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INTRODUCTION

We have installed several types of geotechnical instrument systems &t our
Hoe Creek, Wyoming in situ coal gasification site to measure both surface
and subsurface deformations resulting frem gasification cavity creation. The

subsurface instruments include two six-position borehole extensometers (MPBX)

in borirgs EX-1 and EX-2, two electricai shear strips in borings S5-1 and i
SS-2, a piezometer borehole PZ-1 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 to allow the use of a wire-line inclinometer device. The
plan-view locations of these boreholes in relation to the main process wells
A, B, 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 ncar process

Well A. i
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Preliminary data are now available from the extensometers, shear strips,
and piezometers. Aithough much work remains to be dyne, a relatively clear
picture of overburden deformation and roof collapse in response to gasifi-
cation cavity growth is beginning to appear. The defle(tometer data will
require several additional weeks of computaiiona] effort “or reduction,
and inclement weather conditions at Hoe Creek have preventeu post-experi-

ment surface monument remeasurement.

Hoe Creek Site 11 Geology

The general geology of the Hoe Creek 80 acre UCG Site has been discussed
by Qualheim (1977) and will not be repeated here. However, knowledge of
certain geologic details pertaining tu 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 lacustrine environments. These sediments have been subjected
to considerable overburden loads in the geologic past that have led to their
consclidation but, for the most part, cementation has not occurred. At Hoe
Creek, the coarse-grained units are mostly dense sands and not sandstones,
and the finer grained units vary from dense silts and clays to very weak

siltstones and claystones.
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rigure 2 is a folded geologic cress section of Gasification Site 11
at Hoe Creek. It has been constructed from natural gamma logs taken in
boreholes 1-12, H-5, 1-4, and 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 surfa;e, 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 c¢lean fine-grained sands, and silts and clays is inter-
preted to be a crevasse splay deposit which forms when a natural levee
bordering a delta distributary chanrel is breached during times of flooding.
The apex of this splay is probably located to the northeast of Site Il and

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

The Felix No. 1 Coal is immediately overlain by a thin lensoce uniform
sand ranging from one to three feet in thickness followed by a thinly inter-
bedded scquence of sands and silits ranging 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 11 are worthy of additicnal
emphasis. First, these sediments and weak sedimentary rocks are generally auite
coarse grained and permeable to the flow of fluids. Second, most impermeable
strata are located in a six-foot thick zone immediately overlving the
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 inmediate vacinity of Site 1l than at

any other kncwn location at Hoe Creeck.

Multiple Position Borehole Extensometers (MPBX)

Six wire-line extensometer systems were installed in boreholes EX-1 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 4B, and Figures 5A and 5B for boreholes EX-1 and EX-2, respectively.
During the design phase of Experiment 11, concern was expressed that semi-

open extensometer boreholes might allow the escape of product gases into

L]

the Felix No. i 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 decided Lo case these boreholes through the :

o
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Felix No. 1 Coal and into the sediments between the Felix coals. Following -
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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 occur between the extensometer sensing

wire and its sheath.

Figures 6A and 6B are slightly smoothed compcund drawings showing the
time-deflection history curves for the various extensometers in boreholes
EX-1 and EX-2, respectively. These curves were originally constructed from
discrete digital data (voltaye analo3s of displacement) acquired by the
Vidar/HP-21 computer data logging system and outputted using the linear-
line graphics code PLOT2. Salient features of these figures and other per-
tinent data ;re summarized in Tables 1 and 2 for EX-1 and EX-2, respectively.
A crucial assumption is that the anchors remain affixed to the rock material
to which they were originally attached while the rock strata are devorming.
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. Cavity formation in the Felix No. 2
Coal proceeded circumferentially outward from Injection Well A and funreled
toward Production Wells B and C; thus, extensometers in EX-2 were the first
to respond (Figure 6B). The lowermost anchorA(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 suspicion. Therefore, during con-
struction, Anchor No. 2 was positioned essenticily on top of Anchor No. 1

to act as a back-up.

'Ektensometer No. 2 documented what is interpreted to be sudden roof
collapse on day 308.12. A1l of its moticn occurred between successive
data sca.s that were being taken at one-halrt houf intervals. Extensometer
No. 3 shows rapid moticn beginning on day 308.52 followed by collapse
on dav 309.02. The electrical shear strip in boring SS-1 also failed in
tension at 123.5+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 that 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-1 (Figure 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 suggests progressive roof relaxation
over a nearby cavity of rather 1imited lateral extent. 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-1, which
was not fully inflated because of a premature 1nf1atidn line burst, showec

no motion.
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E%tensometer Nos. 4, 5, and 6 in EX-2 tended to move to, ther as a unit
as measurable strain quickly proaressed upward through the splay deposit at
this location. These motions accelerated on days 318 and 319, and reached
the extension 1imit of the MPBX head assembly on day 320. Unfortunately,
the head could not be reset before overburden collapse occurred on day 321.
It is 1ikely that a cavity of large areal extent caused these motions. The
dashed-1ine curves shown in Figure 6B show the approximate extent of this
plastic deformation before collapse. 1t is suggested these data recerded
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 1imit
was reached and subsequent anchor release. This is well within the elastic

range of the invar extensometer wire.

In EX-1 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 characterized by
long periods of elastic quasi-plastic motion. A distinct acceleration of
mot{on indicating major roof stress readjustiments was registered by Extenso-
meter No. 4 on day 321 about the same time as the 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-1 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 containing Anchor No. 6 at the

same time as convergence of the lower roof occurred. Taken together,
these movements probably resulted from roof stress readjustment fo11owing'

roof collapse elsewhere in the cavity.

;.QQ_pay 326734, the sensing elements in the EX-1 head assembly for
Extensometer Nos. 4 and 5 were successfully reset which resulted in their
yielding several additional days cf deformation history. The deflections
recorded by Extensometers Nos. 4, 5, and 6 were at first quite slow,
followed by accelerating and then decelerating motions, and ultimately by
collapse or ahchor 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 thermally indiced deterioration of the roof

strata aliowed 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-1. 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 Ho. i
Coal had began to combust by this time. The action of these product
gasec, 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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Electrical Shear Strips

The perfcrmance of commercially available electrical shear strips was also
evaluated as a part of the geotechnical subsidence program. One of the 60 ft.
long shear strips having a two-fuot resistor spacing was installed in borehole
SS-1 as shown in Figure 7. 1In this location, it was expected that shear strip
failure would 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 precceding section. However, following this break saline
groundwater intruded under the polyvinyl chlorice paint water barrier shunting
the copper foil conductors and causing a continucu= decline in the strip's

apparent resistance. Occasional resistance measurements, obtained by using an

ohmmeter, were not sufiicient té delineate the continuous resistance change

that resulted. Although subsequent higher breaks undoubtedly occurred, they

could not be detected.

The second shear strip was installed in horing SS-2 as shown in Figure 7.

1ts purpose was to detect shearing deformatiun such as may take place along

L T A

¥

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

]

day 331.34 at a depth of 111+ 1 feet, or about two feet below the base of the

Felix No. 1 Coal. Calculations of the distance 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 corircborative 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 because little free water existed at this location. Although

the presence of an angle-of-break shear is not definitely establishad by
this single event, this particular mode of subsidence deformation is cearly

a possibility that demands further investigation.

Four electrical pore-fluid pressure transducers or piezometers were
installed in"a single borehole designated PZ-1 as shown in Figure 8. Their
purpose was to monitor changes in ground-water pressure over the expanding

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

avoid plugging the permeable rock units which required piezometer instalia-

tion tc be done through the dril1 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

[ r'l'_" r
et A

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

BRI

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

=

Tl ket

dense slightly silty clays of probable iacustrine 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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t placed at depths of 103 and 85 feet near the bases of the Felix No. 1 Coal

il 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

Felix No. 2 Coal! confines the base of this aquifer, the degree of confinement

| y ! 3 :
- ‘ provided by the overlying crevasse splay deposits varies from modest to
ﬁ non-existent depending on which of various experimental sub-sites is being

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

confined aquifer. A single well test of the Felix No. 1 Coal indicated
that 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 decline in the

piezometric head pcotential in wells completed in successively deeper lithic

Bt P A A R T W

units. They interpreted this resulting head loss to be caused by a vertiically
downward component of ground-water ilow such as occurs in recharge regions. 'E

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

four transducers before air-flow tests gave the same result as shown in column i

o
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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 head 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 1ife, and the A-wel® head air injectin pressure ir psia. A
six~-hour plotting interval has been used to somewhat reduce the data varia-
tion. The proximity of borehole PZ-1 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-well
pressure varied rapidly over a wide range as different injection/production
well and pressure configurations were tested. 1Ignition near the base of the
No. 2 Coal occurred on day 287.4, and the E-well 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 well 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. 1 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-
tively. 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 hegan on day 301, the air injec-

tion pressure was reduced to a relatively low 20 to 30 psia. The 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-wat2ring of the lower portion of the s»lay deposit occurred during
the linking operation. The original two psi pressure Qifferentia1 betveen
piezometers 1 and 2 was reduzed to less than one psi and the net ground-water

flow was toward the expanding cavity.

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

unreliable, for it no longer responds 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 upper part of the Felix No. 2 Coal in
the immediate vicinity of well A. This piezometer continued to operaie
marginally until day 307.% when its millivolt level ontput signal began
to fluctuate wildly, suggesting physical separation of the sensing element

from its electrical cable by roof collapse.

A distinct change in the response characteristics of piezometer No. 2
is observed to begin on about day 306. The preésure differential between
A-well air injection pressure and the unit No. 2 piezometric pressure steadily
declined indicating progressive deterioration of the gasification cavity roof
seal. Incipient failure occurred on day 309.6 about 1-1/2 days after piezo-
meter No. Zlhad indicated exposure to full injection air pressure and was
prooably caused by excessive temperature. Marginal operation continued until

day 319.8 when catastropic faiiure, possibly indicacing sensor detachment by

a roof cellapse mechanism, was observed.

The response characteristics of piezmeters Nos. 3 and 4 also changed on
about day 306. Before <hiis time, these units had indicated only slight
pressure changes in response to gross changes in air injection pressure.
Now, the sensed pressure fluctuations became more pronounced, and tpne air
injection pressure to fluid head pressurcs differentials began to decline--
again indicating cavity seal deterioration. CEetween days 311 and 313, the
piezometric head measured by v it No. 3 exceeded the head measured by unit
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 cernsor thermal destruction.
The Felix No. 1 Coal may well have began to participate in the gasification

process about this time.

Piezometer No. 4 responded in a very similar manner with a rapid pressure
increase beginning on about day 330 followed 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 tiie overburden and the gasification cavity
back-pressure would have to be reduced. Also, large amcunts of steam were
observed in the flare plume. It is clear that a combination of roof collapse
and therimal induced effects such as rock shrinkage and fissure formation
with drying had essentially breached the rock units forming the gasification

cavity seal.

Summary Comments

In general, the extensometers installed in EX-1 and EX-2 successfully docu-
mented progressively higher cavity roof strain and collapse. At first the roof
strains were quite rapid and were 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 reaction. 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 -~menon, thermal induced strains, and roof

strata buckling need to be included.

Shear strip performance was adequate but clearly can be improved
through better apparatus design and an improved data aquisition system.
More suitable water barrier coatings such as epoxies or a segmented strip
design may be successfu! in preventing ground-water intrusion. An auto-
matic resistance measuring system would 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 cnly one particular plan-view location (i.e., at PZ-1) 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 in situ coal gasifier producing a hot, toxic, and flammable gaseous
product, these instrument systems performed exceptionally well during this

first geotechnical experiment.
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FIGURE CAPTIONS

Plan-view of Experiment 11 showing extensometer EX boreholes,
shear strip SS boreholes, piezometer PZ borehole, and deflec-
tometer SI and H boreholes; and their relationship to process
Solid symbols represent instrument systems

wells A, B, and C.
discussed in this report

Simplified folded geologic cross-section of Hoe Creek UCG Site 11

Plan-view locations of boreholes used to construct geologic

cross section shown in Figure 2
Borehole EX-1 construction overview
Borehole EX-1 anchor placement detail

Borehole EX-2 construction overview

Borehole EX-2 anchor placement detail
MPBX borehole EX-1 time vs. deflection history

MPBX borehole EX-2 time vs. deflection history

Electrical shear strip boreholes SS-1

Multiple piezometer borehole PZ-1

Injection pressure and piezometric tranducer pressures time

history
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TABLE 1

MPEX 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

125.25 1.25 310.68 316.22 8.8 Shortest time histor
in this borehole

Anchor slippage may
have occurred

Locked in position

Longest time history
and largest measured
deflection of all
extensometers

Motion here caused
renewed motion on
Anchor 4, some wire-
drag interference

]
b
|
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¥
.
S

Extremely long
quasi-elastic motion
history
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1/
~ Estimated depth to the top of tke Felix No. 2 Coal is 1256.5 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.) { fti) First Motion Collapse (inches) Comments

124.0 2.0 Locked in position

123.25 : : s . Collapse signature
only

Extremely rapid
deflection

Anchors 4, 5, & 6
in materials that
tended to deform

as a unit. MPBX
head assembly could
not be reset on day
321

1/
" Measured depth to the top of the Felix No. 2 Coal is 126 feet
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TABLE

PIEZOMETERS RESPONSE HISTORY SUMMARY

T e i

¥/
Pre-test Depth to 2/
) Fluid Equivalent AP During Incipient Failure Time of
Piezometer Depth  Pressure Water table Reverse Linking zj ~ Catastrophic

Unit Number (ft.) (psig) {ft.) {psi) tP(psi) Time(days) Failure days Comments

124.5 .05 66.65 28 <0 302.7 307.3 Sensor may have been
.60 physically detached
by roof collapse

.84 Sensor may have been
.36 physically detached
by roof collapse

e ey e

.69 Sensor may have been
+0.12 physically burned

13vdd

10.09 Sensor probably suffered
$0.09 thermal degradation
1/

3

The average *3 standard deviations of 14 measurements taken over a 20 day pre-test time interval.

4/
" Absolute pressure differential between the A-well injection pressure and the respective piezometer
pressures using an average 12.3 psi atmosphere pressure.

)
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THE HOE CREEK X1 FIELD EXPERIMENT ON UNDERGROUND COAL GASIFICATION
PRELIMINARY RESULTS*
W.R. Aimen, C.B. Thorsness, R. W. Hill, 6 R.B. Rozsa

R. Cena, D.W. Gregg and D.R. Stephens

ABSTRACT

A second in-situ coal gaaification experiment waa performed hx Lawrence
Livermore Laboratory at Hoe Creek in Wyoming. The Linked Vertical Wells schewme
for in-situ coal gesification waa used. The experiment took 100 days ;or air
flow testing, reverse combustion linking, forward combuation gasificasicn, and
post-burn steam flow. Air was used for gasification except for a 2 day test
with oxygen ané stram.

Reverse combustion linking took 14 days et 1.5 m/day. Air requirements
for linkirg were 0.398 Mgmol per meter of link assuming & single direct link.

The coal pyrolysed during linkirz was 17 o

, which corresponds to a single link
1.0 m in diameter. There was, however, strong evidence of at least two linkage
paths. The detected links stayed below the 3 m level in the 7.6 coal seam;
howvever, the product flow from the forward-burr gasification probably followed
the coal-overburden interface not rhe reverse burn channels at the 3 m level.

A total of 232 Mgmols (194 Macf) of gas wss produced with heating value

sbove 125 kJ/mol (140 Bru/acf) for significant time periocds and an average

of 96 kJ/mol (108 Bru/acf). During the oxygen-steam test the heating value

was above 270 kJ/gwol (300 Bru/acf) twice and averaged 235 kJ/gmol (265 Bru/scf).

*

“Work pretoymed under the auspwes of the
US Department of Frergy by the Lawrence
Livermiate Laboratory under comiract number
R-2405-ENG-48."

The coal recovery was 1310 w? (1950 ton). Gasification was terminated because
of decreasing product quality not because of burn through. The product

quelity decreased because of increasing underground heat loss.
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Introduction

In-situ coal gllifiCltiOﬂ is sn old ides vhich has become more
attractive as the alternstives have become less attrsctive. The basic
concept involves psrtisl oxidation of s coal deposit underground and
subsequent recovery of & combuetible ges at the surface. Prsctical means
for in-situ coal gasification were developed in the USSR im the 1930's,

.

but discovery of large oil and natursl gas resources caused s decline in

the use of in-situ gssification by the USSR. Development of these :echniquel:“f=

also started in the United Statea in the 1950's, but low cost oil and natural |

gas precluded nur use of in-situ coal gasification st that time.

The progressive depletion of oil and natural gss resources has made

'
i
i
|
]
H
|

use of coal reaources much more attractive. However, large increasee in coal
production using conventional methods are difficult because of new emphanis
on human health snd well being in the case of deep mining and because of
environmental impact concerns in the case of atrip mining.

Tn~situ coal gasification obtsins energy from coal deposits without
the underground labor associsted with deep mining an. without the massive
surilce.dilrup:ian asgociated with strip mining. The cconomic and resource
recovery factors are also stt-ective (1, 2, 3, 4).

The basic coal gasification process is simple in concept, consisting of
three steps: 1) the coal is hested whicn drives off water and then volatilea,
to form char (ss in destructive distillation), 2) the char reacta with hot l
steam to form CU ¢ "2' and 3) finally the remaining char reacts with 02. The
char/0, reaction provides the heatr to drive all the other reactions, which are

endothermic. The char/B,0 resction produces CO and Hy. The pyrolysis reaction
a !

also produzes CO and l, ss well as & wide range of hydrocarbon products.

For maximum product heating value a particuler amount of wvater wmust anter
the resctions. Since the bound-wster coatent of the cosl at Hoe Creek is
higher than the optimum amount, influx of ground water csuses decreases in
product heating value.

The overall scheme of in~situ gssificaticn used in the Hoe Creek I1
experiment is cslled the Linked Vertical Wells process, which was first used
80-(‘)

in the USSR more than 30 yra. a The Linked Vertical Wells process is

also being developed by the Lsramie Energy Resesrch Center (LERC) st Hsnna,

(5) All gasification schemes

Wyoming in their in-situ gssification experiments.
involve the three basic stepa, but the methods of promoting contact between
coal snd oxygen differ.

A fundamental pro}len in in-situ coal gesification is that the permesbility
of undisturbed (or "“solid") coal is tvo low ( < I darcy} to allow sufficient
gas flow through the cosl for practical gasification. Before gn;ificution csn
proceed, the permeability of the coal must be increased.* In the Liaked Vertical
Well process, the permesbility can be increased by a "reverse" combustion process.
This proceas provides a "link" or high permesability path between the iqjcction
and 'production well.

"Reverse" and "forward" combustion sre the two possible proceases which
can occur when an oxidizer flows through a permeable solid fuel. ™Reverse”
combustion is vccurring wnen the cosbustion [ronts muve upstiven f‘-iull che
flow of oxidizer. In a fuel bed ignited at the center, reverse cozbustion
can occur if the oxidizer flow is sufficiently low so that the heat tranefer

can successively ignite the fuel ahead of the combustion front. Forward

*In the Hoe Creek I experiment the coal sesm waa fractured with chemical
explosives. The perceebdility enhancement wes not &3 great as hed been
expected. (6, 7, 8)

. .
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combustion occura if the oxidizer flow rate is too high. Forwsrd combusticn
also occurs when the burn zone reaches the oxidizer source, because thera is
0o wore fuel upstream.

Reverse combustion tends to concentrate into a small zone leaving a high
permeability channel behind, through which the combustion products flou.(k)
This channel is not empty but is filled with char since reverss combustion

consumes only the volatile saterial in the conl.(‘)

Reverse combustion has another important property. During the combustion,
the products flow through a channfl in which the permeatility has been in-
creased. The products from a forwsrd combustion must flow through cold, un-
reacted coal. The water and tars produced by the combuation processes can
condense and block the porosity of the coal. Thus, forward combustion can be
self-inhibiting. i
The procedure of applying the Linked Vertical Well method is quite
straightforwsrd: 1) Drill two wells (A and B) into the cosl and case them to
near the bottom of the seam. 2) Link the wells at the bottom by reverse com—
bustion; i.e., inject a low flow of air at high predsure into A Well and ignite
coal in B Well so that reverse combhsticn proceeds from B Well to A Well
3) When the link is completed to A Well {which dramatically decreases the
flov resistance), increase the sir flow into A Well and gasify the coal seam
with forvard combustion.
There are three major questions about this Linked Vertical Well method:
. 1) How can the reverse combustion pracess be controlled to provide a single
link at the bottom of the coal seam while linking «t the maximum possible

rate? 2) How wide will the final combustion zone be? That is, how much coal

will be reacted? 3) Whst will the product quality be through the burn?

-6

In the Linked Verticsl Wells scheme for in-situ gssification, it appears to
be iwmpoctant that the link between the wells ia st the bottom of the seam (4, 9).
It ia postulated that caving of ccal into the growing cavity spreads the gasifi-
cation zone and enhances contact between air and cosl.

The injection and production wells were cased to within 0.3 m of the
bottos of the 7.6 m coal seam so the starting and finishing points of the link
wvere at the bottom of the szam. One of the factors to be determined in the
experimant was how high the link might rise during the reverse combustion
process.

The path of the reverse combustion link between the injection and exhaustc
points in the ‘coal seam is probably governed by three factors: 1) 'random wandering,
2) water in the lower portion of the seas, and 3) bouyancy effects. Random
wandering of the path ;l csused by the non-uniformly distributed fracture pat-
terns in the cleat structure of the coal seam. The reverse combustion will,
of course, not penetrate a significant smount of water at the bottoo ;f the
seam. The buoyancy of the burned products may cause a tendency of the link
to rise in the seam as it proceeds through the coal.

The product quality from gasification of a givan c?nl depends primarily
on how much (D, and R, dilu:e; the product, since the other msjor species,

Hy and CO, have nearly identical hesting values. The amcunt of CO, depends

on how ucih, water enters the teaction and un huw much heat o losl frow the

process. LUse of O, rather than a:r can eliminate the ¥, dilutioa.

The leng-term goal of the In-Situ Gasificstion Program is to develop a
process which yields medium heating value gas (200 ~ 307 Btu/scf). To produce
this produst 0y must be used rather than air to eliminate the Ny diluent in
the product gas. Ia previcus experiments air has been used for reasons of

simplicity and economy. However, the dynamics of the in-situ process may be
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significantly different with 0, rather than air aa the oxidizer. Our next
field experiment, Hoe Creek I1I, will be & full Oz-lteln gasification. A short
period of Oz-ltenn gaaification was incorporated into the Hoe Creek II experiment
to gain some experience and te provide preliminary data.
The sbove ronsiderstions led to the following maj objectives for the
Hoe Creek II experiment:
1) Inve}tiglte revarse combustion process in ‘rm, wet, hydro-
logically active cosl scam.
Determine forward gasification parsmeters with injected air flows
of 40-80 gmol/s (2000-4000 scfm).
3) Conduct a short oxygen-steam burn within the Hoe Creek II air burn.
4) Evsluate disgnostic instrumentation.
5) Evaluate operstional parameters.
6) Evaluate environzental concerns.

The Coal Seam and the Experimental Equipment

The Felix #2 coal sesnm, thch we gasified, is a wet, hydrologically active
sean with a nearly zero dip, which underlies the thinner Felix #1 c&al seaa ;{u
(Fig 1). The Felix # 2 coal hss low ssh (4.05%), but high water (30.11%)
content. (Table I shows un snalysis.) The ssh-free coal can be represented
by a pecudo coal molecule of CHy g1 95 19 Ng 018 So.0z7 (+0.41 H,0) with a
molecular weight of 1€.3 (23.7) and a higher heating value of 481 kJ/gmol.

(The actusl molecular weights of coal molecules are greater than 1060.) The

sesm is 7.6 m thick sad the bottem of the seam is nominally 45.7 = deep.

it

A preliminary estimate of 1000 m’ vas made of the coal volume vhich would

be gssified in a 7.6 m sean between wells 18.3 m apart. The model used in -1

maaing the estimate tregts coal ss a permeable medium (10). The estimated

gasification zone width was 12 m.

B

The process wells (0.340 m diam) wvere cased to within 0.3 m of the bottom of
the coal to control the locat.on of the reverse combustion link. C Well (0.197 =
diam) was intended to be an auxiliary devatering weil and was linked to the
bottom of the production well by reverse combustion.

These three wella were each equipped with both air injection and production
pipiag, but Well A was intended as the injection well, Well B as the production
well (18.47 @ from A), and Well C zs a dewatering well (3.31 m from B). Wells A
and B served as intended, but Well C was also used ss an auxilisry production
well. Details of the process wells are shown in Fig. Z. The surfsce plant
provided for compression and injection of the air and for flaring of the preduct
gas. The injection and production flows were messured vis orifice plates in
the lincs.

There wvere 12 instrument wells emplsced in a pattern designed to wonitor
the burn zone ss it developed. (See Fig. 3). Each instrument well carried seven
thermocouples {(or more - the levels* are¢ shown in Table II) and a stsinless steel
tube with an open bottom at the 2.1 m level, which wvas used for pressure measure-
aents and for gss sampling (except for I-10). Three of these wells, I-i, I-5,
snd 1-10, slso had inconel tubes {closed st the bottom) for a travelirg thermo-
couple. The traveling therwocouple consisted of a thermocouple which was lowered
down the tube on an I Well by s winch mechaniem. The winch mechanisz was pro- .
gramacd to stop at various levels while the thermocouple responded fo the tespera-
t'~e st rthat point. The proceas wells also carried fixea thermocouples at the
levels shown in Table II.

The wells designated H-1 through H-6 and SI-1, SI-2, and SI-3 were used

(11)

for high frequency electrcmagnetic (HFEM) transmission xessurements with a

*The term “level” will be used to indicste distsnces above the dottom of
the coal seam.
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transmitting antenna {n one well and a receiving antenna in another. Pyrolysis
of the coal to fora hot char incre’leu the absorption of the HFEM beam, a0 the -
HFEH probe can locatc the burn zone underground. Wells EX-1, EX-2, §S-1, and, .¢i
$5-2 contained instrumentation to monitor subsurface ground motion. The well
PZ-1 contained four piezometer gauges to measure local pressure changes in
the layers above the coal. Wells WS-1 through WS-9 were designed for water
sempling, primarily post bucn, for environmental monitoring. All down hole
instrumentstion was operating properly at the time of ignition.

The product gas was sampled and anulyzed continuously by a set of three
chromstogsaphs and by a dew pciat hygrometer. In addition, water and tar
vere condensed out of a sample stream for measurement and analysis. Concen-,
trations of H,0, Nz, 0,, co, co,, H,, CH,, CoHgo CoHe, Cylig, CJHB‘ “Higher HC"

(nominally CsH)p obtsined by backflushing tha HC column), and "Tar" were recorded

which allowed the computer to cal: slate heating values and energy recovery

rates.

A Hewlett Psckard 2] MX-E* computer system recorded, processed, and displayed
the dsta from the gas snalyzers, the pressure trnnuduceél, and the thérmocoupleu.
In excess of 1/2 million data poirnts were recorded and processed. Numerous
plotting and tabulating programs allowed access to the raw data and to processed
dsta. The ability to monitor and process much of the data in real time proved
. valuable in operating the experiment. Computer storage of the data also greatly
sizplified post-experiment deta reduction.

The data reduction codes were based on heat and material balances as
previously reported (12). Purther details coacerning the preparations for the .

experiment are availsble (13, 14, 15).

*"Reference to & company or product name does not imply approval or recommendation
~f the product. by the University of California or the U,S. Department of Energy
.2 the exclusfon of othere that wmay be suitable."

Conduct of the Experiment

Site Preparation, Hydrogical Testing, and Air Flow Testing

Site preparation atarted on April 17, 1977. The 37 wells to be used in tha
experiment were drilled in the pattern shown in Fig. 3. Water pump-down tests
showed that B Well, the intended production well, was wuch "tighter” than A Well
or B Well. Tnias low permeability at B Well was reflected in the results of tha
air flow teats.

Air flow testing started when the surface piping was completed on 10/4/277
(day 277 of 1577). Air flow testirg wuas continued over the next 10 days, while

the process systems were completed and checkgd. During the sir flow testing (and

reverse combustion) any water which accumulsted in the process wells was periodically

blown out througn special “dewatering” lines by opening a valve and increasing the
system's back pressure. These lines, which extended into sumps at the bottom
of the wells, were made of 2" stainless steel pipe so that they could survive
the combustion processes. The dewstering line in C Well alao had a pump to
aid in dewatering during the reverse combustion process. However, this pump
was burned cut early in the reverse comtustion process. Fortunstely no difficulty
was encountered in remcving water from B Well through its dewstering line.
The average flow conductance between the wells was:

Well <

Combination 19:{3>5molll Pal B 2

1.65
2.26
1.69

2 o B
Pan prod

This conductance did not appear o increase significantly after the first few

days of the air flow tests nor did it seem to be a function of the system pres-
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sures. System pressure did affect water influx, as axpected. Flow rates ou*
of the production well of 0.3-0.4 g-?lll (15-20 scfm) were produced with a
back pressure of 310 kPa (45 paia) and with a reasonable injection pressura
of 552 kPa (80 psia). This flow rate vas considered to be high eaough to
aupport an adequate reverse combustion link.

Ignition and Reverae Combustion Linking

The coal was ignited (day 287.392) at the bottom of B Well with air injection
into both C Well and A Well. (A helium tracer test showed that sbout 60X of the
air srriving at B well had been injected into C well. This fraction increased
to above 802 just after ignition.) Thz flow out of B Well was to be controlled at
about 2.0 gwol/s (100 scfm)* throughout the reverse combustion and the pressure
was to be controlled at about 345 kPa (50 pais). To ignite the coal bed, loose

coal was placed in the bottom several feet of B Well, an electrical ignitor was .

placed on cop of the loose coal, and several feet of wex coated charcoal

was placed on the ignitor.¥*«

Within one hour after the ignitor was turned on, a sacple of the product
gas contained combustion producta with essentially zero 0}; however, 7 hours were
vere required before the thermocouple at the bottom of the B Well casing fully
reflected the onset of combustion (T >200 C.).

The reverse ccabustion linksge was completed to C Well at 289.542. Cowmpletion
of the link was signaled by an increase in the tempersture at the € well. € Well

it 3.31 w from B Well so, assuming a direct path, the linkage rate was 1.5 m/day

*ln the text, flow rates are on a wet basis. Table III lists dry basis flow rates.

w¥Waterproof ignition materials are essenrial because vater can reinvade the bottom
of the well during the charcoal loading process because the systeam pressure is
low. Our first ignition attempt failed becsuse the charcoal disintegrated when
it got wet and fell eway from the ignitor into the sump (Fig. 2).

el
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(18 um/e). During the B to C linkage process, the aversge injection aand
production well head pressures were 419 kPa (61 psis) and 308 kPa (45 psia).
The average production flow rate vas 2,43 gwol/s (122 acfm).

The reverse combustion linkage wvas completed to A Well at 301.046. A
Well is 18.47 m from B Well so the linkage rate waa 1.6 m/day (19 wm/s),
assuming negligibie pror~-.e coward 5 Weil during the B to C linkage process.
During the B to A linkage process, the avetage injection and production well
head presaures were 517 kPa (75 psia) snd 316 kPa (46 psia). The sverage
production flow rate .as 1.86 gool/s (93 ecfwm).

Because the B - G link and the B - A link were burning at rhe same tiwe,
these processes can not be completely |ealrlted in analyzing the product flow
data. Thus, two links were lumped together for calculating the air requiremenca
for linking.

A carbon balance, using the composition and flow rate of the product gases,
shoved that 8.76 w3 of coal vas completely consumed leaving an empty channel
or that 17 o? of coal vas pyrolysed leaving a char filled channel. For s
total lirk distance of at least 21.78 m (B to C plus B to A, assuming direct
paths), this means a single, direct reverse combustion channel would have a
disaeter of less than 1 m if char fiiled (0.7 m if empty). The air injected
was B.67 Mgaol or 0.398 Mgmol per meter of link.

The iinkage rate calculaticns assuoed that the link took the shertes: path
between the wells. However, the permesbility of the coal formation was very
noo-uniforz and the iinkage paths were not direct from wsll to well. The
thermocoupies on the instrument wells responded to the reverse combustion as
showt: in Figure 4.

From this thermocouple response data we csn conclude that tha reverse com-

bustion vas not e single channel (nor were the channels etraight). At least




107 { T RS PV T RV PR

-13-

two paths were involved and perhaps wore. None of the wells attained a
temperature above the atesm plateau ( 100°C) at any level sbove 3 m. The
HFEM probing located a link at 2.5 = 3 m but eav no evidence of reverae
combustion above 3 m during the reverse combuation phase. The obaserved

data indicated that all links wvere at or telow the 3 m level and that the
reverse combustion process had been satisfactory. However, the product flow
frou the (orvnrd.co-bult'en gdsification left these channels soca after the
atart of forward combustion.

Gasification in Forward Combustion

As the reverse combustion link approsched the A Well, the flow conductance at

increased gradually, as the iink was completed, to 1.1 x 10710 gmol/s Pa?

(0.25 lcim/plilz) (Figure 5). With this low flow resistance, high flow rates
were possible at reasonable injection pressures. The flow wes increased in

three steps, from thf 2.0 gmol/s (100 scfw) flow used in reverse combustion up to
2 gmol/s (1050 scfm) by the end of day 30l. The product gas had a good heating
value of about 125 kJ/gmol (140 Btu/scf) but iarge amounts of particulate

matter were also blown out of the production well. Anlliuis of the par;iculnte‘
matter showed that it waws not ash but cither char or dried coal. The responses
of thermocouples on A Well and 1-10 indicated that the burn pattern development
was upvard as much as horizontal during this period.

- when the flow was increased (301.365) at the start of forward combustion,
the :hermocouples‘in all of the reverse coabustion channels responded, indicating
flow in these channels. The initisl flow vas along an A Well to I-6 Well to I-1
Well to B Well channel, but thermal respons¢s were seen at all of the other thermo~

couples in the reverse combustion chaanels indicsting flow in several reverse ;

combustion channels.

At 301.70 all of the thermocouples which hsd been indicating flow in the
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reverae combustion channels simultaneously started to cool again which indicated
that the flow in these channels had stopped. Ho further indication of hot gaa
flow was observed in sny of the lioks which had been detected during reverse
combustion.

There was a large increase in the conductance between A Wel and B Well a:z
301.7 which closely corresponded to the flov stoppage in the original reverse
burn channels. The opening up cf & previously undetected channel would explain
these observations. The channel may have been along the coal-overburden inter-
face but there were no thermocouple junctions lccated there. Hcwvever, later in the
experiment, numcrous thermocouples were burhed off between the 7.16 and 8.53
m levels, which “racketed the coal-overbucdened interface. In addition, the
wovement of the hurn zone to the top of *he coal sean waa confirmed by the HFEM
measurcments and by the traveling thermocouple data.

This burning off of thermocouples wvas a continuing problea during the experi-
ment. A burned-off thermocouple was easily detected by a simple resistance check
between the leads and the sheath since they were originally isolated electrically.
At many of the wells the thermocouple bundle would burn off just as the temperature
response started during forwsrd burn. The trsveling thermocouple tubes in I-1, I-3,
and I-10 survived much longer to provide critically needed information. The
traveling thermncouple probe was lost on day 315 when the tube in I-5 burned
off with the prooe down hole.

Althcugh the burn apparently moved quite quickly to the top of the seam,
five days of good gas productivn followad the increase in flov rate at 301.4.
During this time, Ky and CO concentrations decreased slightly but increases
in the hydrocarbon concentrations caused the product heating value to remain
near 125 kJ/gmol (140 Btu/scf) (Fig. 6). Although good gas was produced, the

particulate problem continued.




On dsy 304 a hole wss eroded through the case of the s :tomatic bsck pres-
sure control valv: because of the p;rticullte matter in the product gaa. Back
pressure control was shifted to a aanual valve but other leaks developed in bel~
lows expansion joints in the production line. On day 305 the flow was cut in
half and the back pressure was increased, but the particulate production con-
tinued and more leaks developei. On day 306 the production flow was bypassed
through a 3" line while repairs were made to the production line. The injection
flow was reduced to 17 gmol/s (850 scfm) at a back pressure (B Well) of 310 kPa
(45 pasis). Recairs tcok 7 hours.

The product'a neating value began to decline just before the repair period.
Over the next five days the hesting value fell froe the 125 klJ/gmol (140 Btu/scf)
level to esaentially zero (Fig. 7). During the decline, production from C Well

rather than from 8 Well was tried. No effect was found on the product heating

value, but the psrticulate production was reduced. Production from C Well became

the standard mode of operation for the remainder of the experiment. At thia
point in the experiment it was postulated that the injection well casing had
broken or that a hole had been burned through the casing at the top of the
coal seam allowing air to bypass the preferred reaction zone at the bottom of
the cosl seam. It was further postulsted that a bypass channel exiated along
the top of the seam over to the production well.

