. 

In addition, the mass spectrometer will sample injected gas for oxygen 

to tracer ratios and may be connected to up to 4 - I-wells for downhole gas 

sampling on an hourly basis. 

During helium tests, the mass spectrometer will determine helium 

concentrations versus time in the product gas. 

Additional hardware includes: 

• L ~ quid condenser system will provide batch backup to the humidity 

meter system for water and organic content and will provide liquid 

samples for in field and Laboratory analysis of trace elements, 

triti ated water, and organic components. All liquid condenser 

data will be gathered manually. 

• On line analyzer to monitor product gas for the detection of 

flurocarbons in the product gas. 

The geophysical , HFEM, and electri cal resistivity hardware are discussed 

elsewhere in this report. 

2. Data Management Hardware 

All of the data collected via the COMUX scanner, gas chromatographs, and 

mass spectral analyzer will be automatically recorded at regular intervals 
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using a Hewlett-Packard 21MX-E Computer. The primary responsibilities of the 

computer include: 

1) Real time acquisition and archiving of all relevent process data. 

2) Real time data reduction 

3) Real time data display and retrieval. 

The software for the system has as its base the HP RTE IV operating 

system. Built on top of this base is a series of system and user programs to 

perform the tasks mentioned above. System programs are defined as those 

routines which perform the basic data acquisition and archival tasks, while 

user programs are those codes which perform data display and m~nipulation 

functions. 

Of the three major aims of the system that of the highest priority is 

the acquisition ~nd archiving (on magnetic tape) of all relevant process 

variables at regular intervals. 

The second major aim is to provide real time data reduction. This 

capability is provided by system programs which convert all incoming analog 

or digital signals to useful engineering units and by user programs which 

perform a number of heat and mass balances and pressure drop/flow calculations 

useful in interpreting the performance of the gasification process. 

The final major objective ot the system is to provide the capability to 

display the raw and reduced data on demand showing either current values of 

selected variables, or the time history or any variable throughout the course 

of the experiment. 
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System Operation 

The COMUX scanner will routinely report information to the computer via 

hardware interface cards and software drivers. 

The COMUX will be scanned at 15 minute intervals for system flows and water/gas 

ratios and at 30 minute intervals for system flows and water/gas ratios 

and at 30 minute intervals for all other data. 

The computer will control the mass spectrometer in several ways. First, 

the mass spectrometer will queried at 2 second intervals to provide real time 

analysis of product gas composition. Second, the computer will request 

automatic standarizartion sampling at hourly intervals. Third, samples 

from the oxygen injection stream and from up to 4 connected I-wells, may be 

analyzed hourly. 

The gas chromatograph will report product compositions directly to the 

computer at 60 minute intervals. 

Additional data is entered into the computer manually via software 

programs. These include: 

• manual input of condenser data 

• manual GC Data input when the GC/computer link is down 

• manual input of process geometry changes 

The computing hardware includes the HP-21 MX-E central processor, a 1.7 

megabyte, disk, and a 50 megabyte disc. The discs provide enough storage area for 

prcgrams and files to maintain on line all of the gathered data from the 

~ntire experiment. In this way the time history of any process variable can 

be reviewed immediately over the entire course of the experi~ent. The 128K 

cpu provides sufficient memory capability for efficient program execution and 

data logging tasks. A back-up cpu disc controller and integrating digital 

voltmeter will also be available in case of equipment failure. 
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The I/O hardware consisted of 3 high speed (9600 baud) display terminals 

with hard copy unit and one medium speed (300 baud) TTY. These dre used for 

all TTY-computer communication. Also included is a Versatec printer, alarm 

box and 3 independent TV interfaces connected to three TV monitors. 

The TV monitors are used for various data display purposes throughout 

the experiment. 

Finally, a magnetic tap unit provides backup for all data logged into 

the computer throughout the experiment, via a file archiving routine. 

The data storage, retrieval, manipulation and viewing software is similar 

to that described for Hoe Creek II. However', enhancements over that system, 

some which were described above, will be available during Hoe Creek III. To 

summarize some of these are: 

1) Automatic sensing of fluorocarbon tracers 

2) Inclusion of the mass spectrometer in the computer operating system 

3) Automatic sampling of I-well gases at regular intervals 

4) Dial up capability of remote computer control 

5) Increased data storage capability 

6) Automatic recording of all liquid injection and production rates 

7) Increased reliability with backup CPU and disc controller 

8) Automatic resistance measurements for all TC's 

9) Increased flexibility in accessing scanner 

10) Improved material balance calculations which include estimates of 

net character formation 

11) Real time thermal contouring programs to display burn geometry 

based on material balances and thermocuple response 

12) Real time analysis of HE tracer data 
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III. Chemical Analysis Systems 

~. R. Aiman and J. Clarkson 

The primaiY objective of the Gas Analysis program is to determine the 

compositions of several process streams and to report these compositions to 

the field computer. The analyzed process streams will consist of: the 

product gas st~eam, four instrument-well sample streams, and the oxygen 

injection stream. A secondary objective of the program is to identify various 

freons in samples of the production stream and to maintain capability for genet'al 

purpose analysis to meet needs which may be identified later. 

Analysis of the process streams will be done in an "automatic" mode by a 

evc Process Gas Analyzer Mass Spectrometer, a Hewlett-Packard Process Gas 

Analyzer Gas Chromotograph, two dew point meters (EG&G and General Eastern), 

a Teledyne Model 326A oxygen analyser, and a special freon analyzer which 

will be selected later. All of these ar llyzers will be coupled with the 

field computer. In addition, several trace species will be determined 

intermittently with special apparatus. 

The specific tasks of this analysis package are: 1) analyze the product 

gas for the species listed in Table III, 2) analyze for the important species 

with at least two analyzers, and 3) analyze for the important species in a 

fast, on-line mode to maKe control of the process easier. Use of both the 

mass spectrometer and the gas chromatograph provides extensive redundancy and 

in addition the mass spectrometer is suffiCiently fast to be considered an on-line 

analyzer. The various species will be determined by the analyzers as shown 

in Table III. 

