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VERTICAL BORE+ E DESIGN AND COMFLETION PRACTICES USED
TO REMOVE wETHANE GAS FROM MINEABLE COALBEDS

by

Ytephen W. Lambertl, Micha=l A. Trevitsz, and Peter F. Steidll
INTRCDUCTTON

Coalbec gas drainage from the surface in advance of m.ning has long
been the goal of researchers in mine cafety. Bureau of Mines efforts ro
achieve this goal started about 1965 with the initiation of an applied
research program designed to te¢st drilling, completion, and production
techniques for vertical boreholes. [Under this program, over 100
boreholes were completed in 16 different coalbeds. The field methods
derived from these tescs, together with a basic understanding of the
cvalbed reservoir, represent an available technology applicable to
any ga~ drainage yrogram whether designed primarily for mine safety
or for gas recovery. 2r both.

Much of the subject matter contained in Lhis report is derived
from past work sponsored by the Bureau of Mines. The most recent work
presented was later completed under the Department of Energy, which,
after October, 1977, assumed respunsibility for many of the vertical
borehole programs previously initizted by the Bureau nf Mines.

1/ Geologist, Carbondale Miuing Technology Uenter, Carbondale, illinois

2/ Geologist, Pittsburgh Mining and Safety Research Center, Bureau
of Mines, Pittsburgh, Pennsylvania
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SUMMARY

Borehole Specificationsg

The minimum casing size that accommodates most standard down-hcole
tools is four inches inside diamecer.

Degasificatior boreholes, after mine-through, can be used for mine
development by providing convenient avenuzs to the surface. The
diameter and completion of these wells should be specified during
planning phases to meet the Intended usage.

Some Frinciples of Coalbed Gas Storage,
Relegase and Migration

For practical application, the maximum amount of gas stored in
coalbeds is generally assumed to be the amount at equilibrium with
the measured pressure/temperature conditions of the coalbed. This

is best illustrated by an equilibrium sorption isotherm curve for
mcthane gas.

Cozalbed gas travels by diffusion to natural fractures and then
by Darcy flow to a peint 2f lowest pressure. By lowering coalbed

water saturation, the coalbed’s permeability to gas increases, enhancing
flow rate.

Effective Well Placenent

Single wells placed alone in very large coalbed areas de not produce
high sustained gas flows because they do not effectively lower
coalbed hydrostatic pressure or water saturation.

An efficient method for reducing pressure and decressing coalbed water
saturation within a practical time interval (esseatial to high gas

flow rat2) is to place wells in closely spaced patterns or position
wells cluse to mine workings.

Drilling

Portable drilling rigs, capable of drilling degasification boreholes
to depths of 2,500 feet, are available in the water well and petroleum
drilling industries.
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2. In general, drilling muds should be avoided gince they almost certainly
cause coalbed permeability damage.

3. Percussion type drill bits enable boreholes to be drilled quickly. '
Tri-cone type bits, however, cause less coalbed permrability damage.

logging

Geophysical logs which meagure rock density; provide an excellent
means of identif ying coalbed stratigraphic horlzoms in an open-
hole. <Caliper logs offer the precize quaatitative informaticn re-
quired to select casing equipment and cementing parameters. Neutron

type logs are raasonably good indicators of coal after the borehole
1s cased.

Completiorn

Coalbed gas drainage has been most successful when "openhole" type
completions are used for degasification boreholes. Froduction from
perforated wells has been significantly lower., Abrasive-jet sloited
completions have been most effective throzgh casing.

Method of Removing and Measuring Water

1. A proven method of removing water from degasification voreholes 1is
by means of a sucker~rod punp. This method is effective when pro-
duction %s less than 200 bpd but requires routine maintenance.

2. Positivc-displacement meters are used to measure water but this

method usually requires an inappropriate amount of routine main-
tenance.

3. The timing mechanisms insialled within the electric power circuit
to borehole pump mwtors automatically control pumping intervals but
require constant ittention in o.der to maintain a "dx»y hole"
condition.

Froblems of Monitoring Water Production

1. Solids and gas in waterlines cause significant meter inaccuracies
and/or pump malfunctiens.

2. Improper pump intervals allow water to rise in boreholes
above coalbeds, reducing gas production; or allow water

to fall below pump horizons, resulting in excessive wear of
equipment.
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Improved Methods for Monitorlng Water Production

Gas contained in waterlines can be removed before the water is
metered by incorporating a vented separation tank iun the surface
water flow system.

Most large pieces of solid debris carried through waterlines settle
in the separation tank (Item 1, above). The remaining solids, sus-
rended in the flow system, can be removed with a dirt-and-rust water
filter installed downstream from the separation tank.

Downhole pump stoppage due to lodging of large pieces of coal or
other rock material can sometimes be averted by installation of a
screen at the lower end of the water production tubing.

Automatically controlled pump cycles must be checked frequently and
128et with every significant change In water production. An alter-
native method to cycled pumping is the use of a variable-speed control
on the punp.

To prevent freezing, surface waterlines can be wrapped with heat
tape and then covered with insulation.

Method of Removing and Measuring Gas

Gas 1s produced through the annular space betueen the water
production tubing and borehole casing.

Wells should be produced under minimal back-pressure.

Diaphram, rotary, and turbine type gas meters are used to monutor
degasification borehole gas flows.

Gags Production Monitoring Problems

Water build-up in gas lines decreases meter accuracy and can
permanently damage working components when freezing occurs,

Sudden pressure release arter wells have been chut-in, or when un-
loading occurs can damage gas monitoring equipment.

Improved Methods for Monitoring Gas Productien

Commercially availlable filters are designed to remove fine
solid particles from gas lines with very little pressure drop.

-4 -
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The moisture content of coalbed gas 1s removed by cooling, ab-
sorption, and impingement.

Meter inaccuracy and possible mete:r damage caused by suuden pressure
release is avoided by allowing gas pressure to bleed-off gradually
while maintaining flow pressures within the given meter range.

Ice formation in gas lines near the wellhead 1s prevented by properly
insulating and heating the meters and other points favorable to warer
accunulation. The number of routine field inspectione should be in-

creased during cold weather periods toc assure minimum condensate
build-ug.

Analyses Of Gas Produced From Vertical Boreholes

Methane content of gas sampled from 34 vertical boreholes average

approximately 96 percent. Th2 percent of higher hydrocarbons
average 0.0% percent.

Hydrogen. helium, carbon monoxide, sulfur diocxide, and other such

gases present in conventional naturzl gas are only rarely found
in coalbeds.

The heat of combustion of coalbed gas is comparable to that of
natural gas, ranging from 900 to 1,100 BTU/ft3.

Introduction To Well Stimulation

The basic mechaaics of the stimulation procedure include:

a, Generaticen of & hydraulic fluid force at the surface by pumping.
b. Application of this hydraulic force to a selected rock unit
through a borehole which causes a fracture, or widening of a pre-
existing fracture.
c¢. Extension of this break by continued injection {(pumping) of fluid.
d. Addition of propping agent which serves tu hold tne fracture
open after the applied hydraulic force is released.

The inteut of stimulation is to propagate conductive fractures from the
wellbore to a point up to several hundred feet away within the
coalbed and thus expand the area being drained by the wellbore.

Phiyvsical Rock Properties Affecting Stimulation

Natural fracture systems can accourt for fluid "leak off'" during
stimulation treatments. Induced fracture direction(s) also parallel
natural fracture trends and can be predicted within 10

degrees azimuth.
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Mechanical properties of rocks can be used to predict breakdown
parameters for stimulation 1f the rocks exposed -o treatment are
"flawless." This is a tenuous viewpoint considerirg the natural
fractured condiZion cof most rock strata.

It is relatively easy to propagate fractures intn future mine roof
or floor if the rock is already fractured.

Characteristics of Induced Coalbed Fractures

Induced coalbed fractures may be oriented vertically, horizontally,
or inclined.

The direction of vertically induced fractures is usually parallel
to exlsting natural fracture trends.

Fracture length is usually less than the length predicted in frac
design. One reason for this is excessive fluid "leak-off"'.
More viscous treating fluids produce short fractures.

Given similar (reatment pressures, fracture width is controlled

mainly by fluid viscosity., Highly viscous fluide produced wide
fractures.

The size and arrangeme.t of proppant material withirn induced frac-
tures controls the ease of fluid flow through these fractures andg

effects the amount of coalbed pressure reduction attainable within
a given time period.

Continued accumulation of sand proppant in boreholes suggest closure
stresses are less than originally anticipated.

Stimulation Using Gelled Fluids

Twenty-two stimulation treatmants using gelled fluids have been
conducted since 1970. This type of hydraulic fluid 1s water based,
and contains natural gum to thicken the mixture allowing it to
carry sand proppant and retard fluid leak-off,

Six case studies 1llustrate the Government's past experience using
gelled fluids.

Stimulation Using Foam

Thirty-nine Government csponsored coalbed stimulation tests have
been conducted using foam. This type of hydraulic fluid is a

mixture of liquid (usually fresh water), gis, and foaming surfactant.

Four case studies illustrate the Governmen:'s past experience using
foam.

.
U A
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Migcellaneoug Stimulation Techniques

An explosive type fracture treatment yielded no increase in
gas production. The same peor production results weie ubiained
after pumping nitrogen gas into a coalbed.

One exparimental coalbed stimulation desizn incorporates the use
of gelling agents, water and liquid COy. Several months of pumping
after the treatment produced only small amounts of gas and water.

The patented "Kie) Frac" has beea applied twice to mineable
coalbeds., Thig type of stimulatiou incorporates the use of sard
and water and is applied in pressurization/depressurization cycles
or stages. A preliminary underground study showed this technique
to produce uworizontal fracturing.

A stimulation design recently tested uses foam and a very low
injection rates but coes not include a solid propping agent.

The possible benefits of this design include: better fracture
height control, and the elimination of pumping problems resulting
from inflow of frac sand in operating boreholes. This design has
been tested one time in the Mary Lee Coalbed and the production
rrgults were encouraging.

Production Problems Related to Coalbed Stimulation

The presence of gel or gel residue is believed to greatly retard
fluid flow to wellbores, especizlly when this gel material is
used in perforat‘on type completions.,

Sand proppant, carried back to the wellbore, results in mechanical
pump failures or severe losges in pump efficiency.

Well unloadiag, similar to well "blowouts" in petroleum industry
terminolrgy but much smaller in scale, refers to occasions when
much or all of the water contained in a well is carried to the
surface by volumes of expanding gas. During unloading, fluid
velocities are very high and fluids become excepticnally
effective carriers of s0lid debris to wellbores.

Effects of Hydraulic Stimulation on Mining

Of 64 Government sponsored stimulation treatments, the results
of 12 have been observed directly underground.

The resulcs of stimulation have varied greatly within the same
coalbed and even within the same mine.



3. Potentially, the worst mine roof condition attributable to hydraulic
stinulation is the extension of horizontally-oriented fractures,
positioned above the cval unit(s) being mined.

4, To iate, there has been 1.0 obgerved or reported affects on roof
stasility to indicate the Government's degasification program
adversely affected mining operations.

The Effects of Removing Coalbed Fluids Before Mining

1. 1If not sufficiently depleted, produ~ning boreholes creates
favorable conditions for gas release and migration into mines.

2. There are two ways which mining can avold potentially excessive gas
flows: (a) allow the well to deplete, or (b) pump water back into
the coalbed through the wellbore or simply turn off the dewatering
pumps and allow the boreholes drainage area to "flood" iiself

¥ naturally.

Cost of Vertical Boreshole Degasification

Current total costs for drilling and completing (including adequate
stimulation) a vertical degasification borehole range from §54 to 503
. per foot of borehole depth.
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BOREHOLE SPECIFICATIORS

Early degasification efforts included attempts to utilize explor-
atio core holes placed by ccal mining companies for formation testing
in the Pittsburgh coalbed. These efforts were unsuccessful because of
the small diameter casing (less than two inches) and the limited size of
stimulation equipment that could be used (3}. }/ Today, the minimum size
diameter borehole drilled is six inches. After casing, the inside dia-
meter of the well is usually four inches which is large enocugh to ac-
commodate most standard downhole oil field tools, pipe tubing, and water
pumps.

The borehole used to drain gas ahead of mining can t:z used for mine
development after the well has been intercepted uvuderground. The diameter
of these wells can thus be specified to meet the intended use in the
mine plan. Such wells provide ventilation, convenient power, dust, or watver
transport avenues from the surface to mine workings. Vertical wells have also
been used to manifold gas drained from holes drilled horizontally from
within the mine to the surface.

3/ Underlined number in parentheses refers to item in the list of
references.
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SOME PRINCIPLES: OF COALBED GAS STORAGE, RELEASE, AND MIGPATION

Coalbed gas 1s adsorbed onto the internal surfaces of coal matrix
material (31). The amount of gas contained in this manner within any
glven area of a coalbed depends primarily onm the coals' inherent storage
capacity and on the physical conditions of the ccalbed. Kim (20)
indicates that the amount of gas thac ~oal can contain is limited by
coal rank. Within a given rank, however, the amount of gas actually
adsorbed on the coal depends on the pressure/temperature tistory of the
coalbed, For practical application, the quantity of gas is assumed to
be that which 1s at equiiibrium with the mea-ured pressure/temperature
conditions of the coalbed. This relationship is best illustrated by
equilibrium isctherms as shown on Figure 1.

Adsorption i otherms demonsrrate how coals caparity decreases
when external pressures are reduced. Induced pressure reductions,
intentional or otherwise, figure neavily into the bases of all the gas
control or drainage efforts presently Leing tested. Any opening
in a coalbed from which fluids are removed, lowers pressure and
changes equilibrium conditions in the area surrounding that cpening.
The ccal affected by this pressure reduction releases a portion of
its gas 1u order to achieve equilibrium with the new reserveir condition.
A working mine, a shaft diaining water, or a producing berehole each
disrupts a coalbed's previous pressure/gas storage equilibrium in
a way which causes gas to be released (desorbed) from the coal matrix.
This 1s why degasification efforts are designed, in er.ence, to
cause coalbed pressure reductions ahead of mining.

Once released from the ceal's inner surfce areas, coalbed gas
travels by diffusion tc natural fractures in the coalbed referred to
as "cleat". Once gas enters these fractures, migration is similar
to conventivnal fluid flow (Darcy flow) to a point of lowest pressure;
i.e., a borehcle, a mine, a shaft, and so forth.

- 10 -



IGURE 1. - VARIATION OF ADSORPTION

ISOTHERMS WITH COAL RANK, AT 0°C (20).
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EFFECTIVE WELL PLACEMENT

The two most important reservoir changes brought about by the re-
moval of coalbed fluids are: (1) prezsure reduction, and {(2) a lowering
of water saturation (25;. The equilibrium sorption isotherm, Figure 2,
demonstrates the critical {mportance of the cnalbed pressure condition.
Tre isotherm shows that as pressure is lowered, sufficieht gas will
be released to reestablish equilibrium at the new pressure condition.

In addition, the gas which is released Into the coalbed's fracture system
ls made more readily avallable rvr flow to the wellbore as reservouir
water saturation is reduced. This is because the coalbed's permeability
to 3as flow increases as demonstrated on TFigure 3 (gg).

Production From Single Wells

Experience has shown that =ingle wells in virgin coalbeds dn not
produce high sustained gas flow rat2s. This indicates that they cannot
reduce coalbed pressure and decreage water saturation rapidly enough
and/or to a-great enough degree to maintain high flow rates. Civen a
water-saturated condition and an infinitely large reservoir, fluid
drainage can only be effective in an area where permeability to the well
is greater than the coalbed's natural permeabilitv. At stimulated
wells, this effective drainage area is directly related to the leugth
and conductivity of the induced fractures. Outside thesc zones of
irduced permeability, significant pressure and saturation reductious

occur slowly because water 1s supplied by the coalbed at nearly the same
rate 1t is removed.

Water production from a single well is typically high duving early
phases of pumping since water originates primarily from the area of
induced permeability around the well, Water flow, however, decreases
sharply and drainage expands beyond this highly permeable zone. This
lower level of water production then very slowly decreases throughout
the remaining life of the well.

Figure 4 shows a gas production curve from a well placed ir. a
coalbed far from other drainage points. Even though coalbed fluid
pressure was reduced several hundred feet away from this well (Figure
5), the reduction was small and only a small percentage or the total
amount of gas stored in the coal was released (refer to Figure 2).

Since there was relatively little gas aviilable for flow, gas production
rates declined gquickly. The production curve shown on Figure 6 also
demonstrates the relatively rapid decline and low gas flows measured
from single wells isolated from other drainage peoints.

- 12 -



FIGURE 2. - EQUILIBRIUM SORPTION ISOTHERM
CURVE (25).
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FIGURE 3. - GAS PERMEABILITY RELATIVE TO
WATER SATURATION (22).
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FIGURE 4. - PRODUCTION CURVES FROM A
DRAINAGE WELL PLACED MORE THAN

3000 FEET FROM ANOTHER DRAINAGE

PGINT IN THE MARY LEE COALBED.
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FIGURE 5.

- COALBED WATER PrESSURE DECLINE

MEASURED AT OBSER'ATION WELLS PLACED ALONG A
NORTH-SOUTH LINE AND UP TO 2,845 FEET
FROM PRODUCTION WELL.
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FIGURE 6. - PRODUCTION CURVES

FROM A COALBED GAS

DRAINAGE WELL PLACED MGORE THAN 3000 FEET FROM
ANOTHER DRAINAGE PQOINT IN THE BECKLEY COALBED.
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Production From Well Patterns or Near Mine Operations

A more efficlent method used to reduce pressure and decrease water
saturation is to draw fluilds from a more "limited reservoir area" of a
coalbed. This can be accomplished by completing multiple-well patterns
or by pnsitioning wells close to mine workings. As coalbed flulds are
removed from two or more wells, the drainage areas overlap, and allow
the wells to remove flulds from specific reservoir areas. By deing
this, coalbed pressure is reduced to u greater degree within a shorter
period cf time, allowing much more gas to be released. Water saturation
is also lowered to a greater degree increasing gas pormeability and
enhancing gas flow tu the wells.

Figure 7 demonstrates a square grid or "experimental' arrangement
of wells used when little is known about the specific flow and/or
structural properties of the coalbed. Another pattern, shown on
Figure 8,1s an arrangement which could be used to take advantage of
certain directional permeability characteristics, #s would be determined

from geoloygic studies (28) (2%) (30) (6) or from prior experimental drilling
work in the area (23).

Figure 9 demonstrates one type of well arrangement which can be
used near mine worklngs. Here the mine workings and the surrounding
wells create overlapping drainage areas. Productilon has been encouraging
frum the few boreholes completed successfully near mine workings (26).
Figure 10 shows production measur=d from ore such well placed about 600
feet from a mine opening. Gas production from this well began to increase
about 60 days after pumping was initiated because an overlapping drainage
area was established between the well and the mine opening. The same
type of productilon (shape of curve, Figure 10) is expected from wells
placed in grid natterns siuce overlapping drairage areas must occur.
Current research on spacing 1s being conducted so that the distance
and time required for overlapping drainage to occur can be forecasted.
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FIGURE 9.
BOREHOLE ARRANGEMENT
NEAR MINE WORKINGS.
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FIGURE 10. - PRODUCTION CURVES FROM A COALBED
GAS DRAINAGE WELL PLACED NEAR MINE
WORKINGS IN THE MARY LEE COALBED.
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DRILLING

Degasification boreholus are normally rotary drilled using portable
drilling rigs similar to that shown on Figure 1ll. Rigs capable of
drilling with 4-1/2 inch diameter drill pipe to depths up to 2,500 feet
have been used most extensively. These rigs are usually equipped with
an air comgressor and a water or mud pump.

Drilling operations have utilized air, mist, water, foam, or mud
as a medium to carry rock cuttings to the surface. 1In order to minimize
the possibility of coalbed permeability damage by infiltratlon of
drilling fluid, more recent operations have atrictly avoidea the use of
drilling muds except where they were considered absolutely essential,
Air, or light foam, z2re the most desirable drilling mediums used today
since thay guard agaiast permeability damage and increase drilling
speed by reducing pore pressure at the bit/rock interface (17).

The type of bit used to penetrate zoal strata is an important
consideration in drilling coalbed drainage holes. Coal, because it
has a low mechanical strength, readily suffers formation damage and
this reducs the permeability at the well periphery.

Tri-cone drilling bits were used almost exclusively during the
early phasesz of experimental work. More recent work using air drilling
techniques has enabled operators to use percussion type bits which
easily penetrate the rock types encountered. Care must be taken,
however, when using such high compression bits when drilling soft
coal horizons because mechanically induced formation damage may occur.
One practice has been to switch from a percussion bit to a tri-cone
bit several feet above the expected coal-bearing horizon (23).

- 23 -
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FIGURE 11. - TYPICAL SIZE AND
TYPE OF DRILLING RIG USED TO ROTARY
DRILL COALBED GAS DRAINAGE BOREHOLES.
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There are two general methods used to obtain records or "logs' of
the various rock strata renetrated by coalbed gas drainage boreholes.
The first method is applied during drilling operations and invclives the
sampling of rock or fornation fluid(s) and the measurement of penetration
rates, The second method of logging boreholes 1s appliad during any
non~drilling phase of well development and includes the use of
wire-line electrical logging equipment,

Pepth and thickness of the coal units pene:rated in boreholes are
of primary concern to successful drilling projects. This information is
vital for stratigraphic corcelation purposes, well completion plans, and
stimulaticn design. Rock cuttings and drilling timelogs, though helpful
to the operator, are generally a poor subctitute for the type of precise
informuticn usually required. Best results have been obtained from
cores but these are quite expensive, especially when obtained from
larger diameter boreholes. Geophysicai logging is much less expensive
and can be used to delineate coal zones less than a foot thick (34).