These postulates implied that the reaction zone was located st the top of
the seam which would cause two problems. A long term problem was that a lurge'.
part cf the coal seam cculd be bypassed if the burn proceeded over the top.

The iwmediste problem was heat loss to the overburden. The heating value of

the product is atrongly dependent con the extent of the ateam~char reaction which

is endothermic and of the pyrolysis reaction which requires heating of the coal.
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These processes are driven by the heat released by the oxidation reaction. If
the heat released by the oxidstion resction is lost from the system then the
product will be mostly COp and N,,

The heat may have been lost because the coal gasification reaction occurred
in the coal just under the overburden or there mway have been dual eir injection
points. One injectioa point may have been in the coal seam, where coal vas
gssified. The other injection point may have been in the overburden, perhaps
vhere the well casing was broken. "1f the gasification products were burned in
the overburden by the air from the secondary air injection, then the heat re-
l=ased would be lost to the inert overburden.

The broken casing and bypass channe} postulates were not definitely con~
firmed, but on day 311 they led us to switch the injection flow from the A
Well casing to the 2" steinleas steel devatering line which extended to the
bottom of A Well. (See Fig. 2). This 2" line was protected by the outer
caaing from the combustion gases and from relative moveaents of the cverburden
and the coal seam.

When the air injection was switched to the dewatering pipe in A Well the
heating value quickly incressed to the 1iU kJ/gmol (120 Btu/scf) level (Fig.
8). Thz success of the dewatering pipe mode of operation tends to caonfira
the bypass postulates.

The product heating value remained at the 110 k2/gmol (120 Bru/ecf) level
for the next 3 days. Then, in prepsration for the Oz-ltcan mini-experiment, the
sir injection was returned to the outer casing of A Weli on day 314 ln? the
heating value drupped agsir.

At this point the anticipated resulta for the 0,-atesm mini-experiment
were very poar, because the 02 entered the coal formation at about the saae

level as the sir injected in the outer casing. (See Fig. 2.) It was expected
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that heat loss would again prevent the resctions vhich produce the fuel gases.
After Oy -steam injection atarted, the heating value initially decreased.
But then a rapid incresse commenced, which csrried the hesting value to above
276G kJ/gmol (300 Bru/scf) (Fig. 9). The rise in hicating value wss curtailed
by a failure of the Oy supply system. The flow of O, w48 near zero for an hour
and periodic decreares of flow plsgued the experiment for the entire 0, phace.
The Oz-lten; gesification phase vas terminated at 316.4 when oxygen break-
through into the product gases occurred. The total duration of the 0,-stesm
phase was 2.2 dsys. Neglecting the transient periods, the prcduced gas had a
235 kJ/gmol (264 Btu/scr) average heating vslue. This corresponds tc 663 kJ
per gmol of injected 02.
The success cf rhe 0, phase of the ~xperiment must have been due to
the high temperature of 0,-coal combustion. The hezsr logs to the overburdun
must hsve been ove.uhfl-ed by the amount ol energy available.

After the O,-steam phsse it vas decided to check air gasificstion using

the same injection point by injecting sir with the 02 lance. The product

had poor heating value and 0, breakthrough ;ccurrud in 2 hours.

Air injection was then returned to the devatering line which extended
to the bottom of the coal sesa. The heating value roae rapidly to the 125 kJ/gmol
(140 Btu/scf) level (Fig. 10). Apparently there was atill a reaction zone avail-
able at the bottcm of ti.e coal scam vhere the endothermic reactiona were mot
prevented by heat loss.

Casification continued with injection in the dewatering line for another
43.1 days. During this time period the product's heating value decreaaed
more-or-less linearly with time (Fig. 10). Thie decline in heating value
apparently was due to increasea in heat loas to inert materials underground.

The product’s higher heaiing value correletes fairly well with the cslculated .'
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underground heat loss, considering the imprecision in this cslculated tarm
(Fig. 11). Chsnges in water influx did not match the decline in heating
value.

Gasification was teiminated by shutting off the coapressors on Christmas
Day (359.5! when the heating vslue was 59 kJ/rmol (67 Btu/scf). Burn through
had not occurred and ungasified coal remained near the production wells.

After the compressora were shut off and combust’on stopped, large quantities
of steam continued to flow out of the production welis as the ground water filled
the hotr burn zone. A small amount of pyrolysis gas was-also prnduced in the 2srly
part of the steam flow period. Flow ceased on dsy 377 (Jan. 12, 1978) when the

production wells cooled to halow the stecm temperature and s liquid seal formed.

SUMMARY

The experiment took 100 days from the first air injection to the final steam
production. Tsble III provides an oversll data summary. The injection flow and
the heating value of the product gas are shown in Fig. 12 which 1s also markad
along the timeline with the majcr events of the experiment. The variations ip
product gas composition are skown in Fig. 13. System pressure, net water influx,
and gaa recovery (N, balance} are shown in Fig. 14.

The totll.energy production (zas + tar) wvas 2.4 x 1043 5 (2.3 x 1010 Bew)
from the gasification of 1310 »? (1952 ton) of coal. The average gas quality
was quite good at 96 kJ/gacl (108 Btu/ecf) for air injection and 235 kJ/g=ol
(264 Bru/scf) for 0, injection. A total of 2.1l x 108 gmol of air was injected
and the average system pressure wvas 324 kPas (47 psia). Of the N, contained in
the injected air, 19.9X% was not recovered in the procduct over the course of
the experiment. The gss which was lost probebly reacted with the coal before
flowing out into the formation. Thus another 325 w? of cosl probably gasified

but the products vere lost. The fate of thase gases is not entirel; kmown but
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no large quantity of gas was observed leaving the ground in any localized area

near the gasification site.
During the entire gasification period excesa water influx occurred. Tha
proauct quality decreased when the system pressure fell below the hydroatatic

pressure, especially during the early part of the experiment. GCas lcaaea

limited the uae of high preasure to control water intrusiom.

Ignition and reverse bura linking seemed to go very well. Ignition oc.urred

with the second try oa day 287.4. Linking to C Well occurred on 2.9.5 and to A
Well on 301.0 for a linkage rste of 1.6 mw/day. At lesst two and perhaps three

linkage paths were inferred from the responscs of the downhole thermocouples.

All of these links were below the 3 m level in the 7.6 w seam. Lster events lead

us to postulate another flow psth scross the top of the seam.

Forward combustion gasification atarted out well on day 301 ard good gas
was produced (135 kJ/gmol - 14 Btu/scf) for the first five days, howsver heavy
particulate producti;n occured vhich damsged toe production lines. During thia
period the burn psttern developwent was upward ss much as horizontal. The
initislly detected flow in the reverse burn channels at the 3 m level ;topped

st 301.7. The flow was probably then along the coal-overburden interfsce.

Production of ressonably good gss continued uatil 306.4 st which time rome not-,,,

fully~identified change in the formation caused the onset of a decline in the
heating value of the production gas. A leak in the injection weil cssing msy
have resulted in the resction zone moving to the top of the coal aeam, vhere
heat wss lost to the overburden. Shifring injection flow to an auxiliary
line ~hich extended to the bottom of the coal seam inside the A Well casing,
caused the product's heating value to returr to the 125 kJ/gmwol (140 Btu/scf)
level.

The oxygsn-steam mini experiment (3i4.883 to 316.513) went quite well.
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The product's heating value exceeded 270 kJ/gmol (300 Btu/ecf) twice and averaged

235 kJ/gwol (264 Btu/scf). Following the oxygen-steam experiment, air wvas again
injected into tha auxiliary line and gasification continued for another 43 days
{316.7 to 359.84). The heating value started sgsin at the 125 kJ/guol (140 Bru/
acf) level but steadily decliued to 59 ki/gmol {66 Btu/ecf) az shut down.

Aftar the injection flow was shut off, stesm continue to flow for 17 more
daya (359-367) ss infloving water contacted hot rubble in the burn zone. The
energy produced during the steam {lov period vas 81.9% of the integral heat
loas from the preceeding periods of the experiment. The overall ret hélt
losa underground waa 2.6% of the energy contsined in the cosl gasified. The
size of this loss term is comparadle with the experimental & rors involved.

The combustion zone never buraed through to B wr € well during the lster
atages of operation. Gasificstion was terminated because of the decreasing
procuszt quality. During the final phsee, there vas a direct trade off between
quality and quantiry (Fig. 15).

The final burn zone waa very large in area. All of the wells in Fig. 3
shoved evidence of contact with the burn zome, axcept for d-l, H-2, W5-4 and
W5~5. Thus the burn zone wss az least 16 m wide. A portion uf the coal,
nesr the production wells was probably oot consumed. A coring test is planned
to better Gefine the burn zone.

Discussion

Despire the many difficulties encountered the final results were quite
good. Problems were encountered with a gradual heating velue decline Ia the
latter part of the experimeat, with control of the burn pattern, with parti-
culate production, with water influx, and with high well head temperatures.

Tha gas quality was good buz it variad widely, partly because of the

problem of controlling the burn pattern. The gasification was terminated
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because increasing heat loss to inert materials underground had caused the pro-
duct's heating value to decline. A sizable amount of coal near the production

well vas not gasified, but the total coal recovery was quite good anyvay be-

Surface subsidence is the other eavironmental impact concern which wve
addressed in this experiment. A detailed survey of the monuments placed :n

the surface above the burn zone has not been done, but aa of this date no

T

cause the gasification zone was wider than expected. substantisl subsidence has occured. These monuments will pe monitored over the

g

The forward combustion process spparently did not follow the reverse oext 18 months in order to detect any future subsidence.

o

combustion channels, at the 3 w level in the 7.6 m seam. Shortly after forward
CONCLUSIONS
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combustion started, the fiow in these channels stopped, then the product flow

was probably at the coal, overburden interface. Caving of the inert 'vverburden
materials directly into the burn ;one may have caused the high underground heat
loss which wss responsible for the decline ir the product’s heating value.

Partizulate production was s problem particularly during the early }lrt of
the gasification. These particulates earoded holes in the backprellure control
valve and in several expsnsion bellows in the production line.

Water influx into the burn zone was a problem, psrticularly in the early
parts of the experiment, wvhenever the system pressure was below the hydrostatic
head at the bottom of the cosl seanm.

Excessive production well head temperaturea were experienced during the
latter psrts of the experiment. Water injection into the production well waa
used to keep the wel. head belov the metal softening temperature 430 C).

The water ssapling porticn of the experiment is orly just underway. This
project is concerned with the quantity and the fate of water pollutants such
as phenol and CN~ formed during the combustion processes. Water sampling will
continue ove - the next 24 months in orde: to determine how much and what kind
of pollutsnts were formed and how they move through the coal sesam. Fortunately,

the cosi scam scts like an adsorption colume to aslow the movement of pollutants

away from the burn zone. During the slow desorption provess, the ground water
'

flow may dilute the pollutants to below acceptable limits. . i

Good quality gas was produced. 94 kJ{gmol (106 Btu/scf) wund 235 kJ/gmol
(264 Bru/scf) aversge for air and for 0, gasification respectively.
Gasificstion was terminatad becguse of decresaing product quality=-55 kJ/gmol
(66 Btu/scf) at termination.

The amount ¢f coal gasified was 1310 w? (1952 ton).

The total energy recovery at the surface was 97% with 631 in the form

of combustible gas.

Gas loss underground was 19.92 (N, balance®.

Reverse combustion sppeared to proceed as desired with linking at the

3 » level in the 7.6 » seam and no clear indicstion of links at higher
levels. The linkage rate was 1.6 m/day (3 Well to A Well).

Despite the apparent linking only at the 3 @ level, the main flow psth
lhifte& on the first day of forward gasitication to a lewval near the top
of the coal seam, perhaps at the overburden interface.

In the later stages of the gasification it wes essential to inject tne
air into the coal seam through a dewvatering line which extended to the
bottom of the sesm. Injection into the main well cssing produced low
quality gas, prebebly becsause of a broken well casing.

The gasification zone was exceptionally wide, which accounts for the high
coal recovery even though the coal near the production wvells was not

consumed.
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TABLE 1. Analysis of Coal.

A -
Mﬂ—-ﬁf-'— i A

REFERENCES (Con't.)

Proximate analysis, I M&c__ln_ﬂi&:l
Thowpson, D. §. and Madsen, S. X., LLL In Situ Coal Gasification As received Dry Basis As received Ty is
Program Quarterly Progress Report, Jan- Mar 1977, UCRL - 50026-77-1,

June 1, 1977.

Moisture 30.11 Moisture 30.11
Adelmann, C. R., and Minkel, K. J., LLL In Situ Coal Gasification ]
Program Quarterly Progress Report, April-June 1977, UCRL - 50025-77-2, Ash 4.05 Carbon 48.38
Oct. 1, 1977.

Volatile 32.12 g Hydrogen 3.66
15. Olness, D. U. and Madsen, S. K., LLL In Situ Cosl Gasification Program

Quarterly Progress Report, July-Sept. 1977, UCRL - 50026-77-3, Nov. I, Fixed Carbon 33.72 ; Nitrogen .01
1977. .

Chlorine .00

Sulfur 34
Heating Value
Beu/# Ash .05

xJ/3 . : Oxygen (diff) .45

TABLE II.* Down-Hole Thermocouple Levela

—

Level¥ I-1 1-3 I-4% I-5 1-7 1-8 1-9 1-10 I-11 I-12 .

13.4

; s 4% Fetgy g by '

w "Level" is used to indicate distances above the bottom of the coal seam.




Time
Period,*
day of
1977

Energy
Flow Rate
(Gas & Tar)
MW

Injection
Flow Rate,
gmol/a
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TABLE I11. Suoxsary of Data

Total
Produced
Dry Gas,

Hgwol Mec

Production
(Dry Basis)
Flow Rate,

gmol/s scfm

System
Presesure

kPa  paia

scfa

287.400-

301.395 0.13

301.
306

395-
.492

306.
311.

830-
378

311.
316,

400-
549

314.950-
316.497

316.
359.

700-
788

359.
an

788~
(2.77)x

301.400-
339.734

* These time periods, used
¥k Steaw equivalent.

Time
Period, N,

Product Composition, mnl frac

Reverse Combustion Pericd
361 1.51 75.8 407

3%.1 1.83

Initial Gasification Period
1401 a5.4 22719 238

34.5

Decline Period

1928 40.9 2053 480 69.5

Dewatering Pipe Injection Period
1536 25.3 1320 157 51.8

0, - Steam Injection Period
567 24.6 1235 3l

45.6

Terminal Period.

2314 49.6 - 2490 288 41,8 184.7 154.43

Stesm Flow Period

0 (53.3)»* 12676 85 12,4 (79)%=

Total Forward Burn Gasification
2103 46.1 2314 324 47.0 232.2

194.15%

in the integral averages, exclude transition periods.
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TABLE IlI cont.

Higher Reating
Va-ue,

Total Energy
Prcduced
(Ggs & Tar).

10 100

Stu

0.16 0.15

122

Coal

Gslified.
u T

on

13.1

181.8

84.6 126.1

41.3 61.5

17.22 1020

(4.1)%x {3.89)w« -

24.08  22.82 1310

Reactant
Stoichiometry

Ry CH,, co COl kJ/;@ol Btu/scf

0,/C H,0/C

287
301.

.400-
395

301.
306.

395-
492

306.
311.

830-
378

31!.400-
314549

314.950-
316.497

316.
359.

700~
788

359.
an

788-

301.400~
359.734

Reverse Combustion Period
s L1 0.024 0.043

0.175 87 98
Initial Gasification Period

75 6.024 0.122 0.147

127 143

Decline: Period

078 0.013 0.051 0.170 63 71

Dewarering Pipe lnjection Periad
.155 0.020 0.098 0.176

100

0,-Steam Injection Period
365 2.056 0.228

0.337 235

Terminal Period

.137 0.024 0.071 0.185 93

Steam Flow Period

Totsl Forward-Burn Gasification
0.T40 0.023 0.077 0.183

96

1519.8

1951.9
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1=1 = Well numbar
0 = Wall location
291 = Day (1977)

=11
(o}

@ Process well (A, B, C)

@ Thermocoupta hola (1)

A HFEM hole (H)

Q Subsidence hola (S, Ex, §S, PZ)
WS6.7,8and® (O Water sampling well (WS)

Figure 3. Vell layout for the Hoe Creek II In Situ Coal Gaeificetion
Experiment.

Figure 4. Downhole thermocouple responses during reverse combuscion.
The day on vhich the Lemperature exceeded 100°C is shown
for each well. =
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Figure 3. lne formation conductance during reverse combustion linking.

Figure § The initial forward combustion phase.
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Figure 12. Product composition through the experiment.

Figure 14, Systez pressure, net water influx, and gas recovery through
the experiment. - .
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INTERPRETATIONS OF FIELD HYDRAULIC
TESTS IN EXPLOSION-FRACTURED COAL:
HOE CREEK, SITE CHARACTERIZATION
TO EXPERIMENT NO. 1

ABSTRACT

In connection with the LLL program for in situ coal gasification, we have performed
several 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 evaluaied. The ; articular aspec's of hydraulic testing in modestly
permeable coal seams that produce anaiytical difficulties are the effects of (1) 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 drawdowa 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
eqguivalent 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 separated the two explosion centers.

Results also suggest that the radial distribution of permeability enhancement vs dis-
tance irom the shot area follows an inverse distance (1/r) power law, from the enhanced
region through the transition zone 1n 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 (1/r)“ 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 gasification can ;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 analyses of
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Hoe Creek hydraulic data from site characterization
.. "ough Experiment No. 1. 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 agquifers
have evolved in two directions. Multiple aquifer
systems have been modeled and type curves
prepared demonstrating characteristic observation-

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 permeabilities. 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. |. The first gasification experiment was con-
ducted at subsite 1.

Stratigraphy

Cores from the three subsites show that the sub-
bituminous Felix coal. contained in the Eocenc
Wasatch Formation, lies 30-50 m below the surface
at subsite 1.' 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 ~Sm thick. The 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 Nc¢. 2 coal seam contains two
orthogonal sets of naturally occurring fractures. *
The better developed set of fractures, the face cleat,
has an average orientation of about N 70° W'. The
lesser developed set 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? cvaluated 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 1 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 . 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

yavt
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4 4882 N\

0 61 122 -¢— Drill hole
e i) = Fence line
Scale — m !

Fig. I. Hoe Creek site in Campbell County, Wyoming (W12,
SW1/4 Sec. 7, T4TN R72W). The contour interval is 3 m.




Site No. 1 Site No. 2

Suriace elevation, Surface elevation, Surface elevation,
1445 m 1445.1 m 1457 m

- Erosiona! contact

Felix No. 1
(20.9-33.2m,
3.3 m thick}

Erosionai contact

Felix No. 1
(35-38 m, —Erosional contact

34 hick
Felix No. 2 .

(38.746.3m

7.6 m thick) i
Felix No. 2
(43-50 m,

7.6 m thick) i ::e;lj(sg'?n 1

TD,50m SRS 3.4 mothick)

Felix No. 2
(55-62 m,
7.6 m thick)

Clay-shale
clay/siltstone

TD, 728 m

Cored sequence

Fig. 2. Comparison of lithologic logs of Hoe Creek subsites 1, 2, and 3.




Table 1. Hydraulic characteristics of Felix coal and

associated strata, Hoe Creek subsite 1, preshot.?

Horizontal Vertical
permeability, Coefficient permeability,
Stratum D of storage D
Felix No. 1 0.48%1.42¢ 2 x 1072 -
Strata between 0.12° 22 x 107 0.022
Felix No. 1 d
-4 d
and No. 2 49 x 10 0.0015
Felix No. 2 041° 1.2 x 1073 -
a 0.23f
| Strata below
Felix No. 2 = < <0.00158

YThis table is based on data from Stone & Snoeberger, Ref. 2.

—

“Results of slug-injection tests.

direction of minimum permeability N 31°W. 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.? 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/yr,
while at the site it would be 5-50 ft/yr.

Explosion Fracturing

A prediction of permeaktility enhancement from
explosion fracturing was based on hydraulic test
results from explosively fractured coal at Kem-
merer, Wyoming. * The intrinsic permeabilities ex-
pected to be associated with total, failure-induced
deviatoric strain ¢; were:

k 2 100 D for ¢; 2 10%
k =2Dfore¢=2%
k=1/2Dfore= 1%
! A two-shot configuration for Hoe Creek was
3 designed. Figure 3 illustrates the plan view of
calculated permeability enhancement which extends
4
by — -
Tea ] NS
3 "_'H‘r'

ba range of values is given for two different-type, single-well tests in the same well.

4values are averages for the first 8.9 ft of strata above the top of Felix No. 2 coals.
®Value along the axis of maximum hydraulic conductivity, which trends N 59" E.
rValue along the axis of minimum hydraulic conductivity, which trends N 31° W.

BRefers to average values for first 2.1 m of strata below bottom of Felix No. 2 coat.

~40 i from either explosion center. During the

two-shot explosion, surface displacements were

measured. ¥ The isodisplacement configuration was

elliptical. with a major axis aligned along an ESE

direction perpendicular to the axis of the two shots.
0O 10

o 13-OW

pyp e B

Fig. J.
Zenote the predicted permeabilities. Th: shaded area denotes per-
meabilities of 1.5-4 D, as measured in hydrological tests.

Plan view of Hoe Creek Experiment No. 1. The contours
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The total area showing greater than 0.05 ft displace-
ment covers an ellipse ~160 ft long by 100 ft wide.
This pattern correlated with the enhanced per-
meability region, with the direction of maximum
permeability following the major axis of the
isodisplacement ellipse.

Well Configuration

Only those wells cased with steel survived the
two-shot explosion. * The preshot wells 4-PW and
1-0 were not damaged significantly during the ex-
plosive fracturing, but ali the polyvinylchloride
(PYC) observation wells were damaged. As a result,
preshot hydraulic tests eould not be repeated post
shot.

Additional dewatering wells, instrument wells,
core borings, and production wells were drilled post
shot. Figure 4 is a schematic of the hole bottom

locations. In addition, five monitor wells were in-
stalled around the perimeter of the subsite from the
northeast towards the south. Figure 5 indicates the
locations of these wells. Completion data concern-
ing the pumped wells are shown in Table 2.

Table 2. Pumped-well completion data.

Screen
interval,
ft

Casing
diam,
in.

Casing
depth,

Well No. ft

(127-152)
147-152

i-0
P-1

19-3/4
9:5/8

127
147
bWi-6 7

168 147-152

aCa..xing to top of HE hole that is open from 127-152 ft.

@ 1 hermocouple wells
O Dewatering or monitoring wells

0
10-0wW

DW-5 CB;3;_7
O °

-2

9-ow ¢®

(HFEM) DW-3
<]

Gas out —O
0

@)
DW-6

0. 5 10

01 2 3'm

Fig. 4.

12-0W
(=]

P-2
(HFEM) P-1
O O=Air in
]
8-OW
OHE (HFEM)

1-5

1-6 pw-4
¢ ¢

F:

i
CB-

Hole bottom locations.




Fig. 5. Relative locations of environmental monitor wells.
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Initial post-shot permeability calculations, bassd
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 betveen
permeability and failure shear strain observed at
Kemmerer. In particular, a high inner-core per-
meability of k > 100 D was not observed. * Table 3
lists the most reliable permeability calculations ob-
tained from the data. The maximum permeabilities
measured are ~4 D at 3-OW and 3 D at 9-OW. Ad-
ditional dewatering tests indicated that leakage
from the Felix No. | to the Felix No. 2 was not ex-
tensive, because the well in Felix No. 1 did not re-
spond to the dewatering of Felix No. 2.

During the test on November 11, 1975, the water
levels in 9-OW and I-1 followed those of the
pumped weli I-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-OW and 3-OW did not
appear to be connected directly to I-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 these wells.

10 i 1 LR l = i | [ [ '
Slope = % gA
P
\5/
. §>v
o ~g
P
! Slope = 1 ° /;
£ A7V
3z b ‘\yx -
(=}
O v
g ;/ ® |-0 pumping
a /4 X 1-0 recovery
/ A -1 pumping
§ v -1 recovery
0.1 L [Tal 0 i L'LJ
1 10 100

Time — min

Fig. 6. Drawdown and recovery in wells {-0 and 1-1 by pumping I-
0 for posi-shot test {Nev. 14, 1975).

.[-4 M

INITIAL POST-SHOT HYDRAULIC TESTS

Table 3. Results of initial post-fracturing permeability
tests. November and December 1975.2

Pumped Observed Permeability.

well well D
92-0W 3-0w 3.0

(Nov) 8-OwW 1.8-2.6
9.0W (2 min pulse)® 3-0W 2.3
(Nov) 8-0W 23
1-0 I-1 1.5
(Nov) 3-0Ow 1.7
9-OW 33
HE 1.6
8-OwW 1.7
4-PW 0.7
-0 1-2 33
(Dec) 3-0w 4.2
HE 2.7
8-OW 34
8-0W 30w 0.5
(Nov) 9-OW 0.5
HE 0.4

iThe data in this table is taken from UCRL-50026-75-4,
Ref. 6.

10
Drain
model\ A
. constant A 2,‘
discharge D &
s A

Drawdown - psi
W= '
ENG

/ x
A & 8-OW Pumping

X 8-OW Recove:y
0.1} X A 3-OW Pumping {no  ~—
recovery record)

A
0.04 | |

1 10 100
Time — min

Fig. 7. Drawdown and recovery in aclls 8-OW and 3-OW by
pumping I-0 for post-shot test (Nov. 14, 19/5).
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A testing program was designed and implemented
to measure permeability distribution (especially for
the purpose of improving the upper bound estimate
of inner-core permeability), to locate fractures, and
to measure interconnected porosity. Several types of
tcsts were run to compare the effectiveness of euach
type in providing this in situ information,

Slug Tests

Slug tests were designed to empty known
amounts 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 sounding probes were required to
measure the peak water level in the casing. We also
recorded observation well responses. We designated
the maximum water level recorded during the test
“Ho" and the subsequent data “H™. Values of

I I [ [
12 =
10 . -
Exponential model
HIH0 < 0.5at t/r ~ 0.69
~7=1min
£ 8 "
| Phase |
e Fracture and
8 Intercasing flow
x 645 Hg=12ft  —
Phase 11
4 |- Coal seam fiow s
H/H0 = 0.5 at t/r = 0.69
7* 2.5 min
2+ il
0 | | I |
0 5 10 15 20 25

Time — min

Fig. 8. Test 2: Water level in DW-6 after loading with 45 gal of

water.

PREGASIFICATION HYDRAULIC TESTS

H/Hy were plotted vs log time for comparison with
the type curves for the slug test model. The slug tests
indicated well constriction, interwell fractures, and
intercasing {low.

Tests 1. 2. 3, 8, and 13 were slug tests of wells
DW-6, DW-6 repeat, DW-2, DW-1, and DW-6
repeat, respectively. The watcer-level response in
DW-6 during Test | showed ar irregular response.
We repeated Test 2 to verify that the behavior was
reproducible. The response had two phases. Phase 1
showed a rapid loss in head while adjacent tasings
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 rise, so
half the water llowed 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 exponentiat ixodel, we ob-
tained time constants of | min for phase | and
2.5 min for phase 2.

The water level in DW-2 during Test 3
demonstrated the anticipated rise and exponential
decay with a time constant of 12.3 min as shown in
Fig. 9. The water level in DW-1 during Test 8 did

1.0 T LA L L
N
0.8 A g
\ . Exponential model
\ H/HQ- 0.5 at t/r = 0.69
\. " 1 =123 min
e Ay p—
3:0 0.6 e (
X
0.4 |- 0, —
: b
\ Hg = 26 f1
P
0.2 3\ —
A
0.0 ] 4 i gel | O T
1 10 100

Time — min

Fig. @ Test 3: Water level recovery in DW-2 after loading with
45 . of water.
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not rise as high as we anticipated: the time constant
was 2.2 min as shown in Fig. 10.

DW-6 was tested again with 144 gal of water. The
initial head rise was 45 ft and the decay was ex-
ponential with a time constant of 2.2 min as shown
in Fig. [L.

The time constants obtained in the exponential
model relate to interwell resistance. An equivalent
permeability could be obtained if the dimensions of
the connecting region were known. If the resistance
were distributed into an equivalent homogencous
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 resulted
in very low values of inrer-core permeability.
Pumped-well skin friction and observation-well
flow perturbations prevented the measurement of
the higher inner-core permeabiiities with slug tests.
The slug-test response in observation wells
resulted n permeubilities of the same order of
magnitude as the single-well calcvlations. The large
flow required to change the water levels in the ob-
servation wells results in reduced and delayed max-
umums.

Drawdown and Injection Tests

Drawdown sad injection tests were designed to
withdraw or inject water at a constant rate, Q. We
recorded the discharge rate throughout the tests.
and occasionally adjusted flow rates to account for
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Fig. 10. Test 8: Water level recovery in DW-1 aflter loading with
S0 gal of water.

pump characteristics. We performed injection tests
by pumping a preset value ¢f flow from a holding
tank through a flow meter and into the well.

All the wells were open to the surface. We used
subsurface bubbler .ubes, differential strain-gage
transducers, and sounding lines with a fluid conduc-
tivity probe to establish water elevations in the
wells. Data from the bubbler tubes and ihe
transducers were recorded as a function of time on
strip charts and on both paper and magnetic tape in
a Vidar 5403 data agquisition system. We recorded
some sounding data manualiy and generally limited
these data to environmental monitor-well responses
and slug tests,

Tests ran 5-8 h. We plotted changes in water level
vs time on logarithmic paper for comparison with
the type curves for the various hydraulic models.
The mos: significant result from drawdown tests
was the rudial variation of K we obtained from late-
time Jacob analysis.

Test 4

We pumped DW-4 at an average {low rate of
[.8 gpm for 300 min. The pumped-well response is
initially exporential but fails 1o 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.

* 4 Thes response ts ane o which wll the pressure vs time plots
fultow a single Theis-type curve See Appendix A for further ex-
planation,
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Fig. 11.  Test 13: Water level recovery in DW-6 after loading
with 144 gal of water.
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Fig. 12. Test 4: Response in pumped well DW-4 for 2 gpm.

In the second phase. pressure increased approx-
umately as the fourth root of time. This indicates
that the cone of depression is encountering more
resistive material as it expands or that more flow is
coming from the coal as$ 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 because of
the changing characteristics.

Even though we did not observe Theis behavior
at the pumped well by thz end of the test. late-time
approximate (Jacob) analysis for data at t
= 300 min shows the distribution of permeability
{see Fig. 13). The environmental wells are located in
a transition zone from noticeably enhanced to
native permeability. Well EM-3 did not respond to
the 300-min pump test of well DW-4. Well 4-PW
had a reduced response, indicating that it is in a
native region of coal. These two respenses indicate
that the N-S axis is along a direction of minimum
permeability enhancement. All the dewatering wells
had similar responses, indicating a noticeably
enhanced region extending S0 1 in an easterly direc-
tion. Well 9-OW had a larger than riormal response,
indicating a fracture located between DW-4 and
I-OW.

In the envircnmental well responses. plotted as
t/r 2in Fig. 14, the width of the data band indicates
some anisotropy. The well-bore storage and inter-
casing flow during the early part of the tests obscure
the interpretation of the data. At the end of the test,
leakage factors were not discernable within the
range of measured accuracy.
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Fig. 13. Test 4: Observation-well drawdowes at 300 min for
2 gpm in pumped well DW 4.
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Test §

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
well showed well-bore storage effects for 15 min,
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Fig. 16. Test 5: Obse cation-well drawdowns at 80 min for
4.9 gpm ir pumped weil DW-2.

followed by fracture flow for the rest of the test (see
Fig. 15). Theis hehavior was not observed during
the test. Even though Theis behavior was not ob-
served, a late-time approximate analysis of
observation-well data gave an enhanced region per-
meability of 2 D extending 50 ft, as 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.

Test A

In this test, we pumped DW-3 at 3.8 gpm for
40 min During that time, DW-3 dewatered and the
observation wells did not respond.

Test 7

The well 1-0 was pumped at 3.0 gpm for 50C min.
The pumped well-bore storage response appeared to
be modified by the presence of the high explosives
(HE) cavity (see Fig. 17). Towards the end of the
test, Theis 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 2¢ D, an enhanced region of | D, and a transition
to native region of 0.3 D (see Fig. 18). The environ-
mental monitor-well data followed different Theis-
type curves as shown in Figs. 19 an2 20. A scale fac-
tor of five exists between EM-3 and the other
monitor wells, indicating areal anisotropy. Monitor
wells EM-1 and EM-2 follow lower Theis curves
than EM-4 and EM-5 because of the radial decrease
in permeubility. The radial anisotropy between the
close and far monitor wells makes the drawdown
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Fig. 17. Test 7: Response in puriped well P-1 for 3 gpm.
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versus {/r% appear to fit a leaky model, but the
hydraulic parameters are inconsistent with the per-
meabilities obtained from the Jacob analysis and
realistic 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 response, making matching
techniques of transient data suspect.

The method of drawdown difference. discussed
by Sherwood et al., % for interpretation of Hoe
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Fig 19. Test 7: Responses in environmental wells EM-3, EM-4,
and EM-S for 3 gpm in pumped wel! P-1.
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Fig. 20. Test 7: Responses in environmental wells EM-1 and 2 for
3 gpm in pumped well P-1.

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-
fer=nces of EM-1 to EM-4 and EM-S to EM-2 are
plotted vs reciprocal time, a straight line, as shown
in Fig. 21, is obtained throughout 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 the storage coefficient was
3 X 104 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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Fig. 21. Test 7: Drawdown difference between pairs EM-1/EM-
4 avd EM-2/EM-5 for 3 gpm in pumpea well P-1.
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Test 9

Well DW-1 was injected at the rate of 2.9 gpm for
145 min. The pumped-well response was a straight
line on logarithmic paper with a slope of 1/2.5, as
shown in Fig. 22. The recovery response was 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 test,
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 I-5 and
DW-3 responded sluggishly to the pumping of
DW-].
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Fig. 24. Test 9: Observation-well drawdowns at 100 min for
2.9 gpm in injection welt DW-1.

Test 11

Well P-1 was pumped at 3.2 gpm for 400 min.
This well is screened in the bottom 5 ft of the coal
seam. The pumped-well response, shown in Fig. 25.
is 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 pressure
follows the square root of time, followed by a
second in which pressure follows the cube roof of

Fig. 22. ‘Test 9: Response in injection well DW-1 for 2.9 gpm.
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Fig. 23. Test 9: Water-level recovery in injaction well DW-1 af-
ter 2.9 gpm flow ceased.
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Fig. 25. Test 11: Response in pumped well I-0 for 3.2 gpm.
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time. These two phases indicate fracture flow and
reduced radial permeability, respectively. The shift
separating the two phases indicates an increase in
flow during the transition.

Even though a Theis response 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 nalive
with permeabi’ity and an enhanced region. The
restricted entry .at P-1 and the offset of the produc-
tion well from the HE region obscured the inner
core permeability. Well 8-OW, which is close to P-1,
showed a very similar drawdown to DW-4 and
DW-3, which are four times as far away. These data
points indicate an average inner-core permeability
of about 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-1. but not as much as from pump-
ing 1-0.

Test 12

Well DW-1 was pumped at 3.7 gpm for 440 min.
The pumped-well data followed a straight line of
slope 0.4 for 100 min, then changed to a late-time
Theis curve towards the end of the test, as shown in
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Inner core Enhanced Trans-.lion. to —
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k=2D k=030
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Fig. 26. Test 11: Obserration-well drawdowns at 400 min for
3.2 gpm in pumped well [-0.

Drawdown — ft

0.1 |
1073 1072 1071

t/r2 — min/ft?

Fig. 27. Test 11: Response in environmental wells EM-1, EM-2,
and EM-3 for 3.2 gpr in pumped well 1-0.
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Fig. 28. Test 11: Responses in emvironmental wells EM-4, and
EM-5 for 3.Z gpm in pumped well 1-0.

Fig. 29. A semi-lcg plo. of the drawdowns at the
end of the test and a late-time analysis shows EM-1,
2, 3. and 4 1o 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).

I'he data for environmental-monitor wells EM-1,
EM-2, and EM-3 show an areal anisotropy factor of
five in Fig. 31. The data for EM-4 and EM-5 are
shown in Fig. 32.
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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 | D, as shown in Fig.34. The
environmental-monitor wells did not respond
significantly during this pump test.
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Fig. 29. Test 12: Response in pumped well DW-1 for 3.7 gpm.
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Fig. 30. Test 12: Observation-well drawdowns at 440 min for
3.7 gpm in pumped well DW-1.
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Fig. 31. Test 12: Responses in environmental wells EM-1, EM-2,
and EM-3 for 1.7 gpm in pumped well DW-1,
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Fig. 32. Test 12: Responses in environmental wells EM-4 and
EM-8 for 3.7 gpm in pumped well DW-1.
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Fig. 33. Test 15: Response in pumped well DW-5 for 5 gpm.
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Fig. 34. Test 15: Observation-well drawdowns at 50 min for
S gpm 0 pumped well DW-S,

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 water-level
responses in the various wells on strip charts until
the flow pattern s:abilized (in ~30 min). The tests
were terminated when a steady-state flow pattern
was established, We constructed 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 increasing
the sensitivity of K calculations in the inner-core
area. We also noted permeability irregularities.