A clean, reasonably dry gas sample stream from the gasification stream Ot 

other sources will be supplied to the analytical laboratory from a series 

of clean-up syst~ins at a pressure of 5-1S psig. Every effort should be made 
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Table III. Gas Analysis: Hoe Creek No. 3 Experiment 

Instrumentation 
Possible Special 

Component Concentration Range CVCMS PGC D.P.M. Analyzer 

N2 * 0.1 - 75% F S 
CO2 O. 1 - 70% F S 
CO"'" O. 1 - 35% F( >2%)S 

* 
H2 * 0.1 - 40% F S 
CH4 O. 1 - 10% F S 
C2H4 0.01 - 1 % S 
C2H6 0.01 - 1 % S 
C3H6 0.01 - 1 % S 
C3Ha 0.01 - 1 % S 
C4Ha 0.01 - 1 % S 
C4H10 0.01 - 1 % S 
i-C4H10 0.01 - 1 % S 
LC5 0.01 - 1 % S 
LC6 0.01 - 1 % S 

H2~ 10 - 50% F 
O2 0.01 - 100% F S F 
Ar 0.01 - 1% F 
He 10 - 1000 ppm F 
HD 10 - 1000 ppm F 
H
2
S 200 - 5000 ppm F 

S02 10 - 1000 ppm F 
COS 50 - 1000 ppm F 
NOX 10 - 100 ppm 
HCN 10 - 100 ppm 
NH3 1 00 - 1 000 ppm 
Freon F? F 
Tar 
Particulates 

F - fast, on line mode; S - slow, off-line mode; I - intermittent mode 
* - species of vital importance for control of the process. 

Special 
Apparatus 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

I 

I 

I 

I 

I 
I 

I 
I 
I 
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to keep the gases to be analyzed as clean alld dryas possible. Below is a 

discussion of the various types of analysis to be utilized. 

A. Field Mass Spectrometric Instrumentation and Measurements 

Analysis for a wide variety of components will be conducted using a CVC 

Process Gas Analyzer Mass Spectrometer as shown in Table III. This instrument 

is to be calibrated periodically in the field using standards as appropriate. 

The mass spectrometer' will be computer controlled and the data is expected 

to be taken at approximatley ten second intervals for the process gas stream, 

and from other gas streams at intervals of approximately one hour. Four of 

these other streams will be sample streams from instrument wells and one 

will be a sample, stream from the oxygen feed stream. 

B. Field Gas Chromatographic Instrumentation and Measurements 

The gas components expected to be analyzed by the Hewltt-Packard Model 

5840 Refinery Gas Analyzer are shown in Table III. This analyzer will have the 

primary responsibility for analysis of the hydrocarbon components of the process 

gas. The instrument will be under computer control and will complete an 

analysi~ at intervals of approximately one hour each. This instrument is to 

be calibrated in the field using LLL mass spectrometrically verified standards, 

and periodical~y checked for accuracy during the gasification. 

C. Water, Tar, and Ammonia Analysis 

The dew pOint of the product gas will be determined continuously by two 

similar dew pOint meters: an EG&G model 660 and a General Eastern model 

1200 AP. These dew point meters operate by cooling a mirror, which is exposed 

to the product gas, until a mist forms on the surface. The temperature at 

which the mist forms is the dew point. 

In a separate apparatus, the water and tar will be condense~ out of a 

sample stream. The gas flow will be measured in a dry gas meter. Comparison 
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of the amount of water condensed with the gas flow will provide a redundant 

measure of the water fraction in the product stream. The product tar will be 

condensed out of the stream with the water. The tar/water ratio will be 

determined from these samples. 

These water and tar samples are to be collected in cannisters attached 

to the water collection system. Thp. samples shall be stored by the process 

operator for subsequent analysis at LLL. A balance shall be provided for 

the determination of the tare and gross weight of the canister and product. 

Occasionally, at the request of the project sCientist, these samples 

will be analyzed for tar/water fraction volumetrically of gravimetrically. 

Elemental analysis for C, H, N, S, and a simula 'ced distillation will be 

required on selected tar samples as submitted after the experiment at LLL. 

The water/tar content of selected samples will also be determined at LLL 

after the conclusion of the experiment. 

Periodically the water from the water/tar collection system will be 

tested for ammonia and hydrogen cyanide content. This measurement will be 

done with specific ion electrodes, using appropriate standarization. It is 

anticipated that this measurement would be done once daily. 

D. Freon Analysis 

Freon analysis is required for the experiment because bulbs of various 

freons will be implaced in the coal seam to signal arrival of the burn front. 

The Dulbs will be placed at the 2 m level in wells 11, 3, 4, 5, 9-15, and at 

the 5 m level in well 15 (See Fig. 2). Two types of analysis are required: 

1) sensitive detection of freon (or freon fragments) in the producti0n stream 

to signal that a bulb has burst, and 2) specific analysis to determine which 

freon is present in the stream. 
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The sensitive analysis need not distinguish between the various freons 

which will be used but this analysis must be sensitive and "on-line." The 

pattern of evolution should be recorded as concentration vs time. The specific 

analysis does not need to be as sensitive since a bottle sample will be taken 

at peak freon concentration. 

The sensitive analysis will be done with either a new freon detector or 

with the mass spectrometer. The specific analysis will be done with a Varian 

Model 3700 Gas Chromatograph. 

E. Spot Sampl i ng 

Hydrogen sulfide, sulfur dioxi de, and nitrogen oxides will be determined 

using detector tubes. Although the mass spectrometer is expected to be able 

to determine hydrogen sulfide, some verification of the values determined 

seems reasonable. Sampling of the production li ne for these species will be 

made at daily intervals. 