Geophvsical logs which measure rock density are excellent for use
in coal identification and are used most often in drilling projects (7),
(14), (23). The relatlvely low bulk densities of coal cause distinctive
log responses which are easily recognized. Such density logs are
obtained for boreholes before they are cased.

Logging devices which measure levels of natural radioactivity are
also used to record the preseuce of coal in a borehole. One such log
uses a Camma-Ray counting device usually run in an openhole along with
a density tool. The Neutron log, s reasonably good indicator of ceal,
is a valuable tool used to locate coal zones after the borehole is cased.
This becomes of majcr importance if several zones are to be erxposed to
the wellbore for gas drainage.

Determinntion of hole conditicns is necessary to many well com-
pletion procedures including selection of casing equipment (packers,
centralizers, baskets, etc.), and cementing operations parameters
(slurry volume, type of cement required, necessary additivies). This
is especially true when hole cavings and lost circulation problems are
experienced during previous drilling operaticns. Although mest geophysical
logging tools respond to variations in berehole diameter, they deo not
give the precise quantitive information normally required. Therefoere,

a caliper device is usually run in an cjenhole hole along with the other
logging tools. The caliper tool consists of spring loaded arms which

ride along the walls of the hole. These springs are compressed, or extended
by the variations in the hole gize as the tool is raised and recorded

on graphs at the surface.

There are several other types of logging devices available which,
although not included in past work, may prove to be helpful in future
projects. Figure 12 shows some of these logs zlong with the more
traditional logs and cach tocl's response to ccal and associated rock types.

- 25 =



FIGURE 12. - SEVERAL TYPES OF GEOPHYSICAL LOG
RESPONSES TO COAL AND ASSOCIATED ROCK STRATA.
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COMPLETILON

Coalbed gas drainage boreholes are drilled or cored through one
or several coalbed horizons. An additicnal length of borehole is
drilied below the lowest coalbed to allow water and debris tc collect
in a sump below the coalbed.

Boreholes that drain gas from a single horizon are typically
cased and cemented from immediately above Che coalbed to the surface,
as shown on Figure 13. This "openhole" type completion 1s accomplished
using one of two methods. The first method is to drill the entire
ilength of borehole; lncaute the coalbed using logging tools; and then

set casing equipped with an expandable packer shoe, to just above the cealbed.

Th« advantage of this type of openhole completion is that it allows

the coal zone and the sump interval ro be logged as well as the rest

of the hole. A drawback to this wmethod is that the packer used to
seal-off the coal zone often fails, exposing the coal to cement. The
second method is to drill to the top of the cocalbed, set casing, and
then cement. The remaining portion of the hole (the coszlbed and sump)
is then cored or drilled out. Since it 1is not possible to leg the
coalbed interval, this method should be used where stratigraphic control
is suitable to locate casing within a few feet of the top of the coalbed,
as would be the case for a well pattern or wells placed near mining.
This method is simple in that it does not rely on a packer; and it
effectively prevents damage caused by cementing. An added benefit

is that coal samples can be retrieved for "direct method" gas content
tasting (21) and/or determination of various physical and chemical
properties of the coalbed.

Casing may be set through scveral coalbeds along the full depth of
the borehule., Production is then accomplished through openings which
are either cut or ghot through the casing at each coalbec horizon.

This manner of completion allows any numter of selected horizons to be
produced simultaneously (Figure 14). One disadvantage c¢f this method
is that coals are directly exposed to cement and vequire the use of
light weight, low fluid-loss cementing materilals which are r:ilacively
expensive, Costs alsu increase &s extra well services may be necessary
to remove the cement damage.

Experience has shown that coalbeds drain gas mest successfully
when exposed to the wellbore uging an openhole miethod of completion. This
type of completion provides the maximum exposure to production of
water and gas with minimal chance of formation plugging by iuvasion
of well cement. Opeunthole completion also provides the least interference
with underground mining operations since there is no steel casing
present in the coalbed to be intercepted. At wells where more than
one zene 1s produced, however, several coal horizons may have to be
completed through the casing. The practicality of openhole completion
also btecomes limited if the coal cone to be produced is exceptiomnally
thick and/or if it i= prone to caving.

- 927 -



FIGURE 13. - SINGLE-HORIZON (OPENHOLE) COMPLETION
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FIGURE 14. - MULTIPLE-HORIZON (THROUGH CASING)
COMPLETION.




Covernment research has tested two completion techniques used to
expose coalbeds through casing: perforating using shaped charges;
and cutting vertical slcts using jetting equipment.

The perforating technique has been used to producs gas from
15 d!éferent coalbeds., At least a dozen of these coalteds have been
hydraulically stimulated with treatment volumes ranging from 5,000 gallons
to over 55,000 gallons. Mevertheless, in all cases tested, production
from perforated wells has been significantly lower than the production
measured from wzlls which were openhole completions.

Fartlal plugging of perforations is thought to be a major cause for
the comparatively low flows measured at wells compieted through casing
in this manner. The materlals responsible for such flow restrictions
may be solid rock particles contained in most wells (24), or heavily
gelled frac fluids which have failed te "breakdown" after stimulation
(23, 15).

Another reason for poor productlon from perforated wells is that
even though several openings are created, only a few may have a direct
connection with the fracture induced as a result of well stimulation.

In one particular case studied, a test wellbore's connection with the

induced fracture was limited to the extreme lower portion of the coalbed

(23). Since water drained to lower horizoms of the coalbed and desorbed

gas {free gas) accumulated in the upper horizons against cverlying

impervious shale rock, the tesi well could only produce gas when gas
pressures temporarlly exceeded water pressures, or when the coalbed

became totally "dewatered'. Similarly, a wellbore with direct

communication to only the upper portion of the coalbed could not be

expected to provide much gas because the dewatering process would be hindered.

Jet slotting is thought to be a viable alternative method tec gun
perforating wells through casing. This technique inccorporates a two to
four jet nozzle slotting tool which is lowered down the well on =zmall
diameter high-pressure tubing. Slots are then cut by puaping sand-laden
foam or water down the tubing and through the jetting device. As the
abrasive mixture is pumped, the tubing string is moved up and doim
cutting a number of vertically oriented openings through the casing.

Since slots are cut vertically to expose the entire coalbed thick-
ness, it is very likely that all the induced vertical fractures will
have a direct and continuous connection to the wellbore. The coalbed,
therefore, can be drained more efficiently than could be expected using
perforations. 1In addition, although the possibility of partial plugging
of slots exists, it is much less likely than with perforations, because
slotting creates a much larger opening. The area exposed by four slots
1/4 inch wide along a five foot interval, for example, 1s equal to about
300 1/2 inch diameter gun or shot perforations or approximately 60 perforations
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per foot. An added benefit to slotiing is that the technique
removes any cement adjacent te the production opening and leaves a

clean, notched {penetration measured to be 12 to 15 inches) zone that
is highly suitable for stimulation.
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GENERAL METHOD OF REMOVING AND MEASURING WATER

The removal of water from coalbed strata is crucial to any
successful borehole degasification field operation, yet little has been
accomplished in the area since 1970 when Elder recognized a need for
continuous long-term sumping (13). The pump equipment prescribed at
that time and the staundard equipment used at the present has not
changed roticeably. This should not suggest that the borehole water
removal system used in the last 10 years is either recommended or
even adequate, especilally for today's higher rate, multizone completed
wells., The basic downhole plunger pump/surface rocker arm system hasg,
however, proven to be a relatively effective, inexpensive, and durable

cff-the-shelf item that is highly suited fcr most shallow, single zcne
well ccmpletions.

Water drained from exposed formations collects in the borehole
sump ard is removed using a sucker-rod pump. Water is then brought
up through the holes via production tubing, normally 1% to 2-3/8
inches in diameter. On the surface, the water is then piped through

a2 positive-displacement meter and meisured. The mechanical configuration

used to drain water from coalbed gas drainage boreholes was adapted

from oil field applications and has proven to be effective when water
drainage is less than 200 bpd.

A timing mechanism is sometimes installed within the electric
power circuit to the pump motor which automatically controls pumping

intervals. In this manner, a pump may be preset to operate during
designated intervals of each 24 hour peried,
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WATER PRODUCTION MONITORING PROBLEMS

Solids in waterlines have caused significant meter inaccuracies
and pump malfunctions. Freezinyg temperatures have resulted in loss
of water production data and permanent damage to wellhead equipment,
pipes, and maters. Improper pumping intervals have allowed vater to
rise in boreholes to levels above the coalbed, and reduce gas production
or have allowed water to fall to “he puwap horizon, anrd resulted in
excessive wear of equipment. Such water-related problems result in
higher mairtenance costs in terms of meter repair, rig time, and number
of manhours prescribed to insure proper well operation.

Solids in Waterlines

Water produced from boreholes, especially during early stazes of
production, normally contains some coal or aother rock fines. Scale
resulting from oxidation of casing and tubing is ancther common soiid
in the water produced. If formation water contains large percantages

of salts, precipitates may form in surface flow lines and increase the
total sclids in the water.

Except for very large particles, most solids pass through the
wicer prcduction and monitoring system without difficuity. The solids
rematuing in the system usually accumulate in the housing chamber of
the water meter, impairing and eventually stopping the measuring

mechanism. Ar some wells, however, meters repeatedly malfunction within
several days after meter installationm.

Rock material sometimes bacomes lodged in valve openings in the
downhole pumping mechanism. Usually this material is ccal or shale
that has sloughed-off formations exposed in the wellhore. TIump stoppage
due to lodging of this material is most likely to occur during the

first few days of production and especially after the well has been
stimulated.

Freesing

Wellbore water sometimes freezes inside surface lines, restricting
flow and causing leakage. Extended freezing weather conditions result
in permanent damage to wellhead equipment, pipes, and meters.

Gas-producing coals are normally several hundred feet deep, and the
water druined is usually werm compared with winter surface temperatures.
If pumping is controlled by a timing mechanism, there are perlods when

no water moves through surface lines. Water remaining in the lines durlng
these periods cools rapidly and may freeze.
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Improper Pumping Time Interval

To achieve maximum gas production from coalbed gas wells, borehole
water levels must be kept below the lowest preducing coalbed. This is
accomplished by either operating the pumps continuously. or time-cycling
pumps to operate for certain intervals each day.

Continuous pump operation over extended periods (months) may result
in excessive wear of moving parts within the motor and the pump jack.
Downhole pump components may alsc be wern quickly, especially when bore-
hole water has bevn lowered tc the pump horizon causing a dry or semddry
condition.

Wells equipped with a timing mechanism to control pumping time
intervals should be adjusted as changes occur in water flow to the
vellbore, At many well sites, pumping times are improperly set. In some
cases the time is too long, causing exceéssive pump wear. Where the
time is tod short, the fluild level is constantly avove the coalbed, thus
limicing production.

Gas in Waterlineg

Gas passing through positive-displacement water meters is measured
as water and may account for significant errors in production records.
Such ecrors are found to be very common. At some wells, gas accounted
for up to 75 percent of the metered water volume. Gas enters water flow
lines in the disgolved gtate (ns minute bubbles of gas coming out of
solution) or as free gas drawn directly into lines by the downhole pump.

The solubility of coalbed gas Increases directly as pressure
increases, and diminishes as temperature increases. As much as four
cubic feet of gas can be digsolved in one barrel of water (42 gallons)
at a depth of 1,000 feet, based on a hydrostatic pressure of 443 psig and
a formation temperature of 100° F (40). As the pressure gradient is
reduced around a wellbore, some of the dissolved gas comes out of
solution and is produced through gas flow lines; however, a percentage
of the dissolved gas remains in the water as it is pumped. This gas
comes out of solution while being brought to the surface and is measured
through the wacer meter. Field tests to determine the degree of meter
error resulting from such dissolved gases have been conducted at several
wells, At the gstart of the tests, borghole water levels were known to
be at a static level well above the downhole pump horizen, preventing
large quantities of undissolved gas from entering waterlines. The
meters were checked for accuracy before and after these tests. Results
indicate that dissolved gases account for 10 to 23 percent errors in
measurements of water production.
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Improper cycle settings or continuous pump operationa which lower
water level in a borehole tec the downhole pump horizon cause gas to be
drawn directly into waterlines, pumped to the surface and result in
large errors in metered water measurements. Tests conducted at wells
where fluid levels were known to be at or near the base of the downhole
pump show meter readings from 20 to 75 percent greater than the actual
volume of water removed.
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IMPROVED METHODPS FOR MONITORING WATER PRODUCTION

Gas contalined in waterlines can be removed before water is metered
by incorporating a 30 to 50 gallon capacity, vented separ:ztior tank
in the surface water flow system. Such tan'.s have been tested at
several producing wells where gas in waterlines had severely decreased
meter accuracy. After the tarks were installed, n::ter accuracies
increased to over 98 percent in all cases. The suggested position and

installation design suitable for use at coalbed _ris wells is shown on
Figure 15.

Most large pieces of sol.id debris carried through waterlines
settle in the separation tsuk. The remaining solids, suspended in the
flow system can be taker. out of the water with a dirt-and-rust water
filter installed downstream from the separatiou tank (Figure 15).

The type of filter used at testwell sites is a small plastic unit with
a 3/4 inch diameter zounrection and a replaceable filter cartridge.

Downhole pump stoppaze frowm lodging of large pieces of coal or
other rock material can be avoided by installatjon of screens at the
lower end of the water production tubing (Figure 16). Stainless
steel screens identical to those used in the water-well industry have
besn used successfully in many of the wells completed.

Cycled pumping, if properly maintained, is effective in controlling
borehole water levels without causing unnecegsary wear of equipment.
Pump cycles must, however, be checked frequently and reset with every
significant change in water production if optimum benefits are to be
realized.

One system that automatically controls pamping intervals to
maintain water level below the coalbed is being tasted at several well
sites. Two electrode wires are faste-ed to the water tubing: one
near the bottom of the hole in the sump and the nther just bzlow the
base of the coalbed. When the borehole water level irises to the top
electrode, a circuit is completed that activates the pump jack motor
(Figure 16). Water continues to be pumped from the well until the
fluid level drops below the lower electrode. This system eliminaces
the frequent need to monitor rill-up rates and the possibility of
drawing large volumes of gag through waterlines because the downhole
pump is always submerged in fluid.

An alternative method to ¢ycled pumping involves the use of a
variable gpeed contrecl on the pump. After the borehole water has
been lowered to the pump horizon, pump epeed is reduced o the fluid
level is held constant. Periodic checks for changes in tne well's
gas productivity would then indicate a need to change the pumping speed.
After shut-in periods or maintenance, the pump is acdjusted to full
capacity to dewater the wellbore more rapidly.
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FIGURE 15. - SURFACE WATER-PUMPING AND MONITORING
EQUIPMENT.
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- SUBSURFACE WATER-PUMPING EQUIPMENT

FIGURE 16.
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To prevent freezing, surface waterlines are wrapped with heat tape
and then covered with irsulation. In areas where severe and prolonged
low temperatures are common, waterlines are buried below the frostline.
In addition, meters, water filters, and separator tanks should ke
contained in small, insulated meter houses. Heat lamps, inatalled in
these houses, have proven to ve a simple, effective, and inexpensive
preventative against freezing. (All houses should be ventilated to
some degree, especilally those which use heat lamps.)
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GENERAL METHOD OF REMOVING AND MEASURING GAS

Gas from coalbeds is produced through the annular space between
the water production tubing and borehole casing. Wells are normalily
produced under minimum back-pressure in order to optimize coalbed gas
desorption and water drainage. Once gas reaches the surface, it is
piped through a positive-displacement meter where it is measurad. Three
types of meters have been used to measure coalbed gas production, depending
on the volumes of gas produced. Diaphragm meters are normally used
on nonstimulated wells that produce less than 10,000 cfd at STP.
A common kind of meter used to monitor gas flow from ctimulated wells
is the rotary meter with a measuring capacity of about 84,000 cfd at
STP. Four inch turbine meters are used to monitor flows of over
84,000 cfd at STP.
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GAS PRODUCTION MONITORING PROBLFMS

Gas produced from coalbeds contains water vapor that condenses
and cellects along varicus points in the gas line, including the
meter. Fileld studies indicate that water bufld-up dezreases meter
accuracy and, in many cases, permanently damage:z working components. The
eric~ts of even small quantities of water in gas lines are most pronounced
during pericd=s of freezing weather. Sudden pressure releuse after wells
have been shut-in resulius 1in temporary, large-volume gas flows usually
greater than can be accurately measured by the gas meter. Rock fines
accumulate within the gas meter over time, but solids builld-up accelerates
if excessively high gas volumes are allowed to flow threough lines.

Water in Gas Lines

As warm coalbed gas is cooled at the surface, some of its ability
to carry moisture is lost; therefore, condensation occurs. The water
condensate accumulates at low points along the pipeline and in metering
devices. The problem occurs {requently during winter months when

differences between gas temperature and surface temperature are the
greatest,

Reduction cf gas flow velocity also causes water to separate from
gas; this occurs in areas where pipe diameter increases, providing
favorable sites for liquid accumulation,

Finally, water is stripped from the gas stream at angled sections
along flew lines and at meter locations -shere there is turbulent flow
resulting from the collision or impingement of gas against pipe wails
or meter chambers, causing moisture to be condensed from the gas.

Freezing

The problem of water in gas lines is greater during periods of low
temperature because conditions for condensation are intenzified. The
problem becomes acute when temperatures drop below freezing. Even
small azmounts of ice in gas flow lines cause back-pressure, and result
in apparent low coalbed gas producfion. Formation of ice ir gas meters
has damaged manv of these instruments since the Government {irst began
its coalbed gas-drainage program several vears ago.

Sudden Pressure Release

Sudden, uncontrelled release of gas pressure has been a major cause
of meter inaccuracies and has resulted in severe meter damage on many
occaslons,

- 41 -



|

Gas flows from wells are shut-off routinely for pipe or meter
maintenance, or to test for pressure buildup. During these periods, gas
continues to flow from the coalbed, building pressure in ‘he wellbore.
When the pressure is released quickly, a sudden surge ¢f gas, or
pressure wave, strikes the mever. Diaphragm meters arc especially
vulnerable to this surge and are almost always damaged. Rotary and
turbine meters, although not damaged as easily, have been rendered
inoperable by sudden surges of pressure.

Although damage to the meter may not occur, significart errors
have resulted from recording measured gas volumes during a period of
gas pressure release. When gas is moving under pressare, ore volume
(at standard temperature and pressure) passes throuph the meter than is
actually indicated on the meter index. 1If the necessary vorrection
multipiiers for gas flow under pressure are not applied, incorrect
volume measurements result.

Sudden pressure release has occurred at several wells simply becaus=
water was allowed to buildup in the wellbore. Normal pumping operaticns
may be temporarily interrupted for a number of reasons, such as electric
power failure, mechanical malfunction, ov general maintenance. As
the liquid level rises, gas production to the surface decreases in propertion
to the increasing hydraulic pressure erverted on the coalbed. Field
studies suggest, however, that gas continues to accumulate close to
the wellbore, building pressures similar to those exerted by the Increasing
hydraulic head. Once pumping is resumed and the borehole water level is
lowered, a disequilibrium is created in which pgas precsure in the coalbed
exceeds hydraulic head. As a result, sometimes violent eruptions of
water and gas occur at the surface as large volumes of cxpanding gas
travel up the wellbore to reestablish a pressure equilibrium. Sudder
gas pressure release of this nature is referred to as '"unlgading.”

Solids in Cas Lines

Particles of reck or other solid material accumulate in most gas
meters over extended periods of time under normal flowing conditions.
If left unrhecked, solids cause malfunctions in all tvpes of meters.
Field experience indicates that rotary metcrs are the most susceptible
to malfunction caused by solids because of the close tolerance betweeu
components of the rotating cartridge. Diaphragm meters usually do
not stop functioning with small amounts of solids buildup, but meter
accuracy diminishes as portions of the merer's measuring reservoir is
filled with solids. Turbine meters will normally allow very small (less
than one millimeter in diameter) material to pass throuph inner mechanisms.

Larger solids arc normally carried through gas lines when well
pressure is suddenly released, especially when unloading occurs. Such
solids almost invariably clog and usually damage inner meter components.
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IMPRGVED METHODS FOR MONITORING GAS PRODUCTION

Commercially available filters have been desipgned to remove fine
solid particles with very little pressure drop (0.5 psig or less),
which makes them suitable for use on coalbed gas wells, Fiberglass
is normally the filtering element used. At one test well equipped
with such a filter, the gas meter operated for over one year without
malfunctioning or losing accuracy. Suggested in-line placement of
gas filiters ig indicated in Figure 17,

The moigsture content of coalbed gas has to be sufficiently low
to agsure accurate measurement of gas flow. In addition, coalbed gas
sold commercially must meet requirements specifically noted in purchase
agreements which normally limit the water content to approximnately
seven nounds of water per million cubic feet of gas measured at
standard temperature and pressure. During cold weather periods, test
wells (ranging from 1,053 to 1,076 feet deep) have been found to contain
from 31 to 103 pounds of water per million cubic feet of gas produced. 4/

Althouch gas line water condensate buildup has been a chronic
problem at many vertical test wells, experimentation with water-gas
separation devices has been limited because the gas produced has net
been sold.

The basic means used to remove moisture from coalbed gas lines
are cooling, absorption, and impingement (33). Devices used to remove
liquid impurities are drips and separators.

The basic function of a drip is to remove liquid from the gas
stream or liquid that has accumulated within the pipeline. A drip
catches liquid in a gas stream by rrdvcing the velocity of the gas
stream which causes the liquid to drop out. Liquid that has accumulated
at low points within the pipeline is removed by use of a drip equipped
with a drain which operates automatically or manually.