Test 9A

We pumped well 1-0 at [5 gpm and put the ef-
fluent into P-1. The flow stabilized in ~30 min.
IFigure 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 HE area. Permeability contrast
between the southern and northern area is evident,
but the symmetry of the flow pattern, with respect
to the permeability distribution, and the partial
penetration of P-1. combined with the sluggish
nature of DW-3 and 4-PW, precluded a definitive
interpretation of the apparent asymmetry. The
calculated permeability ol the 1-0 inner core is 16 D.
the P-1 inner core is 6 D. and the enhanced region is
4 D.

*See Flow Net section i Appendix A,

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 stabilized, to DW-6 at 7.2 gpm until the flow
stabilized, to 9-OW at 7.4gpm 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 shot 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 vanation 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 ug/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 10gal/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
coneentration of Br to 1€~ moles/litre by mixing
45 1b 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 stabilizatio « period of | h prior to
NaBr feed injection. This 1-h period was actually a
second-phase continuation of the first test from the
previous day at the lower level of NaBr 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.
Results of the second phase of Test 20 were consis-
tent with the results of Test 21.

The tracer test results indicated that the intercon-
nected porusity #., using a porous media model, 7 in
which the breakthrough time is given by
= droa "b;3Q. was 1/2%. This obseived 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 would

:
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Fig. 35. Flow net. Hydraulic head (potential) contours and flow lines indicated by pumping 15 gpm from P-1 into 1-0 (Test 9A).
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Fig. 38. Tests 20, 21: Tracer test for 10 gpm between 1-0 and
P-S1.

“ Table 4. Final concentration of Br~ during Test 2!.
Fig. 36. Flow net. Hydraulic head (potential) contours and flow g

lines indicated by pumping 7.2 gpm from DW- into DW-0
(Test 17y,

Br  concentration,
Well moles/Q

DW-1 49 x 1073
s DW-2 3.5 X lo’:
4-PW O # 6 & Dw-3 1.5 « lO-_3
o /. 8-OW DW4 11 16 ooy
DW-5 /o |o DW-5 71> 107} .
(04-7 3
o F J A DW-6 3.8 x 107
r \: BET Ty )
N Nl
" ODW |
o ":— e = _4 .n
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o-ow_ — — TF O psd
o~ e b ~/ B3
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\\/ W N5 184
/ Dw_e \DW‘2
| 20d |
\ /
N o have to be about 10 fractures/m 2. according to
frr————] o DW-1o0 McKee et al. ¥ Figure 38 shows tuv concentration
0 10 ft et ’ ratio of Br ~ at P-1to Br ~ at [-0. The native concen- |

tration of Br - was designated “Co’" and other ob- B |
. & £ i St . "onL i "
Fig. 37. Heuristic composite of channels or fractures (dashed served gom._emr.mom. C \dl{'les of C/CO. e e
lines). inner enhanced regions. and near native zone between the plotted vs time Table 4 lists Br = concentration of
explosion centers. dewatering wells at the completion of Test 21.
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To estimate the vertical distribution of per-
meability, post gasificatiun tests were performed
suuth of the southern HE region. Slug tesis were
conducted in an open, unscreened hole as drilling
progressed through the coal seam. Tables of K
values appear in Table 5. A 100-fold variation in
permeability, which was proportional to the degree
of fracturing, was obtained. ? The highest values ap-
peared for the bottom third of the coal seam it che
enhanced region. These values agree with the
highest values of permeability obtained by other
methods. !0 The lowest values appeared at the
periphery of the enhanced zone and are less than the
native coal.

POST GASIFICATION TESTS

Table 5. Estimated inirinsic permeabilit of
explosive:y-fractured Felix No. 2 coal.?

Intrinsic
Test well and permeability,
interval D
wwi
Complete seam 0.48
Upper th.rd 0.24
Middle third 1.1
Lower tkird 0.15
WwWwi
Complete seam 2.2
Upper thaird 1.3
Middle hird 0.73
Lower :hird 4.5
ww2
Complete seam 6.6
Upper third 1.4
Middle thivt 1.1
Lower third 16

iThe uat: in this table is taken from Stone, Ref. 9.

PERMEABILITY MODEL VERIFICATION

Different p~ ser law distributions of permeability
enhancement . . 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 of the
distance (1/r %) 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. !

Data for the enhanced and transition regions
from wells to the east of the explosion center ob-
tained during pregasification tests fit a 1/r power
law such that k = 30(D-m)/r(m). Since a 1/r pnwer
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

19

on straight graph paper 1o iltustrate the com-
patibility with this law. Figures 39-4] plot draw-
down vs distance on straight graph paper for
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Fig. 39. Test 7: Drawdown vs distance towards the eastern
quadrant for 3 gpm in I-0 at 570 min.
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Fig. 40. Tes( 12: Drawdown vs distance towards the eastern
quadrant for 1.7 gpm ir DW-1 at 440 min.

Drawcdown — ft

Q
=
2

=

Drawdown — ft
N o W -
-]
o)
2

o
N
o

100

Distance — ft
Fig. 41. Test4: Drawdown vs distance towards the eastzrn
quadrant for 2 gpm in DW-4 at 300 min.

Tests 7, 12, and 4, respectively. All three draw-
downs fit a !/r power law with a coefficient of
30 D/m. The inner-core permeability, as ex-
trapolated [rom :hese data, indicates that the max-
imum innercore sermeability should have been
30D at I m.

Data for the enhanced region from wells soutl, of
the explosion center obtained during post gasifica-
tion tests fit a much higher power law 12—more like
I/r4 The differences in power law distribution
could be caused by shot interaction effects, giving
rise to different 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-1, 2, 4, and §, 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 /3 k and the
minrimum permeability would be k//3.

DATA SENSITIVITY

The pregasification testing system was not sen-
sitive to regions of high permeability. Voriations in
drawdown differences of late-time data for in-
dividual well pairs indicate that the error band in
drawdewn data was about £0.005V or 0.1 fi.
Figure 42 plots drawdown difference vs time for
select well pairs during Test 7. This is not within the
component tolerance of the recording equipment, 3
Power supply stability may have been inadequate to
maintain system reliability. The maximum value of
permeability that could be measured on site with
steady-siate methods for the small well spacings is
about 10D. To measure high inner-core per-
meabilities (100 D), a sensitivity 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 fromn
well to well decreased the accuracy that could have
been obtained by leaving the sounders set for each
test.

\'—/
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Fig. 42. Test 7: Selected drawdown differences vs late time for
3 gpm in 1-0 between 300 and 570 min.
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The data were examined with the many methods
of analysis available; the most consisient results
were obtained with (1) slug tests, (2) drawdown dif-
ferences and late-time approximation for drawdown
injection tests, and (3) flow net construction for
dual injection-withdrawal tests.

The particular aspects of hydraulic testing in coal
seams that produce analytical difficulties are ihe ef-
fects of (1) installing several casings closely together
causing changes in the storage coefficient and per-
turbations 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) anisotropy due to fractures and ex-
plosive fracturing. These difficulties are best over-
come using steady-state tests, particularly the dual
injection-withdrawal 1est.

Although slug-test results are affected by inter-
casing {low, 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 throughout time. The analytica)
ease of this method is generally offset by the
relatively low permeability values obtained as a
result of well lesses,

Drawdown tests give a good measure of enhanced
region permeabiiity beyond 5 ft from the HE arcas
and indicate areal anisotropy. Since early-time data
is distorted by well-bore storage, apparent leakage
parameters obtained by matching techniques are
suspect. urless a small-diameter well is pumped.

Dual injection withdrawal tests indicated per-
meability variations within the inner-core area, In
particular, the test indicated a low k ridge
separating the itwo HE arcas that may have been
responsible for the early override observed during
gasification. Figure 43 shows the gasified region
overlain on the hydrology composite. An advantage
of this test is that a whole pattern of site per-
meability is obtained in 30-60 min.

The tracer tests were difficult to analyze because
of the short distances involved, an irregular per-
meability distribution, and large void spaces ai the

SUMMARY

wells. The best data relate to the breakthrough time,
which yields an effective porosity calculation. Un-
fortunately, fracture channels can shon circuit the
flow, thereby giving short breakthrough times and
low porosity calculations.

The permeability models postulated for ex-
plosively fractured media may apply in difierent
regions of a dual-shot explosion. The pregasifica-
tion data obtained from wells east of the shot center
followed a 1/r variation and the post gasfication
data obtained from wells south of the shot center
followed a 1/r ¥ variation.

The lack of sensitivity of most test inethods
precluded measuring high inner-core permeabilities.
The data could have been more precise if larger
pumps had been available for the dual injection-
withdrawa) tests. They would have permitted more
flow between well pairs, thereby increasing the
response.

Fig. 43. Gasified region oveilaid on hydrology composite.
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APPENDIX A
METHODS OF ANALYSIS

Several methods of analysis have been used for the Hoe Creek data obtained in late 1977, The different
techniques yielded generally consistent results. The major uncertainties in data interpretation concern leakage
parameters and inner-core permeabilities. The alternate techniques used in this effort are described below with
references for rnore detailed discussion.

Type-Curve Analysis

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 ! can then
be used to calculate hydraulic parameters using matching techniques.

The Theis-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 /12, fall along this curve, the aquifer is
homogeneous, confined, non-leaky, and extends beyond the testing boundaries. During the late-time part of
the test, the data lend themselves to an approximate method of analysis developed by Jacob, whereby a
straight-line relationship is obtained hetween drawdown and log time or log distance.

Hantush developed type curves for leaky aquifer response in which observation well data fo.iowed dif-
ferent curves on a drawdown vs t/r 2 plot.

Other type curves are available for specific models including delayed storage effects, drain discharge
response, and slug tesis. Observation wells near ractures appear to follow a drain response when the pumped
well intersects the fracture.

Deviations from type-curve response can sometimes be attributed to special effects. Well-bore storage af-
fects pumped-well response. and drawdown vs time appears as a straight line with a slope of 1 on a logarithmic
data plot. For large casings, the effect lasts far into late-time behavior. Fracture {low affects pumped-well
response and appears as a straignt line with a slope 1/2 on a logarithmic data plot. Frequently the two effects
occur together, with fracture flow following well-bare storage flow.

Another type-curve deviation is caused by aquifer anisotropy. 1f the data curves are plotted as drawdowm
vs t/r 2 and fall on horizontally parallel Theis-ty pe curves, the spread betwzen the curves indicates areal
aquifer anisotropy. If observation wells along the major and minor axes are plotted. their separation is the
scale factor. m, required to eliminate the aniscitony. If the data curves fall on verticallv parallel Theis-type
curves, the spread between the curves indicates radiil aquifer anisotropy, which can be confused with leaky
aquifer response.

Slug tests for radial-flow geometries with distributed parameter- have a family of type curves that de-
pends on the storage coefficient. The smaller the storage ccefficient the sharper the type-curve response. Some
of the storage coefficients required for slug test interpretation are much lower than can be accounted for
realistically. Tests requiring storage coefficients lower than 10 ~® fit a Jump:d-parameter skin-friction model.
This implies that there is 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 exponential decay of
waler in the casing, according to the relationship H/Hy = ¢ ~/77C P where R, the well resistance, is a lumped
parameter and should not be related to a permeability value.

Type curves used in interpreting Hoe Creek data are shown in Figs. /-1 and A-2.

e T N AP 3 T

Flow Net Analysis

Steady-state flow regimes of similar geometry and boundary conditions have similar pressure flow dis-
tributions. Flow nets can be constructed on a plan view of pressure measurements. ' These piots 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 values produce a symmetrical flow net in
homogeneous media. Deviations from this patiern can be used to demonstrate local permeability irregularities
that might otherwise be overlooked. Observation well data from a dual injection-pump test can also be used to
calculate average permeabilities from the relationships = Q In (r/R) /2#T. 2
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Numerical Analysis

<t
Sherwood et al. * recommended a specia’ 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 oeing xpressed as funcuons of Tand §/T ¢ respectively. The intercept is equal to QIn(r /r)/2xT

and the negative siope is QS(r = )/161rT “1(ry > rl) This model is particularly useful for smuo%mg data .

and providing system stability analysm The model is also valid for concentric regions of different per-

meability, provided the observation wells are located in the same regions.
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APPENDIX B

FACTORS '’ ¥FFECTING 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 resistive than the total
system.

Well-Bore Storage

One of the first problems encountered in coal scams 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 transmissivity. ¥ The amount of fluid in the casing is appreciable com-
pared to the immediate {low available from the reservoir. As a result, early-time tlow does not leave the reser-
voir; rather the flow comes from fluid stored in the cacing. On the other hand, the well-bore storage
phenomenon is rarely a problem in ground-water evaluations because of the relative contrast between small
casing capucity and high aguifer transinissivity. The amount of water stored in the casing is very small com-
pared to the immediate flow available from the aguifer. As a result, the early-time flow comes from the reser-
voir alter a few seconds of pumping. The low transmissivity coal seams indicates that, because of storage ef-
fects, smaller observaticn wells make better pump-test wells for the Hoe Creek site than the larger production
and dewatering wells,

Well Friction

With well-bore storage etfects, the low across the well screen changes during early-test times. As a result,
the pressure response ai early times contains a component that is directly related to the change in flow across
the well screen. This exponential pressure response of a well with well-bore storage is characterized at earlier
times by both the cross sectional area of the casing and the well resistances. *

Intercasing Flow

The installation of so many open casings in ¢lose proximity to one another complicated the hydraulic
testing at Hoe Creck. Two problems occurred. First, the storage coefficient of the aquifer system was in-
creased with the installation of each new casing. Second. an appreciable percentage of the flow is required lo
chuange the water levels in the casings during pump tests, thereby cuusing a delayed response. Intercasing flow
is « major problem in slug-test interpretation.

Fractures

Some of the nuturally 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 rractured aquifers is that the hydraulic response of a pumped well intersecting a fraciure dis-
plays a log drawdown vs log time relationship of a straight line with slope 1/2 for early time tests. 3 Observa-
tion wells that intersect the same fracture also exhibit this relationship. Observation wells close to a fracture
show a drain model” response, while those further away have a distorted response that is between a drain
model and a radial-flow model. Matching techniques lor observation wells do not uniquely distinguish
faulting patterns in a fractured aquifer. In some cases, however, observation-well responses indicate that a
nearby fracture intersects the pumped well.

L2
The flaw s umdirectional towards a drainage face
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Anisotropy

Due to the non-syminetrical 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 observation responses so
that available matching techniques were not applicable.

Variable Flow

Flow perturbations produce a vertical shift in data from one type curve 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
g - 9 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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USE OF HIGH-FREQUENCY ELECTROMAGNETIC WAVES
POR MAPPING AN TN SITU COAI GASIPICATION BURN FROWT

D. T. Davis, R. J. Lytle, and E. P. Laine
Lawrence Livermore Laboratory, University of Califocnia
Livermore, California 94550

ABSTRACT

High~frequency e.ectromagnetic waves transmitted between
boreholes can be used to map the vosition of an underground coal
gasification (UCG) burn front, as well as other geophysical
anomalies. The technique uses transmitting and receiving
antennas lowered down boreholez on either side of the gasified
region. Besults from the use of this technique in a UCG
experiment show high resolution and close agreement with data
from other instruments. The depth, height and lateral position
of the burn front were easily determ'ned and subsidence of
overburden was also evident in the measurements. Several
variations on the method were tried. This technique promises
several advantages over other down-hnle instrumentation: lower
cost, better spatial coverage, and the ability to give
measurements both during and after passage of the burn front.
The UCG experiment alsc showed several improvements that could
be made in the technique.

INTRODUCTION

In this paper we describe a techniqu: that uses high-
frequency electromagnetic waves transmitt=d betweer boreholes to
map an in situ ccal gasificationl—‘ burn front. Both the
hardware and the method are discussed. In addition, we present
results from experiments with this technique performed during
the Lavrence Livermore Laboratory (LLL)! 1977 undergrcund coal

gasification project at Hoe Crezx, Wyoming.

S — W S T e g e S S RO

We at LLL have, over a period of years, advocated and

advanced the use of electrical and electromagi.etic probing for

5-23

var icus qeologic applications.” Some of these applications

are: locating high-contrast anomalies such as voids.” using
only one cable to monitor the detailed tewperature profile
within in situ energy pcocesaes,“ determining the extent of

fractures induced by high explosives emplaced within a coal

se:n,”'m monitoring three-dimensional progression of a fluid

12,18

injected into a borehole, and determining detailed mapa

of subsurface constitutive parameters by using cross-borehole

probing. 12

One of our colleagues first suggested the application of our -

high-frequency electromagnetic (AFEM) technique to sonitoring an
ol

underground coal gasification (UCG) b\un.l9 We were

scbsequently able to perform 8 simple experiment on LLL's first

UCG project at Hoe Creek, Wyoming, ir 1976.2‘ Results from

that exper iment and from computer aided modeling studi-.azs |-
strongly suggested that certain of our techniques would work. . o

Based on these results, we attempted our first full-scale UCG ,
26 2

mapping «xperiments during LLL's 1977 project.

Gecause of the potential importance of in situ coal
gasification, the U.S. Department of Energy and cthers are
actively researching and developing the gasification process.
Coal is our most abundant fossil energy rescurce and can be -
converted to combustible gas -- an attrictive energy form —
by heating in the preserce of oxygen and steam. Ganifying the
coal underqround may be a cheaper means of recovering this
resource than mining, especially for deep western coala.“
The LLL Fall 1977 UCG exper iment had two discinctly
different phases: reverse linkage, fcllowed by a forward burn.

Figure 1 shows the vari{ous steps of this process.




o

Our first full-scale program of exper imental UCG burn-front

. the 1 h ai .
mapping was very successful. The burn front interacted strongly e e = 1etgth 'of " Srala tianaml ki .

t 1 h
with the electromagnetic waves and so was easily abservable. anfena shell SppiroximaCely- aqual 12 the vewslenatll of uha

lectramagnetic wave in the ground; t i= = c¢/2fn,
Interpretation of the experimental data was straightforward and SresmRahatly Jave-iD iy e i I = Gl SN

2
speed of light, f the frequency, and n° = € is the !
compared well with data from other down-hole instrumentation. Is tha . Gl LA s -

relatciwv rmittivity of t round at f uency f.
Alsn, the spatial resolut:on obtained was better than expected. S e e T B ; ]

example, if f = 10 MAz and n = 3, the oprimum antenna length L

1d .0 m.
In the remainder of this paper we describe cur HFEM el bel -0 m

technigin:, present the results of our experimental program at C

i two ho =
Hoe Creek, and discuas the major accomplishments and s eGPl belsmGa (Ehe i abnlan: La ) gwesCl . by

- recording the received signal paramet. ;
shertoomings of our present system. g " g £ s, beplitonin e, ;

both) as a function of depth. This is normally done by

THE HFE¥ TECHNIQUE succesgively lowering the two antennas an incrementsl distance -
and recording the received signal. The optimum incremental by

In this section we describe our technigue of using HFEM distance depends on the wavelength and the desired spatial L

waves to map a UCG burrn front., Both the hardware and the method resolution, with 1 ft being typically chosen. Sometimes the two o

antennas are lowered with fixed offsets in their depths to give g ]
12

are considered.

different electromagnatic views “ of the geophysical anomaly. g

Figure 2 shows the basic setup involved in transmitting

electromagnetic waves between boreholes to detect a geophysical Hhe anplifade and| phane of the renedven: slganl vasy-oltE

i .
anomaly. Watertight transmitting and recelving antenaas (which @apthi 1F the pash betiesen the two ankeanas pasyes thvaugh: o

! are connected to the ends of coaxial cables} are lowered down very near a geophysical anomaly whose conductivity and

individual borehcles to the depthe being investigated (Fig. 3}. permittivity differ significantly from thogse of the host

The simple dipole transmitting antenna is driven by an nedils. Largar ghjacts requice lsas af 2 difference to be

oscillator and amplifier putting out 100 W at a frequency detectable than do smaller objects. The variation in amplitude X

selected normally hetween 10 and 190 MHz. Detecting the wave and phase of the electromagnetic wave received is a result of

transmitted through the ground is a unique receiving antenna of reflection from, refraction through, and diffraction around the

LLL design. anomaly.

Figure 4 is a photograph of the receiver package, showing The signal variation with depth, referred to as the
its monopale antenna, top-hat terminator and broad-band signature, ylelds information about the geometry of the anomaly
constant-sensitivity down-hole electronic amplifier. The (i.e., size, shape, and position). For many geophysical
detected sigral is sent up cable ta a spectrum analyzer (for anomalies, these interpretations are eaay to make. However,

amplitude measurement] or a network analyzer (for phass this i not universally true. To aid in the interpretation of

measurement) .
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such signatures, modeling studies are often performed.15'27 A

seriec of computer-generated signatures (based on an appropriate
model) for a range of geometrical and electrical parameter
values often aid the interpretation of signatures obtained

empirically.

In the case of UCG burn-front monitoring, the electrical
properties of the coal and burn region vary with position in a
manner that is not known in detail. Pigure 5 ghows roughly the
expected variation of conductivity through a UCG burn front. As
a result of this uncertain and complex behavior, computer-
generated signatures based on simple models that describe an
object of nniform properties imbedded :n a homogeneous host
medium have failed to match the signatures found in experiment.
In spite of this handicap, however, the interpretation of our
exper imental results has been guite straightforward. 1In
addition, evidence from other UCG down-hale instrumentation
confirms our interpretations. Because of the complexity of
accurately modeling a UCG burn, we defer that topic to a later

reporc.

wWe refer to the technigue described above as the
transmission mode of operation (i.e., the electromagnetic wave
is transmitted from one side to the other of the anomaly). One
may also employ the reflection mode of operation, in which the
two borehcles lie on the same side of the anomaly, as in Fig.
6. In this czse, the receiving antenna responds to the sum of
two waves: that directly from the transmitting antenna and that
refiected off the anomaly. Because the reflected-wave phase
differs from the direct-wave by an amount proportional to the
patn-length difference and the frequency of the wave, one can
determine 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 {(1n the transmitting medium).

EXPERIMENTAL UCG BURN-FRONT MAFPING USING HFEM HWAVES

In this gection we d2scribe the sxperiments we perfo_med at
Hoe Creek, Wyoming on LLL's second UCG project and we present
burn-front mapping results cbtained by interpreting our fleld
data. The primary purpose of this fi:st full-scale attempt at
using our HPFEM technigues co monitor a UCS burn front was to
demonstrate their feaaibility. Other important goala were
mapping trne progressing burn and finding areas nf our technigue

that need > further development.

We had sccess to a total of rnine wells {boreholes) during
LLL's Hoe Creek, Wyoming, UCG experiment of 1977. PFigure 7
shows the plan view of the wells of interest to usr. Wells A
{injection) and B (production) were naturally not available to
ue. The nearness of SI1 to A4 and SI2 to SI3 meant that we had
esgentially seven locations to choose from. The wells were
cased with PVC or fiberglass to permit the transmission of
electromagnetic waves. These wells were drilled and cased to a
depth of approximately 180 ft, 25 to 30 ft below the coal seam
of interest (Felix No. 2). The Pelix No. 2 coal seam (Fig. 8) is
absut 25 ft thick and located approximately between 127 and 153
ft deep.

We selected the low-tion of our probe wells such that they
would lie cut3ide the expected burn rpgic\n‘ and permit good
mapping coverage of the region. Anticipating a lossy medium
(coal of high electrical conductivity), we placed our wells just
cutside this region 80 as to minimize distances between wells
and yet not lose the wells to the hurn. HKeasurements made at
the time of the UXG burn indicated that the coal vas indeed
quite lossy, having a conductivity of approximately 0.0l S/m.
And, although we did eventually lose wells to the “urn, we were
very pleased with their placement and the Jdata obtained from
them.




Although, in general, any pair of wells could be used to
probe the burn, we preferred certain combinationa. Six paths
were probed to obtain good moverage of the important regicn
between the injection and production wells (A and Bj: HI to H1,
H2, and H4; SI2 to H2 and H4; and HS vo B4 (see Fig.7). 1In
addition, SI2 and HS5 to H6 probed the rejion to the west of Well
A. Similarly, SI1 to Hl, H2, and Hb were used north of Wells A
and B, while HI to SI2 and H5 served us to the south. A total
of six motorized cable reels were used; three with transmitting
and three with receiving antennas permanently attached to the
cables with watertight connections. 8y locating these reeis at
appropriate wells, we only cccasionally needed to move them to
probe all the paths shown in Fig. 3.

Befors the burn fromt starved to affect the coal between a
pair of wells, we measured the transmissivity as a function of
depth. That is, tie amplitude of the electromagnetic vave,
transmitted between the palr of wells, was recorded for the

antennas at l-ft depth incnmmu.' Figure 9 contains a

typical record of such data which are referred to herein as
baseline data.

Hate from Pig. 9 that che signal Falls off as either the
anderburden or overburden is approached. This s a conseguence
of zthe finite length of the transmitving antenna and the higher
conductivity (greater loss] of thoze strata. Because che
transmitiing antennz was either 9 of 12 ft long, part of its

*Power into the transmitting antenna cable was fixed at 100 w.
Not all of this power was radiated, however, because of the
attenuation in the nearly 20€ ft of cable and the impedance
ml=match betwsen the antenna and the cable. Radiated power was
limited to, at most, a few watts.

length was out of the coal seam whan the antsnna Center was
wichin either 4.5 or § ft, respectively, of the coal-seam
boundaries.

Somwe of the baseline records showsd what appeared to be the
effects of the two ash layers within the coal seam (see Pig. ).
This was especially true for the path 43 to Hl as shown in Pig.
10. Por this path, the large dipa in the transmissivity at the
depths of the ash layers made data interpretation difficult. We
obtained better results when we tried subtracting out the
effects of these layers.

DETECTABILITY, TRACKABILITY, AND SPATIAL RESOLUTION

Changes in the signature for a given pair of wells (a given
path) indicate the presence of the burn in that region. In Pig.
11 are the signatures cbserved on three different days for the
path H5 to H4 (transmitter in HS, receliver in H4). HNote from
the October 29 data the sharp resolution and the large change in
signal strength caused by the burn. It is spparent from the
figure that the burn is centered at a depth of approximately 14€
ft and is quite limited in vertical extent (a few feet). The
dip at 146 ft s spproximately 20 AB lower than the baseline.
This very large effect makes the burn front éagy to detect.

The November 1 dats 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
seam an that day. Being able ro track the motion of the burn in
this manner is an important feature of the HFEM technique. Note
also from the figure tha: the November 1 signature has recovered
1n the region where the burn had been on October 29. We balieve
this results from wet coal and wet agh having nearly the same
conductivity (see Fig. 6}, wet ash being left behind by the burn.
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Recovery of the transmissivity when the burn leaves an area
greatly simplifies data interpretation and makes the burn front

much easier to track.

Rather than interpret raw data such as in Pig. 11 directly,
it is better to first normalize the data relative to the
appropriate baseline data. Because the curvea are in decibels,
one need only subtract the raw data valuex from the baseline
values to obtain normalized data. This is an important step
hecsuse we are interested only in the effects of the burn and

not of any preexisting features of the geology.

In Fig. 12 we present normalized curves for the path RS to
H4. MNo*e from the figure how well the burn can be tracked. The
burn i seen to move from 6 ft above the coal-seam floor on
October 28 to 8 ft on October 29, 15 ft on Qctober 31, and 19 ft
(having broadened significantly} on November 1. Still later, on
November 3, ve see quite a difference as compared to November 1:
the top 14 ©: of the seam has become much more transparent. The
upper 10 ft is actually more transparant on November 3 than the
baseline., We interpret the data of Novemher 3 as indicating
that, by that time, a void region formed at the top of the coal
seam and the burn had overridden th: seam ({.e., the flow path
was now in the overburdeni. Tharmocouple data support the
conclusion that an override condition existed in thi= region on

November 3.

COMPARISON Of HFEM TO OTHER UCG INSTRUMENTATION

Our HFEM data and interpretations can be compared with those
of the thermocouples and extensometers uged on LLL's UCG
experiment. Twelve thermocouple and twe extensometer wells were
employed in this experiment. Each thermocouple well had six
thermocouples within the coal seam (at 1, 5.5, 10, 14.5, 19, and

23.5 £t above the coal-seam floor) and one or mere in the

R = -
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overburden. Each extensometer well contained six aschocs
iocated in the overburden between 1 and 20 ft above the
coal-seam roof. The thermocouples sensed local temgeratures,
while the extensometer anchors sensed subsidence and collapeing
of the overburden.

Thermocouples sense a burn parameter at a certain spatial
point, but RPFEM 18 sensitive to conditions within a volume
‘along and near the propagation path). In spite of this
difference in sampling, we see good agreement between these two
types of instrumentation. Pigure 13 contains the record fros a
thermocouple well. end normalized HFEM data for the nearest
path (512 to H4), both for the same day. The HFEM data, which
are plotted on a logarithmic scale, indicate about the same
spatial extent and vertical position for the burn as the

thermocoupie data.

Our technique has several important advantager over
thermocouples for instrumenting a UCG exper iment: The HFEM
technique will senge a burn anywhere along its path, whereas
thermocouples must be very close or the burn can go undetected
(for example, thermocouple wells often fail to sense the
raverse-linkage burn). Thermocoupies fail at temperatures
normally encountered within the burn front (approximately
1000°C) and yield no data thereafter, whereas HFEM wells can
be located outside the burn reg’on and provide data after ss
well as before the burn. Also, the HFEM technique requires
fewer wells to map an area and much less expense per well. (To
obtain the same vertical resolution, esach well would require
many thermocouples.}) 1In spite of these advantages for HFEM, we
feel that thermocouples will play an important role in future
UCG exper iments, certainly where temperature information is
desired.

*LLL's well No. Il0.
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During the first 30 days of the UCG burn, when signal
attenuation was modest and our IIPFEM results were more easily
interpreted, the extensome:ers recorded two overburden
collapses. The extensometer anchors located 3 and 6 ft above
the coal-seam roof in one extensometer well broke ioose on
Novamber 4 and November 5, respectively, marking the collapse of

part of the overburden (presumably into the coal seam).

Our HFEM data show a noticeable change after these events.
Figure 14 contains normalized curves for November 3 and November
S (before and after the two collapses occurred) for the path H3
to H4. Note the large signal reduction »f approximately 10 dB
over the upper half of the coal seas. Aoparently, higher-
conductivity (higher-loss) material from the overburden has

falier into the coal seam, reducing signal transmission therein.

DETECTION OF BURN-FRONT LATERAL POSITION

In addition to detecting the mare important wertical
ponition of the burn, we conducted two measurements almed at
determining its lateral position as well. One of these
measurements involved using HFEM in the reflection mode of

operation as described earlier and shown ir Fig. 6.

The reflection-mode measurement was unsuccessful at
detecting the lateral position of the burn frort. With the cuval
having a high conductivity value of 10—2 S/m, the extra path
difference for the reflected wave resulted in a signal strength
much reduced from the direct wave and thus interference hetween
the two was lost ir the system nolse. This technique migh. be

successful in coal of lower conductivity, however.
The other measurement for determining the burn's lateral

poesition was much more successful. In this HFEM technique,

several electramagnetic views of the burn are obtained by

o iy . § .
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recording signatures with different depth offsets between the
two nm:ennau,15 some with the transmitter higher than the
receiver ard some with it lower. Located on opposite sides of
the burn, the two antennas are lowered past the burn while
maintaining a fixed offset in depth. Lines drawn between the
two wells at the depths where the burn is seen will cross at or
near the location of the burn. Figure 15 contains the results
of such an experiment, showing the most likely lateral position
of the burn between the well pairs H3-H1 and H3-H2 at a time
during the reverse-linkage burn. Because one would expect a
jreater accuracy in determining the lateral position when using
larger offsets, this technique should work best for UCG

expe- ‘ments in thicker coal seams.
DISCUSH iUl

Although we had previously transmitted HPEM woves between
horeholes to locate and map gecphysical features, LLL's 1977 0CG
exper iment at Hoe Creek, Wyoming, was our first full-scale
attempt at mapping a burn front. The experiments we performed
there were quite successful. We demonstrated that the technigue
works, in that significant signal-levei changes resulted from
passage of the burn front. We obtained better spatial
resolution than expected and were able to track the motion of
the burn front. Our results agreed wel]l with those of the other
IXG instrusentation (thermccouples and extensometers). Finally,
the technigue demonstrated certain important advantages owver
other down-hole instrumentation: lower cost, langer

measuremants, and better spatial coverage.

During these exper iments, we obtained valuable insight into
areas of our technique that need further development. We need a
more rapid setup and data-acquisition scheme to probe each path
sore often. The rate of change cbserved in our Boe Creek data
1ndicates that each puth should be probed at lesast twice daily.
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We also need 2 more efficient coupling hetwesn the power
amplifier and the ground. This could be done by designing a
dowm-hole amplifier connected directly to the transmitting
antenna. By thus increasing the radiated power from the present
few watts to perhaps 100 W, we could increase the well spacings
or increase the wave frequency (and spatial resolution). The
incressed radiated power would also better enable us to

exper iment with swept-frequency excitation and look for rezeived
signal resonances relatzd to the burn-front geometry. Further,
we need to develop better models and better measurements of the
electrical parameters in the burn. Better models and conduc-
tivity values would permit the parameterization of the
electromagnet:c-wave/burn-front interaction by computer. We
could then better understand and quantify the process, better
plan future UCG mappings, and improve experimental technigues.

The techniques described herein for the use of HFEM waves o
map UCG burn fronts might also be applied to i situ o1l shale
retorting. Al Duba of our laboratory first sugqested this
possipility. We anticipate that the electrlcal properties of
whale and the retort region are within the range of values
needed for a successful applicaticn of our technique. We are
anxious to try our technigue on an in sita oil shale retart in

the aear future.
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FIGURE_CAPTIONS

FIG. 1. Schematic depiction of LLL's 1977 in situ coal
gasification process showing reverse-linkage and forward-burn
phases.

FIG. 2. The high-frequency electromagnetic-wave pcobing
technique.

FIG. 3. Photograph of motorized anten.n-~iole reel used during
LLL's UCG experiment at Hoe Creek, Wyoming.

PIG. 4. Photograph of LLL-desianed electromagnetic-wave
detector consisting of a monopol® antenna with top hat and a
broad-band electronic amplifier.

PIG. 5. Electrical conductivity expected dur.=g in situ coal
gasification as a function of distance from the center of the
burn. Dashed lines indicate regioms of large uncertainty.

FIG. 6. fpeflection mode of HFFM technigue. The high-
conductivity burn front acts much like a mirror, rcflecting part
of the electromagnetic wave.

FIG. 7. Plan views of the wells we employed in LLL's 1977 UCG
exper iment; A is the injection well, B the production well.

Part (a) shows the interwell HFEM paths used to map the region
Detween Wells A and B. Part (b) siiows the paths used to map the
per 1meter of the burn region. Wells used for cther
instrumentation are not ehown.

PIG. 8. Strata around coal seams at liCG site (Hoe Creek,
Wyoming), detarrined from core samples and well logs. The

exper iment took place in the Felix No. 2 seam (subbituminous).
Well Il2 if 10 ft west of Well A, I4 approximately half way
between H2 and SI1, and Well C i0 ft east of Well B {see Fig. 7).

FIG. 9. Baseline data (October 27, 1977) for path H5 to H4 (see
Fig. 7). The freguercy was 19 MHz.

FIG. 10. Baseline curve (Gotober 14, 1977) for path H3 to HL
(see Pig. 7), showing effect of ash layers on AFEM signature.
The frequency was 20.5 MHAz.

FIG. 11. HFEM signatures for path B5 to B4 (see Fig. 7),
showing burn-front detection ind tracking.

FIG. 12. Normalized HFEM signatures for the path HS to H4. Tha
data has been normalized with respect to the baseline data,
permitting easier and more accurate interpretation.

FIG. 13. Ccmparison of HFEM and thermocounle data from the Boe
Creek UCG exper iment.

FIG. 14. Normalized HFEM signatures before (Movember 3) and
after (Wovember 5) collapses in the overburden were recorded by
extensometers.

PIG. 15. Locating the lataral position of the burn front from
several views. Bach of the linea shown results froe ilowering
transmitter and receiver at a constant given offset. Using
several offsets, or views, gives several lines, which interssct
near the burn region. Shaded areas indicate reglon most 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 model for locating the front of a reverse-combustion link has yielded a

tool that appears useful in interpreting thermocouple-response data obtained during field
operation,

THE MODEL

Consider the front of a reverse-combustion link to be a point source of energy release of strength Q, mov-
ing at a constant velocity of U m/s along the x axis in an infinite medium having constant physical properties.
At steady state, the solution to this situation is given in Carslaw and Jaeger, ! p. 267, as

l e
AT =T = Ty m—(\_-’-QTT?_)T:— exp i Li [(.\* + 3)% - x]/.?a l :

where k is the thermal conductivivy of the coal (W /°K-m) and « is the thermal diffusivity given by

a = k/pCp mifs.