F. LLL Mass Spectrometric Gas Sample Analysis 

It is expected that some samples (not more than one per day) may be 

taken by the process oper~tor, project scientist, or others, for later analysis 

at LLL. In order not to flood the LLL mass spectrometer with samples at the 

end of the experiment, it is suggested that these samples be sent to LLL when 

10-12 samples have been taken. These samples should be sent to: 

Lawrence Livermore Laboratory 

Attention: Carla Wong 

Bldg. 222, Rm. 1223 

Livermore, California 94550 

G. Wobbe Index Reco rder 

The Wobbe Index Recorder will be installed as a backup heating value 

indicator. This instrument indicates: (heating value)/(specific gravity)I/2. 
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H. Particulate Sdmpling 

Particulates in the product gas stream will be sampled via an impact 

tube at an el in the pipe. The sample removed from the main stream will be 

passed through a cyclone separator and a filter. This separator will remove 

99% of the particles larger than 10 u m and the filter will collect smaller 

particles. The separated samples will be weighed and selected samples will 

be retained for further analysis. 

I. General Purpose Gas Analysis 

A capability for general purpose analysis will be maintained based on 

the Varian 3700 Gas Chromatograph which will be fielded for freon analysis. 

Us\:: cf thi s capabi 1'i ty wi 11 be ad hoc at the request of tIle project sci enti st. 

Included in this general purpose capability will be a third level bacKup 

for the process gas analysis (second level bacKup for argon). This bacKup 

capability will consist of the columns, detectors, and carrier gas required 

to convert the Varian 3700 to analyze the important species (including argon) 

from Table I. Thus, as a last resort, manual operation of this chromatograph 

will give analysis of the product stream. 

J. Personnel and Facilities 

The Analytical Chemistry representative will report to the project 

scientist and will be in residence at the site during all day shifts and, 

locally on-call at all other times during which ignition and gasification are 

being conducted. He wi)l be responsible for checKout, maintenance. calibration, 

and operation of the analytical instrumentation described above and for the 

collection of routine bottle samples. He will also advise the project 

scientist of any analytical procedures or techniques which mignt be used to 

enhance the value and reliability of the information obtained. 
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Due to the magnitude and complexity of equipment expected to be used 

during this experiment. the use of the entire T-933 trailer or equivalent 

quarters will be required as the Analytical Laboratory. These quarters should 

have reasonable temperature controlled facilities. approximately 72°F. We 

estimate the need for at least four circuits of 20 amps each. as well as 

other circuits of 15 amps for recorders. and other instrumentation. These 

circuits should be as free from interruption as possible. 
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IV. HFEM BUrn Front Detection 

D. T. Davis and R. J. Lytle 

Plans for LlL's Hoe Creek No.3 UCG Experiment call for a total of 10 

HFEM wells, each path to be probed twice daily, with interpreted results to 

be displayed on the HP 21 MXE computer graphics. We see the need to (1) 

significantly increase our data acquisition and interpretation rates, (2) 

increase our transmission distances and (3) improve the timeliness and 

usefulness of our graphical results as compared to our capabilities during 

thE Hoe Cfeek No.2 experiments. Given adequate support during FY'79, we 

feel that we can meet t hese requirements. This section outlines the approach 

we plan to take in acti ;eving these c~pabilities as well as the financial 

support required and details concerning the services we will require at the 
site. 

A. Increased Data Acquisition Rate 

We anticipate the need for making up to 40 data runs per day in the next 

experiment as Oppossed to about 8 per day for the Hoe Creek No.2. This five­

fold increase could be accomplished by reducing our setup time and improving 

equipment reliability. We plan to do the follcNing: (1) purchase and inrtall 

reels of an improved design at each well, thereby reducing the down time and 

much of the need for moving re~ls from well to well, (2) permanently placing 

control, signal and power tables to each reel, thus eliminating that setup 

time, (3) purchasing better transmit and receive electronics and in adequate 

numbers to permit rapid setup and recording times and the simultaneous 

operation between two or more pairs of wells. 

Several cable reel improvements are planned. Our new motorized reels 

will have gear ratio permitting a more rapid raising and lowering of our 

antennas. Design improvements we are planning will also make them more 
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reliable resulting in less down time. In addition, through the help of 

a summer student we had this year, we have worked out most of the details for 

making the reels semi-automatic. Given - some additional engineering and 

technician support, we should be able to field cable reels, which will stop 

automatically at the depth we specify and step an incremental distance on 

comm~nd. Our new reels will also be designed to accomodate wheels so that 

when they need to be moved, it will be much easier than before. 

Incidentally, we plan on measuri~g depth in meters rather than feet as 

we did at Hoe Creek No.2. 

B. Increased Transmission Path Lengths 

Several improvements will permit us to propagate EM waves over the 

somewhat longer distances planned for Hoe Creek No. 3. W~ will purchase 

spectrum analyzers with better signal to noise ratios and design more efficient 

transmitting antennas dnd receivers. If need be, we would operate at somewhat 

lower frequencies. 

C. ~oved Oisimination of Results 

We ~Iould certainly like to provide results from our HFEM measurements 

which are more timely and in a format which is more useful to the scientific 

staff. You have requested that we tie into your HP 21 MXE computer graphics 

device. We are uncertain at this time as to what is the best approach. 

Spectrum analyzers could be purchased which permit data recording on cassette 

tapes. These tapes could then be fed into your computer. We would need to 

design somte interface electronics which would allow us to ident'ify the data 

run--time . frequency, well pai r, etc., -- as well as the depth of each data 

pOint. Another approach would be to purchase an x-y plotter and put in 10 

information and depths by hand. This latter approach would not, however, 

allow us to use your display hardware. Still another approach would be to 
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hardwire our spectrum analyzers directly into your computer through an 

interface which would have to be de$igned and fabricated. The details of 

this appr~dch would need to be worked out. 

o. HFEM Requi reme~ ; ts 

We will need the following equipment and services: 

Wells - 3" 10, pvc or fibreglass lined between leAn above and below 

coal se~m. No water in wells. Top of casing about 112m above 

ground level. 