The primary function of a separator is to remove entrained fluids
from the gas stream. Baffles, deflectors, tubes, rare elements, and
gravity separation chambers are some of the mechanisms used within a
separator device to remove moisture. There are several commercially
designed separators that meet requirements for a single well for
several wells in the same pipeline system.

Meter inaccuracy and possible meter damage caused by sudden pressure
release can be avoided by allowing gas pressure to bleed off gradually
while maintaining flow pressures within the given meter range. To do
this, a pressure gage is installed in the gas flow line near the meter,
Flow pressures are periodically recorded and are then put into a standard
equatlon to calculate actual f{low.

4/ Bascd on volumes of condensate accumulated in a flare stack similer
Lo thai shown on TFigure 17.
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FIGURE 17. - GAS PRODUCTION AND MONITORING EQUIPMENT
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Sudden pressure rcleases that result in unloading can be avoided
1f a few precautionary steps are taken, These include restricting gas
flow in order to build up pressure in the wellbore and then operating
the pump under back-pressure conditions. This causes the borehole
water level to fall leaving less water available to be unlouded. This
also reduces the pressure differential between the coalbed and the wellhead
thereby cushioning the effects of unloading. These methods have been
field tested on several occasions and have proved to be very effective.

Ice formation in gas lines near the wellhead is prevented by
properly insulating and heating meters and cther points favorabie to
water accumulations (Figure 17). The number of routine field inspections
of wells should be increased during especially cold periocds to assure
minimum condensatec buildup. At the test wells examined, gas lines that
had been wrapped with electric heat tape and covered with fiberglass
insulation were rarely found to contain sufficient amcunts of ice to
cause significant back-pressure. In addition, well sites equipped
with insulated meter honses containing heat lamps yielded accurate,
uninterrupted production information, even during prolonged freezing
weather.
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THE CMPOSITION OF GAS AND WATER PRODUCED
FROM VERTICAL BOREHOLES

Gas sam>les collected from 34 vertical boreholes were analyzed
using gas chr-omatography. Table 1 presents the results of these analyses
and identifics the coalbeds and well site locations where gas was campled.
Methane averaged approximately 96 percent while higher hydrocarbons,
such as ethane and above, averaged 0.08 percent of the gas sampled.
Hydrogen, helium, carbon monoxide, sulfur dioxide and other gases
normally present in conventional natural gas are only rarely
found in coalbeds and, therefore, not reported on Table 1. The percentage
of nitrogen included in coalbed gas is considered to be generally lower
than the amounts presented on Table 1 and any value over 2 percent is
probably remnant gas from foam stimulation. The percentage of carbon
dioxide contained in coal gas appears to vary considerably between different
coalbeds and even within the same coalbed. Pittsburgh coalbed gas
in Greene County, PA, for example, has a carben dioxide content ranging
from 3 to over 6 percent. On the other hand, Mary Lee coalbed gas

in Jefferson County, AL, almost always contains less than 0.05 percent
carbon dioxide.

The heat of combustion of coalbed gas similar in compositicen to
these reported on Tsble 1 is comparable to the heat of combustion of
natural gas, displaying gross heat values of 900 to 1,100 BTU/ft3.

Water samples from boreholes located in severzl sreas were also
analyzed and the results of these teats are given in Table No. 2. As is
illustrated, relative amounts of specific components vary considerably
between the coalbeds tested.
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TABLE NO. 1 = ANALYSES OF GAS PRODUCED FROM VEKTICAL ROREHOLES
r Coalbed Lecation Well Depth to Date Date Trac % z z % 2
1D Ku. Name County, State | llame ({Coalled [r. | Stimulated | Sampled |Type** (;02 0, * At Hz cnl. n:zn6
12 Beckley Fayette, 203-A 945 6/24/1 |12/14/76 G 0.01 0.17 0.88 ) 98.95 | 0.003
W. Va.
29 do do LR-6 656 9714176 |12/14/76 do 0.03 0.06 2.56 | 97.2 g.15
11 Castlegate | Carbon, ISH 1,017 4/28/74 do 9.0 0.0 0.41 | 99.0 0.b%
B Y v
9 llarrshorne Le Fiore. 5C 553 3i6/74 3/13/74% do 0.13 L.11 0.38 { 99.3 0.024
Ok .
61 Jawbone bickenson, DG-1A 415 7/29/78 11/1/78 F 1.26 0.0%6 4.4t | 94.1 0.13
Va.
23 Mammoth Schuylkill, Parker 2,042 /14776 | e do ND 0.29 2.7 97.0 0?02
Pa. 2
2 Mary Lee Jefferson BW 1,076 2/28/73 12/12/77% do 0.032 .22 3.1 96.5 0.038
Ala. i
19 dJdo do TW=-1 1,113 11723475 9/13/77 do 0.03 0.01 1.9 98.05 0.007
33 1o do V-2 1,093 10/24/76 | 12/8/76 | do 0.02 0.13 ! 0.31 [ 99.05 | 0.007
44 dn do 9 1,082 7/26/77 9/13/171 |CO,/G 3.05 0.05 2.9 94.0 0.004
—— - — -
432 do do IW-4 1,065 7/18/17 do F 0.02 0.05 1.0 99.0 0.007
43 do do 22 1,096 7/19/77 10/16/77 do .06 0.08 6,41 95.45 | 0.005
36 do do -3 1,064 7131717 7/18/77 do 0.03 1.06 1.6 98.3 0.004
47 do do 6 1,124 107117717 9/27/78 do 0.0L 0.04 2.4 97.5 0.00%
| s do do 4 1,015 10/i3/77 | 9/22/78 | do 0.19 6.2 1.7 1960 | cemem
49 do do 8 1,071 107147727 9/21/78 do a.01 0.C6 2.1 a1.8 0.003

*cll ID Noes. correspond to wells icentified in Tables 2 and 3.
#*G-Gel Frac, F - Nz Foam Frac, COZIG-COZ Gel Frac, W-Water Frac
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TADLE NO. 1 - ANALYSES OF GAS PRODUCED FROM VERTICAL BOREHOLES (Cont'd)

Coalbed Location Well Denth to Date Date Frac % - H H z
1D Ne, Name County, State | Kame | Coalbed ft, | Stimulated | Sampled | Type*# LDZ 02 + Ar Hz CHk CZHE

50 |Mary Lee | Jelfersonm, 5 1,010 107187771 | 9/21178 | F 0.03 0.06 | 2.5 | 97.4 | 0.003

Ala.

51 Jo do 13 1,065 10/20/77 do do 0.03 0.07 | 2.6 | 97.3 | 0.006
sz 4o do 14 1,072 10121/77 | 9/21/78 | do 0.C! 0.5 | 1.9 | 8.0 | 0.002
™ 54 da do 17 1,053 10/27/77 | 1723179 | do 2.03 | 0.72 | 5.43| 92.77 | 0.006

25 do de 25 1,054 1172777 do do 0.01 0.22 3.-1_;- 06 .52 3,005
T 5o do do 13 1,086 1173177 do do 0,02 0.45 | 4.5z | 85.0L | do

<7 do do 23 1,097 11/3/77 |.1730/78 | do | 0.04 | 0.23 | 3.94| 95.79 | 0.00¢

46 do do 7 1,072 8/10/77 9/27f7-; 4 0.007 0.04— 2.2 97,7 6,003

16 |niddle Allegheny, 2 808 1/21/75 | &/21/35 | ¢ 1.16 0.48 | 2.19 | 94.7 | —=mmm

Kittaming | Ta,
2 Pittsburgh | Washington, 1NE 429 11/2/73 do c.6 0.2 0.9 58.2 0.08
Pa.

7 do do | 35w 361 2/28,3% | 11/5/73 | do | 0.5 c.2 |08 | 93.4 | 0.07

21 VFI;;sburgh Greene, Pa. EH-6 502 4/15/76 3728771 F 6.45 0,06 .65 | 42.5 0.33

22 | do do K1 515 6/1/76 do do 5.9 0.55 10,671 92.5 | 0.38

24 do do B3 907 8/18/76 |10/23/76 | do | 3.28 | 0.05 | 0.27} deo | 0.09

27 do do Et=5 764 9/1/76 do do 5.01 0.63 | 1.20 | 92.86 [ 0.30

28 do do En-7 728 3/8/76 do do 5.23 0.06 | 0.29 | 9&.1 | 0.45

30 Jdo do Eit-8 646 9/15/76 de do 4,15 0.0 0.29 55,32 0.16

39 do Jdo CKG- 753 5/5/17 do 0.6 —— | - 94.8 —

| 1034 ,

+ID Mos. carrespoud to weils ldentifded in
#A(~Gel Frac, F - N, Foam Frac, €0,/6-C0, Gel Frac, W-Water Frac

Tables 2 and 12,
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TABLE NO. 2 - ANALYSLS OF WATER FRODUCED FROM VERTICAL IZOREUOLES
—— r
IBorciiols Incplh Alkalinity [Disselved| Calcium |llagnesiun Suliate Sexd [um Chlnrldéj
143} Coalbed Loratlon Designa=- |to Coal- Date as CaCojy Solids as CaCOJ as CaCOJ lron las 50& Potassium] as Na as racl |
bio, Kare County, State ticn bed, ft. Sampled | pll ppm ppm ppPm ppm ppm ppm as K ppn ppm rpa I
12 {Beckley Fayctte, 203-A 985 5/4/76 |7 420 1,241 3: 1.25 <l 15 1.5 —— w29
W. Va.
17 o do LN=4 1,217 SHai16 {7 650 1,30} Z0 1.34 <l 13 2.9 .- ;9]
L
20 do ! do LR-3 1,193 514476 |7 590 1,040 15 0.80 <l 20 2.0 _— 470
11 Castlegate | Carbon, 35W 1,017 4/28/74 19.21 423 3,648 32 4 4 406 -——— 2,796 2,538
ho. 3 { Ur.
9 [Hartshorne | Le Flore, 5C 553 -——-- 18,3 982 l 2,372 ND [} 7 D -— $70 1,325
[REIN
61 Javbone Dickenson, DG-1A 425 8/23/78 |7 —— 27,490 2,223 1,029 08 N — 3,100 -——
JVn.
23 [emotn lschuylkall, ratker | 2,062 | --—- 7.3 344 1,923 a1 iz i 3 | -- 6 759 574
Pa. "
2 |rMary Lee Jefferson, 35W 1,076 10/13/73 |8.35 355 1,428 12.5 8 XD ND 1 565 100
Ala.
19 | de do el | 1,113 | 1/18/76 |7.9 - - 52 3.% (1.0 | -- -- Lo | -
ah do do 9 1,082 16/16/77 | 7.4 1,233 1,972 02 222 0.4 KD 1.0 770 256
42 do do TW-4 1,085 10/17/77 | 3.0 46n 1,118 15 2 0.3 ND 1 ASO_ o lB? _
I ] do do 22 1,096 10/16/57 |B.6 700 1.136 15 4 0.3 ND 1 460 643
% do do T™-3 1,G74 1/12/77 |8.5 810 1,064 11 3 uD ND 2 L50 257
> L
49 do do 8 1,071 76470 |8.4 667 1,003 12 3 0.9 nn 0.7 Ja7 215
57 do do 5 1,010 7/4/78 |B.4 660 1,121 12 4 0.4 ND 0.6 423 4B}
! b pain ) SR
51 do do 13 1,045 7/4/78 [8.6 719 1,029 12 3.3 0.3 ND .6 373 216
16 !tiddle Allegheny, tio. 2 608 | ----- 6 415 62,700 |2,300 9,200 30 115 ND 20,4900 | 36,000
Kittannlng | Pa.
7 Piitsburgh | Washingten, asw 388 | —m—— 8.05 376 3,106 162 39 0.0s i} - 300 2,200
Pa.
— — —
15 do Yiarlon, 4NY 211 ) - 1.45 1,825 4,823 159% 132 0.5 63 - -—- 2,356
West Va,

Aveli ID Nos. correspond to wells identified in Tables 1 and 3.
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TABLE NO. 2 - ANALYSES OF WATER PRODUCED FRCM VERTICAL BOREHOLLS (Cont'd)

Borehale | Depth Alkalinicy| Dissolved | Calcium | Magnesium Sulfate Sodium Chlnr;;J
1D Coalted Location Designa=- | to Coal- date as CaC0Oj3 Soljds a9 CaCO3 as 63603 Iron | as 504 Potassium | as Na | as NaCl
No,# Name County, State tion bed, fu. Sanpled. | pH ppm PPD ppm ppm ppPR ] as K ppm ppR ppm

21 do Greene, Pa. LM-6 582 /16778 [7.42 —— 7,222 544 161 7.5 ND —_— -— 3,842

do do Eli-4 Ba3 3/29/171 |- — 15,200 78 "4 37 NO -— —_— 2,310

do do Et-8 646 3730777 |==—= -— 17,700 1y 108 64 ND —_— —_— 2,210

1 | Pocahontas | Buchanan, Fed, 1,524 cemmea= 4.8 — 186,986 34,375 917 |164 "o —_— -== ]138,000
KNo. 3 Va. \ do. 1

*]D Nos. correrpond to wells identified in Tables 1 and 3.
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Introduced in 1948 (19), hydraulic stimulation has become a
common technique used to increase well productivity when natural
i flow from the well is unsatisfactory. Based on methods develcped by
the cll and gas incdustry, Government researclt began design:ing stimulation ‘
treatments for coal gas drainage about 1969. Since then, over 60 i
treatments have been applied to coalbeds in several areas of the
United States, especlally to the deep mineable coals in the East.

INTRODUCTTON TO WELL STIMULATION l
|
!

The basic mechanies of stimulation are gqulte simple, Hydraulic
pressure is generated at the surface by pumping fluid. This pressure
iz transmitted to a selected rock strata (coalbed) to cause a fracture
or a widening of an existing fracture within that strata. After this
initial fracturing occurs, it is extended into the coal strata by
continued injection of fluid. At some pre-established time during the
treatment, sized particles, such as sieved sand, are normally added
to the {luid. These particles serve as a propping agent to hold the
fracture cpen after the hydraulic pressure is released. The inteat
of stimulation is to create highly conductive pathways from the wellbore
to several hundred feet within the coalbed. The area of drainage

to the wellbore is thus expancded and gas and water flow rates increase
accordingly,

Government researchers have generally categorized stinulation
treatmeats according to the type of fluid used to transmit the hydraulic
pressure from the surface to the coal zone, Water, gelled water, and
foam are the major types of treatments tested thus far, each type
having demonstrated distinct advantages as well as specific limitations.
Table 3 summarizes the Government's research experience with stimulation
and, in many instances, shows the gas drainage rates achieved from this
experimental work.
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Table 3 - Summary of Government-sponsored Coalbed Stimulation Treatments
Conduzted from July, 1970 to December, 1979

—
Freductien
Lecaties Calbes Ture of Yoluw Teeaimemy |Injection T
w Date Counrly. WEjL Mee (1 Tutnrne, | Suiruiocion | Treagmeng Prranire Pate, Pre-Scimulation ‘Vt-l-ium.l-llnn
N Starlaned LS 4 Stae anglor M, | cwalbad, [ft. Ih Teraiment [ Nluld, 5=, bpa <ta { cle Wemarba
. —— -
1 Wly B, 170 FPocatenian Buc Tederal 1.324 6.3 Ll 14,800 3.0 1o I e H 14,003 Sccern-qut, Mlowkark swresaful, & sotamat
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TABLE 3 - Summary of Government-sponsored Coalbed Stimulation Treatments
Conducted from July, 1970 to December, 1979 (cont'd}
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TABLE 3 - Summary of Government-sponsored Coalbed Stimulation Treatments
Conducted from July, 1970 to December, 1979 (cont'd)
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TABLE 3 - Summary of (overnment-sponsored Coalbed 5Stimulation Treatments
Conducted from July 1970 to December, 1979 (cont'd)

\ Praduc ¢ Lon
Locatien Type of Yolune Sand Teogpant lardon
w0 Bate Coslhed Founty, Vell Name Pepih o tinulreten Treaummt Neal. Slac and . fre-Sctinulation] Posc-Sttmulation
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Reference to specific trade names do not imply endorsement.by the United States Government.



ROCK PROPERTIES AFFECTING STIMULATION

Natural Fracture System

Fractures, naturally present in coalbeds and associated rock
strata, have an important affect on the stimulation process. The most
prominent natural fractures in coalbeds are oriented perpendicular
to coalbed bedding planes and are referred as "cleat" (28). Other
fractures present 1ir coal are inclined to bedding planes and are
called "shear" fractures, implying some movement has taken place.
During stimulation, treatment [luids typically propagate partings
along one or twe directions, cutting across many of these preexisting
fractures. As these fractures are crossed, portions of the liquid
contained in the main propagating treatment Fody '"leak off" {nto

these minute openings, leaving less liquid to carry the solic propping
agent,

There is substantial evidence to indicate Lhat the vertical partings
created during stimulation propagate in directions nearly parallel
to dominant preexisting coalbed cleat and roof rock joint directions (23)
(26). Trevits and Lambert, (39), combined and presented results from
underground examinations of stimulated boreholes (Table 4) and concluded
that induced, vertically oriented partings will parallel natural
fracture trends and can be predicted within 10 degrees azimuth. This
correlation does nc*t necessarily implv that induced fracture directicns
are controlled by natural fracture systems because the cirection of
stimulated partings must always be perpendicular to the least principle
stress present in the area of a well (1%8). The relationship between
induced and natucal fractures does, however, indicate that the controlling
stress conditions are reflected by the natural roal cleat and rock
joint directioms.

Mechanical Froperties _

The density, compressive, and tensile strengths of coal are very
low compared with mine rcof rock materizl which is usually shale or
sandstone. If increasing hydraulic pressurcs were applied to all
these materials simultaneously, coal, the least coumpetent material,
would "break' or fracrure first. Further, if the cocal is bounded by
shale or sandstone, the fracture would be countained completely in the
coal as lnang as hydraulic pressures did aot exceed the mechanical
"breakdown' propasrties of the surrounding strouger rock type(s).

Borehole Rock Conditions

Unfortunately, the abuve concept of rock brealage does not
necz2ssarily apply to actual borehole rock conditions. Before hydraulic
nressure is applied to any given section of a wellbore, there already
exist many vertical fractures in the form of ccal c¢leat or rock joints.
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Where these fractures are present, the rock's tensile strength is
effectively zero, regacdless of the type of rock exposed (coal, shale,
sandstone, limestone, granite, etc.). Therefore, the pressure required
to induce a parting into these rocks is only that roquired to overcome
the least principle stress within the reservoir. In other words, it
may be very easy to initiate partings (fractures) into areas of future
mine roof or floor because the rock is already '"broken'.

One undergrpund well site study showed that induced fractures do
indeed enter into very hard roof rock even when low surface injection rates
(10 bpm) and pressures (1,400 psig) are used (26). The fact that this
rock was fractured prior to stimulation was clearly indicated by the
presence of casing cement, found in roof fractures up to 80 feet from
the wellbore. It is possible that hydraulic fractures in the roof
rock developed during the cementing operation.

Another natural rock condition which seems to have an effect
on the upward growth of hyaraulically iunduced fractures, is the
condition of the interface between the coalbed and the overlying roof
rock (usually shale). Underground examinations at stimulated boreholes
indicate that induced fractures are more likely to remain in the
coalbed when the overlying shale/coal interface is very abrupt and weakly-
bonded. Such weakly-bonded iuferfrces have heen recognized in mine areas
where the contact between coal and shale is highly polished and
striated (slickensides). Where this type of boundary condition occurs,
fracture partings have frequently spread-out horizontally within the
interface area rather than grow vertically into the overlying shale roof.
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CHARACTERISTICS OF INDUCED COALBED FRACTURES
Orientation

Nearly all of the induced fractures observed underground in coal
mines are vertically oriented. Vertical fractures are expected to
develop as a result of stimulation because most c¢oalbeds are located in
tectonically relaxed areas where the greatest principle rock stress
c¢irection is contained within a vertical plane (7) (15) (16). Hor-
izontal fractures have resulted, bowever, where injection pressures

exceed the calculated overburden pressures in wells as deep as 1,100 feet
(23).

Direction (Azimuth)

Rock joint, and especially noal cleat directions tend to remain
parallel throughout very thick vertical sequences (29). This rela-
tionship and the close correlation between natural fracture and induced
fracture directions shown on Table 4, indicate that the direction of
induced fractures can be predicted uslng rock joint and coal cleat
direction measuremenis obtained at some horizon above the coalbed

and near as possible to the well(s) to be stimulated. Outcrops

road cuts, open strip pits, or nearby underground workings are a few
locations where such information can be easily obtained.

Length

The loss of fluid to the coalbed along an induced fracture as it is
being propsgated by pumping is a major factor governing the fracture's
linear extent. As mentioned earlier in this report, such loss of fluid
(called "leak-off") leaves a constantly diminishing amount of fluid
to create fracture penetration and to carry the solid proppant as
the fracture's length increases. When leak-off to the coalbed
is tvo high, the carrying ability of the treatment fluids decreases
caus ..ig proppants to accumulate and can eventually block any further
injection of fluids. This occurrence, commonly referred to as a “'sand-
out," or "screen-cut'" may cause propped fracture distance to be much
shorter than the designed lengths. Sand-outs have occurred frequently
(about 28% of the time) in past coalbed stimulations (refer to Table 3).