» and Cp are the density (kg 'm ) and heat capacity (J/kg-°K), respectively, and AT is the temperature rise
(°K) above ambient, T, The task at hand is 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 {rom that used by Hommert and Beard, 2 who assumed that the
reverse-comt ustion-link formation can be represented by transient-heat conduction. The heat would be con-
ducted into an infinite medium from a circular heat source of constant temperature arriving in the vicinity of
the thermocouple at various times. In {ict. their solution is an approximate one, good for only sma!l values of
the time (Ref. I, p. 336). Our model has an exact solution. If the assumption 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

= Q | 2] g2 2fa2 Fnd 5.9 01
= "[3,.,3/2 k (x2 + r:,uz] hxp(ii/an [ -r {'“%' 3 [U'("" g '"’”6"'5“] o -

o ¢ ,z):;‘:
dat

Data analyzed on the basis of the sieady-state model will always yield estimates 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 suggest a more universal method of data reduction.
Our first idea was to infer the position of the point source by using the maximum temperature alone. This
would be useful for field work, because it requires only a gquick visual scan of temperature traces for peaks.
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Fig. 1. Thermocouples und 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.




This is messy analytically, so we used a more straightforward method based on crossplots of the anaiyti:al
sulition.

Preliminary inforniation about reverse-combustion links and average physical properties for Hoe Creek
T coal are given by
U=1 m/day ~ 1.2 X 1075 m/s 3
a ~ 1077 m?fs 4

k=~ 023 W/(°K - m)4

We may estimnate an upper bound for heat release, assuming complete combustion of carbon with injec-
ted oxygen in a single link, b~

v |
. ) W
Q =~ (0.21) X (2 mole/s air) X (10% cal/mole) X (4.186 J/cal) k|
| v
>~18 X 108 W. |
g |
This heat release is taken to be the strength of the point source. U
Figure 2 illustrates the results of computations using the ahove parameters. The figure plots temperature .,;'
rise as a function of distance (or. equivalently, days) with r as a parameter. All temperature responses even- 1
tually reach a maximum and then decay to zero. The model used in Ref. 2 does not yield this physically correct 3
by situation. In fact, it uses a term "*to account for cooling.” @ It is quite clear that, because of the very low ther- i
" mal diffusivity of wet coal, one must be guite close to the point source before an appreciabie temperature ;
i T
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Fig. 2. Temperature rise vs distance (or time) as a function of radius to axis of the point source.
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Fig. 3. Maximum temperature rise (AT ) as a function of ther-
mocouple radius from the axis of the point source.
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response can be perceived in a reasonable amount of time. For radii greater than 1 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.

AT .x 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, AT, ., is a very weak function of the
radius, r, above about 1 m. The maximum temperature rise is much higher than the data. Significant flow in
the coal seam would account for this lowering. The simple model cannot account for this convection. We
think that the znalysis and the curve generated are valid only for about a 100°K temperature rise, because the
coal begins to dry out at this point. We [urther think that predicted radii much less than about 0.50 m are not
admissable, because they lic 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-
verature. distance, and radius:

4

Here the superscript (+) denotes dimensionless quantities. Equation (2) then becomes

1 1
T* = ————.l exp [- 3‘[(,\” + Yl x*]‘
-4

4.”(“\:*‘2 o r+3)”2
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Fig. 5. Comparison of preliminary Hae Creek Il thermocouple
data with madel. The comparison was done in well I-1 at 10 feef.

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 generated for use in data interpretation. 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 the 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 1-1
well (of the Hoe Creek 11 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 maximum 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 arises 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

R i!'f_\:t At

Xt = (t - 1)U .

i
wd

.

CONCLUSIONS

A simple model has yielded some insight into the interpretation of thermocouple-response data tuken
during reverse-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 possible by
using moving-line or cylindrical heat sources. 0
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A MECHANISTIC THEORY FOR DRYING
OF POROUS MEDIA

ABSTRACT

The basis of a rational phencmenological 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 anaiytical solution for another simplified
model.

SECTION 1
INTRODUCTION

Experience with Hoe Creek Experiment 2 ! has indicated that water is important in the dynamics of un-
derground coal gasification (UCG). Although there are plausible mechanisms to explain this, 2 to our
knowledge, there are no mechanistic mathematical models of the process. A simple model analyzing the two-
dimensional pyrolysis data ® for wet Roland-Smith coal blocks was once begun at the Lawrence Livermore
Laboratory (LLL), but is yet uncompleted. ® 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 810 and ex-
tend them to describe two-phase flow and phase change within porous media.

Two-fluid, two-phase flow theory has not bzen previously applied to describe coal drying. Although the
model is not complete, it nevertheless embodies cufficient 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 processes thought to be involved in UCG. Although the
processes of drying. pyrolysis, 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 gronnd 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

1
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Fig. 2-1. Hypothesized processes involved in underground cosl gasification.

from an ambient temperature T, to the boiling point of water T,. The liquid water evaporates producing
steam H,0,, 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:

b

”.- L ‘--:'“,

B

C + H,0 ~ CO + H,

CO + H,0 - CO; + Ha.
The overall reaction with the solid in the presence of excess steam can be considered to be
C+ 2H,0 - CO, + 2H,. (3)

because, according to Taylor and Bowen who studied these reactions. !! very little CO is formed:; the
predominant products are H, and CQO,. Above 805°C, the reaction is extremely rapid. In the gas phase. H,
and O react rapidly at temperature T; providing the necessary driving force for the above reactions in the
form of radiant heating of the coal face to temperature T,. The coal face moves at velocity U, in a direction
opposite to the steam flow while it is consumed by the steam.

o)
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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. '? In this respect, the physical situation resemble«
reverse combustion where a bu-n front moves opposite to the air flow.

Figure 2-3, part (a), which s adapted from Skafa 3 shows typical gas and solid surface temperatures in a
direction along the coal face. Sclid surface temperatures exhibiting maxima similar to Fig. 2-3 have been pre-
dicted for rapid surface-catalyzed combustion and subsequently measured experimentally. !3-14 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, pyrolysis, and reaction zones 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 these events
probably occur at some point during the forward burn. The interaction of the free stream fluid mechanics is
yet unkiaown, so the surface temperature T, will be used in the model. Although the free stream fluid
mechanics may not be entirely governed by porous media flow, '3 the drying process appears to be more
amenable 1o 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.

Distance along Distance along
the coal face the coal face
(a) (b) ]

—— .—— (Gas temperature Vingin {unafestad] /

’l/
AT

Surface temperature /

—Reacting coal

Pyrolizing
coal

Gas flow Gas flow

Temperature Depth of heating
of the seam

Fig. 2-3. Sckematic of zonality of gasification adapted from Skafa.’
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SECTION 3
A GENERAL THEORY OF DRYING WITHIN
A SINGLE EQUIVALENT PORE

The one-dimensional area averaged equations describing a flowing nonreacting two-phase single compo-
nent mixture in a single equivalent pore are developed in this section.

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 throughout 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. '® 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. !7 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 1nto the mechanisms involved. The inod:l also serves as a useful heuristic base from which
to constrict 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 madel extends a drying model developed by Whittaker. !¢ Whit-
taker uses local volume averaging to obtain his model. The present analysis represents a straight forward but
unique application of recent two-fluid two-phase flow theory 13-20 10 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 two-fluid single component area averaged conservation equations for
flow in a channel are given by 2

continuity equations

) . s+ 0 £
= (Aagpg) T (Aagpgv)

0 d i
+ -
5 (Ao * o (hauny)
momentum eqguations

% (Aaspgvﬂ) + a__‘-;_ (Aagpgv‘vg) - A ;)P

a%— (Aaquvﬂ) + ng- (Aagp[‘v“‘:vc) = - A(JiE

- .

Pl B

3
}
K
:

-y
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Fig. 3- 1. Drying process in a porous medium.

Fig. 3-2. Two-phase flow in a single equiva'ent drying pore.
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and by energy equations

d a , oP AP i
3 (Aagpghg) o (Aa‘ipgv*hg) - Aa” 1 i vB - Amhgs + Ag¥

G} d , aP g & . i
T (Aaﬁpghy) i (A“qu" hQ) - Aa‘, TR K-~ AthS +Aq . 9)

The field equations are coupled by the interaction terms, which include the interphase friction force T\ab B
(v# - vb), the mass transfer rate th, and the interphase heat transfer portions of the phase heat transfer rates
q % The term mV is an interphase momentum transfer term associated with phase change. Terms pg and pare
the thermodynamic densities, A is the total pore flow area, v 8 and v  are the phase velocities, P is the pressure,
and h, and h, are the specific phase enthalpies. When m is positive, evaporation occurs. Because the phase
pressures have been assumed to be equal, capillary pressure forces are not present. This assumption is easily
lifted as shown in the Appendix to include surface tension effects. One-dimensionality is assumed because the
coal face is very thick and because a Jocal model is desired. This local model can be used as a boundary
condition coupling the open cavity space and the ccal seam, as indicated in Fig. 2-2.

The enthalpy form of the energy equations was obtained from the mixed internal energy, enthalpy form
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 developmeni and they
seem to be reasonable.

Additional coupling enters through the constraint 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 2

gt = g8, + giT + qEAP (1)

ext int int

¢ _ @ LT AP
T Yoy T T Y . (12)

The three terms on the right-hand sides in Egs. (11) and ([2) represent the exter:ial and interphase heat transfer
resulting from temperature-driving forces and an interphase heat transfer resulting from pressure change.
The mass transfer rate is divided in a similar manner:

mh, = (mf,, + mo, + m&Mh (13)

gs ext int

~ AP
\l milll)hlts‘
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At this point, the phases will be assumed to be at the same temperature s that in Egs. (11) through (14},

oy =ay =ml =0 . (i5)

int

It is often convenient to work with the mixture energy equation. This equation will now be obtzined from
Egs. (8), (9). and (i1) through (15).
The first two terms in Eq. (8) are expanded as

0 ) ah ﬂ
5T (Aanghn) + a—x- (AQgOEV‘LhF) = Adgp + 7 B

a ) |
v hg I:W (Aagpx) J x (Aaxpgvh)] : (16:

The second term on the right side of Eq. (16) is the vapor-phase continuity equation, Eq. (4). Combining
Eqgs. (4), (B), (11). (15) and (16) results in

oh oh p aP
e ) d ' _) A
Aagpg <at i ox ) = ha (al i ox/) A q\.\t int ) (17)

The equivalent of Eq. (17) for the liquid energy equation is obtained similarly. The resulting expression is
given by

ah, dhy) & 0
Aap, \Fr =) -An\Sr TV ax)t A (qm q,m) . (18)

In the forms given by Egs. (17) and (18), the pore area term A cancels out.
The temperature forms of the energy equations are obtained next by the equations of state (eos):

hy = hyeos (P)and hy = hyeoq (P), (19)
which state that the enthalpies are functions of pressure only since the phase temperatures are equal,

Derivatives of the enthalpies appearing in Egs. (17) and (18} are replaced by temperature derivatives through

dih

2eos ..,
oh. . = oT (20)
cos
and
dh
_ Beos _ 21)
Bhg = dT oT L

cos

The derivatives of phase enthalpies should sirictly be evaluaied along the saturation line. They are usually
replaced by

Yeos , oha o
=3 = lim \Fr/ = Cpu . (22)
a0 P
[
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a“—>0
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where C,, is the phase heat capacity at constunt pressure extrapolated from the single-phase region. By
summing Eqs. (17) and (18) and using Egs. (20). (21), and (22), we obtain

aT - oy OT
(ﬂgpgcpg+aqu pQ) 1l (ugpg(.pgv + awpq('lwv ) =

oP oP
i [5? * (auv"' * aqu) ax]
(qeﬂ qut) (anAtP ¥ qmt )

The sum of the heat transfer rates from internal phase change is related to mass transfer rate by 20

afiF ¢ AP+t - ) mBl =0 . (4)

int int

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 '0

qul + chl Qug T Que = ex\ (hgs l's) ¥ (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

Qua = Ayyhyy (To-T (26)

where h,, is the heat transfer coefficient, Ay is the area available for heat transfer to each phase per pore
cross sectional control volume, and T, is the average pore wall temperature. Combination of Egs. (23)
through (26) produces

T . aT
(“.apgcr‘g t oGy 30t (uppgcps"e {ka ax

P oP
=_[a—+(uv +a‘Q)'(;;—x':|

- mdP (b, - hg) + (T, - TXA +A,h, )

nt wQ wg wg wg

SECTION 4
ENERGY EQUATION FOR THE PORE WATL

The mixture-energy field is coupled to the channel-energy field through the wall-heat transfer that ap-
pears on the iight kand side of Eq. {27). Because thie channel walls are not considered to be imbedded within
the two-phase mixtuie inside the idealized pore. the heat-conduction equation may be averaged independently
to obtain a fizld equation for the average wall temperature T,.
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The wall-heat conduction equation is writtzn in cylindrical coordinates assuming azimuthal symmetry:

oT 2
w R oT\ o°T
24C, BT = K, [? F(I-F)f ﬁ] . (28)

Typical spatial boundary conditions are given by

AR L = (g A g * PgAuXTy - T)

wgwg

+ 2RL = h, 27R L(T, - T,)

R

Tw=Ts(x=0.Rp<r<R)

,RpérSR) . (28d)

Equation (28d) relates the wall heat flux to the fluid through the phase-wall-heat transfer coefficients.
Equation (28b) states that there 1s a heat transfer resistance at the outside wall of the channel.
Equation (28) is integrated over the solid cross-sectional area according to:

Kk oT
w 9 I —— rdrd0
T=Tn or
21.' R k 3 azT
W w
+ ] == e el
ox-
0 -

Assuming constant physical properties, exchange of integration and differentiation, and defining an
average wall temperature by

2 da R
f f T rdrd0 l f T rdrdé
W w
R
P

0 Rp
2n R = T (R2 — Rg)
rdrdd
p

R

T, =
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results in

oT, aT
- Y ) Tpin. S e =
p,Cym (R?-R2) 5 =k, (R = L-Rp

+k, 21 (R? -R2) =

Boundary conditions [Eqs. (28a) and (28b)] allow Eq (31) to be written as
aT,, 37T,

L] (Rz_Rg>pw - (R2 Rz) kw ax2w

- (b, A wQ w!sz -T)

wg “’R
-2R h, (T, -T) . 32)

Division of Eq. (32) by =R 2 and use of the definitions of the phase wall areas per unit of pore flow area results
in

aT i O

w

€uPwCo BT Euky %2 (1- Ew)(hwg, wg

where :, is the volume fraction of the wall given by

2 2

a(R?- R2)L

7R2L

and (I - ¢,,) is the pore volume fraction given by
R2L
TR o

The term A, at the end of Eq. (33) is the external wall heat transfer area divided by the entire volume of the

pore and wall, 2/R. At steady state and in the absence of heat conduction, Eq. (33) simply states that all exter-
nal heat transfer goes into cooling (or heating) the two phase mixture according to:

i 2ﬂRho (T =X ) = (hngwg ¥ hwu wQXT T) i cxt (h gs -hﬁs) * (35)
or equivalently

on(Tw B = - E)G‘wa wg T wQ)(T -5
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SECTION 5
CLOSURE OF THE EQUATION SET

Once expressions are supplied for the friction and heat transfer correlations, area factors, v, and physical
propertics, the set is closed mathematically. Prototypes for these expressions may be found in Ref. 22. The
principal variables are T,. T, v/. v& «® P, and rh. The pressure and temperature are related through an
equation of state as

T=Tu{PiotP=PB_[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. Thsgc equations have been solved for the case of adiabatic walls (no wall heat transfer) in a constant
area duct. =

SECTION 6
ALTERNATIVE FORMS AND SIMPLIFICATIONS OF THE
GENERAL MODEL—COMPARISON WITH OTHER MODELS

Useful alternative forms of the general equations developed in Section § 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:

oT ¥ oT
& . . ~ i X g =Eh| S
(o‘gpgcp_u + qk‘pthQ +P) 5t t [(o:gpg(’pgv# + thk'(plv ) + P av ¥ oy ):‘ =

=-mdl (h -h )+ (T, - T (A h haots. 37

int 8s W “.Q \\,: wg

where P’ is a fundamental thermodynamic variable which may be computed from the Clausius-Clapeyron
equation as:

P—dle"s—-]—hg ~f 38
LT T lTp—-Wp_' (38)

A useful alternative form of the two encrgy equations given by Eqgs. (33) and (37) is obtained by combin-
ing them so as to eliminate the wail heat transfer into the two phase mixture as

% ‘
(1- e N Cout @+ P) 3 + €,0,C, 57

oT
L k £ ¢ = g & il
+(1-¢,) [(agpgcppv + agquva ) + P (ag» +av )] e

2’T, —
= ek _a;—'—(]-f)mAP(h hX,., T -T) . (9
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Equation (39) shows how the grouping of (! - ¢,) @, and (I - €wlag arise. These two factors are the area (or
volume) fraction of the total cross-sectional "ow area occupied by each phase. This grouping can be incor-
porated into Egs. (4) through (7) by the simple transformation:

AN/A T A A,
Ae, = \A T KT)=ATA_TT=AT(1'EW)°‘:J (40)

2 e Awa AT Awu
AR, = A Z—; ot By ot A ; (40a)

The terms involving derivaiives of the wall temperature and the difference between T,, and T, are all relatable
to mL,,, the mass transfer rate developed by wall and external heat transfer. Similar to the approach used by
Lyczkowski and Solbrig 'O the total mass transfer rate can be associated with the terms in Eq. (39) to develop
the constitutive form of this expression as

(@)

oT [ aT
i) \ " P il
L (agpgcpg + a{pQCM +P) - hhs [(agpg(‘pgvg + QQpQCpQVQ) +P o(gvg + oy )J 5

ext h!_,s - hus

m

= -
T, oT

W

o ( € ) Yo3d Pube® | B A, -T)
m =

et

5 41b
T-¢, By = By A L T (41b)

Equations (41) through (41b) show that the mass-transfer rate is determined from the solution of the system of
equations and does nol need to be prescribed 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-differeice
equation may be derived as follows. First the two-component momentum equations are written in nonconser-
vation law form. The resulting vapor momentum equation is divided by A« and the resulting liquid momen-
tum equation is divided by A«,. These two equations are subtracted and solved to obtain the slip velocity as:

avt a vt ave , O
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The relative velocity is easily related to the volumetric flow j through the expression
vBovli=(VE_j)/a,= Vil .

or to the difference in volumetric flows as
vB_yf= agag (Vg -V . (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

3 vq_%ag(Pg P By :
ST N -ng/ogz. @43)

[:4 gQ

An alternative to Eq. (43) is to hypothesize a binary diffusion coefficient by correlating the relative
reliability according to 24

-D aag .
o x - (V¥ - Ve, (44)
2

where V 8 is the superficial velocity of the vapor. Under the same assumption used to derive Eq. (43), a consis-
tent alternative expression for the relative velocity may be obtained as 2!

. ; (P,‘. b Pg) Otgoz’z (BP) o A
Wa ¥ S A & e
P AEQBSQ aXx g’

Equations (43) and (45) would be good first estimates of the relative motion between the phases for the
expected sitva..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 mixture is complete so that they are in a state near thermal equilibrium. In this case Eq. (35)
becomes in the limit as T, » T, and the phase wall heat transfer coefficients become infinite:

- oT
(1 -¢,) (o:gngP[l + anQCPQ +R)r e Cols

oT
el ; AN e
W -ay) [(agpgfpgvg+quq(,pqv ) + P (agvl' A )] Ix

T = {l'=&l) mlnl (hgs—hh_) . (46)

When the solid-two-phase equal temperature dssumption is made, it becomes unclear whether the additional
differential terms should continue to be associated with mm We define the mean heat capacity by

,oCp =(l-¢ )(o:g,og pg+oz‘2p$2 pH+P)+e £,C
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so that Eq, (46) becomes

C a._T & E 1Y ] a_T.
p pm at it (] = Ew) [(agpgcpgv ] a&‘p\z('pﬁv) ¥ P (agpg+al¢p!t)] ox

4
-

= E\!\kw -c'-‘T = ki =4, )mlnl (h

(T-T) . (48)

OW()

Equation (48) corresponds nearly identically with Whillaker s equation VI-1. 6 The minor difference arises
from the presence of P’ being retained. the definition of m3f,, and the presence of an external heat sink which
arises because of external heat transfer from the pore.

An equation resembling Darcy’s law for the relative motion between the phases has already been derived
in Eq. (45). More appropriate expressions can be derived for each of the phase velocities, assuming inertial ef-
fects are minimal and wall friction predominates as

. L el ] e e
¥ —(l_ew)aa = A a—x--'(xn_pagk ’

|_ Av.qus

where V ?is the seepage or superficial velocities. We define the phase permeabilities as

2
K, (1-¢ Jo

M, A..B

wa o wa

Equation (49) then becomes

“O-eay = - m m AT ek Q)

In Eq. (50), we clearly show that the phase permeabilities are functions of volume fraction, wall frictions,
and flow geometry. Equation (31) is basically Whittaker's equations VI-2 and VI-4. 1 The new term arising is
the mass transfer effect upon momentum transfer. The effect, not present in Eq. (51), is the capillary pressure
(see the Appendix). A simplified version of Eq. (51), dropping the mass transfer effect and body force, was
assumed by Ref. 25 in the analysis of rapidly drying wet-sand molds. Water motion was not considered in that
paper.

The next important simplification arises by assuming that the v.:por will move appreciably faster than l‘le
liquid. If ¥ is chosen to be the velocity from: which material is coming ® and m is positive most of the time, ¥
will also be negligible; the body force on the vapor would also be negligible. In this case, the equations of mo-
tion simplity to

(52)
p

='_' gg:_ -
(1 -€,)afv ga

Equation (52) allows the liquid continuity equation to be written as

b .
ETH (Aqp,) = -Am
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Because the phase and wall temperatures are nearly equal, m is basically rh-*,‘;‘. Hence. Eq. (53) may be
substituted into Eq. (48) to form:

o o v B
pCpm il Aok [(angCpav) + P (agpg + anQ)J F™

a2T (l = Gw) a - .
= ke, -ax—2 + A (hgs ~By.) Bt (Aaﬁpg)- bk L AT =T1.)

0 WO

If pressure work terms are negligible, Eq. (54) becomes

oT aT 22T

3 t(l-¢)apC A=l =3

- e’ pe wow a2

pm
(1-eg) a -
’ A (hgs -hy) 37 (Aagpy) - hkoo(T =Ty

p(‘pm = (1 ew)(agpg('pg + oz“,p“(‘pQ * &P €. 1)

wow

The second term on the right-hand side of Eq. (55) can be written in terms of A 1 as

(1-€,) d d
A’r—(l:“j (hgs _hQS) -a_[ [A](l 'Ew)ain] = (hgs _h;“) -a_t [(l -f“’)agp;z] > (56)

provided Ay is not a function of time, This implies that the enure 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. 2€ Such a
refinement is not justifiable at this point. Combination of Eqs. (52a), (55), and (56) and division through by
Gom produces

hkon (T- Tu)

h

gs

g = [l -€.) a, - S T 3 (57
p(':‘m )0[ l( 6“') ka] p(vpm )

aT  PCop® aT  €wkw 22T (hg\ -
—_— —r

-— 4 = — =
at pcpm ) p('pm Ix”
Equation (57) is similar to Eq. (i) in Ref. 27. The main difference is that the ratio of(pg Cl,a_/p('T;m) 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

d d ;
T Bhsfi=a 00, * E(t-rdaml + 55 (A yd =0 . (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

2 g %y ps:ATKg a%p
50 [Ap (1 -€,) og0,] + AQVE == = T =
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assuming Kg/”g is constant. Fquation (59) is basically Eq. (1) of Reference 25, which has apparently dropped
the second term in Eq. (59). Equation (59) ~vn also be written as

.

apg (p!ATKgP ) 82T

0
3t [Ar (1 -e)ap,] + ApVE 7~ = B = (60)

assuming P’ is constant. In this form, the mixture continuity equation now resembles Eq. (2) of Ref. 27. The
primary difference is apparently in interpretirg the concentration of mass. Had there been an assummed
diffusion-type relation between the superficial gas velocity V 8 and the voiumetrix flux j 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
waterj. See Refs. 29-31 for examples.

The main point of our manipulations and simplifications is that the model we have developed is
rcasonable. 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. 6.3

It is useful at this point to suinmarize the minimum realistic equation set:

-
Frmias i

vapor continuity

o el Y

] 2
= 1:(1 -e“,)a!:pgv“] = (l-¢,)m

liquid continuity

5t [0 - e) a) = - (1 - ¢,)mlp,

i
|

vapor momentum

(1- ew)agV‘-‘

mixture energy

AT

oT 5 oT k5
pCr"" 5 +0- ew)agp TV gk =5 % (l-ew)m(hgs-h

g pe whw o 2 R (64)

135

The factor (1 - ¢,,) has been retained even thought it is constant (no shrinkage or chemical reaction). Typical
boundary conditions dre:

a, {0x) =0 (55)

T (0x) = T, (653)




- A T — T | W W, S I S . B S
* , 3 N ¥
: PO E R I SRS T -

m ©0x)=0

oT
71 (tL) =0

T (1,0) = Ts

A typical solution procedure would be as follows.

1. Calculate the temperature of the liquid from Eq. (64) until T » T, where T, is the saturation
temperature.
Assume a value form, set T = T,
Calculate as(and hence ap) from Eq. (62), assuming py is constant.
Calculate the total mass flow of vapor from Eq. (60).
Update the temperature using Eq. (64) and the assumed value for m.
Update m using the new value of temperaiures just obtained using Eq. (64).
Repeat steps 3 through 6 until convergence occurs.
Compute v & from Eq. (63).
Continue computing m uatil a; = 0, at which point vapor begins to superheat.
The pressure may be obtained from the equation of state.

R

SECTION 7
A SIMPLE ANALYTICAL EXAMPLE

Assuming m is small and a steady state situation, Eqgs. (61) through (64) become

daT &Ky 4T

& "¢ GE dx?
PE

) (67)

where G & = (1 - ¢,,) agppv 8, the flux of vapor per total cross-sectional flow area.

These assumptions are made so that we might estimate the thickness of the zone between the complete
vaporization of steam and the beginmng of the pyrolysis section, as shown in Fig. 7-1. Equations (66) and (67)
may be solved subject to the boundary conditions

4T - 4
A K= (hgs -h, )G (67a)

T =1, (67b)

T=T, X (67c)
Refer to Fig. 7-1 for coordinate positions. Equation (67a) states that all the vaporized steam comes from

water vaporizing at x = 0. It is a shock-type approximation to the model presented in the previous section for

the two-phase region. The solution of Egs. (66) and (67) subject to boundary conditions (67b) and (67¢) is
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Fig. 7-1. Region of interest and coordinate system for simple enalytical example.
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where Pe is the Peclet number, still to be determined as
- CCoy "
A £o Ko

Application of boundary condition Eq. (67a) allows £ to be computed from

(ewkw (T2 - Tl)
L=\ In s ) R e | : 69
chpg) Ry = Rys/ “pe =

Assuming a value of the egression rate of the coal face U =10 -9 m/s 7, the mass flux of water needed to
effect this egression rate according to Eq. (3) can be computed as

G3=2Xc“)< IO'hXPcXMHEO/M(T-B/(m 2—5) i (70)

where p is the density of coal. and My, and M- are the molecular weights of water and coal, respectively.
Assuming values of
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by = 0.7,

Pe 1.28 X 106 g/m 3,
My, = 18,

and

Mc 12

Gy =1(2)(0.7)10-%(1.28 X 106)(18)/12

= 2.68 g/(m *-s).
Assuming
| 0.23 watts/(K - m)

< 1.25 3/(g - K).

P8

‘o ©7) 023)
c gt (135 (268) =
PE

5x 1002 m

Assuming further that

T, = 100°C (temperature at which vapor begins to superheat)
T, = 500°C (temperature at which pyrolysis begins),

and
hgs - hy = 2270J /g,

the length of the zone between dryour and pyrolysis initiation becomes

400 \
£ =5x 10%In [(m/ (125) + 1] =10%m =} em

This value of i cm appears reasonable in light of one of the few controlled laboratory experiments in
which a coal monolith was burned and it was found thai 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.

SECTION 8
EXTENSION TO A GLOBAL DRYING MODEL

The single equivalent pore drying model has gained attributes of a “globail’ drying model. The pore
model is translated into a global model by generalizing the terms ¢, and A, according to

20
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(71b)

where V. is the volume of char, V7 1s the total control volume size and A, is the surface area of the coal
block. In a global model, the heat loss to the surroundings is much less than for a single pore and therefore can
be dropped.

The global drying model given by Egs. (5), (27), (33), (51), and (61) generalizes the ad hoc drying
models used in the LLL one-dimensional, packed-bed kinetics model. **

SECTION 9
SUMMARY AND CONCLUSIONS

A mechanistic model describing drying of porous media such 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 reasonableness 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 solution of a highly simplified version of the model yielded an estimate of
the semicoking zone length. The global drying model forms the basis for the more general situation of char
reacting with hot steam, a subject of current investigation.
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SYMBOLS

Pore cross sectional flow area
Total channel cross sectional area including pore cross sectional flow area and wall cross sectional area
Surface area between vapor and liquid
Surface area between vapor and liquid phase per vnit control volume of pore
Surface area of phase **a™ in contact 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
tationary form and viscous drag between wall and phase *‘a”
Average hedt capacity defined by Eq. (47)
Average heat capacity defined by Eq. (55a)
Diffusion coefficient defined by Eq. (44)
Mass flux of vapor = (1 - ¢,) aypv &
Axial component of acceleration due to gravity
Specific enthalpy of phase “a”
Specific enthalpy of saturated ““&"
Wall heat transfer coeificient to phase “a”
QOutside wall heat transfer coefficient
Volumetric flux = Q/A
Permeability of phase “‘a” defined by Eq. (50)
Thermal conductivity of the wall
Wall heat ransfer 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 per unit pore control volume due to interphase temperature difference
Pressure
Fundamental thermodynamic variable defined by Eq. (38)
Volumetric flow
Total heat flux to phase ““a" per unit pore control volume
Heat flux to phate “*a" per unit pore control volume caused by flashing
Wall heat flux to phase “'a’ per unit pore voluine
Heat flux to phase “a" per unit pore control volume due to phase temperature difference
Heat flux 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 twc-phase mixture in pore
Velocity of coal face
Volumetric flux of phase “a™ = (1 - ¢, )d,V *
Drift flux of phase “a™ = V- j
Velocity of phase “a”
Velocity associated with interphase momentum transfer caused by phase change
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Sgatial dimension

Vapor volume fraction

Liquid volume fraction (a, = 1 - ctp)
Vialume fraction of coal

Wall volume fracticn defined by Eq. (34)
Viscosity of phase “‘a”
Density of phase **a”

Density of phase “a" at saturation pressure

Density of channel wall

Averag( density of iwo phase mixture = agp, + arpy
Average density of channel = (1 - ¢,) (agpg + a@e) + cupw
Surface tension
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APPENDIX: INCLUSION OF SURFACE TENSION

For the model derived in this paper, we assumed that the pressures of the two phases are equal.

The cﬂ‘gcs:l of surface tension may easily be included following the approach given by Ramshaw and
Trapp.

The pressure between the two phase is given by

-
RS -

where o is the surface tension and R is the radius of curvature of the interface given by 33
2 29-3/2
L. 1+R2(ﬁ)1
R: p ax2 p \ 90X J

If the assumption is made that

P

the phase pressures became related as

v

Pg-P‘2 = —oRp =3
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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 gas{fi-
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-
sults of this study are compared with published results for Hanna II Phase I

|0

and Phase 11 and with recent Hoe Creek 11 results.3

Background

Two reactions are considered in determining _he overall material balance

for in-situ gasification:

COAlL < ML, x(13) CHAR + [1-%(1)) Volatile Products

CHAR + A(l)o2 + A(2) H,0 — Products

Summing these reactions with the product species enumerated we arrive

at the overall stoichiometric relation for in-situ gasification reported for

Hoe Creek I:A

CH OB +A(1)02 + A(2)H20 - A(‘3)H2 + A(4)CH

+ A(5)CO + A(6)CO, (3)
i B |

4

- : + H 0
Dry ash-free coal + A(7)C2H + A(B)CHG OB A(9)C{a 8

6
(Tar)2 2 (Char? 3




2=

In Equation (3), A(9) represents the net amount of char left under-
ground, resulting from more char being produced in reaction (l) than consumed
in reaction (2).

Assuming the a's and p's are known or can be reasonably estimated,
equation (3) contains nine unknown coefficients A(1)-A{9). To solve for the

unkaown coefficients, unine independent relations must be known. We choose

the following set:

A) Atomic balances 3 equations
Overall C Balance
Overall H Balance
Overall O Balance

Molar ratios of individual equations
product species

Molar ratio of 0, consumed equation
to product species, using
02 tracer ia product gas

TOTAL equations

For air gasification, N, provides the necessary O2 tracer in the

product gas. However for burns other than air a suitable inert 02 tracer

must be supplied.
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HANNA II £XPERIMENTS

The Hanna II in-situ gasification experiments were conducted in the
Hanna #1 coal seam, a 30 foot thick subbituminous coal seam at an approxi-~
mate depth of 275 feet. The physical properties of this coal pertinent to
the solution of Equation (3) are given in Table l. (See Attachment I)

The Hanna II experiments consisted of three phases. Phase T and II

will be discussed here.

-

M Rk S - T W L

TABLE 1. Physical Properties of Hanna II Coal

COAL - C Hgy O, 16.06

=

-
s

a) (H/C ratio) 0.9659
B, (0/C ratio) 0. 1923
TAR - C Hgy Ops

ay (H/C ratic)

By (0/C ratio)

CHAR = C HQ3 Oﬁj 12.12

@3 (H/C ratio) 0.1018

B, (0/C ratio) 0.0003

COAL — X{(1i) CHAR + [1-X(1)] VOLATILE
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HANNA [I 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 resultsl summarizing the forward gasification are presented in

Table 2.

¥

TABLE 2. HANNA II Phase 1 Summary

Overall Average Composition of Product Gas
(volume percent)

o 0 A DM B A & it - 86 2o el

H, 1343
co 14,7
co, 12.4

CH4 33

C2—C4 0.6

Average Operational Parameters

Heating Value of Gas (Gross) 152 Btu/scf

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 11

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)

49.08
16.421
15.913
11.900
5.416

C,-C, 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 ! in conjunction with reported
Phiase 1 results, Equation (3) is solved for the unknown coefficilents A(l) -

A(9). The results of this calculation are presented in ‘able 4.

. .

B

TABLE 4. Stoichiometric Coefficients for Hanna 11 Phase I

0, 0.2732
H,0 0.0474
H,y 0.3443

CH, 0.0657

oS A R e

co 0.2925
0.2468
0.0119
0.0 (assumed)

0.3711

For completeness a second calculation, disregarding the 02 tracer informa-

tion and assuming no net CHAK formation A(9) = O is presented in Table 5.
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TABLE 5. Stolchiometric Coefficients for Hanna I1
Phase I, Assuming No Net CHAR Formation

0.3762
0.3291
0.5475
0.1044
0.4652
0.3924
0.0190
0.0 (assumed)

0.0 (assumed)

Similarly, Equation (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. Stoichiometric Ccafficients for Hanna I1 Phase II

A(l) 0, = 0. 2333
A(2) H,0 = 0.0419
A(3) H, = 0.2897
A(4) CH, = 0.0955
A(5) co = 0.2807
A(6) co, = 0.2099

T 1 -

A(7) C,H = 0.0080

- 2"
i‘ A(8) TAR = 0.0 (assumed)
|

o A(9) CHAR = 0.3979

|

TABLE 7. Stoichiometric Coefficients for Hanna 17
Phase I1I, Assuming No Net CHAR Formed

—_—

Tl e el Y e

TR

4 A(l) 0, = 0.3081
j A(2) Hzo = 0.3552
A(3) H, = 0.4811
A(4) CH4 = 0.1587
A(5) co = 0.4662
ACB) co, = 0.3487
A(7) C2H6 = 0.0132
A(8) TAR = 0.0 (assumed)

A(9) CHAR = 0.0 (assumed)
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Results

Two interesting resulis are evident from the material balances presented

.

in Tables 4 and 6:

s

(1) A large, unreacted CHAR zone is calculated to remain follow-~

ing gasification, in both cases,

and,

4

B

(2) Very little water is calculated to enter into the overall

reaction.

The fracrtion of coal carbonized only to the total amount of coal affected,

carbonized and gasified is A(9)/X(1).