Power - 110V AC; two circuits from different generators, one for receiver 

electronics and one for our power amplifiers. (Separate circuits 

needed for noise suppression). 

Surface Piping - Pipes should be low to the ground and out of the field 

of view as at ARCO's Rocky Hill site to allow visual contact with 

all wells from our control building. 

Shelter - One climate controlled building about 10' x 10 ' X 8' high with 

a window for viewing the site. Should be placed near wells. Best 

location would be near Pl. Power plugs in building would be nice. 

Office Space - We would like to have a desk in or near the exp~ riment control 

room. 
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Hoe Creek III Geotechnical Experiment 

H. Ganow 

In-sit~ qasification of coal Tvrms an underground cavity. Initially, 

it is desired that the cavity form in the base of the coal seam where 

subsequent roof collapse exposes fresh coal for aasification. The remaininq 

roof coal acts as a the mal insulator, therebv inc.reaSing the efficiency 

of the gasification process. In thi~ context, roof collapse is a Yita11y 

important mechanism that results in increased recovery of t~: rn~l resource. 

Ultimately, a non-coal roof is exposed which detrimentally affects the gasi ­

fication process in several ways. 

First. eXPoslJre of the roof rock, and its sllbsequent collapse into the 

expanding cavity, results in much heat energy loss, thus reducing process 

efficiency. Second, rock units permeable to flu)d flow are exposed resulting 

in the loss of injec.~ant or product gases and in the influx of around-

water. if these units are saturated. Aaain, heat eneray is lost in 

vaporizing water, and the resulting steam dilutes the product oases. The 

injection of product oases into aquifers containing Dotab1e ground water 

mav result in significant contamination. Third. continued roof collapse 

exacerbatps the Drob1ems mentioned above and mav ultimately 1ead to disturbance 

of the arolJnd surface 0 r subs i dence. 

Following tne successful aeotechnica1 experiment associatpd with Hoe r.reek 

II, we are beainnino to appreciate the extent to which roof collapse can 

affect the gasification process as wP" /l as its environmental implications. 

The acquired data clearly indicate that roof collapse can extend much higher 

into the overburden than current continuum finite element method (FE~1) model 

codes suagest. This is because these codes treat cavitY-induced subsidence 
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as a prime body force problem that includes only gravity-induced stress, weight 

and strength of overburden materials, and simplified deformation mechanisms. 

However, at the present time, FEM codes remain as our only methoJ of calculating 

roof collapse and surface subsidence. Improvement of these models will come 

from incorporating other ex·cremely important failure mechanisms such as over­

burden shrinkage with drying, fissuring, and roof spall. Clearly, both chemical 

process and environmental concerns demand that the mechanisms controlling the 

magnitude and rate of gasifier roof collapse and attendant surface subsidence 

be understood to the fullest possible extent. Such understanding will only 

come from comprehensive geotechnical instrumentation programs aS50ciated with 

in situ gasification experiments. 

B. Purpose 

The purpose of this experiment is to basically replicate the first geo­

technical experiment done in conjunction with the Hoe Creek II gasification 

test. We plan to measure both surface and subsurface deformatlons, in both 

the horizontal and vertical sense, that result from gasification cavity 

creation. Knowledge gained from the first experiment is being used to refine 

the design of many of the instrument systems, their installation, and their 

plan view locations with respect to the third gasification experiment. 

Following this experiment, many of the instruments may be sufficiently well 

developed that they can be applied directly to deeper gasification experiments. 

The real-time data that are obtained from many of the geotechnical instruments 

will be of aid to other scientific and engineering groups. First, these 

data will aid those individuals concerned with operating the gasification 

facility and assist them in understanding their pr'ocess-related data. Geo­

technical data will also be of benefit to the engineering staff conducting 

the HFEM (High Frequerc, Electromagnetic) experiment in their data inter-
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pretation. Second, data concerning the height of ultimate roof collapse and 

the effect of gasification cavity operating pressures on the local ground­

water regime are vital to an understanding of the ground-water pollution 

aspects of in situ coal gasification. Third, thp. time-history of cavity­

induced overburden strains and roof cO'llapse will provide critically important 

data for verification of the results obtained from highly sophisticated FEM 

modeling codes. 

C. Proposed Subsurface Instrumentation 

The various subsurface instruments will be capable of measuring both 

horizontal and vertical strains, and planar deformations (shearing). Over the 

center of the cavity, vertical motions are dominant while lateral strain will 

characteristically occur at the cavity sides. Both deformation modes will 

be present at locations above and to the side of the cavity. Local sr.ear 

forces may be concentrated along a "planar" surface termed the "angle of 

break", This surface rises at an angle of from 30° tu 90° (referred to the 

horizontal) from the cavity margin depending on the overburden strength 

characteristics and other factors. The locations of the holes used for these 

measurements are shown as squares in Fig. 2. 

1. Borehole Deflectometer. This is a biaxial wire-line proDe device that 

measures the inclination of a near-vertical borehole using servo accelerometer 

sensing elements. It operates in an internally grooved casing that is anchored 

full length in a borehole with a neat cement grout. The hermetically sealed 

transmitter probe is equipped with wheels that travel in the casing grooves 

and maintain it in the proper orientation. 

Following installation, the initial inclination of the borehole is measured 

by lowering the sensing probe to the bottom, withdrawing it in short increm~ntal 

distances, and measuring and recording the two inclinations on a digital readout 



L 

-35-

device. Successive measurements, compared to the first measurement and to 

each other will yield depth profiles of the casing in two orthogonal 

dimensions with time. From these data, principal displacement directions, 

magnitudes, and rates can be calculated using appropriate computer codes. 