Underground examinations of stimulated boreholes indicate that
treatments which incorporate the use of very heavy gels produce short
fractures (16) (23). Even though such highly viscous fluids reduce
reduce fluid leak-off into coalbeds, they produce very wide fractures
(18;, (32). This reduced the overall fracture length the treatment
volume can create.
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TABLE NO, 4 = RELATIONSHIP BETWEEN VERTICALLY INDUCED COALBED FRACTURE DIRECTION AND

NATURAL ROCK "RACTURE TRENDS

1D Mo.- 3 10 19 i3 36 42 27 21 28
Well Name USBM 1 NE USBM*No, & TW-1 TW-2 ™-3 TW-4 EM-5 EM-6 EM-7
Date of June 12, June 16, | February 15, | October 6, | November 16, July 21, Rovewber 9, | December 1,
Interception May 1974 1074 1976 1977 1977 1977 1978 1978 1978
Coalbed Illinois No. 6 | Pittsburgh | Mary Lee Mary Lee Mary Lee Mary Lee Pitesburgh | Pittsburgh Pitcaburgh
County Jefferson Washington | Jefferson Jefferson Jefferson Jefferson Greene Greene Creene
State IL PA AL AL AL AL PA PA PA
Type of
Stimulation
Troatment Gel Gel Gel Gel Foam Foam Foam Foam Foam
Type of
Complexion Openhole Openhole Openhole* | Periorations Openhole Openhole Openhole Openhole Operhole
Averapge Face
Cleat
Direction N30°W N62°W N55°E N55°E N55°E N55°E N68°W N68 W N6B*W
Average Butt
Cleat N18°W H18°W N18°W N18°W
Direction NSS°E N2B°E N4Q°W N4D°W N4DW NGO*W NZ1°E N21°E N21°E
Average Roof
Joint N77°W N77°W N77°W N77?°W
Direction L/E L/E N58°E N58°E NS8°E N58°E L/E L/E L/E
Induce
Fracture N62°W N6O'E
Direction N76°E J N28°E N6O°E H18°W N6B Es+ NG6“Edk N67"W N68°W NEB*W

L/E Limited exposures prevenLed determination of a dominate direction.
*Casing set one-halfway through coalbed.
#k*Propagated 1n roof rock as well as in coalbed,

1t e A, o AR



i

The longest measured length of a sand-packed hydraulically
induced coalbed fracture was 416 feet from the borehole, using a light
gel fluid in the Illinois No. 6 coalbed (16). Stimulation treatments
using foam as a sand-carrying agent have recently shown evidence to
indicate fracture extensions can be much longer. Such evidence includes
recorled observations and measurements where there waas direct or
indirect 35/ communication of treatment fluid from one well to another

spaced from 500 to over 1,000 feet apart. Two such accounts have been
published as recent government reports of investigation (26) (37).

Widcth

The difference in pressure between the stimulation treatment fluid |

and the adjacent coalbed essentially controls fracture width during

stimulation (32). Very large differences in these pressures produce

wide fractures while small differences produce very narrow fractures.
Operating conditions which cause wide rractures in coalbeds are high
injection rates combined with the use of viscous fluids. Elder (16) re-
ported fracture widths of 2-1/2 inches using 'heavy gel" 6/ and a 10 bpm
injection rate; and 1/8 to 3/8 i.. h wide fractures using a "light

gel" 7/ and the same injection rate. A recent test using a highly viscous
mixture of gelled water and fluid loss additives produced 5-inch wide
fractures using an average injection of only 8 bpm (23). One may

conclude from these examples that "high injection rate" is a ralative
term, meaning "high for the particular fluid properties incorporated in
the treatment". i

Proppant Distribution and Closure

A s0lid propping agent was normally included in a coalbed stim-

ulation design in order to "hold open" the fracture once fluid pressures,
created by pumping, were relieved. Sand, sorted from 10-to 40-mesh
sizes, has been the standard material used as proppant.

The distribution of proppant material wittin induced fractures be-

comes an important consideration where there is effective closure stress
because only these propped areas would then allow a sufficient amount of
formation fluid to flow.

{ T o—

?

:

3

4
5/
6/
1/

[

"Direct communication” refers to occasions when stimulation fluid

is injected into one well and the same type fluild is observed flowing
into one or more nearby wells. "Indirect communication' refers to
occasiuns when injection of stimulation fluid at one well causes
formation fluids (water or gas) to move at one or more nearby wells.

75 pounds guar gum per 1,000 gallons water.

50 pounds guar gum per 1,000 gallons water.
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There 1s recent evidence which suggests that very little closure
stress exiats in some coalbeds. At several boreholes draining from the
Mary Lee coalbed in Alabama, for example, continued accumulations of
propping sand in wellbores have caugsed chronic pumping problems (27). Even
though these wells ave fairly deep (1.000 to 1,100 feet), and they are
situated in an area where there is likely some lateral rock stresses,
actual fracture closure must be very low to allow these rather large
amounts of proppant to return to the wellbore. In areas like this,
uniformly packed fractures may not be the type of proppant distribution
most desirable. Instead, only partial packing, or even no packing at
all may be more suitable for higher drainage rates.

Flow Capacity

The relative ability of fluids to flow through induced fractures to
the wellbore is an lmportant congideration for stimulation design. One
measure of this ability is cotmonly known as "Fracture Flow Capacity."”
Flow capacity at any given location along an induced fracture depends on
the fracture's height and width and on the permeability of the proppant
material filling the fracture. Very low fracture flow capacities
cause steep pressure gradients to occur within the induced fracture(s)
because resistence to flow is high., In such a case, reduction of
regervoir pressures over significantly large areas of the coalbed
may not occur rapidly enough to supply an economic flow of gas to
the wellbore. Thus, even though a low flow capacity fracture extends
several hundred feet from the wellbore, only a small portion of that
length would define the "productive” length of the fracture.
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STIMULATION USING GELLED FLUIDS

Government research has conducted 21 stimulation treatments
using gelled fluids since 1970 (see Table 3)}. This type of fluid
is water-based, and contains a natural-guar gum mixture allowing
it to carry sand proppant and retard fluid leak-off. After treatment '
is completed these gelled fluids are designed to 'revert" or "breakdown"
to the viscosity of water. This allows the drainage of stimulation

fluid from the induced parting(s) to the wellbore, leaving the sand
proppant for support.

There are several published and unpublished reports containing
specific accounts of borehole stimulation tests using gelled fluids (7)
(14) (23) (38). The following descriptions serve to demonstrate the
Government's experience using this type of coalbed treatment. Among
the studies presented are all those where the results of gelled
fluid treatments were observed directly underground after mining had
progressed through the boreholes and effected areas.

Pocahontas No,3 Coalbed, Buchanan County, VA (3) {13)

A test hole was drilled into a projected barrier pillar in an area
not to be mined for several years. The test site was in central Buchanan
County, VA. The hole penetrated a series of Pennsylvanian sandstones,
shales, and coals to test the gassy Pochanatas No. 3 coalbed. The 1,530
foot deep hole was logged with a gamma ray - density logging tool to
obtain geophysical data on formation density, porosity, and lithology.
The 8-inch-diameter holé was cased with 4.5-inch diameter steel casing

from the surface to the top of the coalbed, and the casing was pressure-
cemented.

Monitoring equipment, including a flow meter and pressure gauges,
were ingtalled. Water flow was measured at 07 bpd. The inflowing water
inhibited the flow of gas and required frequent swabbing to maintain a
gas flow. The borehole flowed at 600 ¢fd with continued swabbing to
clear the hole of water.,

In July 1970, a hydraulic stimulation procedure designed by the
Bureau of Mines was attempted. The coalbed was treated with a gellad
fluid containing 10- to 20-mesh sand as a propping agent. The initial
fracture occurred at 3,700 psig. The fractures were propagated with
2,400 to 3,450 psig pressure at an average injection rate of 10 bpm
of gelled-water fracturing fluid, The treatment utilized 14,800
gallons of fracturing fluid and 4,000 pounds 1b of 10- to 20-mesh
propping sand., Figure 18 shows wellhead pressure and injection rate
charts for this treatment. This well is designated '"No. 1" on Table 3.
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INJECTION RATE, bpm PRESSURE, 103 psig
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FIGURE 18. - WELL HEAD PRESSURE AND INJECTION RATE
CHARTS OF HYDRAULIC STIMULATION TREATMENT OF

POCAHONTAS NO. 3 COALBED (16).
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After stimulation, the hole was swabbed to remove water and monitor
gas flow. On the first day, water flow decreased. Gas flow increased
from 2,500 to 3,500 cfd as water was drained from the coalbed. During
the second day, water flow averaged 9 bpd, but flowed in surgee; the
gas flow increased from 3,500 to 9,000 cfd. The fourth day, gas flow
rates increased to 12,000 cfd, while water flow decreared, flowing an
average of 6 bLpd duriup riow periods, but with a longer flow-nonflsw cycle.,
On the fifrh day, gas flow stabilized, averaging 12,000 cfd, while the
water flow race declined to 2 bpd flowing in 12 hour cycles (Figure 19).

The twentyfold increase in gas flow was, indeed, encouraging. It
was evident, however, that a pumping or swabbing service must be provided
to remove the water inflow to maintain stable gas production,

Mary Lee Coalbed, Jeffersom County AL (5) (73 (14)

A test area was located in Section 23, T 185, R 6 W Jefferson
County, AL, for experimental degasification of the Mary Lee coslbed in
sdvance of mining at U.S. Steel's Oak Grove Mine. A five-gpot pattern
of holes (1,081 to 1,093 feet total depth) was drilled on the flank of a
structural anticline. The holes penetrated Pennsylvanian sandstones, shales,
and coalbeds. Drilling was completed in July 1971. Hole Neo. 3 SW
in this five-spot pattern was drilled to the top of the coalbed at a
1,775 foot depth and cased with seven inch diameter sgteel casing.

After casing the hole, five feet of coalbed was cored and the

borehole was put on production. Gas production was low at tle start but
increased as the coalbed was dewatered. The maximum production was from
borehole No, 3 SW. After 16 months, production from this hole had
reached an average of 5,000 cfd gas with 6 bpd water. A stimulation
treatment was then planned to increase the degasification rate.

Design number two from a computer calculation {Tables 5 and 6) was
selected for the treatmer: plan. This provided for 10,000 gallons
of gelled water, with a 2,500 gallon water pad to be injected into the coal
at 10 bpm to propagate a [racture or parting. Six thousand pounds
of 10-to 20-mesh sand were mixed with the fracture fluid at a con<entration
of 3/4 ppg (pounds per gallon) to serve as a propping agent in tle
induced fracture after treatment.
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FIGURE 19. - GAS AND WATER PRODUCTION RATES
FOLLOWING HYDRAULIC STIMULATION TREATMENT OF
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POCAHONTAS NO. 3 COALBED (16).
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TABLE 5 - Hydraulic Fracture Stimulation Plan,
Yole No. 3 SW, Jefferson County, Alabama (7)

Volume, Propped riSCOSity Fracture Pro Created
Design Production 1,000/gas fracture cp width san fracture
No. increase Total Pad feet inch sacks length

Length Heighi feet
1 .. 7.5 3 2.5 105 5.2 6 .207 19 233
2 .... 11.7 10 2.5 255 5.5 7 -242 56 758
3 ... 15.6 15 2.5 377 5.6 7 .266 94 1,040
4 ... 19.4 20 2.5 437 5.7 7 .234 131 1,007

TABLE 6 - Criteria used in computation of hydraulic fracture

stimulation plan, Hole 3 SK, Jefferson County, Alabama (7)

Injection mte .l..."'ll'I.".ll.."'l."..-l"'.'..'...'.l.'...l...l.."l‘bbl/min"
Assumed fracture height .....ciiiceevenencearesnressnscasnessonsnnrsaseasessssnessefln,

Net formation thickness .......iiiiiieniivreranctesanactonsscsansncnsaa ceereaan ..fE..
Plastic modulus...... AP 1 .74 { +
Formation permeability ......cc it iiies cesseersanrassraatoansnsess md. .
Formation porosity ..e.cecieuitecnnetaaceranariaassassaasanns teiscasisenanaanaass pct..
Bottom hole treatment PreSBULE . .cecieeuuicerieeeinasasecsscsassanansanarsnnnns lb/in%..
RESETVOIT PIreSSULE ..usveeesecarvasscarroossisansassssasssnsss snssssarsssasslbfin .,
Reservoir fluid viscosity ...-ecvvaen... reecas ceceetecnretosasanarsnaacnarsnoareCPon
CU-~FLUL 1055 COCT +rruveusssenonesncnsarsesosnsesssseseroneassnsneeerss ft/minl/2,,
Spurt 1088 .v.ecennrescaas Ceesiastatssatesentsassssrsssnssrrasanasansersesasgal/fLe.,
Type of gel (Halliburton) .........ievriveenncuannnnocsonconans Geeeceasaccacansraaacs
Gel CONCENETALION. s v v oe e iosocecoacnsnineoesanaseasescasesananancannans 1b/1,000 gal..
n'-Prime ....ie0e0reonnn W e e masamasamasssesssassseneseneesenacsnanaanan s cannannn

k'-—Pl’ime (Slot)-..--noo-nr'----o-------l-------.-o--ooooo----o-oc--oo .lbf-secn/ftz..
Well Spaci“g [ I I I T OO a4 T

Drainage radius ................. e resietaaennn tteerscteananinn Geecenseanoas S i P
Wellbore radius ........... fevenaa tetecaans teeetestcasatstnanna teeacerttanaana . ft..
Damage ratio ..cuuiiieininnnieiiaeereaeeeanenonacaoooasoserennasnassmnananensonntannns
Type and conc prcp sand (B-12 mesh) .....veviieinieniinnenns receen rerenan lb/gal avg..

0.00310
0.21
WG-6
20.0
0,738
0.000698
30.0
536.0
0.25
3.0
0.75

t
i
;
i



The treatment was conducted through 2-7/8 inch high-pressure tubing
with a tension packer in the string set at 988 feet in the sevea inch
casing. The bottom of the tubing was at the midpoint of the coalbecd.

The initial fracture occurred at B0O psig. The fracture was
extended at 1,100 to 1,200 psig pressure and a steady 10 bpm injection
rate. A total of 10,000 gallons of gelled water and 6,000 pounds of
10- to 20-mesh size propping sand were pumped during the treatment
(Figure 20). After treatment, the borehole was swabbed free of warer,
and 30 feet of sand fillup was cleared from the borehole. After the
water pump was installed, the borehcle was returned to preduction. All
fracturing fluid was recovered.

The gas flow increased after treatment from 5,000 cfd to a maximum
rate >f 90,000 cfd irn 11 days (Figure 21). During the next seven
months, the flow rate stabilized at 50,000 cfd. 8/ This well is
designated 'No. 2" on Table 3.

Pittsburgh Coalbed, Washington County, PA (12) (14)

A test area was located near Lone Pine, Washington County, PA,
for degasification of the Pittsburgh coalbed in advance of mining.
Four holea 405 to 552 feet in depth were drilled in a pattern on the
flank of the Amity anticline. The nine inch-diameter holes were drilled
near the top of the coalbed and cased with seven inch diameter steel
casing. After the holes were cased, the seven foot coalbed was cored
and the boreholes put on production. Initial gas production began
in June, 1972, and was low then increased as the covalbed was dewatered.
After 18 months, gas production from Borehole No. 1 NE stabilized at
an average of 7,000 c¢fd with 4-1/4 bpd of water. This borehole was

fracture-treated to improve degasification rate and test the 2ffectiveness

of s:imulation of the Pittsburgh coalbed.

A hydraulic stimulation treatment program was prepared utilizing
design No. 2 from the computer output treatment plan (Tables 7 and 8).
This provided 10,000 gallons of water pad to be injected into the coal
at 10 bpm. 5ix thousand pounds of 10- to 20-mesh sand were mixed with
the fracture fluid at a concentration of i/2 to 3/4 ppg to serve as
a propping agent in the induced fracture.

The treatment was conducted through 2-7/8 inech high-pressure tubing
with a tension packer in the string set at 412 feet in the seven
inch casing.

8/ The accuracy of the production data for the 3 SW borehole at
Oak Grove Mine has been stringently contested by U.S. Steel.
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FIGURE 20. - WELLHEAD PRESSURE AND INJECTION f
RATE CHARTS OF HYDRAULIC STIMULATION
OF THE MARY LEE COALBED (7).
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FIGURE 21. - GAS AND WATER PRODUCTION RATES
BEFORE AND AFTER HYDRAULIC STIMULATION
TREATMENT OF THE MARY LEE COALBED (7).
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TABLE 7 - Hydraulic fracture stimulation plan,

Hole 1 NE, Washington County, PA (14)

Volume, Propped Fracture Prop Created
Design Production 1,000/gal fracture Viscosity width sand fracture
No. increase Total Pad feet cp inch sacks length,
Length Height feet
1.... 9,2 5 1.0 165 4.9 4 .221 30 397
2.... 13.2 10 1 309 5.2 4 .253 68 862
3.... 15.2 15 1 433 5.3 5 L273 105 907
Ao... 19.4 20 1 547 5.4 5 .289 143 1,133
TABLE 8 - Criteria used in computation of hydraulic fracture stimulation
plan, Hole No, 1 NE, Washington County. PA (14)
Injection rate ...........cn... Ceaaena S hadecssscessssasniasasaanaracasasan bbl/min. 10.0
Assumed fracture heizht ....... ceieaa e ssasessmacseasestessecnnartanannaanans ft.. 7.0
Net formation thickness ......cciciiniiiiaineenrnannns acisascanans Ceeseesanaenn fi... 6.0
Elastic modulug .. .conuii i i in i iteectancnataacanscsracensnsscrnnssnsons 1b/in-., 0.3¢ x 10°
Formation permeability .. ...t oiininrnrannearencnseanns P 1 1 5.0
Formution porosity .....c....... ceresene teeassatasstiesnserattsnbana casesn ...pci.. 4.0
Bottom hole tTeatment PLESSULE cusecsscassssssacsssssvssnasssannssnsnecasse.lb/ins.. 7:°..0
ReServol PreaSUYE iesesscetosensntsr-sotssstnsserssstsrensiosnasnsnnasanancenss 1b/1n2. . 166.0
Reservoir fluld viseosSity...c.iereeereienenecenecencncnanroanencnnsa seseeenienn 17p.. 0.02
CW-—Fluid loss coef .......ccvcvrnnccnrocranansoccncnnasncnns taenans e ft/mint’ 4, 0.00310
Spurt 1oSS ...t heiiseiicieiieiiiacincasaiasactcataananan .............-gal/ftz.. 0.21
Type of gel (Halliburtm) ....... ceae . teereeresetertses o se st o st oA anas st sates We-6
Gel concentration ..ciceeieserecnsevenrisotossacensssacaans Geesanee «.1b/1,000 gal.. 206.0
N =PriMe .iuveesrtasencoreceosttesnssoresssssanasasesincascancsaatacasessacsasoascmesn 0.728
k'-Prime {(slot) ....... fcesastsaanaa U £ a7 Y-LY £ I 0.000898
Well spacing .....cenicenioniciaacacacnecnneas PR a3 Y- 3 10.0
Drajnage radius ....cveccveevcnnsarsrscarsrsscoiossasesssssscocsessssssvnsnasaflae 5€3.0
Wellbore radius ..ccvceevcescsosarresssansnsosassssetassncasascacanancse cennann fe.. 5.25
DAamage FALIO .ccvcececocsacnssnsacicascacroassscsasasscccasassnucssssnvocnsonsns sanee 3.0
Type and conc prop sand (8-12-megh) .......cceceeccearrenccsseecesares.lbf/gal avg.. 0.75
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INJECTION RATE, bpm

PRESSURE, psig

FIGURE 22. - WELL HEAD PRESSURE AND INJECTION RATE
CHARTS OF HYDRAULIC STIMULATION TREATMENT OF
PITTSBURGH COAL. ED (14).
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FIGURE 23. - GAS AND WATER PRODUCTION RATES BEFORE
AND AFTER HYDRAULIC STIMULATION TREATMENT
OF PITSBURGH COALBED (14).
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The initial fracture of the coal was achieved at 600 psig. The
fracture was extended at 1,200 to 1,400 psig pressure and a steady
11,4 bpm injection rate. A total of 10,200 gallons of gelled water and
6,000 pounds of 10- to 20-mcsh propping sand were pumped during fracture
propagation (Figure 22)., Midway through the pumping, a "sand-out™
occurred.

The system was allowed to backflow to clear the blockage ~nd the
creatment was completed. After treatment, the borehole was swabbel free
of water, and a few feet of sand accumulation was cleaned from the
horehole, With reinstallaticn of the water pump, the borehole was
returned to production and the fracturing fluid was recovered.

The gas flow increased after treatment from an average of 7,000 cfd
to a rate of 35,750 cfd in 2-1/2 months (Figure 23). On Table 3, this
well is designated at "No, 3",

Mary Lee Coalbed, Jefferson County, Alabama, Case IT (23)

A vertical degasification borehole drilled to the Mary Lee coalbed
and completed 600 feet ahead of active mining, was intercepted by mining
on February 15, 1977, The borehole, referred to as Test Well To. 2
(TW2), was located in Section 35, T 18 S, R 6 W, near Dak Grove, Alabama.
The purpose of completing TW2 was to test specific hydraulic gel
stimulation procedures in coal by monitoring well production, and larer,
inspecting the results directly underground in the mine,

TW2 was rotary drilled using a 6-1/4 inch diameter air-percussion
bit and foam to approximately 235 feet above the five foot thick
coal interval., To reduce the possibility of formation damage due to
drilling, a 6-1/8 inch diameter roller bit and foam were used to drill
the remaining distance to 50 feet below the coalbed. TW2 was cased
to total depth with 4-1/2 inch diameter pipe equipped with a float
shoe. The lower 500 feet of casing was set in place using 13.5 ppg
weight cement.