S

For Hanna Il coal, X¥(1) = 0.6533 which yields for Phase I, 57% carbonized

“

and for Phase 11, 61%Z carbonized.

b

Thus total coal consumption, on a dry ash free (DAF) basis, can be

calculated from the operating results in Tables 2 and 3. For Phase I a total

of 1143 tons of coal were affected with 493 tons gasified and 649 tons

carbonized only. LERC repurtsl 538 tons gasified and 475 tons carbonized

which agrees reasonably well.

i
:
t

For Phase 11, a total of 2124 tons of coal were affected with 830 tons

gasified and 1293 tons carbonized. Here LERC reports2 2190 tons of coal

-

SRR

burned on a wet with ash basis, which corresponds to 1367 tons (DAF). This
value was not determined from consideration of a complete material balance

but rather by summing carbon in the product gas, which tacitly assumes that

no net Char is left underground. This is in obvious conflict with material

-

balance results.

T

Cadge o
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Hoe Creek 11 Results

Material balance results for Hoe Creek II are presented in Table 8.

TABLE 8. Stoichiometric Coefficients for Hoe Creek II

i e e Sh LML e

-,

-

:
i

The fraction of carbonized to total coal affected for Hoe Creek 11 is

0.099/0.6725 or 14.7 percent. This compares with 57 and 6l percent carboni-

zation for Phases I and II, respectively.

Also, the amount of water entering into gasification 1s 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 composition, 2) tar composition and amount aad, finally,

3) coal composition.

-l s

In Figure !, 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

S L i £ AAE R P

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 H/C ratio
coupled with a 50 percent change for the 0/C 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 1s
calculated to enter into the overall gasification reaction at Hanna II. 1In
view of tne 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 1

Analysis of Coal Taken from Hanna No. 1 Seam

Hanna I Site

anna 11 Site

As received

Moisture—free

Moisture—~and ash—free

As Recelved

Proximate analysis:
Molsture
Volatile matter
Fixed carbon

Ash

Pltimate analysis:
Hydrogen

Carbon

Nitrogen

Oxygen

Sulfur

Ash

Heating Value

(wt %)

(wt %)

(Btu/1b)

9.51
32.54
34.09
23.76

100.00

36.07
37.67
26.26
100.00

48.91
51.09

100.00

8.62
31.66
30.78
28, 92

"B

5.09
4¢.60
1.29
19.58
.68
23.76
100.00

4.45
54.81
1.43
12.30
w9
26.26
100.60

6.04
74,33
1.94
16.67
1.02

100.00

4.64
45.34
1.14
19.27
0.69
28.92
100.00

8,660

9,580

12,990

8,600
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Calculated CHAR Left Underground, A[9]
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NOMENCLATURE

Enthalpy of gas species *'i*" at temperature T, (calig-mole)

Enthalpy of solid species ""i*" at temperature T, (cal/g)
¢ ias mole fraction of species “*i"" at location '™

Temperature at location *'j** (K)

g-molc)

Gas flux at location *j' (
cm?s

: L g
Liquid water flux at location * ( )
cm? s

Density of solid species k"’ (‘_8_')
\cm’

Molecular weight of solid species **k™
Molecular weight of gas species i

. - cm
Reaction front velocity —
S

. : cm
Drying front velocity (—)
S

- cm
Steam front velocity —
s

Gas species: 1 - N, § = CH,
-0 6 - CO
3 - H.O(g) 7 - CH,
4-H, 8 — Tar

Solid species: 1 - Coal 4 - H.OLF)
2 — Char 5 - Ash
3 - H,O(M)




MOVING EQUILIBRIUM FRONT MODEL FOR
IN SITU GASIFICATION

ABSTRACT

We have developed a simple model foi forward-combustion in situ coal gasification. The maodel
treats chemical and thermal problems of gasification by considering macroscopic material and energy
balances written around the moving fronts associated with the process. At various points in the system. we
assume thermodynamic equilibrium to exist. thus allowing the thermil znd mass balances to be coupled in
such a way that the performance of the system is completely specified. We have done sample calculations for
a number of feed compositions using various assumptions about the thermodynamic properties of the
solid-phase char and system operating pressures. The equilibrium assumptions used are most appropriate for
high oxygen-feed concentrations and for coals with a mole ratio of water to carbon in the char below 0.35.
The usefulness of the model is limited by two primary considerations: predicicd hot gas equilibrium
temperatures can be s0 iow that rate limitations in reaching equilibrium can be severe: and energy release
into the wet coal may not be high enough te en<ure that the predicted rate of drying will exceed the predicted
rate of coal consumption.

INTRODUCTION

To gasity coal in situ, the bed is first prepared and then ignited and a steam-oxygen and/or air
mixture is injected into it to sustain combustion. This report presents a simple model of the response of the
bed to gasification. We feel that the model amplifies our understanding of the gasification process and thereby
helps us to achizve maximum results. One approach to modeling in situ gasification process involves writing
out differential equations describing the rate processes invalved and solving the resulting sct of equations.
This leads to a detailed desc.iption of the process' but at the same time requires detailed submodels to be
generated to describe reaction rates. transport coefficients, etc, The complexity of these modeis, and the
gasification process itself, suggests that the development of simpler models be explored.

We treat chemical and thermal problems of gasification by examining the macroscopic material and
energy balances associated with moving fronts. We assume a one-dimensional adiabatic model in which heat
and mass are only transported in the system by convection. We also assume that equilibrium exists at various
points with respect to chemical changes. Thus, thermal and mass balances can be coupled to completely
specify the performance ot the system.

Stephens®™ previously explored the use of an equilibrium assumption to help understand gasi-
fication. Qur work is different from Stephens’ in that we consider gasification to be a continuous process
rather than a batch process. In addition. we use energy balances to couple equilibrinmn temperatures to
available enerpy, which Stephens did not.

The moving fronts—bed temperatures—important to this model are sketched in Fig 1. Each is
associated with a strorg heat ¢ffect and each front moves at its own velocity. The reaction front represents
the face of the unconsumed char, the drying-pyrolysis front is wheic coal is dried and then pyrolyzed to char,
and the condensation front is where the coal is heated. primarily by steam condensation. to an appropiiate
steam-plateau temperature. We assume that the processes involved in the vicinity of these fronts are rapiu,
and we thus treat changes in this area essentially as step changes. In previous work™ a similar model was
used to investigate pressure drop in the system. However, here we assume pressure drop to be unimpor-
tant and emphasize the chemical makeup of the produced gas as well as the relative motion of thermal
fronts.

The gas species we consider are Oy, Ny. HyO. Hy. CH,. CO, CO,, andd tar: (he nongaseous species
are coal. char, H,O(F), H.O(M), and ash. Char is the basic solid product of coal pyrolysis and tar repre-
sents a psendo-component incorporating all products of pyrolysis that are not among the lisied ges species.
H,O(F) is *“fixed”" or bound water contained in the coal and released in the drying process. and H,O(M1is
“mobile”” water contained in the flow-carrying porosity of the system.

S e

o T

e



A ————— : » i o -] - 3 .
v g ———— - 1.':‘-.&5““"&1”&'..’“ * Moy

MODEL EQUATIONS

The basic model equations involve the mass and energy balances of tne three moving control
volumes shown in Fig. |. Between control volumes we assume that no change in the system occurs and that
gases and solids are the same temperature. Figure 2 shows these control volumes in reference frames
moving at the velocity of the individual fronts. Major inflow and outflow streams are shown for each of the
coatrol volumes R, D, and S. We assume that the gas velocity is much greater than the front velocities and
as a consequence we need not consider relative motion of the control volumes when dealing with gas

streams.
PSS D I'""'J:——‘
' ' { Drying and |
| { | pyrolysis }
' | |
o { | | |
3 ' ' ! ! W —
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Fig. 1. Fronts with moving contrel volumes.
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Fig. 2 Flow streams for niass and energy balances.
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Zone 1 represents the inlet region where we assume that the inlet gas is in thermal equilibrium with
ash. Zone 2 represents the region where the gas-phase that contains reaction products is assumed to be in
thermal and chemical equilibrium with solid containing char and ash. Zone 3 is the steam plateau region
where a solid phase that contains undried coal and ash are assumed to be in thermal and water-vapor/liquid
equilibrium with the flowing gas stream. Zone 4 represents the unheated coal bed, also assumed to bte in
thermal and water-vapor/liquid equilibrium with the flowing gas stream. Also present in Zone 4 is a liquid
water stream. All char/gas reactions are assumed to occur within the confines of control volume R. In con-
trol volume D we assume that water in the wei coal is dried and that solid coal is pyrolyzed to yield gaseous
species and a solid char. In control volume S we assume that the steam condenses to liquid water.

Reaction-Front Control Volume R

The mass balance for species i in control volume R can be written

Py

Sia=00#N ;= 1,

where the numerical subscripts refer to the zone from which or into which a given stream is flowing. the
superscript *'i"" is the gas species, G is the molar gas fluxes, Y is the gas mole fraction, and Wy is the ve-
locity of the reaction front. A separate equation is written for each gas species. The Ry’'s represent
stoichiometric coefTicients defined for the overall reaction of char (CH,Oy)

CH,0O), + a0, + gH.0 — R{H,; + RRCH, + RYCO + RRCO,. {2)

An enthalpy balance around control volume R vields

8
Lk + G, z yig |, = W [p“hf | 7, + 2| 1, — o™i | T,]

=1
8

=Gy 2 Wil

where the gas enthalpy ht is 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 p*, p®, yi. G,, and T,. find Rk, «. 8. Wk, yi. G;. and
T,. The solution is obiained by first rearranging Eq. (3) so that

g 8

Wy = G, 2 yihy l Ts = Ay 21 ‘!;h{ ‘ Al Lk ( Ti

1= 1=

[t |z, oot 1, = o708 ]

Eq. (1) must then be summed over i so that

8
Wy = l:Ge -G, “I“]—] I:P: 2 Ru]
18 =1
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The rest of the solution then involves an iterative process that proceeds in the following manner: T, is
estimated and equilibrium assumption then allows the calculation of Rk, G,, and y' (see Appendix A).
Equations (1) and (5) are then used to calculate iwo values for Wy, 1f they do not agree, a new estimate of the
T, 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.

e

Tk e

Drying-Pyrolysis-Front Control Volume D
The mass balance around control volume D is given for each of the eight gas species as

o —

TS TR T i Ry
4

PRy, . p'Rb 1 _
G, yt + W, ['—MT-"'—W =G,y

-

where R| is the coefficient of the overall reaction for pyrolysis and

e TR,

CH,O4(coal) -» nCH,O,, + R{H,O + R}H,

—

+ RICH, + RECO + RICO,

+ R C.H; (tar) .

-

Also note that the effective char density is defined as

E
|

- M
- 50

wher: R} is the coefTicient for the drying reaction and is simply
R = 1
and Ry = O fori#3 .

The enthalpy balance around the control volume is

8
G, 2 (Yé h | Tz) + Wy [P‘m | T, T o™i | T, * P ] T,

1=1

8

- o | 7, - pht | T,]= G X (y“‘% | T)

1=]




’ The following problem must be solved: given G,, y}, T,, R, Rh. p'. p*, and p*, find Wy, Gy, y}, and T,.
T'he solution is obtained by first combining Egs. (6) and (9) to produce an equation for W,,and eliminating the
unknowns Gyyi. Thus,

Wy = Gy i [yé (h,llrﬂ—h.".l"r:,)]

121

* ‘ Ta™ p*hi I Ty ™ p*hy 't Lo p*h? T,

[(—’ﬂ+&> hHT_-.:i

=40
M M

An equation for G, is generated by summing Eq. (6) over all i:

8
le‘

+ i
p M

The remaining part of the solution procedure is iterative. An estimate is made for Ty, Eq. (10) is solv.d for
Wy. and Eq. (6) is used with i = 3 to calculate yi. The assumption of water-vapor/liquid equilibriuiii in zone

3 allows a relation to calculaie Tj:

PH20 = yiP .

12.6]1 = ——
3

4690 )

and, assuming Py o = exp (

then
T. = 4690 [12.61 — In(Py,0) ] ' (12)

Here Py, is the vapor pressure of water (atm) at T,. If this calculated T; agrees with the estimated value, a
solution has been obtained and the remaining concentrations are found using Eq. (8). If it does not agree. this
value is used as a new estimate for T; and the procedure repeated until agreement is obtained.

Steam Condensation Front-Control Volume S
The gas species mass balances for these control volumes lead to the following:

E L
G.‘\yg = Gly-ll i 6..:! "13‘ -




g et - -—-w—--'-‘-——?il-’d T - SSRGS e & TV
. 5 L

- -

The only change allowed in this control volume is steam condensation that causes an effluent liquid water
stream L,. We assume that the solid phase composition does not change while traversing this front.
The enthalpy balance is

8

Gy z (Y"i hé | ’r“) + W,[p‘ (h; l " [ = h; ' T:‘> + p*(h: l i Py h l T-;)

i=1

1=1

+. P <h2|14—h§'|1‘,>] =G, ) (YihHT,) + L |, -

The following problem must be solved: given G, yi, T,, and Ty, find W,, G,, y}, and L,. Unlike the
previous solutions, these result. an be found directly. First the water vapor concentration in zone 4 is found
by assuming water vapor/liquid equilibrium in zone 4:

3 = PH.'O,T4
yi= ———.
P

Equation (13) with i = 3 is then used along with Eq. (13) summed over i to find the liquid water rate
Li= 188Gy} —yD (2 —yd™. (16)
The equation for gas flow in zone 4 is
G, =G (1 -yl ~yd)™ (7

Equation {13) is then used for each species to determine y;. Finally, Egs. (14), (16), and (17) lead to an
equation for the rate of front movement

8 1
W.=G, - ;2; (y:%MIT,,) + [yi‘hiln] [“((yla_—yyq;]
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THE REACTION FRONT

In *he equations that describe the moving fronts (1 through 18). upstream fronts are, for the most
part. uncoupled from the downsiream fronts. Thus, the motion of the -eaction front and accompanying gas
composition and temperature in zone 2 can be investigated without reference to the other fronts. The primary
variables that influence the reaction front are the gas-feed stream composiiion and temperature, the system
operating pressure, the ash content of the char, and the exact nature of the assumed equilibrium in zone 2.
Total gas flow rate and total solid density influence only the magnitude of W, but not reaction temperature or
composition.

To calculate equilibrium composition (as outlined in Appendix A), several equilibrium constants
must be calculated and the number and composition of chemical species allowed in the equilibrium mixture
must be estimated. The equilibrium constants are calculated from the thermodynamic properties of the
species present in the system. 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 structure is unknown. Consequently.
we have estimated the thermodynamic properties of char (heat of formation, absolute entropy, and heat
capacity) that cover a range of possible specifications, including B-zraphite and a much less ordered
substance with a nonzero standard free-energy of formation. Appendix B describes 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 N,, 0., H,0, H., CH,, CO, and CO. in the gas phase. This list is modified for some
calculations by omitting CH, because it appears in zone 2 via a reaction whose rate is considerably lower
than those for other constituents.

We performed a series of calculations to investigate the influence of the importz it paramezers on
the behavior of the reaction front. The results of some of these calculations are presen’.d to illustrate the
possible range of behavior. These results are divided into five cases that show the inrfluence of particular
variables. Because oxygen concentration is the dominant variable we present a series of concentrations for
each of the five cases. Table 1 presents the pertinernt input data required for each case.

i mol
Table i. Input data for cases A through E: gas flow rate for all cases 1X10 ™ i

CH, Char Ash
Case T present Pressure, Density, Chemistry Density.
atm glim3 glemd
A Dew point Yes 1 0.245 CH 0 416 0.0408
B Dew point Yes 1 0.238 C 0.0408
C Dew point No 1 0.245 CH 50 s 0.0408
D Dew point Yes 30 0.245 CH O e 0.0408
E 300K Yes 1 0.245 CH 4.0 s 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 as 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 slightly with oxygen content because we assume the 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 CQ, are
present. As oxygen concentration increases, the temperature also increases and CO and H, become the
dominant gases. Note the rather complete decomposition of H,O at all conditions. In addition, the calcu-
lated equilibrium temperatures are relatively low at low oxygen concentration. To establish a low-temper-
ature cquilibrium mixture would require very long residence times in the char zone.

e
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Fig. 3. Char adiabatic equilibriura, at | atm with methane; y', Fig. 4. Graphite adiabatic equilibrium, at 1 atm; y', T, vs

T vs mole fraction 0, ir Lue teed. male fraction O, in the feed.

Case B shows the results assuming that the char thermodynamics correspond to B-graphite.
Figure 4 gives the calculated gas composition and temperature for this case. The CH, concentration is
much !ower than that for Case A and H; 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.

Case C shows the influenc. of supnressing CH, on the computed gas composition and temperaiure
(see Fig. 5). Gas compositions are similar to Case B but the equilibrium temperatures are lower, primarily as

a result of the slight increase in steam decomposition.

Temperature — K

723 845 921 1064 2117
0.8 i T | T

Gas mole fraction

0.2 0.3 0.4 0.5
Male fraction of O2 in feed

Fig. 5. Char adiabatic equilibrium, at 1 atm no methane;
¥', T, vs mole fraction O, in the feed.
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Figure 6 gives the calculated gas compositions and temperatures for Case D. We can find the
influence of increased pressure by comparing these results with Case A. The higher pressure operation
slightly increases 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 shows the calculated gas composition and temperatures. When we compare these results to Case A
we see a considerable reduction in the equilibrium temperature caused by the additional heat load of
vaporizing water. The concentrations of CH, and CO, increase in response 1o the lower temperatures.

Temperature — K Temperature — K

951 1063 1168 1387 2223 746 858 920 1050
0.8 T T ] T T T T T

Char 30 atm

Gas mole fraction
Gas mole fraction

0.2 03 0.4 : : 0.2 0.3 0.4

Mole fraction of O2 in feed Mole fraction of O2 in feed

Fig. 6. Char adiabatic equilibrium, at 3 atm with Fig. 7. Char adiabatic equilibrium, at t atm with methane for
methane; y', T, vs mole fraction O; in the feed. Hquid H,O feed; y', T, vs mole fraction O, in the feed.

T T 1 ili

[o0]

I

Reaction front velocity (Wp) — 107° m/s

0.3

Mole fraction of O, in feed

Fig. 8. Reaction front velocity for cases A through £
vs mole fraction O, in the feed.
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The ash content of the char is the only remaining variable that could influence the reaction front.
However, when we removed all the ash from Case A we did not find any significant change in calculated gas
composition or temperature.

Figure 8 shows the velocity of the reaction front for rach case as a function of oxygen feed
concentration. At high oxygen concentrations all cases reach the same asymptote corresponding to the
formation of H, and CO as the only reaction products. The slight offset of Case B stems from the lower
value of char density used in the calculations.

The computed gas compositions as shown in Figs. 3 through 7 are not a function of the magnitude of
the total gas flow. For a constant char/ash ratio they are not a funciion of absolute solid density. In addition,
we have found that W, at a given oxvgen feed concentration is directly proportional to the total feed rate and
inversely proportional to the solid density. Figure 8 can be used to determine W, for any value of reactant
flow or solid density. Appendix D summarizes additional runs including some in which air is assumed
for the feed stream.

In summary, we can make several conclusions about the performance of the model. The most
important vari-.ole influencing the calculated results is the oxygen/steam ratio in the feed gas. The next
consideration is the nature of the char thermodynamics and the presence or absence of methane in the
equilibrium mixture. The operating pressure is less important. The remaining variable, ash content, is of very
little importance. Low oxygen-feed concentrations favor CH, and CO, while high oxygen feeds favor H,
and CO. The temperatures calculated for low exygen concentrations probably invalidate the assumption
that the sysiem would reach such an equilibsium in a reasonable amount of time. Hewever. for reasonably
reactive chars many of the higher oxygen-feed concentrations may approach the calculated equilibrium
states.

THE DRYING/PYROLYSIS FRONT

The heat required to turn wet coal to dry/hot char and the rate at wiich heat is supplied to the front
controls the rate of movemient of the drying/pyrolysis 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 necessarily
coupled to the unstream reaction front.

The change in gas composition and teniperature when crossing the front is of less interest than
changes across the rcaction front because we are not considering any reactions other than the evolution of
pyroysis products and steam.

A discussion of the drying/pyrolysis front must define the solid phase in zone 3 and the pyrolysis
reaction. The solid is wet coal. For the zone 3 solid we take:

p! (coal) = 0.415 —&_, (19)

e

p? (fixed water) = * i gl (20)
cm?

£° (ash) = 0.0408 = 21)
cm’

as well as a coal molecule of CH,, 415 Oy 10s. The assumed pyrolysis reaction is given by
CHy.912 On.194 0.776 CHony Og s + 0.078 H.O
+ 0.083H, + 0.044CH, + 0.163 CO
+ 0.037CO, + 0.014 C,H,, 4(tar). (22)
These values are for a particular subbituminous coal from the Wyodak mine in Wyoming.
We can see that the ratio of the drying/pyrolysis front velocity and the reaction front velocities fora
particular system are independent of both gas feed rate and the total solid density. Thus. the calculated

results for W/Wy, shown in Fig. 9 are independeni of total flow rate and solid density and are shown

10
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Fig. 9. W,/W, vs mole fraction O, in the feed for
cases A through E.

corresponding to the reaction front performances in cases A, B, C. and D.

For the initial physical picture of the process to be valid, the ratio W,/W;, 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 downstream 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 cases the model calculates W,,/W, < 1. We can only model systems with reaction-front
properties that correspond 1o cases A and D for high oxygen-feed concentrations. However, if char behaves
more like graphite (case B), ihe 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 the gas stream and thus slow the reaction front enough to always allow
Wy, to be greater than Wp.

Certainly, real systems with feed compositions and char thermodynamics that yield W,/W, less
than one would perform as adequate gasification schemes. The above results only indicate that they would
not operate with equilibrium compositions and temperature in the hot char zone. Rate processes would he
importan? in these systems.

The primary parameter influencing the speed of the drying/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 W/Wy for a given system is a func-
tion of the ratio of water in the coal to char rormed from the coal. To determine how the model applies to
coals of varying wetness we made a series of runs. We ran cases A, B, C, and D using the same assump-
tions as before except that we varied the amount of water in the coal. Figure 10 shows the results of these
runs. The lines represent the conditions for which W,/W, = 1 as a function of oxygen feed concentration
and coal wetness. Coal systems with water contents on or below any particular line would have calculated
W,/ Wg> 1. This would indicate the possible presence of a hot char bank in equilibrium with the reacted gas
mixture. For all four cases, coals with a mole ratio of water to char less than 0.33 would yield Wy/Wg> 1,
and thus would represent (at least theoretically) possible system performance.
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MODEL APPLICABILITY

The number of possible coal system properties and gasification operating conditions is large.
However, we have established some general guide lines to indicate when the present model might apply. The
three major variables that influence the WyW,, ratio are gas-feed composition, char thermodynamics, and
water/char ratio. Figure 11 defines regions where the model could be at least theoretically applied. Bound-
aries are shown separating the figure into regions. Two of these boundaries represent a system where we
assume the char to behave like 3-graphite: the other two represent a sysiem where the char is a more ac-
tive species with thermodynamic properties estimated for the char CHggsQo.01e- (A system in which

methane is suppressed acts much like that of the 8-graphite system.) Boundaries for (wo pressure levels
for each system are shown.
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We used an additional factor, beyond the consideration of W/W, ratio. 1o establish the boundaries
shown in Fig. 11. While the portion of the boundaries with a horizontal component only require Wy/W, =1,
the vertical boundaries are based on a temperature limitation. This limitation is an attempt to recognize the
fact that equilibri xm will not be achieved in the hot char zone if the calculated equilibrium temperature is not
high enough to promote rapid reaction rates. In Fig. 11 we drew the vertical boundaries somewhat arbitrarily
at the point where calculated hot char temper=ture was 900K,

For a given set of assumptions about cnar thermodynamics, the more the system is below and to the
right of the corresponding boundary, the more likely an equilibrium description of the process would apply.
In this regard, distance from the vertical boundary is more important because it represents a hotter char
zone. Because most reaction rates are exponential in temperature, shifts to the right are accompanied by
large increases in reaction rates in the hot char zone, and thus a greater probability of equilibrium. Increased
distance below the more horizontal portion of the line represents larger values of W,/W, that translate into
the development of larger hot char banks. This increase also increases residence time in the hot char zone as
well as the chances of reaching cquilibrium. However, it is not as important a factor as increased
temperature.

THE STEAM CONDENSATION FRONT

The steam condensation front is a thermal front driven primarily by steam condensation. The only
gas composition change allowed in the model across the front is the removal of steam from the gas phase
accompanied by the appearance of a water phase. We assume the water phase to move out of the system at
a rate identical to its generation rate.

The speed of movement of the front is primarily a function of initial solid temperature, average solid
heat capacity. and water saturation of the gas arriving at the front. In all cases in which a reasonable amount
of water is present in the system, the velocity of the stcam condensation front is much greater than that of the
other fronts. Figure 12 shows a typical result of the ratio of the steam condensation front velocity to that of
both the drying/pryrolysis front and the reaction front. As with the other fronts, W, is directly proportional to
the injected gas flow rate and inversely proportional to the total density. Thus, for a given system the results
in Fig. 11 are independent of total flow and total solid density. These particular results are for a char that we
assume to behave as a g-graphite and for which the other input vanable are those of case B with the additional
assumptior that p, = 0.224 g/cm®.

The movement of the steam front 1s not important in considerations of dry gas production or model
applicability. However, it does allow us to estimate the arrival of steam at the production end of a system.
The size of zone 3 (the region between the drying/pyrolysis and steam condensation fronts) may influence the
overall pressure drop in the system.”

24
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Fig. 12. W./W,, W./W,, vs mole fraction O, in the feed for graphite.
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ENERGY RECOVERY FROM REACTION ZONE

As an example of the results that can be obtained from the model, we calculated several parameters
that are important in the optimization of the gasification process. We limited our consideration to products
from the reaction zone for cases A. B, C, and D described in the earlier section.

Figure 13 shows calculated values of energy recovery in the gas as a function of oxygen feed
concentration. The two sets of curves represent two methods of reporting the results. One is the ratio of the
heat of combustion of the produced gas to the heat of combustion of the char consumed. The other relates
the energy produced in the gas to the amount of oxygen required. The calculated energy recovery as a
fraction of that in the char is nearly constant, decreasing slightly for higher oxygen-feed concentrations.
This decrcase results from the increase in waste-sensible heat at the higher oxygen concentration. Values
of this ratio greater than one arise because steam feed is used in these examples and because heats of com-
bustiun of the product gases use water at 298K as the combustion product. A latter example, which ac-

ounts for the energy delivered into the system by the steam, always gives values of the heat-recovery ratio
less than unity.

The gas heat of combustion per mole of oxygen feed shows more variation than the fraction
recovery ratio. The trend for all four cases tavors lower oxygen concentration. This trend is more pro-
nounced in cases A and D where substantial amounts of methane are present. As more oxygen is used, the
temperature increases and the methane drops rather rapidly. The dotted portion of the curves represent
systems with a calculated char temperature less than %00K.

Another important consideration in gasification performance is the heating value of the dry
produced gas. Figure 14 presents calculated dry gas heating values reported here as heats of combustion with
final products at 25°C ard water in the liquid form. Here we can sec two different trends. The models using
char as CHy 4Oy o1s Show a decrease in the gas heating value as oxygen concentration is increased. In these
systems, this decrease corresponds to the decrease in methane at higher oxygen concentrations. as methane
has a strong influence on the heating value. On the other hand, models using either graphite thermodynamics
or those that suppress methane show the opposite trend. Because little or no methane is present in these
systems, the CO, level is the dominant factor that controls the heating value. At higher oxygen concen-
trations. the CO, concentration decreases and thus the heating value increases.

Figure 15 compares the relative energy recovery using steam and water feed. For the steam
calculations we assumed that the oxygen/steam feed was at its dew point. For the liquid calculations, we
assumed thar the oxygen/iiquid sater feed was at J00K. We completed this calculation for char that be-
haved like B-graphite at a pressure of 30 atm. For the steam feed case there are two bases for the relative
energy recovery: a gross value based solely on the heating value of the produced gas at 298K. and a result
calculated by subtracting from the gross gas 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 shows the net cold-gas energy
recovery to be greater than that for the liguid feed over i considerable range of oxygen feed compositions.
However, we have not considered any inefficiency in stzam generation. Also, the greatest differences appear
at low oxygen concentrations where the computed equilibrium temperatures are lowest and where the
equilibrium assumption is most likely to break down. We found that tne calculated results showed a similar
trend at low pressure (1 atm), but for systems with substantial amounts of methane (e.g.. the char of case A),
we did not compute any difference in correcte.! steam-feed systems and liquid feed systems. 5[_L

In all the above computations, the inclusion of the drying/pyrolysis front in the system would
influence the results. Including the pvrolysis gas in the system generally softens trends in the computed :
energy recovery as a function of oxygen because it is more or less a constant additive term. }
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Fig. 13. Energy recovery from reaction zone vs mole fraction O, in the feed for cases A through D.
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Fig. 16. Wyodak coal energy recovery assuming (-graphite
char properties.

WYODAK COAL CALCULATIONS

This section presents some examples of calculated results for a typical overall system. The coal
properties and pryrolsis behavior are those of subbituminous coa! from the Wyodak mine.* * We assume the
thermodynamic properties of the char to be those of 3-graphite, primarily because they allow calculations on
the full system to be carried out uver a complete range of oxygen/steam ratios, not because they are
necessarily the recommended values for the char obtained from this coal.

Figure 16 shows the calculated energy recovered in the form of combustible gas after the complete
gasification of a quantity of coal. In this calculation we assume that the components treated here as tar do not
contribute to the energy recovered. The results shown are not a function of the total amount of coal gasified
because the results are presented in the form of ratios. We have only shown the results for which the hot char
zone had a temperature of 900K. The fractional energy recovery is reasonably constant at 0.75 to 0.8 over
the range of oxygen concentrations. The calculated ratio of total gas heat of combustion per mole of oxygen
put into the system again shows more variation and again favors lower oxygen concentrations. The system
pressure is shown to have little influence in the 1-w0-30-atm range.
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_ Figure 17 shows calculated velocities of each of the three fronts. We performed these calculations
using a particular gas rate and set of solid concentrations:

_g-mole
cm?s

pr =045 g/em?

p: =0.238 g/cm?

ps =0.224 g/cm?

p; =0.0408 glcm?

5
po= fi=0.918 g/em?

=1 .

G, =1x10"

However, as we previously pointed out, velocities of each front for other flow rates and total densities can bc
calculated using

G p
“( £ “( new uid
new T old = J
old Purw

i |
Pressure 1 atm

i
0.2 0.4 0.6
Mole fraction of O2 in feed

Fig. 17. Wyodak coal front velocities assuming 3-graphite char properties.

The front velocities are shown for a system operating at 1 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 used is that given above. In the results, we use dimensionless
units so that the assumed length, absolute flow rate. and total solid density are not important. This particular
run used an oxygen feed-stream mole fraction of 0.2. The rest of the feed stream was steamed at its dewpoint
(432K); pressure was taken at 30 atm.
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Fig. 18. W r<dak coal calculated gas flow and exit temperature assuming (3-graphite char properties.

Exit gas flow rates and temperatures are shown in Fig. 18. The changes in the variables occur in
stepwise curves that correspond to the arrivals of the three fronts at the exhaust end of the system. The
change in exhaust gas composition also occurs in the same stepwise fashion as shown in Fig. 19.

The curves shown above as well as water production rates and gas heating value can be generated
for any coal system and gas fecd composition using 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 concentrations 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 the model is applicable, the overall predicted energy recovery is rather
insensitive to the process variables considered. The energy recovery per unit of oxygen consumed is
somewhat more sensitive, and favors low oxygen-feed concentrations. Under certain assumptions 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 system are
influenced by the following (given in order of importance):

e Feed stream composition. !

o Char thermodynamics and/or assumed presence of CH, in the hot char zone equilibrium. b

s System operating pressure.

The pressure is much less important than the first two factors.

Future work should include an examination of alternate pseudo-cquilibrium assumptions 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 applicabiiity of the model.
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APPENDIX A
A GAS PHASE EQUILIBRIUM 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 represented by the formula CH,O,. For a Wyoming
subbituminous coal' dried at 400 K. a = 0.8, b = 0.2. Pyrolysis of this coal at about 800K gives a coal char
witha = 0.4, b = 0.1. Hyrdrogen and oxygen content continue to diminish as temperature increases, leading
eventually to the formation of graphite. Graphitization, however. is a slow process requiring temperatures
above 2000K." For our present purposes. we assume that the composition and thermedynamic properties of
the char are know and that it reaches equilibrium with a feed stream containing oxygen, steam, and nitrogen.

The phase rule tells us that there are 3 deg of freedom in a system containing four **components™
(C,H.O.N) and two phases (gas and solid). The system is then fixed by specifying temperature, pressure,
and two gas-phase composition variables. For composition variables we choose the molar ratio of steam/
oxygen (s) and nitrogen/oxygen {(n) in the feed stream. As a convenient basis for calculation, we take 1
mole of equilibrium product gas and consider the eight species ioted in Table A-1. Oxygen wiil not be pre-
sent at equilibrium in a significant amount and we list 1t as a trace species. The initial moles of oxygen in the
feed stream are defined as y moles O,. We require char to be present at equilibrium. A trace quantity is
sufficient 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.

Table A-1. Initial and equilibrium species

Gas species Initial moles Equilibrium moles

0, M Trace
CcO o X,
CO, d X2
H. 0 X
CH, ] X4
H,0 Sy X5
N: ny Xg
Solid y(l+s+n) 1

CH,O0, z Trace

We have a total of eight unknowns listed in Table A-1, including the equilibrium composition
varniables x, to x4, 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; + Xo + Xy (A-1)
From an oxygen balance,

y = (X; + 2X, + X5 — bz)/(2 + s). (A-2)
From a nitrogen balance,

Xg = ay (A-3)
where a = n/(2+s). (A-4)
Using the above with a hydrogen balance gives,

Xy = Cy — Cix; — Cyxp — Cyxy, (A-5)

Xg = Do — Dix; — Daxy — Dyxg, (A-6)
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Co = GJCs, (A7)
C, = {Cs [1 +a1-1)] + B(1=b) + 12} IC,, (A-8)
C. = {C; [1 + a2-b)] + p(2-b) + a2} /C,, (A-9)
C; = (Cy ~ DIC,, (A-10)
Ci=Cyl+a) ~ 1 + B, (A-11)
Cy = (2 — a2 + Bb)/(1-ab), (A-12)
B = s/(2+s), (A-13)
D, = [1 = (1+a)Cy] /Dy, (A-14)
D, = [I + a(l-b) — (1+a)C,] /D,, (A-15)
D; = [1 + a2-b) — (1+x)C,] /D, (A-16)
D, = [1 - (1+&)Cy] /D,, (A-17)
D;=1- ab. (A-18)

We are left with three unknowns, x,, X, and x; that require three independent reaction-equilibrium

expressions involving the unknown species. For these we take:

(1) CC + H,0 = CO, + H,, (A-19)

(2) CH,O, + (1-b) CO, (2--b) CO + (%) H,, (A-20)

-

(3) CH,O, + (2 = %— b) H, CH, + (bjH,O. (A-21)

Let K,, K,, and K, represent the equilibrium constants at a given temperature and pressure for the above
three reactions and define

fi = K XXz — XoXj, (A-22)
f:! = szzl =h xl':»h xsu'." (A'23)

fo=Kuxy 2 --%+ b — xxb. (A-24)

The f; 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,, X5, and x; on the jth iteration
and call these xi. we can form new estimates x,'*! by solving the linear equatiors

3
fi + 2 .a—f'(xt“ - x) = 0,i=123.
k=1

Xk
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The derivatives -;——'- are available from Eqs. (A-22)-(A-24) with x, and x; replaced by Egs. (A-5) and
(A-6). Xk
The gb()ve method of determining the equilibrium composition has be=n programmed for computer
solution and converges quite rapidly. We have found that a single starting estimate,
X; = 0.30, x, = 0.15, x, = 0.10,
suffices over the range of conditions of interest to us:

P = 100 Atm,
S S
n

500 = T = 2000 K.
I
1
0

2 4.

Far an accuracy of within = 10 % in mole fraction. about five iterations are needed at 2000 K increasing to
about 15 iterations at 500 K. Calculated results from this gas/char equilibrium computer program are
discussed elsewhere in this report.

In our calculations we have not considered hydrocarbon gases other than methane on the grounds
that they will not be present in significant amounts except at low temperatures where we do not expect
equilibrium to prevail. One can argue that methane may not be present because the methane formation
reaction is not rapid without a catalyst. A modification of the program to suppress methane is simply to set K,
= 0in Eq. (A-24). The calculation then proceeds smoothly to converge with methane suppressed.

A second modification allows for an arbitrary feed gas composition. l.et

h, = moles initial CO/mole O,, (A-26)
h, = moles initial CO/mole O,. (A-27)
h, = moles initial Hy/mole O., (A-28)
h, = moles initial CHy/mole O,. (A-29)

One can show from element balances that the only change needed in the program is to redefine o and
B [(Egs. (A-4) and (A-13))] to read:

a = n/[2+s+h,(1-b) + hy2=b) — h,b] . (A-30)

s — h,a/2 — h.a/2 + hy + hy2-a/2)

T Ot LR~

(A-31)
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APPENDIX B
COMPUTER PROGRAM

The solution of the equations outlined in the body of the report dre obtained through the use of a
FORTRAN computer code written to run on LLL s DCD 7600 computers. The program consists of a main
program and a number of subroutines. Below is a short 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 solutions around the drying/pyrolysis and the steam condensation front.