Six deflectometer boreholes, designated 0-1 through 0-6 on Fig. 2 will 

be drilled to a depth of 77.5 meters and completed with 85 mm diameter beaded 

aluminum casing. They will also have lO-meter long steel surface casings 

designed to provide a gas-tight seal should the aluminum tubing burn through 

during the experiment. Boreholes 0-1, 0-2, and 0-3 are arrayed in a line 

sub-parallel to the experimental axis defined by the main process wells A and 

B. Boreholes 0-4, 0-5, and 0-6 are oriented perpendicular to the experimental 

axes. These two arrays should yield data on horizontal displacement rates, 

magnitudes, and directions near the major and minor experimental axes. Borings 

0-1 and 0-4 will have internally grooved plastic casing sections from about 3 

m below the Felix No.2 Coal to about 3 m above the overlying Felix NO.1 

Coal to allow the HFEM apparatus to use these boreholes. 

2. Multiple Position Borehole Extensometers (MPBX). This device measures 

the axial deformation of boreholes. They are insensitive to small transverse 

deformations, but may be rendered inoperative by a large shear displacement. 

The downhole portion of this device consists of six expandable mechanical 

anchors located at various positions along the borehole. These are connected 

to a gas-tight sensor head, iocated at the ground surface, by small diameter 

cables. The sensor head is designed to exert a constant tension on these 
cables. 

The displacements measured at the sensor head are the integrals of 

vertical strains occurring between the head and the various anchor pOints, 

and are measured as an analog electrical output by a rotary resistor/voltage 
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divider. The plan is to install five six~positions MPBXs designated E~l 

through E-5 in Fig. 2. The MPBXs wi l l yield data on roof deflections including 

the time. magnitude. and approximate vertical location. and the onset and extent 

of roof collapse. Extensometer boreh01e E~1 is located over the region of 

maximum vertical strain and roof collapse. E~2 and E-3 are located in line 

and symmetrically on either side of E-l. and perpendicular to the major 

experimental axis. Data from these three units will allow us to address 

the question of asymmetry of gasifier roof deformation and will yield insight 

into oblique mode deformation through incorporation of data from the D-4. 

0-5 and D-6 line previously discussed. 

3. Shear S~rips. These devices consist of a long thin strip of brittle 

plastic having two thin parallel metal foils bridged at 0.3-meter intervals 

by 10 Kohm precision resistors. Two-conductor el ectrical cables are connected 

to each end. and the strip, cables. and connections are sealed against water 

incursion. Shearing displacement along planes inclined at high angles to the 

borehole axis, or hole elongation. breaks the strip and causes a change in 

the apparent resistance measured at the ground surface. Knowledge of the strip 

position, value of the resistors. their spacing. and the measured value of 

apparent resistance allows calculation of the approximate depth to the break 

position. 

Four borings. each containing a 30 meter long shear strip and designated 

S-1 through S-4 are planned. They will be placed in small diameter unlined 

boreholes that extend down to just above the top of the Felix No.2 Coal 

and grouted in place using neat cement. Borehole S-4, like E-l. is located 

in the expected region of maximum roof collapse. It should provide excellent 

data concerning the rate of collapse and location of the cavity roof. Bore­

holes S-1. S-2, and S-3 are arrayed in a line radiating from process well A. 
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Their purpose is to detect an angle-of-break type of shearing deformation 

rather than roof collapse. Somewhat equivocal data from a sing)e shear 

strip located in a similar position on Experiment II suggest that this 

very important mode of deformation may occur. 

4. Electrical Piezometers. These devices measure pore-fluid pressure in 

soils and rocks in an uncased borehole. Their electrical output is pro­

portional to the total pressure head at their respective positions. It is 

planned that three boreholes, designated U-1 through U-3, each be equipped 

with five hydraulically isolated transducers. Borehole U-1 will be placed 

near E-1 and S-4, thus forming a small sub-experiment by interrelating the 

three types of data. This borehole will extend to just above the top of the 

Felix No.2 Coal and thermally armored piezometers equipped with temperature 

sensors wi~l be installed in selected zones from just over the No.2 Coal 

to above the zone of saturation. Boreholes U-2 and U- 3 will be located to 

the side of the expected cavity (Fig. 2), and drilled to a depth of 76 

meters. Piezometers will be installed in both the Felix Nos. 1 and 2 Coals, 

and in selected zones both above and below the No.2 Coal. These units 

will yield data regarding the regional effects of in situ gasification on the 

ground-water pressure regime in many radically different rock units. 

o. Proposed Surface Instrumentation 

Strains having both vertical and horizontal motion components will Occur 

on the ground surface over and adjacent to the cavity. Preliminary FEM 

calculations indicate that these strains may occur to nearly 200 feet from 

the A-B process well line. The instrumentation required to detect these 

strains consists of isolation bench marks, an optical level and rod, and a 

tape extensometer. 
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Approximately 33 isolation bench marks will be installed in a manner 

similar to the array constructed for Hoe Creek II. One monument line will 

be parallel to the Experiment III axis defined by process wells A and B, 

and will extend 76 meters on either side from an origin monument located near 

E-l. A second monument line will be constructed perpendicular to the first, 

with its origin at the same location. 

Initialization surveys will be made immediately before gasi fication. 

Additional surveys will be conducted about midway through the forward 

gasification phase, and once or twice following the experiment until motions 

can no longer be detected. 
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Electrical Remote Monitoring Instrumentation 

L. C. Bartel 

The electrical remote monitoring (ERM) techniques to be implemented on the 

Hoe Creek No.3 experiment are a mOdified Schlumberger (MS) technique and 

a direct excitation electrical potential (DEEP) technique. The current electrodes 

for the MS method are located on either side of the experiment area and 

separated by approximately five times the depth of the coal seam. The applied 

current lines for the MS technique are roughly parallel in the coal seam 

and are distorted by regions of hot conductive coal. One current electrode 

for the DEEP method is a process well and the other current electrode is 

an outlying well. In the DEEP configuration, the hot conductive coal in contact 

with the process well (production well) fo rms part of the current electrode 

and the geometry of the current source varies with the shape and extent 

of the reaction zone. 80th the MS and DEEP techniques will utilize the same 

surface electrical potential electrode array, share a comnon current electrode, 

and will use the same measuring hardware. 