A jet slotting tocl was positioned using a gecophysical logging
device. The design called for a water and sand slurry to cut four
vertical slots, %0 Jdegrees apart, from the base of the coalbed to
within one foot of the top. The coalbed was stimulated using 3,500
gallons of a highly viscous fluid containing 4,000 pounds of 10- to 30
and 20- to 40 mesli size sand (Table 9).
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Table 3 -~ TW2 Hydraulic Stimulaticn Data (23)

" 3 Date -.coveveonn. . vereeraras October 24, 1976
& Propping Sand .eeveeeseenerennnnaannns .. 20-40 mest-szized sand, 1000 1b.
4 Propping Sand ......eeeevecnecrncnnns +e. 10-20 mesh--sired sand, 3,000 1b.
ks Treatment fluid ............. fereeaaean GCelled water, 3,500 gal
%' Surfactant concentration ....ceoesecaes 3 gal/1,000 gal
E Fluid loss additive concentration ..... 50 1b/1,000 gal
Gelling agent concentration ........... €6.7 1lbs/1,000 gal
Breaker concentration ...c.creecceas +.. 2 1b/1,000 gal
Complexer concentrabion ......eveecs..a. 0.4 gal/l,000 gal
Maximum PressSuUle ..ieeeiceecsesessonaasnn 2,500 psig
4 AVErage DPIrESSUTE ..cuvernvneonaanonosaas 2,400 psig
' reatment rate, AVETAZE ...ecee-veneras 8 bpm
Hydraulic horsepower .......ceeeceennna 1,000 Hp

e T

L

The hydraulic stimulation pressure averaged 2,400 psig with nr
apparent formation "breakdown'; the fluid injection rate averaged O bpm;
and the iustantaneous shut-in pressure was 2,200 psig (Figure 24).

After stimulation, water was circulated in the well removing approx-
‘ imately 200 lbs of propping sand. The well was later equipped with a
: pump to remove water and meters to monitor production.

TW2 was put on production November 13, 1976. During successful
pumping periods, daily gas production averaged about 15,000 cubic feet. Sand
and other foreign material entering the downhole pump mechanism caused

; chronic malfunciion and resulted in overall poor gas production (Figure
- 25).

T WU s mem s

Temporary gas flow rates in excess of 80,000 cfd were measured on
several occasions, immediately after servicing the downhele pump and
after removal of usually less than five barrels ¢f water. Such tem-

porarily high gas flows appear to have broupght significant amounts of
propping sand into the wellbore.

The well, and induced fractures from the well, were exposed approximately
three months later by miaing. Coal was removed to approximately four feet
beyond the horehole location during which time very wide, short vertical
fractures and longer, thir horizontal sand-packed fractures were
observed. The site was situdied in detail and measurements were made with
the coal face in the position shown on Figure 26. The borehole site as it
appeared at that time is diagrammed in Figure 27.

The rasing was expanded outward where plerced by +our roughly di-
amond shaped slots about 5.5 inches long and 2 to 2.5 inches wide.
Small holes in the casing (five holes, 0.3-inch maximum diameter) were
observed five to nine irches above the slots. The top ot the slots were about

four inches below the base of the coalbed demcnstrating that slotting
had not occurred in the coalbed as intended.

o pmev e
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FIGURE 24. - HYDRAULIC STIMULATION PRESSURE
AND FLUID INJECTION CHART TWwW2,
MARY LEE COALBED (23).
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FIGURE 25. - DAILY GAS PRODUCTION FROM
TW2, MARY LEE COALWBED (23).
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FIGURE 26. - POSITION OF MINE FACE DURING
UNCERGROUND INVESTIGATION OF TwW2 (23).
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FIGURE 27. - SKETCH OF MINE FACE DURING
UNDERGROUND EXAMINATION OF Twz (23).
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Taree well-defined vertical fractures were observed at the borehole
site. All three were contained in the lower third of the coalbed and
were completely filled with propping sand. Fracture sides appeared
smooth and unabraided, and followed local vertical natural fracture
planes in the coal. The widest sand-filled fracture (4.5 inches),
tapered upward gradually; a fracture of intermediate thickness
(2.0 inches) tapered sharply to the floor (Figure 27). The remaining
vertical fracture was the same thickness (0.03 inches) throughout.

All three fractures terminated at the base of the coalbed with no
evidence of fracture continuation inteo fluwor rock.

“wo fractures were inclined. They sloped downward to the south and
were contained entirely in a more friable, scft, and highly slickensided
portion of the coalbed. Their sides were smooth and unabraided, but
somewvhat irregular. They appeared to follow local natural shear frac-
ture planes in the coal, with minor vertical development aleong cleat
planes. The shape and downward extension of these induced fractures
indicate direct or inferred continuation with the vertical fractures
described earlier.

Four horizontal sand-filled fractures appeared at the coal face as
extensions of either vertical or inclined fracture development. All
four occurred along bedding planes. Three of the fractures were present
approximately ocne-third the distance up from the floor near the line of
contact between hard, distinctly cleated coal and soft, friable, sheared
coal. The fourth horizontal fracture ran along a line six Inches below
the coal/roof-rock interface. Typically, coal immediately surrounding
the horizontal fractures was very soft and appeared crushed.

Four small, separate, randomly oriented, sand-filled fractures were
observed in the upper portion of the coal face north of the wellbore.
Their locations indicate close association with a system of larger
fractures trending approximately N65°E. These fractures were observed
along shear, cleat, and bedding planes and thus possessed characterictics
of all three fracture types described earlier. This well is No. 33 on
Table 3.

Pittsburgh Coalbed, Washington County,
Pennsylvanig, Case II {16) (21)

To determine the effect of hydraulic stimulation on the Pittsburgh
coalbed, a test hole was drilled at Vesta No. 5 mine in Washington

County, PA. The hole was located 500 feet ahead of an active developing
section of the mine.

Drilling began April 10, 1974, with a rotary drill rig. A 6-1/4-
inch hole was then drilled to a total depth of 597 feet. The Pittsburgh
coalbed was rcached at a depth of 588 feet. Six feet of the coalbed was
drilled, and th: 1cle terminated three feet below the coalbed.
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Table 10 shows the estimated results expected for the stimulation
treatment for volumes of 5,000 and 10,000 gallons of gelled water. De-
sign 1 was chosen in order to contain the fracture within the area of
unnined coal.

TABLE 10 - Designs for Stimulation of borehole USBM No. 4,
Washington County, PA (16)

Design 1 Design 2

Production ,eceiesieecnoncncaacnaannns fold inc-ease.. 10.7 16.9
Total VOlUME «vssvvresvnrroncasnnaones sessaes.Mgal.. 5.0 10.0
Pad VoJume ..viisvrosnscencanaanen et asiaaens Mgal.. 2.0 2.0
Propped fracture length ....ccvveeecccsnnn ... .feet,, 219 411
Propped fracture height ..... . ivvereecaenn. seeendo,. 5.0 5.2
VisSCOSItY tiiesernasessransnsesanssssssCentipoises.. 4.0 4.0
Fracture width ... . . ieectaantn ceerensesaas inches.. 0.22 0.22
Propping sand ..vveeseeseasesssesss100-pound sacks.. 35 90
Created 1engthl tessessssrrersrsserersanssessscfeet,, 387 662

l}mximum length of induced fracture created with and without sand prop.

On April 17, 1974, the well was treated through 2-3/8 inch diameter,
high-pressure tubing. An open hole packer in the tubing string was set
at 585 feet in a hard formation three feet above the coalbed. The
treatmenc used 7,300 gallons of water containing 540 pounds of guar gum,
3,000 pounds of 10- to 20-mesh size fluorescent-dye-treated sand followed
by 300 pounds of 10- to 20-mesh size regular sand.

Two thousand gallons of gelled fluld were injected into the coalbed
to £ill all spaces in the coalbed around the borehole and initiate the
fracture. The formation 'broke" at 500 psig. T.e pad volume was
followed with successive injections of 1,300 gallons ¢f sand-laden
treating fluid at 1/4 ppg sand concentration, 650 gallons at 1/2 ppg,
1,750 gallons at 3/4 ppg, -nd 1,350 gallons at 1/2 ppg sand concentration.
The tubing was cleared of sand with 250 gallons of treating fluid.

An injection rate of 10-1/2 bpm was maintained during the treatment
and the injection pressure averaged 1587 psig, A maximum injection
pressure of 1,700 psig was reached.

On June 12, 1974, the induced fractures were intercepted by mining.

Twenty feet of vertical sand-propped fracture was mapped along the face
cleat direction west of the borehole (Figure 28). The sand-filled fracture
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FIGURE 28. - INDUCED FRACTURE ORIENTATION
RELATIVE TO MINE ENTRY DEVELOPMENT (16).

Froctures in butt cleats

VPR DT IIDEEDDD DIV NN VEFVSSY OV IDINIIZEDYIFIFIDIY/ I IIPIFIIIIIIIY !lllz j/fl/lllllef
. ! H
Fracturein _ _ __ _ _ _ _ _ . 20in
face cleat T4 [ |
¢ | _| 8 ft
- 32ft—+ 1
Room | S — L Ll
155 | |
I
I
! [

AN

L . WL N N L i \\\1\\\\\)\\\\}

LEGEND
_ ——= Fracture mined out
' A, 8-Photographs take:
' 0 10
No. 7 entry Scale, feet
ii
]

.
il




Fe o, R

ranged from 1/8 to 1/2 inch in width, extending from the draw

slate at the top of the coalbed to the mine floor (Figure 29).

Wide vertical fractures were propagated to the north of the borehole
along the butt cleat direction (Figure 30). These fractures were 1/2
to 2-1/2 inches in width und were packed with the propping sand. They
exterded from the base of the draw slate to the floor.

It is estimated that the fractures extended 35 feet or more into
the coalbed in the butt cleat direction. The fractures were wider than
expected, averaging two inches in width. The greater width of the
fractures was believed caused by the use of the heavily gelled treating
fluid (75 pounds of guar gum per 1,000 gallens). The identification
number of this well on Table 3 is "10",

Illinois No. 6 Coalbed, Jefferson Ccunty, IL {16)

A pattern of five degasification bhoreholes was drilled into the
No. 6 coalbed at the Inland Steel Co. mine, Jefferson County, IL.
The holes were drilled during June, 1972. The nine inch diameter
holes were drilled with a rotary drill and cazec with seven inch diameter
steel casing to within a few feet of the top of the cozlbed, The
northeast corner hole, No., 1 HE of the pattern, was selected for
hydraulic stimulation., It was drilled to a total depth of 743 feet
and penetrated nine feet of the No. 6 coalbed.

A hydraulic stimulation was designed that would induce a fracture
within a 450 foot tadius from the borehole, and remain totally contained
within the coalbed. Table 11 shows the calculated results expected
from three stimulation treatment designs for fluid volumes of 5,000,
12,000 and 15,000 gallons. Design 2 was selected for the stimulation
treatment. The coalbed was stimulated through a 2-3/8 inch diameter
high-pressure tubing. A packer in the tubing string was set in the
casing at a depth of 720 feet, with a tailpipe extending to the middle
of the coalbed tc a depthk of 733 feet. Twelve thousand gallons of
water were gelled with 240 pounds of guar gum to form a light gel fluid,
The gel fluid and 6,400 pounds of 10- to 20-mesh size propping sand
were used in the treatment.
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FIGURE 29. - INDUCED FRACTURE IN FACE CLEAT OF
PITTSBURGH COALBED. NOTE TERMINATION OF FRACTURE
AT DRAW SLATE (16).
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FIGURE 30. - INDUCED SAND-FILLED FRACTURES IN BUTT
CLEAT DIRECTION IN PITTSBURGH COALBED (16).
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TABLE 11 - Designs for stimulation of borehole USBM No. 1NE,
Jefferson County, IL. (16}.

Design 1 Design 2 Design 3

Production .....cccevrnunen fold increase.. 5.5 7.5 8.0
Total volume.....ceaveceeneeneers...Mgal.. 5.0 12.0 15.0
Pad volume ...c.veeernncens eecesssa.Mgal.. 2.0 2.0 2.0
Propped fracture length ............fcct.. 140 305 391
Propped fracture height ........ seeanado.. 6.9 6.9 7.1
Viscosity ..cennvevenaninaaan, Centipoises.. 6 6 7
fracture width ........ cetemunn .».1lnches.. 0.17 0.2C 0.22
Propping sand ........... 100-pound sacks.. 26 64 101
Created length ....eocosvcnceensss.feet.. 222 431 506

& total of 2,000 gallons of gel fluid was injected intoc the ccalbed
t. +: all spaces around the borehole and initiate the fracture. The
formation broke at 1,000 psig. The fracture was propagated with an
injection rate of 10 bpm. The following volumes of sand-laden gel fluid
were successively injected into the coalbed: 3,000 gallons at 1/4 ppg
sand concentration; 2,000 gallons at 1/Z ppg; 1,800 gallons at 3/4 ppg;
and the final 3,200 gallons a: 1 ppg. The average injection pressure
was 900 psig, but a maximum injection pressure of 1,000 psig was reached
(Figure 31). After treatment, the test hole was put on gas and water
production. Gas flov was meirured to be 4,300 cfd.

The induced vertical fracture was intercepted oy mining in May,
1974. The induced fracture was propagated in a direction of N 76° E
from the borehole. It was mapped across four entries of the Yo. 1l
right entries off the West main entries of the mire (Figure 32). The
induced vertical fracture did not appear to follow the directions of the
face or butt cleat; it followed a path subparallel tc the axis of a
small anticlinal fold on the flank of the co.al basin. The stimulation
created a single vertical fracture in the coalbed. The fracture was
mapped for 416 feet from the borehole. The sand-propped fracture
extended vertically from the roof shale to a hard shale parting approx-

imately two feet from the bottom of the coalbed. The fracture was seven
feet In height.

The fracture could be readily traced across the entries in the roof
coal. It ranged from 1/8 to 3/8 inch in width, averagins approximately
i/4 inch (Figures 33-36). Approximately 61 cubic feet of fracture volume
was created which war filled with sand. Sixty four cubic feet of sand
was used during the treatment. The three cubic feet difference can
be attributed to sand that settled in the borehole. The excess sand
was removed from the borehcle jmmediately after treatment. This well
is degignated '"No. 5" on Table 3.
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FIGURE 31. - PRESSURE AND INJECTION RATE CHARTS
DURING HYDRAULIC Si:MULATION, USBM NO.1 NE,
JEFFERSON COUNTY, ILL. (16).
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FIGURE 32. - INDUCED FRACTURE ORIENTATIONS AS
RELATED TO MINE ENTRY DEVELOPMENT AT
USBM NO. 1NE, JEFFERSON COUNTY, ILL. (16).
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TRACE OF SAND-FILLED INDUCED FRACTURE

FIGURE 33. -
IN ROOF COAL OF MINE ENTRY AT POINT A
ON FIGURE 32 (16).
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FIGURE 34. - DETAIL OF INDUCED FRACTURES IN ROOF
COAL AND TERMINATIO!N OF FRACTURE IN ROCK
STRATA OVERLYING COALBED AT POINT A

ON FIGURE 32 (16).
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FIGURE 35. - SAND-FILLED INDUCED FRACTURES IN RIB
AND ROOF COAL AT POINT € ON FIGURE 32 (16).
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FIGURE 36. - SAND-FILLED INDUCED FRACTURES IN RIB
AND HOOF COAL AT POINT B ON FIGURE 32 (16).
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STIMULATION USING FOAM

Foam, usecd as a fracturing fluid, is a mixture of liquid, gas,
foaming surfactant, and proppant. The liquid used for coalbed stim-
ulotion is fresh water. Various :ypes of surfactant have been used,
but the type chosen must always be compatible with the water used
so as to form a foam when mixed with gas. Nitrogen is currently
the most popular gas used for treating coalbeds because it 1s generally
available and is practically non-reactive with coal and coal's associated
reservoir f{luids. Figure 37 illustraies how these basic ingredients
are combined and then injected into a well during foam stimulaticn,

The first Government-sponscred foam stimulation of a coalbed was
conducted in early 1976 (see Table 3). Since that time, 45 coalbed
ras drainage holes have been treated using foam. A few of the specific
advantages cf using foam rather than gelled fluids ire:

1. Foam possesses inherent fqualities which appear to decrease
the amount of fluid leak-off to rhe ccalbed (2) (36). As a result,
the number of "sand-cuts" occurring during coalbed stimulation has
been veduced by more than 50%.

2, Foam treatments do not relv on heavy gels to carry proppan:t
during stimulation since the foam itself has sufficient proppant
carrying capacity (1) (36). Problems associated with proper proportioning,
mixing, injection, and breakdown of gels are thus avoided entirely,

3, Foam treatments are very clean in that most stimulation fluids
are removed from the coalbed in less than one day. This short exposure
time limits the possibility of harmful reactions with the coalbed
reservoir system (2), which could reduce fracture-conductivity or cause
formation damage.

4, The logistical advantages of using foam are slgnificant.
On-site water requirements, for example, are about 60-807% less using
foam when compared to similar volume size gel treatments. The low
liquid content of foam reduces hydraulic horsepower necessary for
injection and thus, smallar pumping units are required for stimulation.
Such reduced on-site storage and equipment size requirements also
rninimize costs for well site clearing operations.

- 93 -



FIGURE 37. - SCHEMATIC SHOWING SURFACE
REQUIREMENTS OF FOAM-TYPE STIMULATION TREATMENTS.
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5. Injection rates for foam can be 10 bpm or less 9/. #ithin
a recently completed grid pattern, for example, 15 wells were each
stimulaced successfully with 50,000 gallons of foam using a single
small pump truck normally used for cementing work (27). This pumping
unit used a liquid inj :ction rate of only 2.5 bpm to the 1,000 foot deep
coalbed. After adding nitrogen and surfactant, the volume of fosm
injected was increased to 10 bpm.

The fnllowing case studies summarize some of the mote significant
wirk completed by Covernment research since the time foam was first
introduced into coalbed stimulation design, This section 1is similar
to the proceeding golled fluid rase studies in thbat it includes
descriptions of all foam stimulated boreholes exposed thus far by mining.

Pittsburgh Coalbed, Greene Countv, PA (37)

The first coalbed to be foam-stimulated as a part of a Government
sponsored test was .he Pittsburgh coalbed in early 1976 on the Emerald
Mine property, Greene County, PA. 10/ The success which resulted Irom
the initial test treatment encouraged mine developers to complete a
small pattern of eight degasification wells (Figure 38), seven of which
were stimulated using foam (see Table 3, well Nos. 21,22,24,25,27,28,30),

The seven wells were rotary drilled to about 40 feet below the
Pittsburgh coalbed to provide a sump for water accumulation, The 6-1/4
inch diameter wells were cased with 4-1/2 inch diameter casing that was
cemented to the surface. A drillable formatiom packer shoe was set
in shale above the main coal bench of the Pittsburgh coalbed leaving
the coalbed and the underlying sump open to the wellkore.

Each of tha seven foam treatmenis used an average cf 8,200 gallons
of water, five gallons of foaming agent (surfactant) por 1,000 gallons of
water, 11,107 pouads of 10 to 20 or 20 to 40 mesh sized prop sand, and
300,000 stu cubic feet of nitrogen.

9/ Mearured sand settling velocities in foam are generally much less

than settling velocities in water or most gels. 1In fact, the
ab:lity for foam tc carry proppant increases as flow velocity
(injaction rate) decreases (2). The use of comparatively low
injection rates is therefore reccmmended when pumping foam.

10/ The first recorded foau-stimulatjion of the Pittsburgh coalbed tock

place March 24, 1976, near the Loveridge Mine (Consolidated Coal
Company), Marion County, West Virginia. Infermaticn regarding this
experiment is included ir a publication entitled: Hydraulic
Stimulation of the Pittsburgh Coal Seam: A CASE 3TUDY, by R. L.
Mazza, Proccedings from Methane Recovery from Coalbeds Symposium
spensored by the Department of Energy in Pittsburgh, PA, April 18-20,

- 95 -

1979



_96-

FIGURE 38. - PATTERN OF EIGHT DEGASIFICATION
WELLS LOCATED ON EMERALD MINE PROPERTY,
GREENE CO., PA. (37).
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Tach treatment began with about ¥
folloved by 600 gallons
was 1lncreasea gradually
injection rate was also
with a flush of foam to
cccurred during four of

of foam.

o

gallons of water (water pad)
The emount of sand added to the foam
as a precaution against a "sand-out'"; the
gradually incres :d.
push the sand into the coalbed,
the treatments,

L

The treatments were completed

After treatment, the wells were allowed .. ‘lowback aa soon as
possible. Flowback of the wells, immediately after tieatment, produced
2nough water to account for the treatment fluid plus some additional

format [on of water,

After flowback, the wells were equipped wich sucker vod pumps (84

to 100-bbl/day capacities).
using an orifice meter (Table 12).