Subroutine TBURN

This subroutine is responsible for obtaining a solution to the equations written to descrite the
reaction front. It iterates the solution to obtain a consistent gas composition and gas temperature in the hot
char zone as well as a reaction front vetocity. It is called by MAIN.

Subroutine EQUILX

This subroutine calculates gas composition in equilibrium with excess coal char, given temperature
pressure, and inlet gas composition. It is called by TBURN,

Function ROOT

This is a routine written by A. C. Hindmarsh'! that is used by MAIN as a root-finding routine to
calculate the steam-plateau temperature. it is called by MAIN.

Function FUN

This is a routine called by ROOT to establish the function, in this case a relation for the steam-
plateau temperature, that ROOT is solving.

Subroutine HREACT

This subroutine contains the specifications of all the thermodynamic properties. Depending en the
type of call, it calculates equilibrium constants or enthalpies of cach 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 AlJ

This subroutine calculates sitochiometric coefficients required by the problem solution. 1t also
specifies and/or calculates molecular weights for all species. It is called only once by MAIN.
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Subroutine QUT

values existing in the system as a function of time. This routine is only entered if Wy, > Wyg. It is called by
MAIN,

This subroutine calculates values for gas composition, gas flow rates. temperatures. and heating

Subroutine PNT

This subroutine writes most of the output generated by the program. It is called by MAIN. Follow-

ing is an example of a computer source pregram.

C

0000000000000 000NNNNDNNNONONNONONNONNNNNONNONNONNONNOOONNNOON0

PROGRAM EMOD (INPUT,EOUT, TAPE2=INPU1, TAPE3=EQUT)

3113111333831 23 1331433 ettt vttt eesttidtitittsttttststtsttt
THIS PROGRAM WILL CALCULATE GAS COMPOSITIEGNS, TEMPERATURES, AND

VELOCITIES OF A GASIFICATION PROCESS DIVED INTO THREE ZONES.
THESE INCLUDE A REACTION ZONE,A STEAM PLATEAU ZONE,AND

A UNHEATED COAL ZONE. EQUIL!BRIUM RELATIONS ARE USED

TO CALCU! ATE THE REACTION ZONE GAS COMPOSITON AND TEMPREATURE
CONTSTRAINTED BE MATERIAL AND ENERGY BALANCE CONS]1DERATIONS.
THE FORMATION OF METHANE IN THIS ZONE MAY BE SUPPRESSED IF
DESIRED. OAS COMPOSITION IN THE STEAM PLAT:IAU ZONE 1S FOUND
BY DETERMINING THE AMOUNT OF DRYING AND PYROLYSIS

ASSOCIALTED WITH THE COOLING OF THE HOT REACTION GAS. FINALLY
IN THE UNHEATED Z2ONE THE GAS COMPOSITION 1S CALCULATED BASED
ON REMOVAL OF THE APPROPRIATE AMDUNT OF WATER FROM

THE GAS PHASE,

A HEAT LOSS TERM MAY BE ASSOCIATED WITH THE REACTION ZONE
BY SPECIFYING QLOSS AND TLOSS, WHERE
HEAT LOSS=0LOSS(TREACTION-TLOSS)

INPUT:
Ai-H/C RATIO IN CHAR
B1-0/C RATI@ IN CHAR
A2-H/C RATIO IN COAL
B2-0/C RATIO IN COAL
A3-H/C RATIO IN TAR
ETA2-RATIG C-CHAR/C-COAL

ETA3-RATIO C-TAR/C-COAL
ROB-EFFECTIVE DENSITY OF COAL BED
FCOAL-WE!I TGHT FRACTIGN C IN DAF COAL
FH2OF -WEIGHT FRACTION FIXED WATER IN TOTAL SOLID
FH20M-WEIGHT FRACTION MOBILE WATER IN TOTAL SOLID
FASH-WEIGHT FRACTION ASH IN TOTAL SOLLIOD
61 -FEED RATE (MOL/S)
TO-FEED TEMPERATURE (K)
TI-INITIAL COAL TEMPERATURE (K)
XL-BED LENGTH (CM)
PRES-SYSTEM PRESSURE (ATM)
FS-INJECTED STEAM/02 RATIO
FN-INJECTED N2/02 RATIG
FL-INJECTED LIQ H20/02 RATID
BV(7)-.8T.0 NO CH4 IN REACTION ZONE
.LE.O CH4 IN REACTICN ZONE
QLOSS-HEAT LOSS COEFICIENT IN REATION ZONE
CAL/K/MOL OF PRGDUCT GAS
TLOSS-TEMPERATURE PARAMETER IN REACTION ZONE HEAT LOSS (K)
THERM-.LE.O WILL USE A1 AND B! FOR_THERMODYNAMIC PROPERTIS
OF EXCESS SOLID IN REACTICON ZONE
.GT.0 WILL USE A4 AND B4 FOR THERMO PROPERTIES
Ad4-H/C RATIO FOR SPECIAL THERMO PROPERTIES
B4-0/C RATIO FOR SPECIAL THERMO PROPERTIES

!XXZSEQ?;;XXXZXXZZXXZXXZ%XXXXXXZXZXZZZI%Z%ZXXXXZZZZZZ%%ZXXXXXXZXZ

NAL FUN
COMMON/GIVE/ BV(20),TK(20)
COMMON/ROOTCOM/ XX(20),YY(20)
COMMON/PNT/IRUN,G,Y(8) . TR, X(8) ,RO(5), T, TS,U,V,W, XL,S,0C

1 ,FW,FP,PRES,G1,0END(100,12)
z ﬁaégg;‘gegég)TLcss

3 1

COMMAN/PAR/A(13, 8%, WM(13),F(8),HF298(13) ,ROS(5) , XXL, PX
COMMON/STO1C1/A} Bi,A2,B2 A3, A4, B4, ETAT, ETA2, ETA3, WW, WA, I THERM
COMMEN/ENTHAL/ ENT(13)

COMMON/ONE/T1, T5, 76

DIMENSIGN DUM(8

CALL CHANGE (SH+EQMD)

Lwa200C0

CALL CREATE (4HEOUT,LW,MIW)

pr
- A=~
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, FH26M, FASH
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XL, PRES
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,TS, TS, TS, DUM, PRES)
TS

Ly
<
-
w
3
s
Wi
l’
N
~I
N
m
N
<
(1]
-
<

ROB

) xWM(10) /WM(S)xA(10
THE

xENT(J)
(¥

FCOAL

-~
DOD~
~ o VNN N~

-y () o~
F T
HIdH-EX ~

+ <<HRNHNY X
S OWe— N~~~ n

8287889

8

)))))
DOT—N
SR
ENENINENENE =
OO vi-T
nH O RRR YK -
A - _JON
~NOTHOND IO I
e v N <OD
>>>>>>>>+00I0

)

ACT (3,TR, TR, TR, DUM, PRES)

02)
)
(8
€
1
J3

7
K
R
WILL YIELD THE STEAM PLATEUA TEMPERATURE.

TS=ROOT (FUN, ERR
HO+X(JSRENT(J)

)=TK(8)

USE ROOT SUBROUTINE TO FIND ZERGC OF FUNCTION FUN.

CALL HREACT (O
BCx=TK(1)+TK(2)+TK(4)

§8a0
CALL TBURN

CALL HREACT

HG

DO 40 J=1 .8

0.
DO 30 J=1
30 HG=HG+Y (JIXENT(J)

T2=62HO

HG=0.

[=}
o
=

40 HG




=X(3))
2.61-4690./7T1)
ES-VPR)

V== N
s -

GDR+PDR)
(3)xB+X(3) xP+VxFW
WLO2WV -WO

OxENT(J)
xPxENT(3)

)

)
(3,T1,T1,T1,DUM, PRES)
ThH

LEDVDBDIVGCVIO VLS

<Q—=—=—@n POON N
fHANOUSDDIC~

(
3 (
CALL HREAC
HG=-Y (3)xE

DO 50 Ja1,8

50 He- H@+Y<JS:ENT(J)
R230xH
He--x(a)-ENT(a)
DO 60 J=1

60 HG= HG+X(JS~ENT(J)

x
3
3
T
N

ccC BASED ON CALCULATED STEAM TEM
cc RATES FIND THE DRYING/PYRILYSIS AND THE STEAM
80 CONDENSATION FRONT VELOCITIES.

U=(R1-R2+R3- R4+R5 R6 R7)/(R8-R9+R10-~R11+R12-R13+R14-R15)

TERATURE AND ON GAS FLOW
T

W=0xQCxWM(10) /RO(

FOR=1./(1. +GV(4)+GV(5)+GV(6))
GEND( I RUN, 1)26V (4,

GEND ( |RUN 2) afO2

GEND( 1RUN. 3) =PRES

OEND(1RUN.4)aTO

OEND( {RUN. 5)=TR

GEND( IRUN. 6)=TS

OEND(IRUN, 7)=W

GEND( IRUN. 8} =V

SEND( IRUN, 8) =U

OEND(IRUN 10) =V /W

HCHAR=HF 288( 10) *94052. +A1/2. x68317,
BZ(1)=Y(4)%68317.+Y(5)x212800, +Y(6)*67636 .
BZ(2)=BZ(1)/HCHAR/OGC
FTOI@V(4) +GV(8) +1. +BV(5)

TT26V(3)

CALL HREACT (3,TT,TT,TT,DUM, PRES
HOFFaGV(4) /F FTOLENT( 331GV () /ETORENT (11241, /FTOXENT(2)
1 +GV(5)/FTOXENT(1)

HOFF=HOFF-1./FTOx13, - (OV(4) /FTO+GV(6) /FTO) x (-68300, ) -BV(5) /FTO=13.
BZ(3)=(B2(1)x5/0] ~HOFF)
BZ(4)=BZ(3)/GC/HCHARXG] /0
BZ(3)=BZ(3)/OEND(]RUN, 2)
BZ(1)=BZ(1)*G/G1 /OEND( IRUN, 2)

BZ(5)=HEFF

IF (V.LT.W) GO T6 70

CALL OUT

70 CONTINUE
60 1O
1000 CONTINUE

Kl
4000 EORMAT (B5(2X,E12.3))

SUBROUTINE TBURN
CXXIXXEXLXXXXXIXZIXZXXAXAIRZIXIZIZIIRAZXXRXZXARXAXXRZRIRRRRXIRRZXAXNZZXRZZR
C

g CALCULATES THE REACTION ZONE TEMPERATURE.

CRRXXSEXXXXXEZIZEXLZAZAZZZAZXZRRRXIXRXRAKXALZRRRIRKXXRKARARARXAAALXIAR
COMMON/GIVE/ 0OV(20), TK(20)
COMMON/1SIG/ NXCH4
1COMMON/STO]C1/A1 ,B1,A2,B2,A3,A4,B4,ETAY , ETAZ2,ETAS

XXX
coﬁmoN /CAP/ C(1

3,%5)
COMMON/PAR/A(13, BS,HM(ISJ.F(B),HF298(13),RGS(5),XL,PO
COMMON /ENTHAL/ HI(13)
DIMENSION X(6) ,1D(12),HI0(13),HR(8)
T0=2500
[F ((FS+FL: .1.8) TO=5000.
DT=-100

R ST S
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TaTO-DT
DTOaDT

NT=50
NLOOK=-1
GPIGV(1‘
P=@V(2)
NXCHd'GV(7)+0 001

<@ Oouou
AL CC
e
u_n_n_a
~ =0
~

1S TOTAL H25/02 RATIO

FTaFL+FS

TOUT=GV(8)

NTRY=0

NLAST=0

LAPaQ

Sg_700 Mx1,NT

LAP=LAP

TaT+DT

CALL EQUILX (T,P,FT,FN,X,2,Y,PF)

MATERIAL BALANCE-BASIS ONE MCLZ PRODUCT GAS

SGLIDS IN
CHAR AND ASH

CHAR‘Z
aCHAR/ETA2xWM(9) /FCOALXFASH/WM{( 13)
INPUT GAS LiQUIDS
,H20(G) ,H20 (L) , N2
GZlN=Y

XN2IN=YxFN
HZ INzYxFS
20L IN=YxFL

GAS PRODUCTS ouT

H20, H2, CO, Ca2, CH4
cobT=X(1)

Ba AR SR RS e i s Y

SOLID OUT
ASH EQUAL TG ASH IN

ENERGY BALANCE
LL HREACT

H1N=OZINIHI NxHY (3)+H2OLINxHI (11)

+H2CGTxH] (4) +CH40TxHI (5)
+H200TxH OSSx (T-TLOSS)
lF (HIN~HOUT)
I1F (NTRY) 750,420, 4
NTRY a1
T=T-DT
DTaDTG/10.
Q0 TO 700
450 IF (NLAST) 750, 4860, 750
460 NLAST=1
T=7-DT
DT=DTG/100.
700 CONTINUE
750 CONTINUE

C
CC IF LAP,LT.NT THEN SUCCESSFULLY FOUND BURN TEMPERATURE AND
cC GAS COMPOSITION

IF (LAP.LE.NT) GO TU 760
WRITE (3,1000)
EORMATxf$ GOHNU SbLUTIUN FOUND IN TBURN ,19,9X,F8.2)

END
SUBROUTINE EQUILX(T.P.F8.FN.X.2.Y.PF)
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CEXXLXXXXXXRXXXXXXXRXXXRAXAXXKXXLAXAXAXAXXAAAARXAXALARAXAXARARRXXXXXARK
g CALCULATES EQUILIBRIUM GAS _COMPOSITION AT A PRESSURE OF P
c ND A TEMPERATURE OF T. EXCESS SOLID CHAR 1S ASSUMED
¢ 6°8E PRESE
C IMPUTS: T-TEMPERATURE (K)
& P-PRESSURE (ATM)
¢ FS-RATIG H20 T8 ©2 IN FEED
c FN-RATIO OF N2 TO ©2 IN FEED
¢ NXCH4-1F.LE.O SUPPRESSES CH4 IN REACTION ZONE BY
& SETTING EK3=EK(71=0.
c IF .GT.0 CH4 ASSUMED PRESENT IN REACTION ZONE.
g
C OUTPUTS: X(K)-PROD, GAS COMPOSITION
3 ¢ 1-CO
c 2-co2
¢ 3-H2
c 4-CH4
0 5- H20
c 6-
¢ 2-moLES OF CHAR (ONE CARBEN) REACTED PER MOLE GAS PRODUCED
c -MOLES OF 02 PER MGLE OF PRODUCT GAS
g FFNGLES PF PRODUCT GAS PER MOLE OF FEED
czzxxxxxxxxxxxxzzzxzxzxzxzxxxxxzxxzxzzzxzxxxxxxxxxxxxxxxxxxxxxzxxxxzxx

CCMMON/18S16/ NXCH
CUMMON/STU)I(CI/AI Bl A2,B2,A3,A4,B4,ETAY,ETA2,ETAS

X
olnENSiON EK(8) ,X(8)

ELMEN?IUN DF(3,%),F(3),0X(3),BS(9),RS(3),WS(3),VS(3)
ALFA3FN/(2,04FS)

BETA=FS/(2.0+FS)

CS=(2.0-AH+BETAXB1)/(1.0-ALFAXB1)

. 1

C4=C5x (1, 0+ALFA)-1,0+BETA
) C0=C5/C4
X Cl=(CSx(1,0+ALFAx(1.0-B1))+BETA=(1.0-B1)+AH)/C4
C23(COx(1.0+ALFAx(2.0-B:))+BETAx(2.0-B1) +AH) 7Cd
" C32(C5-1.0)/C4 ]
D4z1,0-ALFAXB1
- JOa(1.0-(1.0+ALFA)*CO) /D4
b Di1=(1.0+ALFAX(1.0-B1)-(1.0+ALFA)xC1)/D4
n2=(1. 0+ALFA!(2 0-B1)-(1.0+ALFAIxC2) /04
. D3=(1,0-(1,0+ALFA}xC3) /D4
} ouma1i% 8
. DUM3=22.0-B1
. DUMA=2. 0-AH+
» CALL HREACT (2 T,T,T.EK,P)
- EKT=EK(8)
3 EK22EK(5) 7/ (EK(8) xxDUM2)
b EK3=0.0
s JF (NXCH4.LE.O) EK3=EK(7)
EPS=1.9E-G6
R EPSH2z0.001
ot X120, 30
} X220.15%
i X320.10
Xd4=0.01
; X5=0.01
i} NTRY =0
‘ g 30 CONT!NUE
. LAP=1
ot 08 50 J=1,30
} IF(J-1) 44, 44, 40
! 46 CONTINUE
i XTaX1+DX(1)
i X2aX2+DX(2)
X3aX34DX(3)
X4aD0-D1xX1-D2xX2-D3xX3
XBzCO-C1xX1-C2xX2-C3xX3a
IF(X3) 42,42,
\ 42 X3aEPSHZ
44 CONTIRUE
DUM=X3xxAH
FC(1)=-EK1xX1xXB5+X2xX3
DF (1, 1V=EKTx(X5-X1xC1)
DF(1,2)=-EK1xX1xC2-X3
DF(1,3)=-EK1xX1xC3-X2
F(2)2-EK2xX2x*xDUM2+X 1 x xDUM3 % DUM
DF(2,1)=2-DUM3xX 1 xxDUM2xDUM
i IF (X2) 440,440, 445
440 DF(2,2)=EK2
60 T 450
445 DF (2, 2)*DUM2XEK2xX2xx(-B1)
450 COMTNUE
DF(2 3)‘-AH!X1IKDUM3-DUM/X3
IF(X%) 460, 460
460 F(3)=-EK3-k3xxbUM4+x4
DF(3,1)aD1
DF(3.2)aD2
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3 ;gUMdlEKGIXG!l(DUMd‘I.0)+03

3xX3xxDUMA+X4xX3xxB |

B13C1aX4xXSx«( -DUM2) +D1 xXBxxB 1

BlxC2xX4xXSxx (- DUM2)+021X5!lB1

DUMAXEK3%xX3xx (DUM4-1.0)+B1xC3uX4xXBxx{ -DUM2) +D3xXBxxB1

(3, DX,BS8, RS, VWS, VS)

(?x 15)+AB$F(DX(2)S EPS)’ 60, 60, 49
*

;?x 1)) 501,502,502

E
+DX(2)) BS03,504, 504
X2

465

K
=
=
s
470 E
R

)
4
E
)
)
)
U
L
F
P

PUIZZON—1

49

301
502

S0c3
S04

505
60 CO

2
=

Zn
Y gl |

E
+DX(3)) %095, 305,50
3 +EPSH2

xX000—~00U=-00C ~-—=00DDDMRU
00AXMAXMNAXTMPNpanNmnN~Qan
UWZZm~mZmnZAanWArZ e~ ~
PAOXANXA=X I 2100040
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e
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65
70

x
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bo 200, 200
[QE-08) 120, 180, 180
130, 130, 140

L OADLON-=CW

~

HeA~~OH U U U U U~

WNO

o000
MICH AP = = e T XXX O

CRON=INMMNAS~A~R~A0

HUBUUTD~A~~ AADON=2Z
o

A400D0O0KXZXXN v v

uma - - - -
oS =B LOXXXXXXZ A

®
(a]

140 WRI1 é
200 CONTIN
0
U

300 SUM=$S

-8
(o]
o

400

QuIMNuDMAR 0~
U2t it e o~ XL

VO<XE—~NIL—<NX O
n a
—=: A4<- AND~-

N
.0/(Yx(1.0+FS+FN))
RETURN

950 FORMAT("30 LAPS TXCEEDED IN EQUILY, 10X, 4E15.4//) M.
952 FORMAT(“NEGATIVE X(J) [N EQUIL", 1ok SElz. 477) - o
954 FORMAT("Z IS NEG OR Z2ERO, SETa1.0" g
856 FORMAT("Y IS NEG OR ZERO. SET=1. o)

END o
FUNCTION ROOT(FUNC, DX, DY P
'lZZhXZZZZZZZZZXZZZZXZZ*ZX*ZiklZZZZZZZ!ZZZZIZZZZZZZZZZZZIZZZZX!ZZZIIIZI

b

C L
8 FCO/' FINDING SUBROUTINE. FINDS THE ZEROS OF FUNCTION FUNC. <
Cc

XXLXEXRXXX. 2222122121leZ12ZZZZZZllZZI!ZIXZIZIZZ!ZXZZXZ!!ZZ
COMMON /ROOTCOM/X (20} .Y (20

DIMENS: OGN C(20),P(2C) )
JMAX=Js  J=2 &
DIF=X(11-X(2)% IF(DIF)1,11,1 . )
1 Y(1)=FUNC(X(1))8  Y(2)=FUNCI{X(2))
XNOW=X (| )
IF(Y{T -y(2))2,11,2
2 C(2)BIF/(Y(1)-Y(2))
P(2)=-Y(1) .
GO TO 6 I
3 Ra1.$ §=0 o
JJaJ-1
DO 4 K=2,JJ
S$=5+C(K) xR
a R3P(K) +(YNOW-Y (K) ) %R
P(J)a-P(J-1)xY(J~1)
Q=P (J) +YNOWxR
IF(Q)%, 11,5
5 C(J)=-YNOWXS/Q

29
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6 DIFsC(J)xP(J)
JaJ+1s  X(J)aXNOWaXNOW+DIF
IF(DIF)8,7, 8
7 Y(J)ay(J=1)
1F(ABSF(Y(J))-DY)13 11,11
8 Y (J) aYNOW=FUNC ( XNOW)
1F(ABSF(DIF)-DX)9,10, 10
9 1F (ABSF (YNOW) -DY) 13, 10, 10
10 1IF(J-JMAX)3,12,12
11 ROOT=X(J)$ ' J=0$ RETURN
12 ROOT2X(J)$ Ja-1$ RETURN
13 EﬁgT=X(J)$ RETURN
FUNCTION FUN(TST)
3333131482273 3222883343783 32438 313833233 838¢%

c
c
C FUNCTION USED BY ROGT. ZERG OF FUNCTION WiLL YIELD STEAM
c PLATEAU TEMPERATURE

c

c

4ttt ET 3T Te1T30T3233E 3T e85 83+323883 383302833382 373¢1]
CGMMUN/PNT/IRLN B,Y(8),TR,X(B),RO(5),TI,TS,U,V,W,XL,S,06¢C
1, FW, PRES 61 ,6END(f00]12)
ccnmoN/PAR/A(ia 8),WM(13).F(8),HF298(13),ROS(5), XXL, PX
COMMON/ENTHAL/ ENT(13)

COMMON/ONE/T:, 75,76
DIMENSION DUM.8)
CSLL HREACT (3, TST, TST, TST, DUM, PRES)

20
30 J=1
30 HG HG*Y(JS!ENT(J)
Tz=e-He
HB=
DO 40 ay
40 HB= HG+X(J5-ENT(J)
T3=FPxHG
T4= FW*ENT(3)
172RO(5) xEN

7-T8-T9-TH
) xVxFP) /(B
G(PP))

o)
TVxFP+V=xFW)

\ + O
A e )
~~DAO—=N\~
N+

T(
T(
NT¢
NT
NT
T3
FwW
0.

QW A———

UBROUTINE HREACT (N,T,1G6,TS P}
cxxxxmxxxxxxxzxxxxzxzxzzxxtztzxtxzﬁ xtx:xxxxzxxzxxzxxxxxxxzxzxxz

THIS SUBROUTINE CALCULATES ALL THERMODYNAMIC PROPERTIES.
ENTHALPY OF CHAR AND COAL AS WELL ENTROPY GIVEN AS
A FUNCTION OF HYDROGEN AND OXYBEN CGNTENT.

H AND 6 CONTENT ARE ZER® THEN PROPERTIES ARE THOS

GRAPHITE. COMSTANTS A4 AND B4 WILL BE USED TO CALC
THE THERMOGDYNAMIC PROPERTIES OF CHAR IF ITHERM IS
CHAR 1S THE SUBSTANCE ASSUMED TO BE IN EXCESS IF TH
REACTICON ZONE EQUILIBRIUM PROBLEM., NOTE HOWEVER TH
MATERIAL BALANCE CONSIDERATIONS THE A2 B2 STOICHIOM
OF CHAR WILL ALWAYS BE RETAINED.

INPUTS: N-.EQ.0 FOR INTIALIZATIDN
.EQ.1 CALCULATES HEATS OF REACTIGCN
.EQ.2 CALCULATES EQUILIBRIUM CONSTANTS
.EQ.3 CALCULATES ENTALPIES OF ALL SPECIES
T-TEMPERATURE AT WH!CH TO CALCULATE EQUILIBRIUM CONSTANTS
AND HEATS OF REACTION
TG-EQ?HIEQTEgATURES USED TO CALCULATE B3AS SPECIES
TS-TEMPERATURE USED TO CALCULATE SOLID SPECIES ENTHALPIES.
Al,A2, AakAdbﬁlegﬁ?gin STOICHIOMETRIC PARAMETERS
Al(l J) STOICHIOMETRIC COEFICIENTS FOR REACTIONS
CUTPUTS: HR(Ks -FOR N.NE.2 HEATS OF REACTION
HR(K)-FOR N.EQ. 2 EQYILIBRIUM CONSTANTS
HI (K)-ENTALPY OF SPEICIES K FAOR N.EQ.3

1!2!%!22%!222!1XZIZXZ!!!XZ!XXXZXXX!XXZRRX!XXXXKZXZ ZEXRZXEXXR
OMMON/FAR/AC13,8) ,WM(13) ,F(8),HF298(13) ,ROS(S5) ,XL,PO

OF
AT

Z Om

E
1L
.GT.
E
AT |
ETRY

0000000000 ONONNNNOOOOODOOOOO

e o
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TS TR S AT B W

cP IN caAL/MOL-K

ETAD
AT 298.18 K
/MOL. AT 298.15 K

ETA2
K,

o,
ETA1
ENTS

TION, CAL

ORMA
COEFFICI

.Ad4,B4,
PY, CAL/MOL-

, A3
. 17xA2+4,0xB2
1.008+B2x0.36x16.0

1S ENTHALPY OF F
RE HEAT CAPACITY

—

13
L THERMO PARAMETERS

> o A.005
uw az el ala Lo I o TS o ]
o

.300E-08
,07

)=47, <1
. 196E-06

.283E-06
=-0
a5
214

. 250E-03
2-0.001E-086
. 665E-03
) 2-840%4.

6.

OUZZZZ—~MNOL~—~nO0 N -
~~\D0DDD - - -

(1é313 TRIMETHYLBENZENE, C®H12)

=18, 044E-03
)=9

=6.524

6)=-26417.

=6.420
10.396E-03
-3.545E-06

N = e OO O®M ~ ~—~ 0 ~NnRn ~OnnpanE
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)=-0,200E-03

130.481E-06

THERM.LE . 0) GO TO 105
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HF298(11)=-66317
CC11,1)a21,03xWM(i1)
c H2O(F)
- HF298(12)=HF298(11)
£ C(12,1)aC(11,1)
: (- AdH
-4 C(13,1)20.142xWM(13)
: ] C(13,2)=1. AE-0AxWM(13)
p DG 200 Jai,8
} DS 200 Kal.5
200 D(J,K)=0.0
§ DG 210 Jai,8
\ DO 210 K=1.5
2 DS 210 12113
210 D(J,K)aD(J KY+ACI,J)*C(1,K) /FLOATF (K)
T0=298.15
D& 320 J=1,8
HRD(J)=0.0
DG 300 K=1,5
300 HRO(J)=HRO(J)-D(J,K)*xTO®xK
DO 310 1=1,13
310 HRO(J)=HRO(J)+A(1,J)*HF298(1)
320 CONTINUE

R=1.9872

DO 420 J=4.,8
EO(J)=HRO(J)/TO-D(J, 1) xLOGF(TO)
DG 400 K=2,5

400 EO(J)=EOQ(J)-D(J,K)*TOx%(K~1)/FLOATF(K-1)
420 EO(J)=EO(J)/R
DS 520 J=4,8
E(J, 1)=-HRO(J)/R
E(J.2)=D(J, 1) /R
Do 500 K=3,6
500 E(J,K)=D(J,K-1)/(FLAATF (K-2)*R)
520 CONYINUE

DO 650 J
HR(J) =HR
G(J )=H
PE(J )=
DG 600 |
600 G(J)=G(.

~—n

ouG~
——0

S~~~ U OTDON

DO 66C K
660 TOXK(K)=
RETURN

Giocases CALCULATES INTEGRAL OF DELH/RT*x2 FROM 298 TO T ---
¢ AND THEN CALCULATES EK{J); REFERRED TO AS HR(J)
700 CONTINUE
T2aTxT
T3aT2xT
T4aT3xT

)
4,8
DUM=  EO(JI+E(J, 1)/T+E(J, 2) xXL+E(J, 3)xT+E(J, 4)xT2+E(J, 5)xT3
1 +E(J,6)xT4
HRfJ )SEXPF(-G(J ) +DUM)XPxxPE(J)
750 CONTINUE
" RETURN
e CALCULATES HEAT CF REACTION --------
800 CONTINUE
T2=TxT
T32T2xT |
T4xT3xT |
TS=T4xT ,
Do 850 J=1,8
850 HR(J)=HRO(J)+D(J, 1) xT+D(J,2)xT2+D{J,3)xT3+D(J, 4)xT4+D(J, 5)*TD
. RETURN
Q=== CALCULATES ENTHALPY OF SPECIES | -------

C
900 CONTINUE
TXKaTG
DO 910 K=1,5
XK=K
TDF (K) = (TAK-TOXK (K} ) /XK
910 TXK=TXKxTG
DO 950 1=1,8




,K)YxTDF (K)

K
TOF (K)a ( TXK - TOXK (K) ) /XK
960 TXKaTXKxTS
DO 980 [=9
Hx(l)-HFaab(l)
D& 980 K31,5
980 Hl(l)=Hl(IS+C(l.K)lTDF(K)
RETURN

END
SUBROUTINE AlJ
SXKSSﬁZSXXSSX%!ZZSSXXX!XXZXSXZXX!X11llllll!l!!!!!!!ll!lﬂl!!l!!l!!

c RATTION STG!CH[GHETR!C COEFFICIENTS SET, AS WELL SPECIES
C MOLECULAR WEIGHTS

¢
cxzxxxxzxzxxxxzxxxxzxzxxxxxxxxxxxxxxxzzxzxzxxx:xxxxxxx:xxx:xxxxxxx
COMMGN/PAR/A(13 WM(13),F(B),HF298(13),ROS(5)
COMMON/STO1C1 Ai 51 A2 B2.A3,A4,B4, ETAL,£ETA2,ET Aa
XXX, XXXX
coﬁHoN/STOIc 1DS(13),
EFINE:ATOMIC WTS|
AHC’lZ 011
AWH=1, 0080
AWO215. 9994
AWN=14. 0087
11213
JJ-

1

/
/
O

SPECIESle SETUP AND MOLECULAR WT CALCULATION ---
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S
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7 H cG2

) =AWC+2, OxAWG
8)=8H TAR

) =AWC+A3xAWH
Y=WM(8)xNC

}=8H DC(S)
=AWC+A2xAWH+B2xAWO
)a®H CHAR(S)
=AWC+A1 xAWH+B 1 xAWO
=8H HZO(L

M(3
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BH ASH(S)
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D SETUP

-0 -OZITIIIITIXI
-D000O00000
Sl e —r—————————
ul—adUubrUBROBNDO

mH KU Ao rm o mm s omrmr

6)))75856A12345678N
(Crime o A LN((((((((U

ZIXXXXXXXXIRRXRAXXRXXRZXXXXXXZXXXRZAXZXRXRXXXXXXXXX

ROUTINE OUuT
AXXX

(IE WR.LE.WD)

IF ALL FRONT
?X IXXXXXXXXXXXXXXX X

, AND COMPOSI TIONS
ONLY DONE

INTERNALLY CONSISTANT.

EXHASUST FLOWS TEMPERATURES

FOR THE COMPLETE SYSTEM.

ALCULATES
VELOCITIES ARE
CXXXXAXRXIXXXX

C

X
TI,TS,U,V MW, XL,S,06C
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nZ -

COMMON/P
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{ HOB (2) *HOB ( 1) /HCOA

l‘ HOB(1)=HOB( END(IRUN 2)/6G1/TM(3)
: EETURN

SUBROUTINE PNT (N

g FROVIDES MOST OF THE PRINTED GUTPUT.

,FW,FP,PRES,G! ,6END(100,12)
BZ(5),HbB(S)
d YI1G(9) . 0LOSS, TLOSS
COMMON/PNT1/ TM(3},FL(3), TEMP
1 HV(3),YBI(3,8),0851(3) HVI(3
coMMON/GIVE/ ADD(20),ADDD(20)
IF (NN.EQ. 4) 66 16 4bn0
IF (NN.EQ.3) 86 TO 3000
lFl%EN EQ,2) 86 TG 2000
! 400 FORMAT (1x///3ox 17HSYSTEM PROPERTIES///)
l R1TE(3,22) A2,B2,ETA2, ETA3 WW, WA

A —

rxY

1 7H HFORM=  F8
2 21HTAR PRoPéRTlES— H/C- F5.3/)
WRITE (3

05 FORMAT (Sx 13HPYROLYSIS GAS/)
WRITE (3,

03 x

WRITE (3

WRITE (3,401)

WRITE (3 402) WM
401 FORMAT (1X/,5X, 17HMOLECULAR WEIBHTS/)
402 FORMAT (1ox 7F6 2/10X, F8, 2)

5%, 7HTLOSS= ,F8.2)
HRITE (3,03) Y
03 FORMAT (10X 27HCOMPOS! TION (MU%ENFRACT[ON)/ 26X,

2

28X, 4HH20 ,F7.4/26%X,4HH2 ,F7.4/56X AHCH4
F7. 4/2sx aHbo2 [F7 4/26X,4HtAR’ [ F7. 4}

WRITE (3 TR

04 FORMAT (1ox 12HTEMPERATURE ,F10.2,4H (K)/)

WRITE 2010)

2010 FORMAT (1X//5x 22HFOR REACTION ZONE ONLY//)

WRITE (3,88) (BZ(1),1=1,

i =
—— e e
DY~ —

35

W

23 FORMAT (&X 22HbHAR PROPERTIES- H/C=,F5.3,6H. O6/C=

]

N)
g!!ll%!l!!l!!!Z!Z!Z!Z!Z!!Z!Z!!l!!!!l'ZZ!!!!ZXXZZZX%XX!X!!Z!X!

cxxzxxzxxxzxzzxxxxzxxxz:xxxzxxxxzxxxxzxzxzxxzxzxxzxzxzxzxzxxxzx
COMMON/STOIC1/A1,B1,A2,B82,A3,Ad,B4,ETA1,ETAZ,ETAS

COMMON/PAR/A(13,8),WwM(i3).F(8), Hsza(13$ ROS(S),

COMMAN/PNT/1RUN 3, ¥(8) , TR X(8) .RO(S),TI,s,uU,V,W

WW , WA, | THERM
,B8C

XA

2(3),YN(3,B),YD(3,8).