The surface electrical potentials will be measured by a potential electrode 

array consisting of 140, 6 in x 6 in, 1/ 4 in thick, stainless steel plates 

on nominally a 5 m x 10 m grid as shown in Fig. 4. The potentials of these 

process wells, A, B, and C, will b~ measured to give a total of 143 electrical 

potential measuring points over the 60 m x 100 m grid. The potential electrodes, 

along with cables, will be buried in 4 ft. deep trenches along lines perpendicular 

to the Well A-B-C line. These trenches can be adjusted to miss instrumentation 

wells. One cross trench along the 100 m direction will also be dug to provide 

protection for the cables running to the instrumentation trailer. The electrodes 

are buried to provide adequate contact with the earth. All potential 

measurements will be made with respect to a common electrode. 
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The location of the two current electrodes for the MS technique are the 

outlying current electrodes shown in Fig. 4. The DEEP technique utilizes 

one of the process wells for a current electrode along \iith one of the outlying 

current electrodes. The outlying current electrodes can be one 30 ft. section 

of 6 in casing set into the earth. 

To insure good data, some care must be taken to eliminate electrical short 

circuits. The general rule is that no two pOints are to be electrically 

tied together except those tied by the vertical well casings. This will require 

some care in the installation of the surface plumbing. 

Figure 5 is a block diagram of the ERM electrical data acquisition subsystem. 

The main features of this system are: the mini-computer control of the experiment, 

data acquisition, data storage and retrieval, and a field plotting capability. 

For each setting of the group switch, the mini-computer operates the current pulser 

and scans the 72 channels of data. The first 64 channels are measurements 

of potentials of the probes; the last 8 channels are: current, battery voltage, 

potentials of the three process wells, and potentials of the three reference 

probes shown in Fig. 4. Measurement of all the surface potentials requires 

three group swit~h~ . 'gs. (There are some vacant data channels on the 

third group switch setting). 

The current pulser is controlled by the mini-computer with information 

provided by the experimenter th rough a pillse-timing table. Variables to be 

defined in the table include: number of pulses (up to ten), MS or DEEP-B 

or DEEP-C current drives, length of time before sampling the positive and 

negative pulses, and length of time between positive and negative pUlses. 

The positive and negative current pulses are of equal length. (DEEP-B and 

DEEP-C refer to injecting current into Wells Band C, respectively). 
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A schematic of the current pulse, along with the resulting potential, 

are illustrated in Fig. 6. The 25 millisecond sampling rate was chosen to 

average the effects of 60 Hz noise. Self potentials and current induced 

potentials are measured for each group switch setting. Ten samples in 250 

mi 11 i seconds al'e taken and averaged for the measurements of the sel f 

potentials. These self potentials are stored and used to zero the equipment 

for potential mt~asurements due to a current pulse. Twenty samples in SOD 

milliseconds are taken for the current and the resulting potential measurements. 

(The current and potential measurements are made over the last half second of 

the positive and negative pulses). For each of the 20 samples of current and 

potential, the potential (positive value minus negative value) is divided by 

the current (positive value minus negative va l ue) to give a reduced potential 

and then these 20 values of reduced potential are averaged and stored. 

!t is convenient to display the data in the form of equipotential contour 

plots. A field plotting capability will be available for "real time" plots 

of the data. 



-44-

(defined in table) 20 samples in 500 ms 

Len!Jth of time\ 
before sampling 

~.:-.-..., /

1+ measurement 

--­I I 

.J 

+ and - pulses 
(defined in table) r 
Time between 

Length of time.-/ 
before sampling 

(defined in table) 

I 
~ 

Current r--------- pulse, I 

'- I measurement 

20 samples in 500 ms 

Length of time ~ 
before sampling 
(defined in table) 

Measure self- potentials / 

V + measurement 
20 samples in 500 ms 

----­I I 10 samples in 250 ms 

(defined in table) 
Lenath 017 

-
I I 

L.. 

Length of time /' 
before sampling 

(defined in table) 

I 

~ V_ "'- measurement 

Potential 
pulse, V 

20 samples in 500 ms 

Figure 6. Schematic of Current Pulse and the Resulting Potential Pulse 



L 

· ' :<' .. ,4 4

.-: '-:·.?·:~:'~·'-~-?~-"-~~.\~~~_I··~~~·l 
, , -.~ . 

- . -

-45-

Inverted Thermocouple String 

G. S. Davidson and L. C. Bartel 

Thermocouple strings are normally fielded with the extension leads coming 

from the thermocouple (TIC) junction to the surface. In the event of a high 

temperature override, the TIC string would experience a failure orior to any 

significant temperature measured at the lower TIC junctions. A new concept 

of TIC installation is under investigation to circumvent the high temperature 

override problem. A TIC string with leads from the TIC junction going downhole 

rather than uphole could obtain useful data prior to failure in an override 

situation; this type of installation will be referred to as an "inverted 

TIC string". For the inverted TIC string to be fielded on the Hoe Creek 

No.3 experiment, the data will be transmitced via electromagnetic transmission. 

An inverted TIC string, along with a regular TIC string, will be fielded 

in one we11 on Hoe Creek No.3. The data transmission package will be located 

approximately 10 metres below the coal seam floor. Power to the transmitter 

will be supplied by a hardwire from the surface until the burn breaks this 

connection at which time batteries will supply the power. The receiving 

antenna will be located in a well approximately 15 metres away outside the burn 

area an~ at a depth of approximately 10 metres telow the coal seam floor. The 

receiver will be hardwirp.d to tile surface. It is anticipated that the trans-

mission frequency will be approximately 10.5 KHz. Thermal data will be 

transmitted once an hour. 