TABLEL No. 1z - Gas production messuced from degagification
boreholes at Emerald Mine, (ircene County, PA (37)

Sand "screenouts™

Gas production was measured intermittently

Nate Tested

Cas Production, scfd

Jell No. 1 3 A 5 3 7 8 1ix
09-24-76 +...... Z 7,500 - 940  20-30,000 120,000 10,800 -
10-01-76 ....... 14,000 - - - 2- 8,000 122,000 10,800 -
10-29-76 ....... 19,500 16,800 - 14,000 10,000 140,000 21,000 -
11-10-76 ....... 25,200 16,700 - - 100-34,000 - - -
12-14-76 ..... .. - 23,300 - 18,100 - - 18,200 -
01-08-77 .. ... - 24,500 ~ 100,000 - 105,000 8,100 -
01-26-77 +vu..u. - 42,060 40,000 100,000 - 56,000 3,390 -
02-08-77 ....... 10,400 - - - - - - -
03-28-77 ....... 9,100 - - 117,000 800 - - -
03-29=77 .. uun.n - - 16,000 - - - 19,000 -
08-31-77 ....... 1,070 41,400 7,090 79,800 - 44,400 3,510 1,400
09-07-77 v.u.... 1,080 39,800 7,470 86,400 100,000 44,400 3,510 44,400
09-14-77 .,..... 2,430 39,800 8,840 81,900 86, 400 - 3,140 62,800
09-19-77 ..u.... 2,730 44,400 - 69,700 69,700 29,900 4,700 86,700
10-13-77 ovun... 2,720 28,200 3,510 61,100 64,100 25,200 3,220 72,300
10-20-77 ....... 3,060 15,200 3,512 72,300 61,100 25,900 3,140 74,800
10-27-77 ....... 3,060 - - 74,800 61,100 25,200 3,140 66,90C
02-01-78 ....... 1,800 - - - 59,000 13,000 2,700 57,000
06-02-78 ....... - 30, 000 - - 82,000 28,000 2,000 20,400
07-20-78 ....... - 17,500 - - 14,400 - 16,500
09-11-78 . ...... €25 1,000 - - 24,400 5,800 - 16, 000
10-26-78 ....... - 800 - - - - - 8, 000
11-19-78 ...... , - - - - - - - 3,000

*Stimulated using a pressurization/depressurization water frac technhique referred

to as "Kiel Frac'".
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Induced fractures were later examined underground after mining
operations had passed near or through three of the seven foam gtimulated
borehole test sites. The sand-propped fractures observed were oriented
both vertically and herizontally.

Horizontal fractures were recorded zp be present at two of the well
sites, EM-5 and EM-6, At EM-5, a well-developed, 1/8 to 1/4 inch thick
sand-filled horizontal fracture was founds present between the six foot
thick main coal berch and an overlying hard draw slate unit. The
fracture extended approximately 50 feet from the EM-5 wellbore location.
At EM-6, horizontal fractures werec present within two coal/rocof slate
boundary areas. Ore was about 1/4 ito 1/2 inch thick, and was contained
alopt *he lower boundary of thin (8 to 10 inches) rider coal unit,

The « .aar horizontal fracture was present along the top of the main

coal - h and was about 1/2 inch thick. Horizontal (and inclined)

fract. .3 extended at least 10 feet, and at most 80 feet, from the underground
locatior. of EM-6.

Vertical fractures were measured at all three of the wells (EM-5,
EM-6, and EM-7). At EM-5, these partially sand-filled fractures were
traced 150 feet from the well's underground location and ranged in
width from hairline to akout 1-1/2 inches. Vertical fractures from
EM-6 were up to 2-1/2 inches wide, partially sand-filled, and were
traced a total distance of only 20 feet. The actual distance of
induced sand-propped fractures could not be determined since the fractures
extending from EM-6 entered coal pillars present on both sides of ‘he
well. This meant that the maximum linear extension of these sand-filled
fractures was less than 170 feet from the well site. At EM-7, vertical
fractures were from 1/4 to 1/2 inches wide and could be observed for
a distance of only 18 feet before the fracture entered a coal pillar.
Maximum extenslon of vertical fractures from EM-7 was calculated to
have been less than 120 feet from the wellbore.

All the induced fractures observed underground at Emerald Mine

ver2 developrd along what was determined to be the coal’s face cleat
direction.

No evidence was found to indicate that vertically induced fractures
had penetrated the roef or floor reck material except at EM-6 where
a 1/4 to 1/2 inch wide, partially sand-filled fracture was found to
extend intc the shale rock roof. As noted earlier, horizontally oriented
fractures werc also ohserved in areas of the roof above the main coal
bench. Figures 39 and 40 iilustrste the orientation and position of
the induced fractures observed at EM-5 and EM-6.

Mary Lee Coallzd, Jefferson County, AL (26)

Two test welis were completed approximately 950 feet and 1,010
feet away from a mine operating at a depth of about 1,100 feet in the gassy
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FIGURE 39. - POSITION AND ORIENTATION OF
THE INDUCED FRACTURES OBSERVED NEAR
DEGAS WELL NO. EM-5.
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FIGURE 40. - POSITION AND OR!ENTATION OF THE
INDUCED FRACTURES OBSERVED NEAR DEGAS WELL
NO. EM-6.
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Mary Lee Coalted. The two wells designated TW3 and TW4 (see Table 3,
Well Nos. 36 and 42) were rotary drilled te 30 and 15 feet respectively,
below the five-foot thick lower bench of the Mary Lee Coalbed. Both.
holes were gecphysically logged and then cased from the top of the
coalbed to the surface using a cement packer shoe. Casing centralizers
and cement baskets were used tn correctly position the casing and
minimize the weight ¢f the cement near the base of the casing.

An abrasive jetting device, fixed to sunall diameter tubing was
used to cut vertical slots into the exposed coalbed (lower bench).
Jettirg design called for a nitrogen gas and 20-to 40-mesh size sand-water
slurry to cut the vertical holes into the coal. Three slots spaced
120 degrees apart, were cut at TW3 and two slots, spaced 180 degrees
apart, were cut at TW4.

The coalbed was then stimulated using foam (75 percent nitrogen,
25 percent water) to carry sand proppant. TW3 wau treated using 20,600
gallons foam, 1C,000 pounds B0-to 100-mesh size sand (used as a fluid-
losy additjive), aud 15,000 pounds of 20-to 40O-mesh size sand proppant.
The original treatment design for TW4 was identical to that used at TW3.
Stimulation procedures were stopped early at TW4 when foam containing
sand was observed coming to the surface around the well casing. As
a result, total volumes of materials used at TWé were approximately
12,200 gallons foam, 10,000 pounds of 80-to 100-mesh sard and 2,500
pounds of 20-to 40-mesh sand.

The initial pressure "break" occurred at both wells about 750 psig
while treating pressures were approximately 1,400 psig. Injection rates
at TW3 and TW4 averaged 10 bpm. Both weils were treateda through a 2-3/8

inch diameter tubing with a packer set in casing ncar the bottom of the
hole,

The wells were allowed to flow back immediately tollowilng stimulation
through 2 small diameter choke nipple. In this minner, downhole flow
velocity was restricted, minimizing the possibil’ty of carrying large
amount¢ ot proppant back to the wellbore. TW3 was allowed to
"hlow ba2ck" for approximately ::ven days after stimulation., TW4 was
allowed co "blow back' water aud gas without the use of a pump
throughout the 1ife of the well. A pump was installed at TW3 and both
wells were equipped with meters to monitor production,

The Marv Lee coalbed is comprised of two benches in the area of
Oak Grove (8), The lower bench is the thicker of the two and is the
coal unit mined. The upper bench is thin, contains several shale
partings, and occurs about seven feet abcve the lower cocal. A plan to
stimulate the upper coal bench was implemented at TW3 approximately
seven months aiter stimulation of the lower coal unit.
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The upper bench was creloucated through casing using a Gamma ray -
neutron lecg and then perforated with shaped charges. The coal was then
stimulatd through tubing using 5,000 gallons of foam, 3,400 pounds of
80 to 100 mash size sand, and 3,600 pounds of 20 to 40 mesh size glass
heads., Formation "break" was recorded to be 600 psig. Average iniection
rate vas 5 bpu.

Test Well No., 3 was put into production on December 20, 1976
(Figure 41). An 1initial period of rather unsteady, but generally high
daily gas flows is attributed to several unloading episodes similer to
those described earlier by Lambert and Trevits (23). Gas flow from the
well soon became less erratic but generally declined from over 140,000
cfd to 50,000 cfd after 55 days of mcnitoring. Daily water flow from
Td3 also declined during this period from over 75 bpd tc 13 bpd., During
the next 161 days of production, gas rates increased graduvally to
85,000 cfd while water flow dropped only slightly to 10 bpd. After
216 days of production, the gas flow was stopped by flooding the well
with water to allow for stimulation of the upper bench cf ccal. Pumping
operations resumed 25 days later. This time, water production exceeded
75 bpd for seven days and then decreased to 18 bpd during the last
30 days of production. Gas fiows from the well rose to 45,000 cfd
as water flow decreased., The complete production history of TW3 is shown
on Figure 42. TFigure 43 ghows gas production from TW1. Estimates of
gas flow from TW4 during the initial "production" period indicatad
a rate of over 180,000 cfd. Twenty-three days after stimulation,
measurements using an orifice and a manometer showed gally gas production
to be 183,000 cfd. A meter, installed at TW4 several days later,
indicated that daily gas flows were very high but somewhat erratic.
Flows averaged about 150,000 cfd until a sharp drop occurred around

October 1, 1977. Gas rates had declined to about 40,000 cfd the day
before the well was plugged.

It is important to remember that TW4 was never equipped with a
punp to remove water from the wellbore, which explains, in part, the
erratic nature of the curve shown on Figure 43. Also, portions of
Test Well No. 3 gas and water production (shown on Figure 43) indicate
that each test well affected the other's production. This again,
accounts for some of the erratic production from TW4.

The composition of gas produced from TW3 and TW4 1is shown on
Table 13. Analysis of gas samples two doys after TW3 was put on production
indicates that only a small percentage of the nitrogen used to stimulate
the well remained in the c¢oal at this time. Similarily, gas produced
from TW4 contained less than seven percent nitrogen an almost 93 percent
methane only two days after the well was stimulated.
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FIGURE 41. - POSITION OF TW3 AND TW4 IN
RELATION TO ACTIVE MINING AT THE TIME WHEN
BOREHOLE PRODUCTION WAS 'NITIATED (26).
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FIGURE 42. - PRODUCTION CURVEES rOR TW3 (26).
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FIGURE 43.

PORTIONS OF TW3 (26).
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TABLE 13 - Gas Analyses from TW3 and TW¢ {26

Date Gas Percenr gases in sample

sampled COZ 0, Nz co CH, Hy CyHg C;Hg LS T! Remarks
=eTW ==

11/21/76 - well stimulated

12/20/76 - well put on produrtion

12722/77% 0.03 0.42 4.5 no 94 .6 LO 0.0030 0.0001 no

01/14/77 0.02 0.06 2.3 no 97.6 no 0.0083 no no

62/13/77 0.02 0.08 2.0 no 97.9 no 0.0058 no 0.0C01

07/18/77 0.0} 0.06 1.6 no 98.3 1.0 0.0043 no no 10:20 a.m.*
07/18/77 0.03 0.06 3.2 no 96.7 no £.0044 no no 3:22 p.m.*
07/18/77 0.03 0,10 6.5 no 93.4 no 0.0046 no no 4:54 p.m.%
07/19/77 0.03 0.08 2.5 no 97.4 no €.0052 ne no

09/13/77 ¢.03 0.03 1.9 no 94,1 no 0,0067 no no

TV

07/18/77 - well stimnlated

07/18/77 = well put on production

07/20/77 0.06 0.50 6.7 no 97.8 no 0.0049 ne no

08/10/77 0,02 0.04 1,1 no 53.8 no 0.0008  0.0002 no

09/13/77 0.02 0.05 0.09 no 90,0 no C.0067 no no

10/16/77 0.02 0.06 1.1 ne 98,9 no 0.0061 no no

10/17/77 0.02 0.10 1.2 no 98.7 no 0.0074 no no

*Tept Well No. 4, 510 feet away from Test Well Ho, 3, was foam stimulated
Note the increase in NE gas preoduced

from 2:14 p.m. to 2:42 p.m., »n July 18.
from TW3 shortly after.

e E L A TSR S ST a1 A T e T 2
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After TW3 and TW4 were mined through, an undergrcund study was
conducted to determine if the foam-induced fractures had propagated in
directions which correspend to the area's coal cleat and rock joint
trends. Tc do this, an area of the mine near TW3 and TW4 was divided
into 23 stations as shown on Figure 44, Compass measuremciits were
made of all visible roof joints and at least 15 coal cleats within
each station. Direction of all stimulated fractures containing propping
agent, fluid-loss material, or cement were also measured. All measure-
ments were adjusted for magnetic declination and then plotted as rese
diagrams. Figure 45 is a compcsite rose diagram for the entire area.
The average direction of the stimulated fractures was “ound to be
N 67° E, while the average roof Joint direction in the northeast

gquadrant was # 66° E. The coal cleat directicn (face clecat) averaged
N 55° E,

Figure 46 is a plan view of the mine showing the test well locations
and the traceable lengths of the fractures induced by stimulation.
Coalbed features, such as highly slickensided "roll" areas and slight
structural displacements are also noted on Figure 46.

Propagated fractures examined were vertical, typically beginning as

a hairline crack about three feet up from the base of the coal, and gradually

widened to approximately 3/16 inch at the top of the ecoal. The frac-

tures continued upward at the same thickness for an undetermined distance
into the roof.

Cement used to set caslag was contained within the same vertical
plane as the sand and extended up to BO feet from the welltoves.

Examination of samples of this cement chowed 1t to contain several coal
particles but no sand.

A large quantity of casing cement wss found below the packer shoe
at TW4., <Cement covered most of the coalbed except vhere the two
slots, each five inches wide were cut fiom nine to 12 inches into the c¢oal.
The orientation of thege slots was found to be approximately 90 degrees
t2 the stimulated fracture. TW3 had not been intzarcepted directly at
the time of rhe underground study so it was impogsivle to make similar
inspeciions of the packer and jetted slots.
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FIGURE 44. - SURVEY STATIONS DIVIDING AREA
OF MINE NEAR TW3 AND Tw4 (26).
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FIGURE 45. - COMPOSITE ROSE DIAGRAM OF TW3 AND TW4
SURVEY AREA SHOWING CLEAT, ROOF JOINT,
AND INDUCED FRACTURE DIRECTIONS.
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FIGURE 48. - PLAN VIEW OF MINE SHOWING TW3 AND TW4
LOCATIONS, TRACEABLE INDUCED FRACTURES AND OTHER
FEATURES AS OBSERVED UNDERGROUND (26).
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Smaller-sized sand (80 to 100 mesh) was found to make up over
90%Z of the stimulation material within the coalbed. Examination of
sand taken from the roof showed it was mostly the 20 to 40 mesh size.

No evidence of the glass beads used to stimulate the upper bench at
TW3 could be found.

Mary Lee Coalbed, Jefferson County, Alabama - Case IT (27)

The largest scale application of foam stimuation was completed
in the 1,100 foot deep, five foot thick, lower bench of the Mary Lee
Coalbed near Oak Grove, Alabama, July thru November, 1977. Fifteen of
17 coalbed gas drainage wells, within a closely spaced grid pattern
(vigure 47), were treated using an average of 48,200 gallons of foam

(25% water), Specifications for each of these treatments are included
on Table 3, Well Nos. 43, and 47 thru 60.

One of the more noteworthy facts about the Oak Grove well
stimulations is that not a single "sand-out" occurred during any of
the 15 foam treatments. The absence of sand-outs generally indicates
that little fluid leak-off occurred during these treatments. It
is not clearly understood whether fluid leak-off was extremely
well-controlled due to the inclusion of a particular type of physical
fluid--loss control agent 11/ that was mixed with the first 20,000
gallons of foam pumped into euch of these wells or because the foam
itself poszesged highly efficient fluid-logs capabilities (2). The
fact that the last two wells stimulated (Nos. 59 and 60 on Table .)
were treated successfully using up to 75% less of the flu:ld-loss agent
suggeate that the foam itself, was not very susceptible to leak-off,
It is now thought that future foam treatments in this area will require

only very small amounts of, or no additional, additives to control
fluid-loss.

Flowback after stimulation of each of the 15 wells typically
lasted less than 24 hours. During this time, most of the fluid used
to treat the wells was brought to the surface. The wellboras were

then cleaned out and equipped with pumps to remove water, and meteys
to monitor production.

11/ The physical fluid loss agent referred to is a spherical-grained,
80 to 100 mesh sized sand, thought to reduce fluid leak-off during
stimulation by partially blocking minute secondary fractures as
the main body of treatment fluild preopagates away from the wellbore.
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FIGURE 47. - OAK GROVE DEGASIFICATION GRID PATTERN,
MARY LEE COALBED, JEFFERSON CO., ALABAMA
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Figures 48 through 55 show daily gas and water flow from each of
the foam-stimulated boreholes on the grid pattern at Oak Crove. The
production presented occurred during a 1,000 day interval, starting
on August 5, 1977, when the flirst borehole (No. 22, Figure 47) was
put on production.

Chronic water-pump problems were experienced at Oak Grove throughout
the time-period indicated:. As the boreholes were pumped, =mand that
had been used during stimulation was routinely observed in the water
effluent. At first, this sand did not disrupt the waterflow; however,
as the water levels in the beoreholes were lowered, sufficient quantities
of sand accumulated to completely stop the pumps, especially during
or just after well unloading occurred. As z result, it was necessary
to continually remove pumps, repair them, clean the sand from the
horeholes, and then reequip the boreholes for prcduction. Gas flow
from the coalbed decreased sharply or stopped from each borenole in
response to rising water levels, as its pump became less effective
or completely inoperative. Thus, both water and gas prnduction
rates fluctuated greatly during the period of time presented.

Daily production ratcs, number of borehcles pumping, and the
cumulative amount of gas and water produced from the entire field
is presented on Figure 56. 1t should be noted that data from two
boreholes in the pattern which were not foam-stimulated have been
included on Figure 56. These two boreholes are numbered 7 and 9
on Figure 47, Production from borebole No. 9 is presented separately
on Figure 58 and production from borehole No. 7 is shown on Figure 60,

- 113 -



- ®I1 -

‘

FIGURE 48 - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS f
NO. 3 AND NO. 4, MARY LEE COALBED DEGASIFICATION
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA
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FIGURE 48A - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS
NO. 3 AND NO. 4, MARY LEE COALBED DEGASIFICATION
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA
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FIGURE 49 - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS
NO. 5 AND NO. 6, MARY LEE COALBED DEGASIFICATION
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA
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FIGURE 49A - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS
NO. 5 AND NO. 6, MARY LEE COALBED DEGASIFICATION
PATTERN NEAR OAK GROVE. JEFFERSON COUNTY, ALABAMA
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FIGURE 50 -DAILY PRODUCTION FROM FOAM-STIMULATED WELLS

NO. 8 AND NO. 13, MARY LEE COALBED DEGASIFICATION
PATTERN NEAR OQAK GROVE, JEFFERSON COUNTY,ALABAMA
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FIGURE SOA - DAILY PRODUCTION FROM FOAM- STIMULATED WELLS
NO. 8 AND NO. 13, MARY LEE COALBED DEGASIFICATION
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA
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FIGURE 51-DAILY PRODUCTION FROM FOAM-STIMULATED WELLS
NO. 14 AND NO. 15, MARY LEE COALSED DEGASIFICATION
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA
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FIGURE 51A - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS
NC. 14 AND NO. 15, MARY LEE COAL.BED DEGASIFICAT!ON
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA
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FIGURE 52-DAILY PRODUCTION FROM FOAM-STIMULATED WELLS
NO.16 AND NO.17, MARY LEE COALBED DEGASIFICATION
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA
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FIGURE 52A - DAILY PRODUCTION FROM FOAM-ST:MULATED WELLS

NO. 16 AND NO. 17, MARY LEE COCALBED DEGASIFICATION
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA
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FIGURE 53-DAILY PRODUCTION FROM FOAM-STIMULATED WELLS
NO. 18 AND NO. 22, MARY LEE COALBED DEGASIFICATION
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY,ALABAMA
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FIGURE 53A - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS
NO. 18 AND NO. 22, MARY LEE COALBED DEGASIFICATION
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA

WELL # 22
300 T I T T T L
[ =y
£ 200 _
<
O 100 |- -
0 \__./r'\\h-lw_'\ St~ | a1 Wﬁm
GAS VS. TME (DAYS)
200 T I T ] T
3
@
E 100 - —
«
3 ﬂl_*“'ﬂm
0 l 1 | 1 i |
100 200 300 400 500 600 700

WATER VS. TIME (DAYS)

[A[S[O|N|[D]J]F|MIAIM]IJTI]A]S[O[N][D

JIFIMIA[M][J]

1577 1978

1979

- >



- 921 -

P TN & i NP P

FIGURE 54 - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS
NO. 23 AND NO. 24, MARY LEE COALBED DEGASIFICATION
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY., ALABAMA
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FIGURE 54A - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS
NO. 23 AND NO. 24, MARY LEE COALBED DEGASIFICATION
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA
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FIGURE 55 - DAILY PRODUCTION FROM FOAM- STIMULATED WELL
NO. 25, MARY LEE COALBED DEGASIFICATION PATTERN
NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA
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FIGURE 56 - DAILY PRODUCTION; NUMBER OF OPERATINGQ
WELLS AND CUMULATIVE TOTAL AMOUNT OF GAS AND
WATER PRODUCED FROM THE MARY LEE COAL BED
DEGASIFICATION PATTERN NEAR OAK GROVE,
JEFFERSON COUNTY, ALABAMA

NO. OF
OPERATING WELLS
o

>

|

g B
<
g§ 8
198,01 ‘SYD

WATER, 10° bbis
-l
8

: : —Jo
100 200 300 400 500 600 700
TIME, DAYS

IAIsIo_[NIolJlFTMIAI’MJJL;TAI S|O[N[D J[F[MTATMTJT

1977 197 197¢

o

- 129 -



- @ -

LR S S G

QNN - S =

Jawbone Coalbed, Dickenson County, Virginia

A foam stimulation treatment was conducted in July, 1978, at a well
drilled into the Jawbone coalbed near the first underground development
of the McClure No. 1 mine nesr Dante, Virzinia (Table 3, Well No. 61).