22 FORMAT (5X 22HCOAL PRbPERTlES- H/C 6H. o/c F5.
\ 9H. CHAR/C= F5.3, AR/C F5. 6H Héo- F5.3, 6H, ASH- F5.3/)
NR[TE(S 23) al,Bi, HF2§3(1 AS

,F5.3,1H,,

06) RU
06 _ FURMAT (1X/5X 15HSOLID DENSITIES, 15H (GM/CC OF BED)/
0X,SHCOAL ,F7. 4/10X SHCHAR ,
l F7.4/10X,5HH20M ,F7.4/10X,SHH2OF ,F7. 4/10X,BHASH ,F7.4//)

ASH /)

F7.4/26X, aHoz

WRITE (3
403 FORMAT (1X// 5X 18HHEATS OF FORMATION/)
WRITE (3,404} HF2s
; 404 53??27((‘x§;°x 7F10 1/10X,7F10.1)
i 429 FORMAT (éx 27HSTUICHIUMETRIC CUEFF]CIENTS//1OX BHREACTIUN 4ox
‘ ; 1 9HCOMPONENT/18X, 42H H H2 CH
2 49H c02 TAR CUAL CHAR HZUH H2OF
DO 430 J=1
430 WRITE (3 IR (A(l,J),l ,13)
411 FORMAT (14x,12,2x,13(Fé. X))
RETURN
2000 CONTINUE
RITE (3,01) IRUN
01 FORMAT :1H1// 50X, dHRUN , 12)
* WRITE (3,2001) 06l
1 2001 FORMAT (45X, 11HFEED RATE =,E12.2,14H (MOL/CM2/SEC)/)
- WRITE (3,03) (YIG(1),1=1,8)
I WRITE (3,2002) Y1G(8)
WRITE (3,04) ADD(3)
2002 FORMAT (18X, 10HLIQUID H20,F7,4)
07 ;g$ﬂaﬁ (1X7/7/5%, 20HINITIAL COAL TEMP =,F12.2,4H (K))
3000 CONTINUE
VRITE (3,07) TI
ARITE (3)10) PRES
10 FORMAT (5X, BHPRESSURE,F10.2,6H (ATM) /)
WRITE (3,08) XL
08 FORMAT (%X, ZHLENGTH=,F10,2,5H (CM)/)
IF (ADD(7).GT.0.) WRITE (3 3010)
3010 FORMAT (5X,18HMETHANE SUPPRESSED)
\ WRITE (3,02) B
02 FORMAT ( 1X///5X 23HREACT10N GAS PROPERTIES/10X,6HFLOW= ,E12,2,
I 13H(MOL /cM2/8EC)
, RITE (3,3300) oLosq TLOSS
' 3300 FORMAT (10X, 20HHEAT LOSS PARAMS ,BX, 7HQLOSS= ,E15. 3,

4/

,F7. 4/ésx 4HCO

e "'(u Mdﬂ‘ N

A ;u

‘f\"

A
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99 FORMAT

T
7021FORMAT (

I S ——— T, = P .
-

i 1
Ju 4

X 13HHCUMB/M°LE 02, 10X, 20HHCOMB GAS/HCOMB CTHAR/

AL/nu
1, ars 10X,F8.4//3X, 16HWRT H20(L) 300 K, 3X,
a axiox AHPEEDS

abHCALCULATED VELOCITIES (CM/SEC)//9X,8HREACTION ,
g&BRN NG  ,E12.3/9X,QHSTEAM JE12.3)

/5X, 13HSYSTEM OUTPUT/38X, 9HWET BAS1S//7X, dHTIME, 27X,
)IUNkZOﬁbgHT MP, 4x 3HBAS, 6X, 3HL1GQ/

'2HHé ax, 5HcH4 3X, 2HCO, 4X, 3HCO2, 3X, 3HT

3K, 4HFLoW | 6X, AHFLOW/ 7X, 3H0' 0, 70X 13H(M0L/6M2/SEC))

) (vw(l Jy_ J=1,8), TEMP(I), GF(I) FLOI),TMCT)
.3,F8.1,2E16.3/5X,E13.

/3ex 9HDRY BASIS/6GX, dHHEAT, 8X, 3HGAS/68X, SHVALUE, 8X,
4HFLOH/7X 3HD. 0, 58X, 9H(CAL/MEL) )

IT

~W A~
W\~

k XX
P e N
w—

¥
F
sX
R
)
/
£
X

WOoI—-TN\NO0O>~N
OXO0W~ M=0-POX—H00
—

“‘-_a

A—QIGg
0’\0 ULITXT X~
3;\1—-

X=@-—~ X

¢
1
{
i

DO B0 1=
50 WRITE (3 103) (YD(l 8) HV(l) GFD(1), TM(i)

103 FORMAT (1ex 8F6.
104)

2é11 sxsk gl3.4
RITE (3

1041FURMAT (1%//34%, 21HINTEGRATED QUANTITIES//10X,4HTIME, 9X, 2HN2, 8X,

-
S

3

2HO2, 8X, 3HH20, 7X, 2HH2 8X, 3HCH4,
7X 8X, 3HCO2, 7X, 3HTAR, 5X, BHHEAT VAL/
183 ?H(SEC) 40X, bH(HOL/CMZ) 37X, 9H(CAL/éM2))

D
WRITE (3 105) TM(!) (YG1(1,J), J=1 8),HVI(1)
FORMAT (%X,E13.4, 8£10.3,E12.4

WRITE (3,106) HCOAL
FORMAT (1X//40X, 19HCOAL HEATING VALUE ,E12.3,10H (CAL/CM2))
WRITE (3 107) HEB(1), HOB(2)
FCRMAT (§X///,17X, 17HBASE H20(L) 300 K, 3X,

;EQHCOMB GAS/MbLE ©2,E12.3/

14X, éOHHconé GAS/HCOMB COAL,F8.3)

‘RETURN
4000 CENTINUE

WRITE (3,300

30C FORMAT (A7, IX/// 40X, 7HSUMMARY ///

301

, S3HRUN' F$ Fo2 PRESS TO 18 TS,
54 HR WP ) WP /WR HG/HC  HB/02//)
D& 303 J

WRITE (

3, (OEND(J,L),L=1 12)
FORMAT éé

1,IR
3b1)
X13, x 2F8.4,4F9.1,3F9.6,2F9.3,E12.3)

303 CONTINU

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 1. Chemistry parameters

a (char H/C ratio).

b (char O/C ratio).

( (coal H/C ratio).

d (coal Q/C rativ).

f/e  (tar H/C ratio).

n  (moles char produced per mole of coal pyrolyzed).
. e*R§ (atoms of C in tar per mole of coal pyrolyzed).
Solid composition:

PooQmEpDnwyE

. Effective solid density of bed, -8— :
©

2

. Weight fraction dry coal.

. Weight fraction fixed water.

. Weight fraction mobile water (generally 0).
. Weight fraction ash.

. System operating parameters:

G+ L (el sy, om

> wumUNOw

cm?s

. T, (Feed temperature, K).
. T, (initial coal temperature, K).
. L (system length, cm).
. P (system pressure, atm).
Feed composition and equilibrium assumption:

B
[
D
E
4

>

3
: —y—‘(steam/oxygen mole ratio).
vi

1
; —y{(Nitrogem’oxygen mole ratio).
yi

—-—Ii'—(Liquid water/oxygen mole ratio).

yi
D. Y: = -1. Methane allowed in zone 2,
= +1], Methane nct allowed in zone 2.

The set form~d by cards 3 and 4 can be repeated as many times as desired.

Terminator
A. Supply a negative number to terminate input.




APPENDIX C
CHAR THERMODYNAMICS

The equilibrium calculations described in Appendix A require equilibrium constants at given
temperatures and pressure for reactions involving coal char and several common gas species. The basic
thermodynamic information required for each species is the heat of formation and absolute entropy at 298 K,
and the heat capacity from 298 K to the temperature of interest. For the gaseous species these data are
available in the JANAF tables*?. For coul char. however, the thermodynamic functions must be estimated.
Representing char as CH, O,,. the following empirical relations are used:

0 .a=20
AH{u = (kcalimole), (C-1)
26 -680b .a=>0
St = 1.389 - 3.17a + 4.0b (cal'mole-K). (C-2)
C.D = C,(T.graphite) + 0.88a4 + S.8b (cal/mole-K) (C-3)

Equation (C-1) for the heat of formation, with a = 0, is based on the Dulong formula' for the heat
of combustion of coal. The formula is simply back-solved for the heat of formation of char, knowing the
heats of formation of carbon dioxide and liquid water. The Dulong formula has been found by Thibaut' to
work well for cokes containing varying amounts of hydrogen (a) and oxygen (b). To generate the quoted
heat of formation of amorphous; carbon, (2600 kcal/mole), we setb = 0and a = 10-%in Eq. (C-1). To gener-
ate graphite with a zero heat of formation. we seta = b =0,

Equation (C-2) for the absolute entropy of coal char comes from a Krikorian'® correlation based
on the entropies of high-molecular-weight solid aromatic hydrocarbons. For a = b = (}, the entropy reduces
to the value for graphite.

Equation (C-3) for char-heat capacity is essentially a Kepp's law additive atomic component
relation, except that the carbon component is assumed te have the normal graphite temperature dependence.
For graphite we use a polvnomial in the temperature that accurately represents the JANAF tables from 298
to 2600K. We have taken the Kopp's Law coefficients for hydrogen and oxygen from Gomez, Gayle, and
Taylor," 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 2097, [t therefore seems reasonable that the heat capacity of a char should
follow the graphite temperature curve with small, essentially temperature-independent corrections caused
by the presence of hydrogen and oxygen. This procedure is consistent with the findings of Kirov and
Stephens!'®. Equation (C-3) also gives a plausible heat capacity estimate over a wide temperature range,
unlike the equations given in cither Ref. 9 or 16 which give unreasonable results at higher temperatures.

Table C-1. Calculated equilibrium properties of a carbonaceous solid, CH,0,,, at 1000K, 3 atm, and a
steam/oxygen molar feed ratio of 2.

Moles O, Composition, mole % o Heating value,

Solid a b mole solid CO O, H, CH, H.O Btu/SCF
Equilibrium methane

Graphite 0 0 0.38 37 21 28 2 12 260

Amorphous carbon 1" 0 0.29 53 13 24 6 4 320

High-temp char 0.15 .02 0.23 62 6 19 2 1 380

Low-temp char 0.40 10 0.17 69 1 8 21 1 460
Methane suppressed

Graphite 0 0 0.40 38 21 k1| — 13 240

Amorphous carbon 10" 0 0.32 51 11 RK} — 3 280

High-temp char 0.15 0.02 0.27 57 8 36 — 2 300

Low-lemp char 0.40 0.10 0.23 60 1 39 — —_ 310

s
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It should be clear from the above discussion that our scheme for char thermodynamics is quite
approximate, and based on very limited data. One use for the formalism is to explore the sensitivity of
calcuiated 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 calculations have been carried out both with and without methane in the equilibrium
gas.

With methane present, the calculated heating value of the equilibrium gas increases as the hydrogen
and oxygen content cf the char increase. The oxygen requirement aiso decreases substantially (moles O,
required/mole solid consumed), as a and b increase. The differences between graphite and amorphous
carbon stem from the finite heat of formation of amorphous carbon. With methane suppressed, the calculated
heating values are reduced and the sensitivity to the char hyilrogen and oxygen content is diminished.
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APPENDIX D SUMMARY OF RUNS

The following tables show the calculated results for reaction zone temperatures, gas compositions,
and relaiive velocity for a variety of assumed conditions. Included are runs for char having a CH,, 140 ¢;cand a
C stoichiometry as well as results for pressures of 1 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 also included. The velocity ratio shown for each case
assumes an ash weight fraction of 0.06 and a water weight fraction of 0.33 in the wet coal.

Table D-1. Char, CH,, ;O ;3 O./steam feed.
A. Pressure = 1 atm; CH, present.

Feed o Reaction zone gas
Mole fraction Temp, Mole fraction
0, H,0 K H, CH,
0.10 0.90 805 0.278
0.15 0.85 848 0.211
0.20 0.80 0.160
0.25 0.75 0.118
0.30 0.70 0.083
0.35 0.65 . 0.052
0.40 0.60 0.019
0.45 0.55 £ 0.001
0.50 0.50 0.000
0.60 0.40 1 0.000

B. Pressure = 30 atm; CH, present.

Feed Reaction zone gas Velocity
Mole fraction Temp, Mole fraction ratio
0, H, K H. CH, Wl Ny
0.10 0.90 951 0.304 0.766
0.15 0.85 0.24 0.791
0.20 0.80 0.195 0.796
0.25 0.75 0.153 0.797
0.30 0.70 0.116 0.803
0.38 0.65 0.081 0.828
0.40 0.60 0.042 : 0.896
0.45 0.55 0.010 1.033
0.50 0.50 i 0.002 1.169
0.60 0.40 i 0.000 v 1.353




C. Pressure—1 atm; CH, not present.

Feed Rcaction zone gas Velocity
Temp, Mole fraction Temp, Mole fraction % | Ratio

K 0, H.;0 K H, O H, CH, co CO, Wh/We
320 0.10 0.90 723 0.311 0.397 —_ 0.042 0.250 1.316
327 0.15 0.85 797 0.172 0.438 —_ . 147 0.244 1.114
134 0.20 0.80 845 0.103 0.428 —_ 0.269 0.200 0.975
33 C.25 0.75 884 0.063 0.403 —_ 0.386 0.148 0.878
343 0.30 0.79 921 0.037 0.374 — 0.491 0.098 0.811
346 0.38 0.65 967 0.018 8.345 — 0.586 0.550 0.770
350 0.40 0.60 1064 0.005 0.318 - 0.667 0.010 0.776
352 0.45 0.55 1524 0.000 0.295 —_ 0.708 0.000 0.978
358 0.50 0.50 2117 0.000 0.272 —_— 0.728 0.000 1.133
359 0.60 0.40 3022 0.000 0.226 —_ 0.774 0.000 LJIJ

D. Pressure = 30 atm; CH, not present.

Feed Reuction zone gas Velocity
Temp. Mole fraction Temp, Mole fruction ratio

K 0, H,0 X H,0 H, CH, co COQ, W,/ W,
407 0.10 0.99 866 0.407 0.324 — 0.061 0.208 1.645
422 0.15 0.85 953 0.259 0.370 — 0.168 0.203 1.350
432 0.20 0.80 1014 0.170 0.378 — 0.285 0.170 1.162
441 0.25 6.75 1068 0.110 0.366 —_ 0.39%4 0.129 1.039
“ 450 0.30 0.70 1117 0.068 0.350 - 0.495 0.087 0.956
| 456 0.35 0.65 1178 0.037 0.132 — 0.582 0.049 0.906
.? 462 0.40 0.60 1288 0.013 0.314 — 0.658 0.015 0.900
I 467 0.45 0.55 1644 0.001 0.294 — 0.704 0.001 1.020
| 472 0.50 0.50 2218 0.000 0.272 — 0.728 0.060 1.168
480 0.60 (.40 3074 0.000 0.226 — 0.774 0.000 1.353

Table D-2. Char, C (8-graphite); O,/Steam feed
A. Pressure = 1 atm; CH, present.

' Feed Reaction zone gas Velocity
Temp, _Mole fraction Temp, Mole fraction ratio
K 0, H,0 K H.0 H, CH, Cco Co. W/ Wy
320 0.1 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
' 3 0.20 0.80 924 0.143 0.351 0.030 0.264 0.212 1 .04
1 339 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 0.0t1 0.473 0.121 Lis8
. 346 0.35 0.68 1043 0.036 0.315 0.006 0.565 0.077 1.074
j 350 t 40 0.60 1101 0.017 0.293 0.003 0.650 0.036 1.028
352 0.45 0.55 1254 0.003 0.273 0.001 0.719 0.005 1.043
" r 355 0.50 0.50 1803 0.000 0.250 0.000 0.750 0.000 1.209
r 359 0.60 0.40 2873 0.000 0.201 0.000 0.799 0.000 1.385
41
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B. Pressure = 30 atm; CH, present.

Reaction zone gas

Temp,
K

H.

Mole fraction
CH,

959
1048
1111
1168
1217
1274
1382
1506
1904
293

0.139
0.097
0.069
0.048
0.013
0.022
0.013
0.005
¢.001
0.000

C. Pressure =

1 atm:; CH, not present.

Feed

Reaction zone gas

Mole fraction

0:

H.0

Temp.

H,

Mole iraction
CH,

0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.60

0.90
0.85
0.80
0.78
0.70
0.65
0.60
0.55
0.50
0.40

0.321
0.380
0.386
0.372
0.350
0.325
0.299
0.274
0.250
0.201

D. Pressure = 30 atm; CH, not present.

Reaction zone gas

Temp.
K

Mole fraction
CH,

o,

Velocity
ratio
W,/ W,

933
1031
1099
1155
1208
1265
1342
1492
1929
2938

0.257
0.313
0.330
0.32.4
0.318
0.304
0.287
0.270
0.250
0.201

0.188
0.198
0.177
0144
0.108
0.072
0.039
0.011
0.001
0.000

2.882

.792
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i Tuble D-3. Thar, CH, 04,00..s: O2/H,0 (llq) feed.
A. Pressure — 1 atm; CH, present.

5 -
! ‘ Feed _ Reaction zone gas Velocity

Temp, _Mbale fraction _ Temp, Mole fraction ratio .
1 K 0. H,0 K H,0 H, CH, co CcO, Wi,/ W,
y 30 0.15 0.85 746 0.070 0.087 0.317 0.088 0.438 0.593
: 300 0.20 0.80 813 0.056 0.145 0.232 0.232 0.335 0.660
) l 300 0.25 0.75 §58 0.043 0.179 0.172 0.361 0.246 0.677
LS 300 0.30 0.70 894 0.031 0.201 0.125 0.474 0.1569 0.679
‘ 300 0.35 0.65 78 0.021 0.216 0.0t9 0.566 0.108 0.678
'I 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 0.705 0.013 0.720
: 300 0.50 0.59 1395 0.000 0.268 0.002 0.729 0.000 0.8%0
300 0.60 0.40 2664 0.000 0.226 0.000 0.774 0.000 1.200

B. Pressure = 30 atm; CH, present.

Feed —= Reaction zone gas Velocity
Temp. Mole fraction Temp. Mole fraction ratio
K 0, H,0 K H,0 H, CH, co CO, Wi/ Wy
300 0.15 0.85 850 0.091 0.046 0.339 0.075 0.449 0.659
A 300 ¢.20 0.80 954 0.077 0.087 0.264 0.228 0.344 0.754
'} 300 0.2§ 0.75 1018 0.060 0.114 0.207 0.369 .251 0.774
R "\ 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 €.49 0.60 1186 0.020 0.173 0.089 0.663 0.055 0.781
i 300 0.45 0.55 1287 0.002 0.201 0.055 0.717 0.018 0.816
300 0.5¢ 0.50 1533 0.002 0.241 0.018 0.738 0.002 0.928
300 0.60 0.40 2667 0.060 0.225 0.001 0.774 0.000 __L214
! C. Pressure = ] atm; CH, not present.
1 Feed Resction zone gas Velocity
l Temp, Mole fraction Temp. Mole fraction ratio
K 0, H,0 K H;0 H. CH, (&4 COo, W/ Wy
& 300 0.15 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
: f‘ 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 0.19% 0.864
) 300 0.35 0.65 903 0.046 0.353 — 0.467 0.135 0.794
300 0.40 0.00 9247 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 0.5¢ 1382 0.000 0.272 — 0.728 0.000 0.886
300 0.60 0.46 2664 0.000 0.226 — 0.774 0.000 1.200
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D. Pressure = 30 atm: CH, not present.

o

Feed Reaciion zone gas Velocity
Temp, Mole fraction Temp, Mole fraction ratio
K 0, H,0 K H.O H. CH, co CO, W, Wy,
300 0.15 0.85 733 0.620  0.162 == 0.008 0.210 1.466
300 0.20 0.80 887 0.357 0.296 — 0.089 0.258 1.351
300 0.2§ 0.78 971} 0.222 0.332 — 0.217 0.229 1.168
200 0.30 0.70 1031 0.142 0.333 — 0.345 0.180 1.031
300 0.18 0.65 1083 0.089 0.322 — 0.460 0.129 0.940
300 0.40 0.60 1141 0.051 0.308 — 0.566 0.079 0.879
300 0.45 0.58 1227 0.022 0.228 — 0.659 0.032 0.852
A0 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
Table D-4. Char, CH,, ;.0 (1s: Air/H.,O (liquid) feed.
A. Pressure = 1 atm; CH, present.
Feed Reaction zone gas Velocity
Temp, Moule fraction Temp. Mole fraction ratie
K 0, H.O K N: H.0 H., CH, co Cco, W, /Wy
300 6.10 0.52 720 0.351 0.045 0.053 0.208 0.045 0.298 0.774
i 300 0.18 0.29 860 0.454 0.016 0.109 0.062 0.253 0.108 1.108
[l 300 0.21 0.00 1919 0.619 0000 0.016 0.000 0.345 0.000 2.303
B. Pressure = 30 atm: CH, present.
Feed Reaction zone gas Velocity
Temp, Mole fraction Temp, Mole fraction ratio
K Q. H.O K N, H.O H, CH, co CO, W,/ Wy
RII1) 0.10 0.52 802 0.359 0.057 0.024 0.222 0.032 0.306 0.815
Joo 0.15 0.29 i011 0.470 0.025 0.068 0.083 0.238 0.116 1.241
300 0.21 0.00 1919 0.639 0.000 0.016 0040 0.345 0.000 2.314
C. Pressure = 1 atm; CH, not present.
Feed Reaction zone gas — Velocity
Temp. Mole fraction Temp Molx fraction = ratio
K 0, 0.0 K N, H.O i, CH, Co CO, WoiW,
300 0.10 6.52 618 0.218 0.337 0.182 — 0.003 0.164 1.684
300 0.1% 0.29 840 0.446 0.038 0.203 — 0.196 0.118 1.390
300 921 0.00 1919 0.639 0.000 0.016 — 0.345 0.000 2.303
D. Pressure = 30 atm; CH, not present.
= Feed Reaction zone gas Velocity
Temp, Mole fraction Temp, Mble fraction ratio
K 0, H,O h N, H.0 H, CH, co o, W W,
300 0.10 0.52 697 0.35 0.410 0.093 —_ 0.003 0.128 1.939
300 0.18 0.29 980 0.462 0.076 0.171 — 0.173 0.118 1.684
300 0.21 0.00 1919 0.639 0.0 0.000 — 0. 348 0.000 2.314
44
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Table D-5. Char, C (B-graphite); Air/H,0(liquid) feed.

A. Pressure = 1 atm; CH, present.

Feed -y Reaction zone gas Velocity
Mole fraction Temp, Mole fraction ratio
0, H,0 K N, H.O H, CH, (&0) CO, W/ Wy,

0.10 0.52 668 0.363 0.292 0.064 0.075 0.004 0.202 1.700
0.15 0.29 907 0.470 0.059 0.164 0.008 0.168 0.131 2.073
0.21 0.00 1832 0.653 0.000 0.000 0.000 0.347 0.000 2.658

B. Pressure = 30 atm; CH, present.
Feed Reactlon zone gas Veloclty
Temp, Mole £ action Temp. Mole fraction ratlo
K 0. H,0 K N; H.0 H; CH, Cco CO, Wp/Wy
300 0.10 0.52 726 0.371 0.304 0.024 0.095 0.002 0.204 1.571
300 0.15 0.29 1056 0.488 0.089 0.118 0.022 0.153 0.133 2.374
E 300 0.21 0.00 1833 0.653 0.000 0.000 0.0 0.347 0.000 2.702
C. Pressure = 1 atm; CH, not present.
Feed Reactlon zone gas Velocity
Temp, Mole fraction Temp, Mole traction ratio
K [0 H.0 K Ny H,0 H, CH, co CO, Wi Wy
300 0.10 0.52 660 0.361 0.413 0.086 — 0.002 0.138 3.169
300 0.15 0.29 903 0.468 0.065 0.175 — 0.160 0.132 2.161
300 0.21 0.00 1832 0.652 0.000 0.000 — 0.347 0.000 2.658
D. Pressure = 30 atm; CH, not present.
s Feed Reaction zone gas Veloclty
Temp, Mole fraction Temp, Mole fraction ratio
K 0, H.O K N: H.O H, CH, cO CO, Wi/ Wy
300 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.M7 0.000 2.702
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HIGH-BTU GAS VIA IN-SITJ COAL GASIFICATIOW
D. R. Stephens*, R. W. Hil1* and E. L. Burwell**

ABSTRACT
Underground coal gasification offers a relatively low cost,
environmentally sound method to produce SNG from coal. The resource is huge
and 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 gasification experiment, Hoe Creek #Z, 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.

*_awrence Livermore Laboratory, P. 0. Box 808, Livermore, California.
. **Branch Chief, UCG, Division of Fossil Fuel Extraction, DOE, Washington,
D.C. 20545.
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INTRODUCTION

A major objective of the U. S. energv program is the development of en-
vironmentally accentable ways to use coal. Thus, development of processes to
produce clean fuels from coal is a high priority task. In-situ coal gasifica-
tion is one of the most promising of thesz processes. It offers three major
potential advantages as a source of synthetic fuel: (1) pipeline quality 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.(l) A brief update will be given in this paper fullowed by
a more detailed description of LLL's project to produce high Btu gas via in-
situ coal gasification.

History

Underground coal gasification has existed as a concept since 1868 and
field tests have been conducted since 1912.(2) The Soviets have executed a
field orogram for over 40 years, and have operated 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 number of major milestones have been accomplished, including the
following:

° Air injection producing low Btu gas (165 Btu/scr) at 8.5 mi:lion

SCFD. This experiment was conducted by the Laramie Energy Technology

Center and was in operation continucusly for 55 days.
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Steam/oxvgen injection producing medium Btu gas (265 Btu/scf) at 1.7
million SCFD. This experiment was conducted by the Lawrence
Livermore Laboratorv and was in oneration for 58 days of air qasifi-

cation with a scheduled 2 dav oxygen test.

BASIC PRINCIPLES

Coal is gasified underground by drilling boreholes into the seam and in-

jecting air (or oxvgen and steam) into the underground reaction zone. The hot

gases are forced through the seam to the exit boreho1e and are carried to the

e ——————————— e ———— ———

surface where they are cleaned and upgraded for use.

The coal-bhed Dermeab111ty must be increased since the natural permeability

— e =

is too Tow for gas1f1cat1on The bed is prepared by reverse combustion, di-

—_———— N

hetween the array of bhoreholes near | the ‘bottom of the seam. This helps to

maximize resource recovery by undercutting the coal as it is qasified. The

existence of a long hot 11nkaqe rhanne1 ensures the product gas is properly

reduced and has a high heat1nq value that remains fa1r1v uniform with time.
b s e

(3)

Figure 1 shows a side view of a gasification zone. The linkage path has

heen formed &* the hottom of the coal seam. As gasification proceeds from

right to lef.. oa1 falls into the gasified cav1ty and creates a highly re-

—_— - —_— ————

active rubble zone.

=R - e —

encompasses the full th1ckngss of the coal seam and_move§_jp_g_Qroad front

e ———

towards the outlet well.
b it s, 2 P AR L AL

—

Figure 2 shows a plan view of a field development as apnlied by the

(3)

Soviets near Moscow which allows extraction of the entire coal resource.

The dotted lines show the location of the underground 1inkage channels formed
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Fig. 1. Conceptual view of a channel during gasification.
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in the coal by reverse combustion in preparation for gasification. The pro-
duction phase of gasification is carried out by forward gasification in the
channels. Commercially attractive well spacings are believed to be longer

than the 75 ft show in this figure; spacings of 100-150 ft would be more ap-

prooriate 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 processes. This huge resource

would more than quadruple the U.S. proven reserves and is equivalent to more

than 3000 quads (1d5 Btu) after process efficiencies and inaccessibility of

some of the coal is assumed.(4)

—————

Coal seams suitable for UCG are found at dgpth§_qf 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 predominantly deep, thick, sub-bituminous or lignite,
and thus is verv desireable for UCG. These coals are highly reactive and tend
to shrink and fall apart when heated. This tends to self-rubble the coal and
produce an underground packed bed. The midwestern and eastern coals tend to
be thin and bituminous, and swell upon heating, decreasing the permeability,
and thus present a greater challenge for UCG.

Cost Estimates

Independent cost estimates, which were not funded by DOE, have been made
for underground coal gasification hy Bechtel, Gulf, SRI, the Resource Sciences

Corporation, Amoco and PG&E which shew that product gas.from underground coal
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gasification is projected to cost some 65-75% as much as that produced by

(5)

strip mining and aboveground coal gasification.
Table 1 presents projected cost data of SNG from underground coal gasifi-
cation compared with other methods. Synthetic natural gas produced by under-
ground coal gasification cannot economicallv compete with conventionally
produced natural gas. However, underground coal gasification is competitive
with LNG, the Northwest Alaskan ripeline, surface coal gasification, and with

much of the unconventional sources of gas.

DOE PROGRAM SUMMARY

Projects

There are four major field projects in the DOE Program: (1) Western Low-
Btu Gas, directed by LETC, (2) Western Medium Btu Gas, directed by LLL, (3)
Eastern Coal Technology, directed by METC, and (4) Steeply Dipping Beds,
directed by Gulf R&D Comnany. Sandia Laboratories is providing diagnostic
instrumentation to LETC and LLL. There also is a supporting laboratory pro-
gram, including participation by ORNL, ANL, LASL, U. Texas, U. Alabama, and
other universities.

Results

Since 1972 the Laramie Energy Technology Center has been applying the
reverse combustion (linked vertical well) process to underground coal gas-
ification in the Hanna field in Wyoming, as summarized in Table 2.(6’8)

Some of the data from the Hanna 2, phase 2 test is shown in Fi,. 4; 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)

1978 Cost/10° Btu

Alaskan Gas: $4.20 - $4.50
Lng! $3.20 - $5.00

1 and Tight Sands! $2.00 - $4.00

Devonian Shale
SNG from Napthal $5.00 - $7.40
Geopressured Methane1 $4.50
Surface Gasification! $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

TDOE Commercialization Task Force, Oct. 1978
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In five of the six field tests after Hanna 1, the reverse combustion link

4 probagated at the bottom of the seam. Lateral deviations and in some cases
‘f multinle 1inks were observ .. As can be seen from the table, these tests

i

| produced high quality gas. During Hanna 4 an override situation devaloped

using reverse comhustion and low quality gas was produced when linking across
a spacing of 100 ft. At present Hanna 4 is shut down to effect repairs, drill
additional process wells and additional instrumentation wells. It is planned

to relay a reverse combustion 1ink in stages across a total length of 120 ft. -

Since 1972 the Lawrence Livermore Laboratory has been studying
permeability enhancement (1inking) techniques and steam-oxygen gasification.

We have completed two underground coal gasification tes.s at the Hoe Creek

site near Gillette, Wyoming as shown in Tahle 3.(9’ 10) Explosive frac- i%
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 follow-  ;
ing section. _%;

The Sandia Lahoratories is providing valuable diagnostic information pre- E*;
dominantly to LETC and recently to LLL. They have diagnosed all the Hanna i Q:f
burns and will participate in the Hoe Creek #3 test. They have successfully 7 :E

develooed 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 -understanding and control of the underground proc-

(11, 12)

ess. It is expected that commercial operators would prefer less

costly surface diagnostics rather than downhole instrumentation. Sandia has

also been active in site characterization for LETC.

The Morgantcwn Energy Technology Center is studying the gasification of

bituminous coal near Pricetown, West Virginia, as shown in Table 4.(]3' 14)
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Table 2

Underground Coal Gasification Project at the

Laramie Enerqy Technology Center

The project features low Btu (air) gasification, using reverse combustion
(LVW), 1n the Hanna Basin, Wyoming.

Hanna I: Linked by hydraulic fracture and reverse combustion. HHY
126 Btu/scf, good resource recovery.

e

Hanna II, 01: Linked by reverse combustion, 152 3tu/scf, good resource
recovery, 83% thermal recovery.

At SRy

Hanna II, 02: Linked by reverse combustion, 175 Btu/scf, high resource
recovery, 89% thermal recovery.

Hanna II, 03: Linked by reverse combustion, 138 Btu/scf, high resource
recovery, 76% thermal recovery.

Hanna III: Linked by reverse combustion, 130 Btu/scf, high resource
recovery.

L]

:
S,
!
i

Hanna IV: Linked by reverse combustion, active.

Hanna V: Multiple process well sweep test, planned.

-

Pilot Tast: Planned.
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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, Wvoming in 1975

Hoe Creek #1

Hoe Creek #2:

Hoe Creek #3:

Deep Test #4:
Deep Sweep #5:

Pilot Test:

Linked by explosive fracturing 1975, gasified with air in 1976

product heating value = 110 Btu/scf, 73% thermal recovery, 15%
resource recovery.

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 recovery.

Linked by directional drilling, to be gasified with oxygen/
steam, July 1979.

Deep linear burn, steam/oxygen, Dlanned.

Deep multiple process well sweep test, planned.

P1anned.




Table 4
Underground Coal Gasification Project at the

Morgantown Enerqy Technology Center

The project features low Btu (air) gasification of a swelling
hituminous coal near Pricetown, West Virginia.

,..'-_ﬁ,"v

Pricetown 1: To be linked by reverse combustion (LVW), early 1979.
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Pricetown I1: To be linked by directional drilling, 1980.

T

Future Tests: To be determined.
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Their earlier work was primarily in laboratory experimentation but emohasis

has now shifted to the field. Thev are currently fielding Pricetown I which

aopolies reverse combustion experience gained in the west to eastern coal: see

Fig. 5.

The test will be ignited in early 1979. It is to be followed by
Pricetown 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.,

working at a site near Rawlins, Wyoming. Steeply dipping beds (dips in excess

of 350) are, in general, uneconomical to mine, yet 100 billion tons of coal

are available to UJCG, mostly in the Rockies and the Pacific Coast.
(15)

The

Soviets have described in detail a very successful gasification method

employing slant drilling along the dip of the bed, and so the technology is

almost in hand for this resource. Gulf plans to execute three field tests, as

16)

shown in Table 5( 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 20-12C tons per

day, producing 2-12 mmscfd of 110-170 Btu/scf gas. LLL's Hoe Creek #2 oxygen
phase utilized 30 tpd of coal, producing 3 mmscfd of 260 Btu/scf gas.

Thus the scale of opberations and size of equipment are of the order of
DOE/Fossil Energy pilot plants, and in general the length of runs without

interruption are greater.
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Table 5

Underground Coal Gasification Project at

the Gulf Research and Development Company, with

TRW Systems as Subcontractor

The project features low Btu (air) gasification of steeply dipping coal
beds, near Rawlins, Wyoming, linked by slant drilling.

Burn #1: July 1980 Simple initial experiment.

Burn #2: September 1980 Instrumented test.

Burn #3: September 1981 Sweep test.

Pilot Scale Test: P1anned.
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Environmental Issues and Control

Environm2ntal issues with UCG include air quality, subsidence, a'.d water
quality. The air quality issue is similar to cboveground processing with
respect to fugitive emissions from the plant and can be minimized by good
engineering oractice. The underground process itself should have no signifi-
cant impact uoon air guality. This issue will not be described further.

Efficient coal extraction will cause surface subsidence. Regions of sur-
face cultural activity, such 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
process 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 1imits resource renovery but has 1little effect upon process econom-

jcs. Eventually a decision will be necessary on this issue: whether subsi-

dence is to he minimized or resource extraction is to be maximized.

In general, all coal beds are aquifers. Dangerous coal derived contam-
inants such as phenols are introduced into the coal aquifer during and follow-
1gg_the coal gasification process. Fortunately, coal itself absorps_thg_
contaminants and confines them near the burn zone. Data frow the LLL's Hoe
Creek #1 experiment, which has been monitored for over a year, show that the

contaminants produced from this test are immobilized and have decreased in

concentration by a factor of 100: see Fig. 7.(]7) Thus. predictions made
in the Taboratory experimentally and by calculations have been thus far

verified in the field, although more work remains to he done.

e [ e

-l""? Tade g = ‘5




‘4

T R

—
-

T )

Phenolic material, ppm

!

°©
T

ey A gl gy g St e e BN o B SR AT W . o TR I

- 2 e B

1 Illll_l‘ T 1 ‘1TIT(! L R R

-+
A

Ffllllll
i lllllll I T

T llTlTlr | i Illlll
lLl_ll_l]l i P lllllll

3 months
6 months

10 months

I lllllll
1 ll!llll

14 months

Inside burn
poundary

d 1 lllll‘

Baseline

’l ' JlLJlll

10 100 1000
Distance from burn boundary, ft

Concentrations of phenolic materials as a function of
distance from the nearest burn boundary of the Hoe
Creek | in-situ coal gasification experiment. Times
are measured from the end of gasification. Sampling
wells are completed in the gasified coal seam and
{ocated in various directions from the gasification
zone.




T W Y iy AL
- p -n . < il

abh e L e A
e, Oy S e ] 4 f ]

THE LLL PROJECT

The major objective of the LLL project is to develop a commercial in-situ
coal gasification process which produces medium Btu product suitahle for up-
grading to pioeline quality gas. The process involves first ircreasing the
coal bed permeability, since the natural permeability of the coal in-place is
too Tow for gasification, followed by injection of mixtures of oxygen with

steam or carbon dioxide. A second objective for the nroject is tc deveiop

improved techniques to increase the coal bed permeahility. Methods under in-
vestigation include chemical explosive fracturing, reverse combustion, shaped
charges and directional drilling.

Previous underground coal gasification experiments, using oxvgen/steam or

enriched air/steam have been ana]yzed.(18)

Most of the tests were conducted
in Soviet-Bloc countries. These experiments were operated for a month or

more, consumed up 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 uograding to piveline quality gas can be obtained from underground coal
gasification, particularly if steam-oxvgen 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%; C02, 25-34%, with a
higher heating value of 220 to 270 Btu/scf.

Hoe Creek #2

The major objectives of the Hoe Creek #2 underground coal gasification

experiment were:

=R




Table 6.

-

Enriched A‘~ and Steam-Oxygen Underground Coal Gasification Test Data.

gl

L g - " .
e e i e

Blast
composition Moles steam figher
Station (%) per heating
and Generator 07 N> mole blast CHg Ho co €02 N2 HoS 0, value
Btu/scf

Gorlovskava, #1, USSK 45 55 2.8 27.8 - 187

Lisichansk, #24, USSR 44.8 55.2 38.33 2.09
Po¢moskovnaya, #YNII, USSR 65 35 . 5.2 2.9

Podmoskovnaya, #VNII, USSR 65 35 ; ¥ 15.7 2.9

Mars Mine, Poland . g A g 1.4

Gorgas, Alabama, USBM
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Investigate reverse combustion process in a uniform, we*,
hydrologically active coal seam.