An experimental version of the data transmission system will be tested on 

the Har.n~ IV add-on test. To eliminate some hardware problems encountered on 

the experimental version, a redesign of the electronics for the Hoe Creek 

version will be necessary. 
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Hydraulic Testing, Felix No.2 Coal at Site 

of Hoe Creek Experiment # 3 

R. Stone and T. G. Naymik 

Two vertical test wells (HY 1 and HY 2) were constructed and used to 

measure certain hydraulic and intrinsic properties of the Felix No.2 coal 

at the proposed site of Hoe Creek Experiment # 3. The two wells, located 27 m 

apart and approximately along the proposed process well alignment (see Fig. 2), 

were drilled, logged (natural gamma radiation log), cased, and cemented to 

within 0.6 m of the top of the Felix No.2 coal. Further drilling in each 

of the wells caused them to be advanced into the Felix No.2 in three essentially 

equal increments. Slug-withdrawal tests were performed in the wells at each 

stage of deepening. The slug-withdrawal tests and their' interpretation generally 

followed the procedure that was used in incremental slug-withdrawal testing 

of explosion-fractured coal at the Hoe Creek Experiment # 1 site (Stone, 1977). 

The exception was that water was removed from the wells by bailing rather than 

by air-ejection. Following the slug testing, a pump was installed in HY 2 and 

pumping tests were performed with water level drawdown being measured in 

HY 1. 

The results of incremental s1ug··withdrawa1 tests in the two wells were 

treated using the Inethod of Cooper et a1. (1967). With one exception (test of 

Zone I in HY 2) the water level recoveries could be matched with one type of 

curve. In the exceptional case, the recovery cou1d be equally well matched to 

either of two types of curves. The permeability estimated in this case is an 

average of two values corresponding to the two types of curve matches. In all 

tests, the early recovery appears to have occurred more rapidly than predicted 

by the model used to analyze the data (early water level recovery data falls below 

the type curve). Th is may be a consequence of relatively rapid early inflow 
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to the wells through a few fractures. The model is based on assumed interstitial 

flow dominance, but near the wells, at early times, the flow was certainly 

fracture-dominated. At later times, as the induced negative hydraulic head 

transient moved further from the wells, the size of the region contributing 

flow to the wells increased sufficiently, with respect to average fracture 

spacing in the coal, to cause the flow to conform to the interstitial flow 

model . Another possible contributor to the departure of early-time recovery 

data from the type curves is the fact that the slug withdrawals are not 

really instantaneous as required by the model. Bailing to remove a slug 

of water from the wells occurred over periods that varied from 30 sec. to 

1.5 min. The 1ater recovery data should be more reliable and useful, regardless 

of the cause of early recovery departure from that predicted theoretically. 

Therefore, type-curve fits were made using the late-time recovery data. 

Analysis of the results of the incremental slug-withdrawal tests in the two 

wells indicates that the middle third of the Felix No.2 is more permeable 

than the upper or lower thirds ( ~ ee Table IV). The coal in both wells was 

drilled using the rotary method with normal air circulation. Very little 

water was lifted during the drilling of the first 2.4 m of the coal in HY 1 

and during drilling of its upper 2.1 m i n HY 2. It thus appears, based on 

tests in two wells, that a highly permeable zone in the upper third of the 

Felix NO e 2 at the Hoe Creek # 3 site does not exist. 

Upon l0mpletion of the incremental slug-withdrawal tests in HY 1 and HY 2, 

a submersible pump was installed in HY 2 and a 16-hour pump test was performed. 

Water level drawdown was measured in HY 1. The drawdown data exhibit well-bore 

storage effects up to about 100 minutes, but are useful for hydraulic analysis 

threreafter. The data show a certain amount of scatter that is attributed 

to modest fracture-flow ~ nfluence. The semi-logarithmic dra~ndown plot was 
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TABLE IV 

Estimated Horizontal Intrinsic 
Permeability of Felix No. 2 CO~l, 

Hoe Creek Experiment # 3 Site 

Intrinsic Pe2meabilit.v 
(~m) 

HY 1 
Complete seam 0.13 Upper third 0.04 Middle third 0.37 Lower third b 

HY 2 
Complet~ seam 0.85 
Upper third 0.25 
Middle third 1.7 
Lower third 0.67 

a Based on single-well, slug withdrawal tests b Permeability too small to measure 

used to estimate the overall horizontal intrinsic permeability of the complete 

Felix No.2 seam using the modified Theis non-equilibrium method. The perme­

ability estimate from this analysis is 0.97 (~m)2, which is in good agreement 

with that from slug testing the complete seam in HY 2. Surprisingly, the 

drawdown data from this test indicate no leakage effects. The semi-logarithmic 

drawdown plot does not exhibit a decrease in slope, from that established in 

the interval from 100 to 300 minutes, within the 1000 minute test. The 

logarithmic drawdown plot can be matched nicely to the Theis non-leaky aquifer 

type curve. Thus, it appears that the Felix No.2 in the vicinity of HY 1 

and HY 2 is not very 1 eaky . and that the overburden i ;, the several feet 

immediately above the top of the Felix No.2 is of very small vertical 

I'ermeabi 1 i ty. 
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After the full seam thickness had been tested in the 16-hour pump test, 

both HY 1 and HY 2 were plugged back with quick-setting cement so that they 

remained open in only the upper two-thirds of the Felix NO.2. HY 2 was 

again pumped using the submersible pump. The drawdown in HY 1 occurred in 

a distinct stepwise manner and does not lend itself to simple quantitative 

analYSis. It seems obvious that the flow involved in this test is fracture­

dominated. The three-step semi-logarithmic drawdown response in HY 1 may 

represent flow largely through three or four separate fractures. These 

fractures likely have large individual permeabilities, but because of their 

nature (narrow slits), they store a limited volume of water (giving a small 

effective storage coeff~~~ent to the region that includes them). Hydraulic 

transients are transmitted through the more permeable fractures with little 

drawdown. Transmission of the transients through the regions of lower 

permeability between the more permeable fractures is accompanied by greater 

drawdown rates. The more permeable fractures are presumed to be located in 

the middle third of the seam because slug test results of the upper and 

lower thirds showed permeabilities there to be substantially less, and beca~se 
sealing off the lower third of the coal in both wells obviously caused a 

shift in regime from one dominated by interstitial-like flow in the first 

pump test to the fracture-dominated flow of the second test. Further, in the 

third pump test, after the middle third of the coal had been sealed off, 

the regime shifted back towards interstitial - like flow. 