The well was completed in an open-hcle fashion, exposing the fiva
foot coalbed and about 25 feet of underlying rock strata. C(Casing was
set in the borehole approximately two feet above the 425 foct deep coalued
using a packer shoe, then cemeated from this packer to the surface,

Stimulation was accomplished directly through the four inch
diameter casing and hegan with a 4,200 gslldn water pad to open a
fracture in the coalbed and retard fluid leak-off. Tnitial formation
"break" ig believed teo have occurred at a pressure of 1,000 psi. This
was much higher than had been anticipated for the relatively shallow

coalbed being treated. Nitrogen and surfactant were then added to create
foam. Treatment injection rate was 12 bpm.

Total treatment volume was 35,300 gallons foam. Approximately
28,000 pounds of 20 to 40 mesh size sand were injected into the borehole.
No physical or chemical fluid-loss additives were used to complete this

foam stimulation treatment, Early production results from this coalbed
gas drainage well are shown on Figure 57.
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FIGURE 57 - DAILY GAS AND WATER PRODUCTION FROM
WELL NO. DG-1A, CICKENSON COUNTY, VIRGINIA
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MISCELLANEOUS STIMULATION TECHNIQUES

There have been several other types of stimulation treatments
tested which cannot be categorized unde: either type previously
discussed. Although some of the techniques described in this section
are not considered applicable to coalbad stimulation, some .chers
may prove to he highly effective and :hould be further fested,

Explosive Frac and Farly Hydraulic Treatment

Some early coalbed slLimulaticn ::ttempts were conduczted by C. R.
Syindler and W. N. Poundsione (35) du iry the late 195Cs. Two vertical
boreholes were drilled into the Pittiburgh ®oalbed near Morgantown,
Wast Virginia and stimulated.

Total depth of the first hole studied was 515 feer. Pre-stinulation
gas producticn was measured to be 25,000 cfd which diminished to abcut
10,000 cfd after eight months of water pumping. An attempt was made
to induce fractures in the coalbed by detonating a shot of nitroglvcerin
at the bottom of the hole. The hole was cleared out after this
stimulation treatment but gas preduction did not exceed 3,000 cfd.
Further work on this hole was then zbandoned.

The second hole, 465 feet deep, was cased with 6-5/8 inch diameter

casing to the top of the coal, and cemented. This hole rroduced gas

at a rate of 60,000 ~fd but also diminished after a sbur: pericd of
production. In an attempt to increase gas produztion, the well was
fractured hydraulically by pumping 10,000 gallons of water into the
hole at rates vanging from three to five bpm at a mnazimum injection
pressure of 600 psig. Gas producticn was not incraasel by this
stimulation treatment and it was concluded that true fractures were

not achieved because of "inadequate" rates of water injection.

Nitrogen Gas Treatmént

Specifications for drilling, casing, and testing vertical gas
drainage wells into the Pocahantas Coalbeds in Buchanan County,
Virginia, were prepared by the Bureau of Mines in 1967 (3). At the
request of a cooperating coal company, a borehole was drilled into a
projected barrier pillar. Drilling was completed in May, 1967, at
a depth of 1,530 feet. The eight inch diameter borehole was cased
with 4-1/2 inch diameter casing to the top of the coalbed and ceuented
to surface.

After about one year of low production, an attempt was made to
stimulate the coalbed using nitrogen gas. Approximately 2%7,000 fe3
(stp) of nitrogen was pumped into the ccalbed at 16,000 ft”/min {(stp)
under a pressure of 2,700 psig. Significant fracturing was not indicated
as production was not increased.
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Combination CO2? - Gel Treatment

One recent experimental coalbed stimulation design incorpcrates
the use of gelling agent water, and liquid COZ (27). Two gelling
agents and water are used in varying concentrations in corder to provide
optimal viscosity characteristics at the surface and nea: the bottom of
the hole. The simultaneous addition of liquid CO; during treatment
provided flcwback capabiliti{es to reduce clean-up time :+ lacreasing
the rate of treating fluid recovery.

An 1,100 foot deep, 6-1/4 inch diameter borehole was drilled in
Jeffarson County, Alabama and cased with four inch diameter pipe.
The five foet thick Mary Lee coalbed was then exposed tc¢ the wellbore
through 20 0.38 inch diameter perforations.

The coalbed was stimulated in July, 1977, immediately following
casing perforation. Treatment was accomplished through casing using
a total of 56,400 gallons of fluid (this includes 7,140 gallons of liquid
Co2) and 15,500 pounds of 20 to 40 mesh size sand proppsnt. No
apparent. “"formation breakdown'' was observed and a casing pressure of
approximately 1,700 psig was maintained throughout most of the treatment.
Average injection rate was 110 bpm (excluding one bpm liquid CO02).
Sand proppant was added in one pound per gallon increments after over
44,000 gallons of fluid pad had been injected. Apparently, fluid
leak-off during this treatment was very high because a sand-out
occurred shortly after the amount of sand proppant was increased from
one to two pounds per gallon., Attempts to re-establish the previous
pressure and injection rate were unsuccessful, so the treatment was
terminated.

After clean-up, the well was equipped with a dewatering pump
and put on production. Dewvatering operations were stopped after
several months of pumping produced only small arounts of gas and
water (Figure 5B). This well is designated "No. 44" on Table 3.

Pressurization/Depressurization Treatment

Another coalbed stimulation design tested recently is referred
te as "Kiel Frac". 8/ This design incorporates a pressurization/
depressurization technigue which, in theory, creates effectively
long fractures along two transverse direction:s then props the fractures
with reservoir rock material that sloughs-oft during the treatment.
T is patent 12/ hydraulic fracturing process has Leen applied twice
t. mineable coalbeds. The first treatment wes conducted at one of
several Pittsburgh coalbed gas drainage wells on tha Emerald Mine
property, Greene GCounty, Pennsylvania. The other "Kiel Frac' was
applied to the Mary Lee coalbed in Jefferson County, Alabama.

12/ U.s. Patent Nho. 3933205, awarded to Othar Meade Kiel c/o
Intercomp Rescurce Development and Engineering, Inc., 20n0 W. Loop St.,
Houston, Texas 77027, January 20, 1976,
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FIGURE 58 - DAILY PRODUCTION FROM CO2-GEL-STIMULATED WELL
NO. 9, MARY LEE COALBED DEGASIFICATION PATTERN NEAR
OAK GROVE, JEFFERSON COUNTY, ALABAMA
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The materials used In the "Kiel Frac" stimulations have been
water and sand. No chemical mixing is required and, assuming the
water is compatible with the coalbted warer, many potentisl problems of
production laoss due to fluid formation damaze or incomplete gel breakdown
are avoided. The sand used in this process reportedly acts to filter
pack the natural joint system and/or the vertical downward extent of
rock joints thus limiting fracturing to the upper portion of the
tpalbed where, it is assumed, leakage 1s inhibited by the overburden.
Both 80 to 100 and 20 to 40 mesh size sand have been used in combination
to treat coalbed gas dralnage wells,

The Pittsburgh coalbed was "Kiel Fraced" in FMay, 1977, at a
725 fooi deep borehole (designated “"No. 40" on Tab.e 3) which had been
cased and cemented to the top of a six foot thick coal unit. Over 54,600
gallons of water and 10,000 pounds of sand were inj2cted into the borehole
using a rate of abor't 19 bpm. Waellhead pressure during injection stages
was approximately 1,270 psig. After treatment, the well was equipped
with a sucker-rod dewatering pump and put on production. Preoduction
results gachered from this well are included on Table 12 under the
well identified as EM-11.

Underground mining progressed tec within 100 feet of the
"Kiel Fraced" well in June, 1978. Shortly after, this area of the
mine was examined for evidence of the stimulation treatment. Locations
where sand-propped fractures were observed underground are shown on
Figure 59. Figure 59 also includes a sketch of the exposed cecal
rib section showing the poesition and orientation of the 0.1 inch thick
horizontally induced fractures.

Previous studies indicated the possibility of developing
horizontsal fractures as a result of hydraulic stimulation but the actual
distance of the Kiel Frac underground survey, however, showed that
horizontal fractures can be propagated much farther.

The largest stimulation treatment to a minable coal to date was a
"Kiel Frac" treatment applied to the Mary Lee coalbed in August, 1977
(Well No. 46, Table 3). The total amount of water used to tr~at the
1,120 foot deep coalbed was 79,900 gallons. Approximately 25,000
pounds of sand were injected into the coalbed at rates of up to four
pounds per gallon water. Water was injected at a rate of 20 bpm
and wellhead pressures averaged about 1,100 psig. The treatment was
completed in eight separate pressurization/depressurization fracture
cycles as presented on Table 14. DProduction resulting from this test
well i3 shown on Tigure 60.
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FIGURE 59. - SKETCH SHOWING POSITION OF THE INDUCED
FRACTURES OBSERVED NEAR DEGAS WELL NO. EM-11

GREENE COUNTY, PA.
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TABLE NO. 14 = SIMMARY OF "KIEL FRAC" PROCEDURES USED TO
STIMULATE A GAS DRAINAGE WELL IN THE
MARY LZE COALBED

The lowes bench (3lue Creek Scam) was fractured on August 9, 1977, using the
Kiel Process &f intermittent pressurization/dep.essurization. O. M. Kiel, inventor
of the process, feels that using the intermittent pressurizarjion/depressurization
method of stimulating vertical boreholes results in small fractures being formed
perpendicular ro the main fracture, thereby opening up more channels for gas flow.
The hole was first flushed and then, to help initiate the fracture, water-jetted
with 6700 gallons of water and 3360 pounds of sand ai a rate of 2.5 bbl/min
(105 gpm), About 20 minutes aftaer the start of the water-jerting, coal was seen
in the discharge from the borehole thereby indicating penetration into the sean.
The hole was water-jetted for a total of 64 minutes and two opposing 3-foot=high
slots were cut into the seam by raising and lowering the tocl during the vater-
jetting operation. Afser wiater-jetting, tae hole was flushed to remove all
residue In preparation for scimulation,

The design rreatment consisted of eipht s:ages with ten steps with each
stage, Each stage injected 2450 gallons cf water and 4200 pounds sand at a
constunt rate of 20 bbl/min (8B40 gpm),

The str>s within each of the first six stages are described below.

Steps Used in Stages 1 Through 6

Step CGallons Barrels Preppant
1 1260 30
2 420 10 4 1b/gal 100 mesh sand
3 420 10
4 420 10 2 lb/gal 20- by 40-wmesh sand
5 420 10
6 420 10 4 1b/gal 29- by 40-mesh sand
7 5040 120
8 Blow Back
9 1050 25
10 Blow Back
Total 3450 225 1580 1b 10Q mesh sand

2520 1b 20- by 40-mesh saud

Follouing the sixth steoge, Mr, Kiel made an adjustnent in the fracturing technique
based on his observaticns and, for the seventh and eighth stages, he removed

2000 gallons of water from step 8 of each of the stages and injected the water
during step 1. The sequence of steps within ctages 7 and § are shown below.

Steps Used in Stages 7 and 8

Step Gallons Barrels Proppant
1 3260 77.6
2 420 10 4 1b/gal 100 me .. sa-=d
3 420 10
4 420 10 2 lb/gal 20~ oy 40-mesh sand
5 420 10
6 420 10 4 lb/gal 20- by 40-wesh sand
7 3040 72.4
8 Blow Rack
9 1050 25

10 Blow Back
Total 9450 225 1680 1b 100 mesh sand

2520 1b 20~ by 40-mesh sand

Total volumes used for this treatment were 81,003 gallons of water, 20,000 pouuds
of 100-mesh sand, and 25,000 pounds of 20~ by 40-mesh sand. HNo geillng or foam
ing agents were used. Wellhead pressures during treatmeat ranged froa 900 to
127C psig. The treatment cperation ran as outlinad in the Klel design, Th2
instantanecus shut-in pressure following the fracture was 270 psi at the surface;
15> minutes later it had dropped to 210 psi. After treatment was complited, the )
valve at the wellhead was closed for about 55 houtrs until the shut-in pzcﬁ;hre
fell to zero on the worning of August 12,
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FIGURE 60 - WATER AND GAS PRODUCTION FROM
KIEL-FRACED MARY LEE COALBED GAS DRAINAGE
WELL, JEFFERSON COUNTY, ALABAMA
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No-Proppant Foam Treatment

Another type of hydraulic stimulation tested uses foam to induc=
coalbed fractures, bur deoes not incorporate a solid proppant material
in the design. Sincé there is no proppant to be carried, extremely
low injection rates can be used which, in effect, allow better
control of fracture height. it is theorized that the use of very low
injection rates increase the prohability of maintaining f£racture
propagation within the coalbed and thus any potential damage to surrounding
floor and roof material is minimized. The fact that there is no
sand present within the system also decreases the possibility of
experiencing chronically severe downhole water-pumping problems that
occur Juring early phases of well production (several menths). 1In
addition, the logistic and cost requirements of no-proppant treatmants
are iess than standard ireatments using sand because well surface
sites can be smaller; there is no cost for proppant; and less on-site
hydraulic Lorsepower is required.

The first tz2st of a no-proppant fcam stimulation treatment was
conducted in the Mary Lece Coalbed on December 16, 1978, in Jefferson
County, Alabama (Well No €2, Table 3). An eight-inch diameter
borehole, placed approximately 1,600 feet from active mine workings was
drilled to the 1,150 foot deep coalbed. The borehole, referred to as
TW5, was cased with seven-inch diameter casing set several feet above
the five foot thick coalbed. Stimulation was amccomplished through
small diameter, high pressure tubing and a 1Q foot leng inflatable
packer set at the top of the coalbed. '

The coalbed was treated with 53,000 gallons of 75% quality
foam (25% water, 75% nitrogen) at an average injection rate of 4.7 bpm,
Breakdown pressure was rncorded to be about 1,000 psig and average
treating pressure was 1,600 psig. Fluorescein dye and fluorescent paint
were added to the treatment fluid to aid in recognition of the
propagated fracture(s) upon underground interception.

After clean-up, TW3 was equipped with a sucker-rod dewatering pump
and a surface production monitoring syst- m. Water pumping operaticns
began on February 13, 1979, and continued until June 27 when the pump
was remcved (rom the well. Gas continued to flow from the test well
until July 1., 1979, Production from TW3 is presented on Figure 61.

It is difficult to assess production charactaristics or TWS
because a uumber of mechanical adjustments made at the test well
site during its 147 day productiocn life. Nevertheless, it is
important to draw as much information as possible from this test, no
matter how preliminary, since the poteiitial benefits from no-proppant

type stimulation treatments could be significant to future degasification
of minable coalbeds.
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Stabilized daily water flow rates from TW5 started at about

j 7 bpd and ended at 4 bpd. Past experience indicates that initially

§ low rates and the gradual decrease in vater flow over time are

: typical of boreholes placed close to wining (26). The few occasions

8 when water flows showed sharp increases at TW5 can be attributed to
pump changes or slight alterations of the method used to measure water
at the gurface.

The production of gas from TW5 (Figure 6l1) was complicated by
two outside variables. The first i1s the fact that a back-pressure
of approximately 15 to 20 psig was left on the well until the end of
April, 1979, and then afterwards completely released. This explains
the broad double-cycled appearance of TW5's gas flow curve. The most
significant characteristic to note about both "cycles" is that gas
flows declined each time, and at roughly the same rate.

The second complicating variable which may have affezted TW5's
gas production performance is the mine's advance toward this well.
At the beginning of March, the mine was 1,100 feet away. Irom that
time on, mining closed the gap between itself and the test well at a j
rate of about 280 feet per month. It may be theorized, therefore,
that the approacting mine continually shortened the test wells drainage
radiuas, thereby causing the decline in production measured at TWS.

Mine operations intercepted TW5's wellbore on July 13 and the
physical results of this well's st.imulation procedures were examined
underground periodically until mining had progressed 350 feet beyond
the test site. Fluorescent material included in the stimulation design
at TW5 was identified by U.S. Steel research perscnnel using an
ultraviolet lamp and thr  ocations where this material was found were !
recorded. The resu ¢s ¢f this werk show that injected fluids penetrated !
the coalbed and/or roof rock horizontally through distinct bedding :
planes, and vertically through natural fractures. A map view of the
horizontal component of penetration shows the form of an ellipse;
the long axis extending approximately 360 feet and roughly coincident
with the coalbed’'s primary natural fracture (face cleat) direction; the
short axis extending approximately 180 feet and roughly coincident with
the coalbed's secondary natural fracture (butt cleat) direction (Figure
62). The vertically-oriented component of fluild penetration, as shown
on Figure 62, extended outside the ellipse for distances up to 130
feet.

Fluorescen: stimulation material was generally limited to the
coalbed (especially upper three feet) and the first foot of overlying
shale/coal rock. Exceptions to this were: one vertically oriented
fracture in the mine's shale roof rock extending upward to the upper
coal bench (5.5 feet) and outward 8 to 10 feet from the wellbore
(Figure 63); and one vertically oriented fracture in shale roof rock
located near the southwest extremity of fluid penetration.
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FIGURE 63. - SKETCH OF TW5 WELLBORE SHOWING
POSITION AND ORIENTATION OF INDUCED
FRACTURES AS INDICATED BY THE PRESENCE OF
FLUORESCENT MATERIAL CONTAINED IN THE STIMULATION
TREATMENT FI.UID.
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"Openings'" that were observed to contain fluorescent materlal
were all hairline in width. The majority of vertically-oriented
penetrations wgre containec in coal rcleat openings within narrow bands
extending N 61 E and N 29° W from the wellbore's location. The majority
of horizontal penctrations were contained within overlying shale/coal/sha
interfacial areas. Bonding between these different rock types was
generally weak to nonexistent as indicated by highly polished and

striated coal and/or shale surfaces at these interface positions
(Figure 64).

There are few conclusions that can be drawn regarding the
effectiveness of no-proppant stimulation tased on this one experiment,
especially since the production history is short and the variables
that could have controlled drainage ratios are complex. Nevertheless,
the average daily rate of gas removal was 44,000 cfd and this might be
consildered acceptable if production were stabilized. This, and the
fact that this type of stimulation had very little physical effect on

mine roof rock, justifies repeating the experiment under more
controlled conditions.
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FIGURE 64. - SKETCH SHOWING POSITION AND
ORIENTATION OF INDUCED FRACTURES FROM
TWS (HORIZONTAL PENETRATIONS)
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PRODUCTION PROBLEMS RELATED TO COALBED STIMULATION

Gel

Stimulation designs for all gel trea.wents provide for some type
of "breaker" ingredient which reduced fluid viscosity within a time
after treatment, depending primarily on the temperature of the coalbed
treated. Stable gel, or viscrus gel residue, however, is cften observerd
at well sites several months after stimulation. This gel material is
included with water drained from the cocalbed and is present as thick
layerc of a slippery jellylike substance adhering to the inside of
pipes and other surfaces exposed to well water effluent or globular masses
of gel material which often contain sand proppant.

The presence of unbroken gel within induced coalbed fractures
must greatly retard fluid flow to the wellbore. Indeed, gas and water
production has been unusually low where gel has been found. One examgle
of this was reported by Elder and Irani in 1977 (1l5) after a well was
treated through perforations using 30,000 gallons of extremely viscous
gel which resulted In no significant increase in production. Elde:. and
Irani hypothesize that because the treatment was done in very cold
weather with cold water and in a low-pressure formation (Kittanning
coalbed, 293 psig formation pressure), gel that was squeezed into samll
coal pores did not breakdown, and pressure was too low to move the gel
or gel residue from the low-fermeable paths. Results of another gel
treatment were reported by Lans2rt and Trevits in 1978 (23). As in the
preceeding test, this well wa: stimulated using a very viscous gel,
and flowed relativelvy low a ¢ nts of water and gas. Stable gel was
routinely observed coming ov: the well's waterlines even thouzh the
stimulation included an enzyme~type breaker to reduce the gel viscosity
to that of water within a few days. After the test well was intercepted
by mining, a detailed examination of the stimulated arza was conducted.
Contrary to the Elder and Irani report, gel could not be found prescut
within the cealbed away from the wellbore. Stable gel was found, however,
to be limited to an zrea srouud, and very close to the test well's casing
which had been slottec for production. Tt was concluded that only
the gel near the wellbore did not breakdown sufficiently and that this
probably was due to relatively low wellbeore temperatures or adverse
chemical reaction with zasing materials.

These ard other such field studies (27) indicate that gel or gel
rzsidue may signifirantly restrict fluid flow into ccalbed gas drainage
wells especially where production is limited to perforations or siots
in the casing.
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Recent field work shows that sand used to prop open fractures or i
minimize fluid leak-off during stimulation is carried back to the
wellbore (23) (27). Down-hole pumps exposed to this material are almost ;
always damaged, resulting In mechanical failures or losses in pumpling !
efficiency, depending on the size and ampunt of sand present. Such
sand related dewatering problems can be chronic during early prcductioa
phases, increase well repair costs, and decrease gas production.

Several factois are thought to control the influ: of treatment sand
carried back to degasification wellbores. One of the primary reasons
sand returns to wellbores over prolonged time periods (years) must be
because compressional forces acting in the coalbed to close induced
fractures are small. With the proppant held only loosely with
fractures, the amount of sand that returns then becomes closely
dependent on another factor: the ability of fluids to carry sand to
wellbores. The ability for fluids to carry sand into wells is enhanced
by gravity when the top of the sand-filled induced fracture is much
higher thaan the upper most horizon exposed tc the wellbore, 13/ a
factor to consider since previous reseavch concludes that induced
fractures can enter strata overlying coalbeds (26).

Conditions most favorable for wellbore sand influy exist during
the early phases of well production and may last several months
depending on the characteristics of the induced fracture and on the
original prescure of the coalbed. During these periods, coalbed reservoir
pressures are greatest and the resulting high fluid veleccities to
the wellbore are most capable of carrying sand and closure pressures
are minimal 14/. Also, the availability of sand to the wellbore is
greatest shortly after stimulation and especially if the sarnd-fillec
fracrures are much higher than the uppermnst horizon expesed to the wellbore.