Determine forward gasification parameters with injected air flows of
zG0-4000 scfm.

Conduct a short steam-oxygen burn with the Hoe Creek #2 air burn.
Evaluate diagnostic instrumentation.

Evaluate operational parameters.

6. Evaluate environmental concerns.

of the objectives were accomplished successfully.

Site stratigraphy is shown in Fig. 8 and a plan view of the wall layout is
shown in Fig. 9.

We gasified the Felix #2 coal seam, which is a wet (30% H20), low ash
(4%) subbituminous coal. The seam is 25 ft. thick at a nominal depth of 125
ft. The wells I-1 through I-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 I-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 I-1, I-5 and
I-10 included additional inc:nel tubes for a traveling thermocouple. Well A
was the injection well, B was the production well, while C-well was planned as
a dewatering well. We linked C with B using reverse combustion.

The wells designated H-1 through H-6 and SI-1, SI-2 and SI-3 were used for
high frequency elecircmagnetic (HFEM) transmission measurements for burn front
detection. Wells Ex-1, Ex-2, SS-1, SS-2, SI-1, SI-2, SI-3, and PZ-1 were used
for subsurface ground motion measurement. Wells WS-1 through WS-9 were used

for post burn water sampling.
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Fig. 9. Hoe Creek experiment No. 2 fayout. The predicted
sweep is shown as the enclosed tear drop-shaped region.
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A1l instrumentation worked well.

A11 the data taken were stored on magnetic disc and tape by an HP-21 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, 1977. Air flow tests began on October 4 and showed that
product flow rates of 35-40 scfm could be produced with a backpressure of 53
psia. 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 dewatering wells. Data from traveling thermocouples, fixed thermo-
couples and HFEM indicated that there were several reverse burn paths which
appeared to be near the bottom of the seam.

The reverse burn 1link to the injection well was completed on October 28,
and forward gasification was then carried out through 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 ranid decline in product heating value: see Fig. 10, which shows
the product gas heating value over the entire forward gasification period.
This appeared to be due to damage to the casing and the presence of multiple
gasification paths, some near the hottom of the coal! and some near the 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
seen in Fig. 10, the heating value increased to over 100 Btu/scf. Following
thic 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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Fig. 10. Heating value of the produced gas during the forward burn period, Hoe Creek No. 2.




injected the steam through the space between the 3-in. pipe and well casing.
Since the 3-in. pipe 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 oxvgen 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 the burn 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 ramained fairly constant throughout the rest
of the test. Figure 11 outlines the changes in the heating value of the prod-
uct gas from the beginning of the oxygen burn,

Figure 12 shows the concentrations of the three main combustible gases
before, during, und after the oxygen-steam burrn, 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 oxvygen 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 he obtained with
oxygen gasification compared to that with air. These results are quite 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 product heating value decreased more-or-less linearly with time, from

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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Fig. 11. Heating value of gas produced during steam-
oxygen phase of Hoe Creek No. 2.
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Fig. 12. Combustible gas concentrations during steam-
oxygen phase of Hoe Creek No. 2.
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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 steam 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.

PLANS

Issues

A number of key issues must he resolved in UCG to move the technology into

the commercial sector. The major issues are:
) Demonstration of reliable link at bottom of coal seam.
Control of water influx.
Minimize gas losses.
Subsidence control.
Process control with good gas quality.
(] Environmental control.
(] 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-
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cient gasification. The demonstration of a reliable link at the bottom of the

coal seam is being aoproached in two ways. LETC and SLA, together with the
other Taboratories, 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 1V was shut down in
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Fig. 13. Energy distribution, for the Hoe Creek No. 2 experiment.




part for this purpose, and the second phase of this test will provide addi-
tional information on the reliability and control of reverse combustion.

LLL and METC, together with the other laboratories, are investigating the
use of mechanical links which can effect the link at the bottom of the ceal
seam independent of geology. LLL is working on directional drilling and the
use of shaped charges while METC is working on directional drilling and hydro-
fracturing.

Hoe Creek #3

The first gasification test using a mechanical link in the U.S. will be
LLL's Hoe Creek #3. This 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.

The 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 30° to the horizontal and deviated at a rate of

aporoximately 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 first step in the drilling program for Hoe Creek #3. A high
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 the pattern for Hoe Creek #3, as shown in Fig. 15. Surface piping
and process systems will be constructed starting early in 1979 and should be

completed by early summer. Gasification is scheduled for July-August 1979.
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Since the directional hole is only 3" in diameter, reverse burn will be
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used to enlarge the hole to allow for the high production flow rates desired.
This step should take two or three days and will be followed by up to two
weeks of forward burn with air to allow a direct comparison to be made with
Hoe Creek #2 results.

Following the air burn we plan to gasify with steam and axygen at a coal
consumption rate of 80-100 TPD for up to six weeks.

Future Plans

In all UCS projects the intent is to perform linear (two-to-three process
well) experiments such as Hanna IV, Hoe Creek #3, Pricetown I and SDB burn #1,
to: demonstrate reliable linking, show that water influx can be minimized
while also minimizing gas losses, obtain good gas quality and good process
control which is vital for favorable ecoromics, and demonstrate acceptable
anvironmental impact. With success at this level, it is then necessary to
scale uo to sweep 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 106 scfd of medium Btu gas level. Test #5 would be a sweep experiment
involving up 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- ';}-
sumption, 15 x 106 scfd product) to verify technical, envircnmental and |
economic predictions. We anticipate executing tests #4 and #5 in conjunction

with an industrial partner, under joint DOE/GRI sponsorship. Following the +
=33~
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Process and pump wells
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Ground motion instrumentation wells
Water sample wells — Felix #2

Water sample wells — Felix #1

Fig. 15. Hoe Creek No. 3 plan view of well array.
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Steam and oxygen tests

Hoe Creek expt. No. 3
3 wells
80 TPD — 4 MMSCFD
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Deep linear expt. 4
3 wells
100 TPD — 5 MMSCFD

&

Deep sweep expt. b
6 wells
300 TPD — 15 MMSCFD

Pilot plant
20 wells
1000 TPD ~ 50 MMSCFD

Cost
{Millions dollars)
Total ~90
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Medium — Btu in-situ coal gasification project
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Fig. 16. Schedule for the LLL medium — Btu in-situ coal gasitication project.
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successful execution of this test, the industrial partner would carry out the
ensuing pilot scale test with support, as appropriate, from LLL and other DOE
laboratories.

This is a success-oriented schedule; it may be necessary to reveat some
test. In addition, it would be desirable to perform some linear tests similar
to #3 or #4 in other coal deposits to extend the technology to a wider re-

source hase.

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 previous steam/enriched air and steam/oxygen UCG tests,
and of the Hoe Creek #2 test are very encouraging in that steam-
oxvgen 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 is appli-
cable to high Btu gasification.

Demonstration of reliable linking at the bottom of the coal seam is
crucial in obtaining good quality 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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“This report was prepared as an account of work
sponsored by the United States Government.
Neither the United States nor the United States
Department of Energy, nor any of their employees,
nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or
implied, or assumes any legal liability or respon-
sibility for the accuracy, complwtness or
usefulness of an{ information, apparatus product
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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, 0. Box 808
Livermore, CA 94550

ABSTRACT

The conversion of coal into combustible gases promises to become an
important method of coal utilization., 1f 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 this
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 quality in the vicin-
ity of the gasification experiments indicate that the reaction products, such
as ash and some cnal 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. Complementarv 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”“_cts of subsidence phenomena. Data
from subsurface gentechnical instruments installad at the second gasification
axperiment, as well as measurements of ground-water levels, indicate that
roof collapse connected the gasificatinn cavity with overlying aquifers. The
environmental implications of this interconnection are being investigated.
OQur results suggest that hydrogeological site-selection criteria may be of
considerable environmental importance in choosing locations for commercial-
scale operations.

*Support for these investigations 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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INTRODUCTION

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 econemic advantages can
be realized. 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
presence 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 dcilled into the coal
seam are used, after the coal is ignited, to inject air or other gasifying
agents and to withdraw the resulting combustible gqas 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 development of a practicable in situ technology.)
The product gas generally regquires some form of clean-up in a surface plant
and, if synthetic natural gas is the desired product, an upgrading process to
achieve higher energy density.

Although in situ coal gasification offers important environmental advan-
tages when compared with more conventional methods of coal utilization, there
are significant environmental concerns that need to be investigated. 1f these
concerns are addressed now, in parallel with the deveiopment 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 would occur in connection with large,
commercial-sized nperations. Some of these possible effects are peculiar to
underground gasification and have not been previously investigated in detail.
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 reinain underground as potential ground-water contaminants
and, second, the cavity (and possible subsidence) produced by the extraction
of the gasified coal. OQur in situ coal environmental group at the Lawrence




Livermore Laboratory (_LL) is concentrating special attention on these two
aspects of the in si‘u process. We hope to assess their environmental
significance and identify methods for controlling any adverse environmental
consequences. Qur approach involves a combination of field measurements near
in situ gasification experiments, laboratory investigations, and predictive
modeTing studies.

LLL has conducted two in situ coal gasification experiments]’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.

[
4

The Hoe Creek site is located in a sparsely populated region of gently
rolling semi-arid rangeland. This arca is part of the Powder River basin eof
northeast Wyoming and southeast Mortana - a region that may contain half a
trillion tons of coal suitable for in situ gasification. The coal gasified
ir. the Hoe Creek experiments (the Felix 11 Coal) is 25 ft thick and lies at
a depth of about 125 ft - well below the static water level. The Felix II
Ccal 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 Cresk experiment] took pltace 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 11-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" technigue, developed in this country by the Laramie
Energy Technolagy Center. The gasification operation lasted 58 davs, 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 mest significant environmentel 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 scme of the other residual materiatls, inc uding
organics are dissolved, The contaminated water moves through the coal seam
in the general direction of the natural ground-water flow. Fortunately,
there are other natural phenomenda - for example, the filiering and adsorption
properties of coal itself - which tend to purify the ground water and to
restrict the contaminants to a localized region. HNevertheless, the ultimate
environmental significance of the residual underground products is not yet
known.
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The ground movement and potential subsidence associated with the crea-
tion of a gasification cavity are also of significant environmentel 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 integrity of the underground
"reaction vessel" and permit 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 1

:‘- m'tw-rv-.r. .

Measurements of changes in ground-water guality near in situ coal gas-
ification experiments are of importance, initially, in that they help to
define the contaminant source. That is, they permit 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 biolugicai action. Over a
period of several vears, the water quality measurements will begin to yield
. - information concerning the possible development of a plume of contaminated
™ ground water that mey spread outward from the gasification site in the
! direction of natural ground-water flow.

We have carried out extensive ground-water quality investigaticns at
the sites of both LLL in situ coal gasification experiments. Approximately
a dozen wells in the vicinity of the first gasification experiment (Hoe
Creek 1) were monitored before, during, and after gasification4‘5 The
samples were analyzed in the field and, much more extensively, at the lab-
oratories of the ll. S. Geological Survey, the Research Triangle Institute,

and LLL. A simplified summary of the data is given in Table 1.




TABLE I. A simplified summary of data for contaminants that showed
a large increase following gasification (Hoe Creek I).

Inside burn zone Qutside burn zone
Species Pre-gasification Concentratior Increase Concentration Increase
value (mg/1) (mg/1) (mg/1)

0.
1

Among the chemical species that show a large increase as a result of the
gasification experiment are the phenclic materials, which represent the
largest group of organic contaminanis introduced into the undergrcund
enviranment by this experiment. The changes in concenftration of the phenolic
materials, as a function of time and distance from the boundary of the
gasified zone, are shown in Fig. 2. MNotice that the phenol concentrations
have decreased by roughly lwo orders of magnitude at all distances from the
burn zone. Although most other contaminants are also decreasing?, their
rates of decrease are not, in general, as rapid as those indicated in Fig. 2

s

The water from selected wells was aralyzed 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 information concerning volatile and semi-volatile organic
contaminants. The coal gasification process produces an enormous variety of
such organic by-products. The more volatile aromatic materials such as
benzene, toluene, xylenes, and napgha]ene penetrate into the porous media
surrounding the gasification zone. As illustrated in Fig. 3, the species
of lower molecular weight {more volatiie) 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.
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N 0.01 0.4 40 x 300 3 x 10%

NH, 0.5 20 40 x 70 100

D0C 6 4 ] 200 40

Br- 0 1.0 4 40
0

40

a5 8
e 0.03 0.3 10 x 0.2 6
g 10 50 5 x 60 6
305? 200 2000 10 x 1000 5
cate 10 600 20 x 200 5
£ 5

-

'I-Zl-l'(-?_ 0 = Sl f ° & "-".z. ‘.T

ST

Ty

.=




It is important to point out that the natural rate of ground-water
movement in the gasified coal seam (Felix I1) 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 resuit of natural ground-water flow. In principal, phenol
concentrations in the outer wells might ultimately increase. Nevertheless,
the rapid and uniform decrease 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.
Resuits such as those shown in Fig. 4 leave little doubt that phenol 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, K4, whicn is a measure of
the fractional adsorption of a dissolved contaminant and an essential
ingredient in contaminant transport modeling. Our modeling efforts include
the development of a 2-dimensional computer code capable cf predicting
transient dispersion of contaminants introduced continuously from a line
source. The model includes convection, longitudinal and lateral dispersion,
and adsorption.®

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 invelved the gasification of 20 times as much coal as Hoe
Creek I, it would be 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 the amount of coal gasified. In
particular, the comparison might indicate whether the concentrated "shell" of
phenolic materials 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 Il 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:iured 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 cencentrations. 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 overlsing aquifers is
flowing into the gasification cavity and producing an abnormally high
hydraulic head within the cavity. Calcuiations 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 Il 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 an enlightened choice of site selection criteria is
becoming increasingly apparent.

SUBSIDENCE STUDIES

Since ground deformatinns 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 outstanding importance. MWe are attempting to
extend out knowledge of these effects and develop ¢ reliable predictive
capability through a combination of Taboratory tests of overburden cores,
geotechnical measurements at che 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

experiment. In the treatment employed, a stratified overburden is stressed
hy gravity leading 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 sojl strata. Inelastic




procedures are employed, 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 effgrt to predict
subsidence and ground movement for the Hoe Creek 11 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 surface subsidence of only an inch or
sp. 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 he1pfu1 data - both for understanding the
guide in checking and 1mprov1ng 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 installation in the overburden at the site of the
Hoe Creek 11 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
included specially designed isolation bench marks, an optical level, and a
precision tape extensometer. A detailed description of these instruments,
their deployment at the Hoe Creek Il site, and some preliminary results are
reported by Ganow et al. in reference 9. An analysis of the geotechnical
data (obtained before, during, and afier the Hoe Creek Il experiment) has .
provided a relatively clear picture of the overburden deformation and roof !
collapse that occurred in response te 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 | and channe! 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
significant. Roof spal.wng due to shrinkage effects induced by heating may be
an important factor in determining the utlimate cavity size. A prelimirary
attempt to incorporate these shrinkage effects into the calculations is
described by Greenlaw et al. in reference 10.




We have also carried out extensive triaxial strength tests on core samples
obtained from the Felix Il 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
hopeful 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 [
- o may accompany large scale in situ coal gasification.
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Figure 1. Schematic representation of the /1 situ coal gasification process. The region ahead of the axidation
zone has been modified before gasification to provide a path of increased permeability that wiil
permit adequate gas flow.
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Water levels in wells near the Hoe Creek M jn situ
coal gasification experimeni. The water levels are
plotted as a function of distance from the injection
well ““A” at various 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 Il coal seam except
WS-1, which was com Jleted in the overlying

Felix | coal aguifer. ™ 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 that
the gasification cavity has been interconrected with
the overlying Felix | coal aquifer, which lies about 20
feet above the Felix Il Coal, and with another
aquifer above the Felix | Coal.
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Normalized phenol concentrations

Figure 7.
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Changes in the measured concentrations of phenolic materials
in the Felix il 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 are moving outward away from the gasification
zone. This movement appears to be much exaggerated in the
immediate vicinity of the gasification zone 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.)
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weather

Followers clamped

to sensing wire

1:-) and to moving element
of transducer

P Lead

counter ' ~~Follower in full
weight } extension position

T -
™~ Well casing

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.
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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 injectant.

Our first two field experiments were designed to test two different coal
permeability enhancement techniques, explosive fracturing in the case of Hoe
Creek No. 1 and reverse combustion 1inking in Hoe Creek No. 2. Both were
air burns for reasons of ecoromy.

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 1ink 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 losses and water influx.

6. Determine water quality and subsidence efrects.

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 value 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 frent geometry. 3

It is possible that the Felix No. 2 seam at the Hce Creek site has & high per-
meahility 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 Cr2ek No. 3 experiment is to dn a success- '
ful oxygen/steam forward burn, it is very important to try to insure a proper
1inking channel and to prevent gas override. Therefore, in order to insure a
single 1ink near the bottem 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 Z 3/8" diameter
Dyna-Drill mud motor to drill a 3" diameter hole. Initially the drilling
angle was inclined 30° to the horizontal and deviated at a rate of approximately
50 per 100 feet of travel.
Despite some difficulties with the drill sticking in the unconsolidated
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 (DD-i) with several vertical hoies. We planned to con-
tact DD-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 DD-1 and a receiving antenna was placed in
several holes drilled close to the predicted location of the C-well. The re-
ceived signals indicated that DD-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 DD-1. This was confirmed by inserting a
2.5 curie Cs y-ray source into DD-1 and uasing the y lcg detector in the vertical
hole. Additional HFEM and y logging has been used to locate the far end of DD-1.
It is expected that all of the HFEM wells, water wells and some of the cased

jnstrumentation 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. Well 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 changes
over a long production path and tc determine what operational problems are in-
volved with long underground channels. Aithough there are no plans to change
the injection point, Wells B and C will be designed to aliow 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 placea in and above the
upper seam for Hoe Creek No. 3.

Most of the thermocouples will be installed in open holes using a wire
rope messenger cable as was done for Hoe 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 material that will
prevent gas flow in the event of pipe failure but will not cause damage to the
thermocouple sheathing.

Three wells, I-6, I-7, and I-8&, will be used to test three combinatiens of
thermocouple sheathing material, insulation and wire thickness.

Bubbler tubes similar to those used on Hoe Creek No. 2; but 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 tubes will also be installed

at the top of the seam I-1 and I-3.
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HOE CREEK NO. 3 - ELEVATION VIEW
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Figure 1. Process Wells and Directionally Drilled Channel
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A1l of these tubes will be provided with nitrogen 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
will consist ¢f 5-10 containers, probably some laboratory type gas sample
bottles, filled with different varieties of Freon and arranged to open at a
preset temperature or pressure. 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.

A1l 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 designed to give us an alternative

method of locating the burn zone. It is expected that the data can be analyzed

b A ]

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 wili be measured, digitized, FM multiplexed and transmitted to a
receiving antenna underneath the coal seam and outside 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




the HFEM technique to monitor the reverse burn of the driiled 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 possibility of creating an override path.

D.  Environmental Measurements

Both collapse instrumentation and water sampling will be done for Hoe
Creek No. 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 beirg planned This program
will be designed to give us reasonable assurance that we are complying with the
appropriate state and federal regulations.

E. Gas Analysis. Water and Particuiates

Gas analysis will be similar to that done on Hoe Creek No. 2. A new
process gas chromatograph and a process mass spectrometer have bheen 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 humidity 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 determined in two ways. A large
knock-out tank will be used in the production qas stream. Periodic sampling
of tihe collected particulates will be done. A separate. small cas stream
sample will be used to qet a more accurate particulate samnle at more freauent
intervals.

We will attempt to determine the fraction of iniected steam that reacts with
the coal bv using deuterated water as a tracer in the steam boiler. The process

mass spectrometer should be capable of on- line analysis for deuterium.

.
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Reverse Burn Widening of Channel

According to Kreinin and Revva (UCRL-Trans 10810) the standard way of
enlarging a directionally drilled hole, (and 1inking 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 (6"
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 m>/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
vertical wells.

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 lirked to the directionally
drilled hole. If the wells are not already 1inked, 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 codl 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 experiment. 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 mirnimize 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 outlineu earlier. A planned program of flow rate and operating
pressure changes will be used. The majority of the erperiment 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 plarned is a forward burn from well A to well B with gas
production from both B and C. We do not plan to continue the burn from B
to C. However, the design will include a provision for converting well B
inte an injection well with a short shut down period if necessary. This
would allow continuation of the burn if additional funds become 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% tc 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 hcpe 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 Il is a summary of the parameters expected

for Hoe Creek #3 assuming similar performance.
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Performance Estimates Based nn Hoe Creek No. 2 Results

Coal Consumption 5280 tens 3550 m3

Average Injection Flow Rate Oxygen 20U mol/s = 1000 scfm
Steam B8O mol/s = 4000 scfm
Burn Period at Average Rate 45 Days
Total Oxygen Consumption 2780 Tons
Total Steam Consumption 6220 Tons
Steam Generation Water Feed Rate 33,000 gal/day
Produced gas Flow Rate 148 mol/s = 7430 scfm
Produced Gas Temperature 650°C
Produced Gas Flow Rate After Cooling 181 mol/s = 9086 scfm
Cooling Water Needed for Gas Temperature of 350°C = 9.4 gpm
Produced Gas:
Wet Heat of Combustion = 101 KJ/mol = 114 Btu/f¢3
Dry Heat of Combustion = 235 KJ/mol = 164 Btu/ft3
Produced Gas Composition

Befcre Cooling After Cooling
Mol Fraction Mol Fraction

0.530 0.617
0.178 0.145
0.026 ¢.021
0.105 0.085
0.156 0.127
7% 1.4 x
X 8.8 x

1.2 x
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The Wells P1, P2, P3 and P4 are designed to be directly connected to the

drilled channel. If it is possible to have water pumps survive 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 production channe?!

at the bottom of the coal seam.

A report will be issued at a later date givirg 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 system developed for Hoe Creek II. The experimental data
to be coilected 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:

0 System pressures and temperatures throughout the above ground

process piping.

° Pressure temperature and differential pressure for each process

flow metering station.

(] Farameters pertinent to process geometry, e.qg., 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 meiers
from injection. The product gas travels through a particle removal device
and is then sampled before passing to the incinerator and flare for disposal.

2. Compositional Data

The flow rates oi all streams entering or leaving the system will be

computed from the process data. Ccmpositional data will be collected for




the product stream, four instrument well sample streams, and the oxygen injection

Stream.

Analysis System.

Details of the analysis system are discussed in Section 3--Chemical

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

overburden represent a large portion of our diagnostic data.

is shown in Table I.

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.

o Tracer measurements.

The downhole thermocouples located throughout the coal seam and in the

wells are shown in Fig. 2 and the specific locations for TC's in each well

voitage, loop resistance, and resistance to ground, thus providing not only
temperatures but diagnostics concerning TC failure.

Tracer techniques will be used to obtain information conceraing the fluid
dynamics in the system and the propagation of the burn zone through the coal seam.

Two types of tracer information will pe 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.

The process stream flow rates and compositions will be used

The locations of the

Each thermocouple will be routinely measured for junction

Continuous
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~ita 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:

e Data Acquisition Hardware.

e Data Management Hardware.

1. Data Acquisition Hardware

The bulk of the process and diagnostic data will be routinely collected
via two COMUX digital voltmeter scanners, each equipped with 252 channels.

The COMUX, supplied by Sandia Laboratory, is designed such that each
channel is capable of measuring a thermocouple junction's voltage, loop
resistance, and resistance to 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:

e Pressure transducers to measure the above ground and down hole pressure
throughout the system.
e Two humidity meters to measure the water content in the produced

gas and the ratio of water to organic liquid.
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Figure 3. Data Acquisition and Storage System
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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 the mass spectrometer with
sampling times as short as 10 seconds. This will provide essentially
real time analysis of the composition of the product gas.

In addition, the mass spectrometer will sample injected gas for oxygen
to tracer ratlios 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:

e Liquid 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,
tritiated water, and organic components. All liquid condenser
data will be gathered manually.

e On line analyzer to monitor product gas for the detection of
flurocarbons in the product gas.

The geophysical, HFEM, and electrical resistivity hardware are discussed

elsewhere in this report.

2. Data Management Hardware

A1l 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 menipulation
functions.
Of the three major aims of the system that of the highest priority is
the acquisition and 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 3
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.




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 intervais 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, sampes
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

entire experiment. In this way the time history of any process variable can

be reviewed immediately over the entire course of the experiment. 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/0 hardware consisted of 3 high speed {9600 baud) display terminals
with hard copy unit and one medium speed (300 baud) TTY. These are used for
all TTY-computer communication. Also included is a Versatec printer, alarm
box and 3 independent 1V 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 Togged into
the computer throughout the experiment, via a tile 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 I1II. 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 l-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

v




I1I. Chemical Analysis Systems

W. R. Aiman and J. Clarkson

The primary 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 stream, four instrument-well sample streams, and the oxygen
injection stream. A seconaary objective uf the program is to identify various
freons in samples of the production stream and to maintain capability for general
purpose analysis to meet needs which may be identified later.

Analysis of the process streams will be done in an "automatic" mode by a
CVC 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. A1l of these arilyzers 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 E
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 o,

other sources will be supplied to the analytical laboratory {rom a series

of clean-up systems at a pressure of 5-15 psig. Every effort should be made
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Table III. Gas Analysis: Hoe Creek No. 3 Experiment

Instrumentation
Pussible Special Special
Component Concentration Range CVCMS PGC D.P.M. Analyzer Apparatus

o

1 - 75%
1 - 70%
.1 - 35%
1 - 40%
1 - 10%
01 = 1%
L1 = 1%
01 - 1%
01 - 1%
A1 = 1%
01 - 1%
.01 - 1%
.01 - 1%
0.01 - 1%
10 - 50%
0.01 - 100%

0.01 - 1%

10 - 1000 ppm
10 - 1000 ppm
200 - 5000 ppm

10 - 1000 ppm

C0s 50 - 1000 ppm
NOX 10 - 100 ppm
HCN 10 - 100 ppm
NH3 100 - 1000 ppm
Freon

Tar

Particulates
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F - fast, on line mode; S - slow, off-line mode; I - intermittent mode
* - species of vital importance for control of the process.
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to keep the gases to be analyzed as clean and dry as 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 IIl. 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

analysis at intervals of approximately one hour each. This instrument is to

be calibrated in the field using LLL mass spectrometrically verified standards,
and periodical’iy 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 condensed 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 nroduct tar will be

condensed out of the stream with the water. 7he 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. The 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 simulaced 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

s ¥ i -

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 bulbs 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 production stream
to signal that a bulb has burst, and 2) specific anaiysis to determine which

freon is present in the stream.




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 Sampling

Hydrogen sulfide, sulfur dioxide, 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 liune 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 operator, 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 taker.. These samples should be sent to:

Lawrence Livermore Laboratory

Attention: Carla Wong

Bldg. 222, Rm. 1223

Livermore, California 94550

G. Wobbe Index Recorder

The Wobbe Index Recorder will be installed as a backup heating value

indicator. This instrument indicates: (heating value)/(specific gr‘avity)l/2
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H. Particulate Sampling

Particulates in the product gas stream will be sampled via an impact
tube at an e! 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 um 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.
Use of this capability will be ad hoc at the request of tne project scientist.

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,
locaily on-call at all other times during which ignition and gasification are
being conducted. He wiil 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 might 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 shouid
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 WNo. 3 UCG Experiment call for a total of 10
HFEM wells, each path to be probed twice daily, with interpreted results to
be displayed or 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 Creek No. 2 experiments. Given adequate support during FY'79, we
feel that we can meet these requirements. This section outlines the approach
we plan to take in achieving these ccpabilities 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 follcwing: (1) purchase and inctall

reels of an improved design at each well, thereby reducing the down time and

~

much of the need for moving rerls from well to well, (2) permanently placing
control, signal and power cables 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




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-somz 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
command. 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 measuring 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 rropagate EM waves over the
somewhat longer distances planned for Hoe Creek No. 3. W< wiill purchase
spectrum analyzers with better signal to noise ratios and design more efficient
transmitting antennas and receivers. If need be, we would operate at somewhat
Tower frequencies.

C. Improved Disimination of Results

We would 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 some interface electronics which would allow us to identify the data
run--time, frequency, well pair, etc., -- as well as the depth of each data
point. Another approach would be to purchase an x-y plotter and put in ID
information and depths by hard. 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 decigned and fabricated. The details of
this apprcach would need {0 be worked out.

D. HFEM Requiremei.ts

We will need the following equipment and services:
Wells - 3" 1D, pvc or fibreglass 1ined between 10m above and below
coal seam. No water in wells. Top of casing about 1/2m above
ground level.
- 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.
O0ffice 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

A. Introduction

In-situ waasification of coal fuorms an underground cavitv. 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 remaining
roof coal acts as a thermal insulator, therebv increasing the efficiency

of the gasification process. In this context, roof collapse is a vitally
important mechanism that results in increased recovery of thz ~nal resource.
Ultimately, a non-coal roof is exposed which detrimentally affects the gasi-
fication process in several ways.

First. exnosure of the roof rock, and its subsegquent collapse into the
expanding cavity, results in much heat energy loss, thus reducing process
efficiency. Second, rock units permeable to fluid flow are exposed resulting
in the loss of injectant or product gases and in the influx of ground-
water, if these units are saturated. Adgain, heat eneray is lost in
vaporizing water, and the resulting steam dilutes the product aases. The
injection of product cases into aquifers containing potable ground water
mav result in significant ccntamination. Third. continued roof collapse
exacerbates the problems mentioned above and mav ultimately lead to disturbance
of the around surface or subsidence,

Following the successful geotechnical experiment associated with Hoe Creek
11, we are beainninc to appreciale the extent to which roof collapse can
affect the gasification process as weil 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 (FEM) model

codes suagest. This is because these codes treat cavitv-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 method of calculating
roof collapse and surface subsidence. Improvement of these models will come
frum incorporating other exiremely 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 associated 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 Il gasification
test. We plan to measure both surface and subsurface deformations, 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 piocess-related data. Geo-
technical data will also be of benefit to the engineering staff conducting

the HFEM (High Frequercy Electromagnetic) experiment in their data inter-




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, the time-history of cavity-
induced overburden strains and roof coilapse will provide critically important
data for verification of the results obtained from highly sophisticated FEM

modeling codes.

8 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 shear
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 probe 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 incremental

distances, and measuring and recording the two inclinations on a digital readout
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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 D~1 through D-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 10-meter long steel surface casings
designed to provide a gas-tight seal should the aluminum tubing burn through
during the experiment. Boreholes D-1, D-2, and D-3 are arrayed in a line
sub-parallel to the experimental axis defined by the main process wells A and
B. Boreholes D-4, D~5, and D-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
D~1 and D-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




divider. The plan is to install five six~positions MPBXs designated E~1

through E~5 in Fig. 2. The MPBXs will yield data on roof deflections including
the time, magnitude, and approximate vertical location, and the onset and extent
of roof ccllapse. Extensometer borehnle 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-1, 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
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into oblique mode deformation through incurporation of data from the D-4,
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D-5 and D~6 line previously discussed.
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3. Shear Strips. These devices consist of a long thin strip of brittle

plastic having two thin parallel metal foils bridged at 0.3-meter intervals

a
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by 10 Kohm precision resistors. Two-conductor electrical cables are connected
to each end, and the strip, cables, and connections are sealed against water
incursion. Shearing displacement alcng planes inclined at high angies to the
borehole axis, or hole elongation, breaks the strip and causes a change in

the apparent resistarce measured at the ground surface. Knowledge of the strip
position, value of the resistors, their spacing, and the measured value of
apparent resistance allows calcuiation of the approximate depth to the break
position.

Four borings, each containing a 30 meter l1ong shear strip and designated

S-1 through S-4 are planned. They will be placed in small diameter unlined
borenoles 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~1, 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 single shear
strip located in a similar position on Experiment 1I suggest that this
very important mocde 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 witn temperature
sensors wiil te 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.

D. 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 weil 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 11l axis defined by process wells A and B,
and will extend 76 meters on either side from an origin monument located near
E-1. 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 gasification.
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

Q*- 5 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 ;sif
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) forms part of the current electrode

% and the geometry of the current source varies with the shape and extent

of the reaction zone. Both the MS and DEEP techniques will utilize the same
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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 be 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
UI‘ protection for the cables running to the instrumentation trailer. The electrodes
are buried to provide adeguate contact with the earth. Al]l 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 with one of the outlying
current electrodes. The outlying current electrodes can be one 30 ft. section
¢f 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 switih s gs. (There are some vacant data channels on the

third group switch setting).

The current pulser is ccntrolled by the mini-computer with information
provided by the experimenter through a pulse-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 currert pulses are of equal length. (DEEP-B and

DEEP-C refer to injecting current into Wells B and 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 choser 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
milliseconds are taken and averaged for the measurements of the self
potentials. These self potentials are stored and used to zero the equipment
for potential mcasurements due to a current pulse. Twenty samples in 500
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 value) tc give a reduced potential
and then these 20 values of reduced potential are averaged and stored.

It 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.
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Inverted Thermocouple String

G. S. Davidson and L. C. Bartel

Thermocouple strings are normally fielded with the extension leads coming
from the thermocouple (T/C) junction to the surface. In the event of a high
temperature override, the T/C string would experience a failure prior to any
significant temperature measured at the lower T/C junctions. A new concept
of T/C installation is under investigation to circumvent the high temperature
override prcblem. A T/C string with leads from the T/C 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
T/C string". For the inverted T/C string to be fielded on the Hoe Creek
No. 3 experiment, the data will be transmitced via electromagnetic transmission.

An inverted T/C string, along with a regular T/C string, will be fielded
in one well 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 and at a depth of approximately 10 metres telow the coal seam floor. The
receiver will be hardwired to iie surface. It is anticipated that the trans-
mission frequency will be approximately 10.5 KHz. Thermal data wilil be
transmitted once an hour.

An experimental version of the data transmission system will be tested on
the Harnc 1V 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-witiidrawal 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 pertormed with water level drawdown being measured in
HY 1.

The results of incremental slug-withdrawal tests in the two wells were

treated using the method of Cooper et al. (1967). With one exception (test of

A gD

Zone 1 in HY 2) the water level recoveries could be matched with one type of
curve. In the exceptional case, the recovery could 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. 1In all
tests, the early recovery appears to have cccurred more rapidly than predicted &
by the model used to analyze the data (early water level recovery data falls below

the type curve). This 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. Baiiing to remove a slug
of water from the wells occurred over periods that varied from 30 sec. to
1.5 min. The later 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 (see Table 1V). 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 in HY 2. It thus appears, based on
tests in two wells, that a highly permeable zone in the upper third of the
Felix No. 2 at the Hoe Creek # 3 site does not exist.

Upon ¢ompletion 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 influence. The semi-logarithmic drawndown plot was




TABLE 1V

Estimated Horizontal Intrinsic
Permeability of Felix No. 2 Cog],
Hoe Creek Experiment # 3 Site

Test Well Intrinsic PeEmeability
and Interval (um)
Complete seam 0.13
Upper third 0.04
Middle third 0.37
Lower third b

HY 2
Complete seam 0.85
Upper third 0.25
Middle third 1.7
Lower third 0.67

a

b Based on single-well, slug withdrawal tests

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 (wm)z, 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 tu 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 leaky, and that the overburden i.. the several feet
immediately above the top of the Felix No. 2 is of very small vertical

permeability.
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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 1ikely have large individual permeabilities, but because of their
nature (narrow slits), they store a limited volume of water (giving a small
effective storage coefficient 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 because
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 kad 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 (um)2 estimate of horizontal intrinisic 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 from slug tests for the upper third of the coal is 0.25 (um)z.
Because the Theis model is based on a verticaliy 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 ‘he Theis non-leaky type curve to the logarithmic

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
into 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

e




No. 1 seam during the gasification procesc.

We remain 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 nbserved fracture
characteristics with the results of hydraulic tests of the coal, and could
a53ist in more complete and positive interpretation of the hydraulic tasts.

Hoe Creek # 3 may be our last opportunity to obtain such information relatively
cheaply. Experimentation in the future at depths three times that to the Felix
No. 2 at Hoe Creek may 1imit the number of boreholes drilled for information
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 of
the hydraulic tests, and helped in their execution.
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WATER SAMPLING WELLS FOR HOE CREEK III*
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.1 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 1-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 B, and dewatering wells P 1 - P 3 wil)

also be available for water sampling. A1l of the water sampling wells will be
used for investigating contaminant distribution and transport; some of the wells 3

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).




connection. Well construction will be similar to that of previous Hee 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 located along a
line extending outward from the gasification 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 te
conducted by LLL personnel with the assistance of the U. 5. Geological Survey.
Samples will be analyzed in the field and at the laboratories of the USGS,

Gulf South Research Institute, and LLL.
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