The third pump test of HY 2 was performed after both wells had been 

further plugged back with cement. HY 2 was open to the upper 1.5 m of the 

Felix No.2; Hy 1 was open to the upper 0.9 m. The drawdown in HY 1 exhibited 

a three-step response similar to that seen in the second pump test. The 

step-wise response was muted, however, and superimposed on an interstitial-like 
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flow response. Because of the definite fracture-flow influence on the test, 

its analysis using a porous-flow model can be questioned. Analysis of the 

semi-logarithmic drawdown plot using the modified Thesis non-equilibrium 

method yields a 0.33 (~m)2 estimate of horizontal intrin;sic permeability 

for the full thickness of the coal seam. The test must be viewed as somehow 

sensing the permeability of the complete seam because the well spacing is 

over three times the aquifer (coal) thickness and hence, theoretically, the 

partial penetration effects must be ignored. The greatest permeability 

estimated fr m slug tests for the upper third of the coal is 0.25 (~m)2. 

Because the Theis model is based on a vertical~y and a really homogeneous 

aquifer, the permeability estimate resulting from analysis of the third pump 

test can be viewed as a measure of the upper few feet. Thus, the results 

of the third pump test are seen to be consistent with other test results. 

A fairly crude match of the Theis non-leaky type curve to the ogarithmic 

drawdown curve from the third test provides additional evidence to say that 

the Felix No.2 is not very leaky in the vicinity of HY 1 and HY 2. The 

apparent decrease in drawdown rate near the end of the test is attributed 

to the influence of fracture flow in the coal rather than to vertical leakage 

i nto it. 

The experience gained in drilling and testing HY 1 and HY 2 has served 

to provide positive indications that the site chosen for Hoe Creek Experiment 

# 3 is at least as good as those of Experiments I and II from two points of 

view, and probably better. No highly permeable zone in the upper third of the 

Felix No.2 coal was identified and the seam is not leaky relative to its 

nature at the other two gasification sites. A substantial sand bed overlies 

the Felix No.1 coal at the Hoe Creek # 3 site, however, and may contribute to 

significant ground-water intrusion after upward collapse has reached the Felix 
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No. 1 se~~ during the gasification proces~. 

We r~ain convinced of the usefulness of obtaining at least one good 

complete core of the entire Felix No.2 seam near HY 1 and HY 2. Examination 

of the core would provide the opportunity to correlate observed fracture 

characteristics with the results of hydraulic tests of the coal, and could 

assist in more complete and positive interpretation of the hydraulic t~sts. 

Hoe Creek # 3 may be our last opportunity to obtain suc~ information reldtively 

cheaply. Experimentation in the future at depths three times that to the Felix 

No.2 at Hoe Creek may limit the number of boreholes drilled for infonnation 

gathering purposes. 

We must acknowledge the efforts of J. L. Cramer in the conduct of the field 

work. He supervised the drilling contractor in constructing HY 1 and HY 2, did 

the borehole gamma-ray logging, made useful suggestions concerning conduct 0f 

the hydraulic tests, and helped in their execution. 
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WATER SAMPLING WELLS FOR HOE CREEK 111* 

s. W. Mead and F. T. Wang 

Ground-wate~ and geotechnical measurements, as well as Post-burn coring 

operations, have established that extensive roof collapse Occurred at the Hoe 

Creek # 2 experiment.! The enlarged cavity extends roughly 70 ft above the top 

of the Felix # 2 Coal and constitutes an interconnection between the Felix # 2 

Coal aquifer and twc overlying aquifers - the Felix # 2 Coal and a channel 

sand aquifer above it. Since the Hoe Creek site is a recharge area, water 

from the overlying aquifers is now flowing into the ,Felix # 2 gasification 

cavity, thereby changing the local hydraulic heads and flow characteristics 

of these aquifers and affecting the dispersion of the residual reaction­
product contaminants. 

Since roof collapse and aquifer interconnection are also likely to OCcur 

in conjunction with the Hoe Creek # 3 experiments, we are making special 

preparations to measure these effects and assess their environmental signifi­

cance. Fourteen wells (W l-W 12, Hy 1, Hy 2) primarily intended for water 

sampling will be provided in the vicinity of the Hoe Creek # 3 experiment 

(Fig. 1). A majority of these wells (8) will be completed in the Felix # 2 

Coal which is to be gasified. The 6 remaining wells will be completed in the 

overlying aquifers - 5 in the Felix # 2 Coal, and 1 in the channel sand above it. 

In addition, the process wells A and S, and dewatering wells P 1 _ P 3 will 

also be available for water sampling. All of the wate~ sampling wells will be 

used for investigating contaminant distribution and transport; some of the wells 

will also be used for hydrological studies of the effects of aquifer inter-

*Support for these investigations is provided by the Division of Environmental 
Control Technology (DOE/ASEV), the Office of Research and Development (EPA), 
and the Division of Fossil Energy Extraction (DOE/ASET). 
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connection. Well construction will be similar to that of previous Hoe Creek 

experiments except that PVC casing and screens will be used for wells that are 

far from the expected burn zone • 

As shown in Fig 7, many of the water sampling wells are lor.ated along a 

line extending outward from the gasificat·on zone. This arrangement simplifies 

the study of contaminant transport, which may be influenced primarily, during 

the first year or more, by the influx of water from overlying aquifers. 

Ground-water sampling before, during, and after gasification will be 

conducted by LLL personnel with the assistance of the U. S. Geological Survey. 

Samples will be analyzed in the field and at the laboratories of the USGS, 

Gulf South Research Institute, and LLL. 

~eferences 
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