13/ The uppermost horizon exposed to the wellbore is defined by the
bottom of casing in an "open hole'" tvpe completion, or by the

top of the perforated or slotted zona at wells that are cased through
the coalbeds being drained.

14/ Closure pres:.dires caun be quantified by subtractiung reservoir

pressure from bottom hole treating pressure (18). ¥Yor any

specific location, Lherefore, it is reasonable to conclude that when
reservolr pressure is greatest, closure pressure is minimal since
bottom hole treating pressure does not change. The converse of

this is that closure pressure is greatest at 1 time when raservoir
pressures become minimal.
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Research efforts are now focusing specifically on developing new
or testing existing equipment for dewvatering coalbed gas drainage
wells. In addition to having the capability to maintain a "dry"
hole, this equipment mist be able to handle sand which returns to the
wellbores. Other efforts are being made to alter stimulation designs
in hopes of lessening the sond problem. fenerally, such alterations
include: minimization o° prop sand volumes and complete deletion of the
very finz sand used as fluid loss agent since this fine sand is most
eagily carried back to the wellbore; changing injection rates during
treatments and testing "overflush” techniques in ovrder to minimize sand
buildup near wellbores; naximizing the size of the proppant to make it
easier tc screen from the punp.

Sand damage to the standard sucker-rod type pump c¢an he held to a
minimum by positioning the pump above the coalbed. This establishes a
larger sump into which sand may accumulate and provides a secticn of
wellbore where sand can setrle out before reaching the pump. This
technique has proven to be :ffective in areas where saund problems are
severe even though pumping efficiency is logt due to the increzsed
exposure to gas traveling up the well. When employing this technique,
it ie¢ recommended that pumps be positioned at a point in the well where
the hydraulic pressutr~ . ver the covalbed is from 10 to 257 of the
hydrostatic pressure, Experience has shown that high daily gas flows from
coalbeds may be achieved even if there is several hundred feet of water
overlying the coalbed (27). This is supported by laboratory isotherm
data wnich shows, in most cases, that large percentages of coalbed
gas is relcased with 75 to 90% pressure reductimns (see Figure 2).

The pumps can later be lowered after gas flows stabilize or decline to
unacceptable levels,

Well Unloading

The term '"unloading' refers to occasions when much or all of the
water contained in a well and the well's induced fracture system is
rapidly, and usually uncontrollably, carried to the surface by large
volumes of expanding coalbed gas. Such episcodes carn last from
minutes to days, depending on the conductivity of the resulting induced
fractures and the coalbed pressure condition., Gas and water velocities
are very high dur.ng unloading and thus these fluids become excepticonally
effective carriers of sovlid debris caucing almost instant mecheanical
breakdown of downhole pumps, dislocation of sucker-vod strings f{rom
surface pump jacks, and severe damage to monitoring equipment.

Unloading occurs when coalbed pas pressures become greater than
the hydraulic pressures holding gas in the coal. This phenomemon is
initiated simply by pumping water from a well. As the borchole water level
is lowered, a diccequilibrium condition is created where pgas pressure in
the coalbed exceeds the hydraulic pressure holding gas in the ccal,

Unloading rhen continues until water pressure overcomes coalbed gas
pressures.
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The length and conductivity of induced coalbed fractures are
thought to be major faetors controlling the severity and time length of
unloading episoacs., In order for a well to unload, pressure
differentials, created by borehole water draw-down, must be realized
in a suffilciently large arvea of a coalbed over a very short period
of time. Sheit, noneconductive induced fractures affect only small
portions of the coalbed and, therefore, unloading episodes ave short
lived and not vary intense. At the other extreme, long, highly conductive
fractures connected to the wellbore allow decreases in hydraulic pressure
over a greater area of coal very soon after borehole water 1s removed.
Thus, unloadiag c¢pisodes from the most 'successfully" stimulated are
also the most viclent and leag lasting.

The height of the induced fracture in relation to the uppermost
horizon exposed co the wellkore might also be an impovtant factor to
consider in well unleoading. As water drains into the wellbore, pressure
is reduced and gas is released from the coal. Instead of migrating to
the wellbore, however, enough free gas might accumulate in upper fractured
horizons to retard coalbed water flow. Unloading could then trigger
as the borehole water level is lowered because pumping maintains a
constant rate.

The coalbed pressure condition and the length of time wells have
produced also effect unloading. At new wells where coalbed pressures
are high, the potential for unloading is greatest, but is lessened as
coalbed pressure s lowered.
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EFFECTS OF HYDRAULIC STIMULATION ON COALBEDS
AND ASSOCIATED STRATA

Since 1970, Government and industry research have mutually designed
and conducted 7] nydraulic stimulation treatments in coal. The results
of 12 of these treatments have been observed directly after mining

operatioi:s proceeded through or very near the underground borehole
locations.

Information documenting the underground results of coalbed
stimulation first became available in 1977 (16j. In this report, Elder
described his findings at two borehole sites where guar gum gel had been
used to treat the Illinois No. 6 coalbed (Well XNo. 5, Table 3} and
the Pittsburgh coalbed (Well No. 10, Table 3). The fractures propagated
from both sites were vertical, and were contained completely within the
respective coalbeds. The widths of these fractures varied according
to the relative viscosity of the fluids used at each borehole. The less
viscous fluid preduced fractures ranging from 1/8 to 1/2 inches wide
while the more viscous fluld formed fractures up to 2-1/2 inches in
width. Elder concluded that there was no adverse effect on the stabiliity
of the overlying or underlying rock strata, or on mining operations.
Periodic observations over more than two years showed that no deterioration
of mine roof or floor had taken place where the sand-filled fractures
were earlier exposed.

The next two stimulated boreholes uncovered by mining were located
in the Mary Lee coalbed at U.S, Steel's Dak Grove, Mine, Jefferson County,
AL, only a few hundred feet apart in the same mine (Well ¥Yos. 19 and 33,
Table 3). These two gel-treated wells were documented in 1978 by
Lambert and Trevits (23). Even though approximately 5,000 pounds of
sand were included during stimulation of one of the wells, designated
TWl, actual sand-filled fractures could not be observed underground,
There was sufficient evidence, however, to indicate partings in the
cozl and mine rocf rock were open during drilling, cementing, and
the early stages of stimulation (during injection of the pad volume).

The other well examined, designated TW2, was found to have sand-filled
fractures leading from the wellbore. Unlike those fractures described

by Elder (l€), TW2 fractures were oriented vertically, horizontally,

and inclinea. A4ll the fractures observed, however, were found to have
remained within the coalbed unit even though the injection pressures
during stimulation were very much in excess to what had been anticipated.
No adverse affects to mining were observed or reported as a result

of either of these two treatments.

Two additional boreholes. designated TW3 and TW4, were later
<timulated at the same mire in the Mary lee coalbed, the results of
which were detailed in 1979 (26). This time, the type of stimulation
treatment applied to the coalbed was foam. These two horehole tests
yielded wvery different results which showsd that stimulated fractures
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are not always limited to the coalbed. Sand-filled fractures 15/
propagated from these two boreholes (Well Nos., 36 and 42, Table 3)

were vertical, very thin, and began about three feet up from the base

of the five foot thick coalbed and continued for an undetermined

distance into the overlying roof strata. Mire management, being somewhat
concerned about the presence of sand-filled roof fractures, formally
assessed the effects on the mine roof. The mine management's evaluation
vas as follows:

"Becauge the roof of the mine in the general vicinity
of TW4 was of a quality which required installation of
more roof support than used in many other portions of
the mine, it was difficult to assess the effect of the
fracture on the mine roof at this leccation. However,
no further increment of supplemental roof support was
required at the base of the borehole or along the
fracture wings.

The roof in the general area of TW3 was of a quality
typical of most of the mine developed t¢ date; however,
in the immediate area of the bottom of TW3 ia which
both the upper and lower coal seams had been fractured,
it was necessary to install supplementary roof support.
This supplemental roof support was required when mine
management observed roof movement along the west rib

of the entry driven due north of the bottom of the
borehole, additional draw rock separation, roof

becoming excessively drummy, and water seeping out

of cracks in the roof. The supplemental roof

support consisted of boxing the intersection

immediately to the south of the borehcle with

six inch H-beams, instelling four inch H-beams supported
by timbers for distances of 70 feet to the east

and 40 feet to the north of the borehole, and installing
10 foot long expansion-steel anchored roof bolts

between the standard four foot long resin bolcs to
ensure that the bolts anchored in the solid rock above the
upper coal seam.

Installation of the supplementary supports required
additional time as well as close inspection by mine
management to ensure its adequacy; however, it wase
possible to mine through this area without
experiencing any roof fall during mining coperations".

15/ Underground investigations indicated "fractures'" denoting rock
breakage, do not normally occur as a result of stimulation.
The physical evidence indicates that preexisting fractures
(rock joint, or ceoalbed cleats) or bedding planes are widened
during stimulation. The extent of which these fractures are widened
depends primarily on the viscosity of the fluid used during
stimulation. Heavily gelled fluids have been observed to widen
fractures as much as four inches within the coalbed.
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Areas of the mine where these features, called "rolls", were observed

are shown on Figure 46, Because inherent rock weaknesses develop near
such features, these arees generally require some degree of additional
roof support. The necessity for more roof support near TW4 than used

in many other portions of the mine, as reported by mine management, may

be attributed to this geologic phenomenon rather than stimuation of

the test well. The fact that additional roof support was not required

at the base of TW4 nor was it required along the fracture winzs, indicates
borehecle stimulation was not the cause for providing additional roof
support,

The entry nearest TW3 is also shown on Figure 46 to be a location
of natural roof disturbances. Geologilsts also noted the presence of
many wet roof joints in this area. Except for the single sand-filled
crack leading from TW3 (Figure 46), no evidence could be found to
indicate that these wet roof joints had been created by stimuvlation.
Unusually large amounts of seepage from roof openings near TW3 could,
however, be due te the borehole's presence, since it 1s an accumulation
point for water within a coal unit only seven feet above the open
entry.

Infcrmation regarding the effects of borehole stimulation on mining
has also come from the Emerald Mine, in the Pittsburgh coalbed, Green
County, PA. A total of eight borehcles were completed and sand-filled
fractures leading from five of these have thus far been identified i
the mine. Vertical fractures were cbserved at three of the boreholes
(Well Nos. 21, 27, and 28, Table 3), ranging in width from 1/8 te 2-1/2
inches. Only one of these vertical fractures extended into the roof
rock, and that was for a distance upward of less than two feet.
Horizontal fractures approXimately 1/8 to 1/4 inches thick, extended
from three of the boreholes (Well Nos. 21, 27, 30 and 40, Table 3).
Horizontal fractures were found either at the extreme top of the main
coal bench or were found present between shale/rider coal units a few
feet above the main bench (see Figures 39, 4C, and 59).

The most recent results of hydraulic stimulation's effects on mine
rocf come from work being conductrd in the Mary Lee Coalbed at the Oak
Grove Mine, Jefferson Ceunty, AL 16/. Here, induced vertical and
horizontal partings resulted from the no-proppant stimulation of borehole
W5 (Well No. 62, Table 3}, examined underground on July 11 and 12, 1979.
These partings wer2 generaily so thin that they could not have been
located without the help of fluorescent blue paint "marker" (included
in the stimulation fluid) and an ultraviolet light.

16/ DNOE Contract No. ET-75-20-9027, entitled, "Demonstration of
Pegesification of a Portion of the Mary lee Coalbed"



One vertical fracture from TW5 extended into the mine's roof along
a direction parallel to the coal face cleat and could be traced
approximately five feet away from the wellbore's location. All the
other vertically orlented fractures mapped as far as 320 feet from

the wellbore, were contained completely im the upper two thirds of
the coalbed.

As discussed in a previous sectlion of this report (No-Proppant
Treatment), stimulation fluid from TWS was found to have spread

horizontally within an interfacial area between the coalhed and an overlying

shale rock unit. Within the test area, the coalbed's surface at this
interface was highly polished and striated {slickenside surfaces),
indicating that the coalbed and shale had not been tightly joined
together prior to stimulation. It is concluded, therefore, that the
horizontal penetratiocn of fluid did not change the original "weak"
charactev or strength of the bond between the coalbed and the overlying
roof rock. Even though there was no visible damage or excess water

or gas drainage, precautionary supplemental roof support (steel

H-beams) was installed for small distances away from the TW5S borehole
site.

The development of horizontal fractures above the interval being

mined is, perhaps, potentially the worst pogsible roof condition that

can be directly attributable tc stimulation. Even so, to date, there
has been no observed or reported effects on actual roof stability which
would indicste that any of the stimulation treatments performed as part
of the Government's degasificaiion program =dversely affected mining
operations. However, the comparatively small amount of information
presently available, and the significantly different character of the
results, suggests that several additional tests are required before

the effects of hydraulic stimvlation can be fully appreciated.
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THE EFFECTS OF REMOVING CCALBED FLUIDS BEFORE MINING

A previous section of this report, entitled, "Effective Well
Placement', described how uperating drainage wells actually create
conditions in coalbeds which allow gas to be released and to migrate
to wellbores. These conditions are created by removing water to
decrease coalbad pressure and lower water saturation. It is known from
laboratory work of coal isotherms (Figures 1 and 2), that increasingly
larger amounte of gas are desorbed (released) from the coal as pressure
is reduced. Once released, the gas then can travel to boreheoles via
the natural and/or induced fractures in the coalbed. As wells remove
water from these same fractures, the ability for gas to flow through
ccalbeds 1s increased (5). In summary, producing boreholes creates
favorable conditions for gas release and migration within the area
of the coalbed affected by borehole drainage.

If mining intersects an area of a coalbed which has been partially
depregsurized and desaturated by an operating borehole, the borehole's
drainage area then becowes an extension of the mine's drainage area.

The mine's ventilation system would then be required to contend with an
additional amount of gas originating from a larger area where conditiouns
are unusually favorable for gas release and migration. This potential
problem can be avoided in two ways.

The first way is to allow degasification vells production to
sufficiently deplete before mining interception takes place. In
practice, this means that mine operators should not drive entries which
intersect borehole drainage radii until gas production rates decline
to very low levels, indicating the area is actually ‘'degassed".
Estimsting the areal configuration of a borehole's drainage area would
be very difficult, howevcr, since it would require a reliable knowledge
of the induced fracture gecmetry and an accurate quantitative method
of predicting dynamic changes in coalbed reservoir conditions.
Unfortunately, present degasificetion technelogy 1s just now concluding
"demonstrate the feasibility" phases of development and thus offers
few reliable methods of predicting such pertinent reservoir events.
Another drawback is that coalbed degasification wells may require five
or ten years before sufficient depletion takes place. The capability
for "short-termed" degasification could, therefore, be lost completely.

The problem of mining through boreholes' drainage areas can also
be avoided in a way that is much more practiczl than waiting for gas
depletion to ocecur. This method is based on the same principles which
create favorable gas production conditions in coalbeds; that is,
general pressure and water saturation decreases. Fortunately, these
sam2 conditions which enhance gas release and migration are alsc ideal
for coalbed water resaturation or infusion (18).
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FIGURE 65. - VIEW OF MINE SHOWING TEST WELL
LOCATIONS AND MINE ENTRIES STUDIED FOR
GAS EMISSIONS.
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FIGURE 66. - GRAPH OF CUMULATIVE METHANE
EMMISSIONS VERSUS LENGTH OF VIRGIN RIB EXPOSED.
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Infusion of the coalt d (putting water back into the coalbed)
raises the coalbed's formation presaure in the area and prevcuis further
desorption of gas. In addition, infusion physically prohibits the
movement of any free gas that is availlable by filling the coalbed's
fracture aystem(s) with water.

In practice, there are two ways water "infusicn'” can be incorporated
into the vertical degasification technique, The first way is to flow
water back into the borehole. The second way 3 to simply turn-off the
borehole's water pump several wecks before mine interception, thereby
allowing the coalbed to '"floud" 1itself naturally.

There are two reported ins . nes where degasification boreholes
were water "infused" before they were intercepted by active mining (26).
These two boreholee were located within the same set of mine entries
and were gpaced approrimately 510 feec apart (see Figure 41). The
boreholes together draiuned nbout 25 million cubic feet of gas within a total
time pericd of 11 months (Figures 42 and 43). After the production
phase, large volumes of water were pumped back into one of the wells;
the other well was allowed to flood it-~elf naturally. In order to
evaluate the effectiveness of thegse deg.sification boreholes, mine gas
emissions were measured and recorded while mining the two sets of entries
shown on Figure 65. The east entries were driven 590 feet during a
70 day period encountered a total 61 million cubic feet of gas without
degasification. Mining operations then turned west and, within 63
days, reached the first degasification borehole (TW3, Figure 65) also
590 feet from the main north entries. The amount of gas measured
while mining to this "short term'" drainrage borehole was 37 million
cubic feet, 40 percent less than that encountered while mining east.
The difference in geas emissions between the east and west set of entries
1s graphically illustrated on Figure 66. This study concluded that a
combination of techniques, degasification and water infusion were
responsible for the comparatively low mine gas emissions that resulted
in the area of the two test borehcles.
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CCSTS OF VZRTICAL BOREHOLE DEGASIFICATION

The costs orovided in the followinz section are a result of tweo
Government/industrv cost-sharine deecasification oroiects conducted
in two eeoeraphically different areas. Basic completion design for
both projects are essentilally the same. The project in Alabama,
however, required driliing deeper wells, larger stimulation treatments,
and more sophisticated surface monitoring, production and safety equipment.

Pittsburgh Coalbed, Greene County, PA

A total of eight boreholes were drilled and completed at the site
of the newly developing Emerald Mine near the town of Waynesburg, PA,
during 1976 and 1977. Govevnment funding was provided to foam stimulate
seven of these wells (37). Averay: scimulation treatment size was
82,800 gallons of foam and 11,100 pounds of 20 to 40 mesh size sand.

Production equipment coste were low, primarily because the wells
were not equipped with meters or flare stacks.

Waynesburg, PA

Site Preparation

Acceps and site preparation on company property 8,500.00
Power lines, poles and installation 1,100.00
Drilling
6-1/4 inch diameter hole (765 ft. average depth & 11.50/ft) 8,800.00
logging
Gamma ray and neutron log 700,00
Three-D velocity log 1,600.00
Casing
4-1/2 inch diameter_well casing, vellowband 1(G.5 and 10.7

pound/ft, 3000 pound test (735 f: averags: depth @ 2.48/ft) 1,825,00
Formation packer shoe 625.00
Cementing
Cement 15 pounds/gallon with salt addi<ive (175 sacks @ 3,1l4/sack) 550.00
Other (includes placement of casing ir well) 495.00
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Stimulation

Service rig to drill cut packer shoe and clean well

Foam frac (32,800 gallon average volume, 11,100 pounds
20 to 40 mesh sand)

Nitrogen for Frac

Frac Tank ( 2 @ 150.00 each)

Water Hauling (20,000 gallons @ 100.00/15,000 zallon)

Production Equipment

Walking beam pump jack complete includes downhole pump
Sucker rods recorditioned 5/8 inch and casing head

Tubing 2-3/8 inch dianeter (approrimately 765 ft ¢ 0.56/ft)
installation of production equipment

Total Cost per Well

Mary Lee Coalbed, Jeffersnn County, AL

A total of 17 wells were drilled and completed in 1977 in a grid
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6,000.00

4,400.00
2,650.00
300.00
140.00

2,000.00
400.00
430.00

600.00

§41,610.00

pattern near the town of Oak Grave, Alabama. Fifteen of thege wells
were foam stimulated with roughly the same size treatment (48,000 gallons
foam, 23,000 pounds of 80 to 100 mesh sand, and 42,100 pounds of 20 te 40

mnesh size sand). Some of the costs presented are based on average

cost from tulk purchases of equipment as well as services. Understandably,

without bulk purchases, some costs would be considerably higher.

Maintenance costs, also a congiderably expensive item, are not included

in the following report of costs,

Oak Grove Alabama

Site Preparation

Site survey, preparation and roads on company property
Pover, lines, poles and installation

Drilling

12 inch diameter hole for surface casing: (approximately

15 ft @ 26.50/ft)
6-1/4 1inch diameter hcoles: (1,100 ft average depth @ 10.75/ft)
Coring for desorption testing

Logging

Verticnl deviatlon survey and rig time
Gamma ray, density log and rig time
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4,800.00
3,700.00

400,00
11,825,090
2,700.00

1,850.00
1,980.00



Casing

8-5/8 inch diameter surface casing: (approximately 15 ft @ 7.90/ft)
4-1/2 inch Aiameter well casing, 16-55 9.5 pound/ft (1,100 ft @
3.60/ft) floatshoe and centralizers

Cementing

Cement, 15 pound/g.:llon with salt additive (1,1C0 ft @ 3.30 ft)
includes installation of casing

Stinulatior

Foam Fras (48,000 gallon average volume, 23,000 pound 80 to 100
mech saad, 42,000 pounds 20 to 40 mesh sand)

Nitrogen for Frac

Frac tank

Rig time and lsbor

Production Equipment

Walking beam pump jack and peolish rod

Sucker rods, reconditicned 5/8 inch (1,1C0 ft @ 0.25/ft)
Tubing, used (1,100 ft @ 0.85/f¢t)

Wellhead

Downhole pump and installation

Gas and water meter, includes installation

Flare stack and assembly

Lightening protection

Miscellaneous well clean-out and standby time
Contingencies for mishaps and wea'her

Total Cost per Well
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120.00

3,96C.00

3,630.00

10,690.00
3,000.00
500.90
1,250.00

2,080.00
275.00
935.00
110.00

1,540.00

1,725.00

1,410,00

1,100.00

3,500.00

6,000.90

$69,080.00
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