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FRACTURE ZONE DEWATERING TO CONTROL GROUND WATER INFLOW
IN UNDERGROUND COAL MINES

By Robert D. Schmidt'

ABSTRACT

This Bureau of Mines investigation focuses on the identification and
control of ground water inflow problems that occur in the active sec-—
tions of underground Appalachian coal mines. A fracture inflow survey
of eight underground mines was conducted. Three types of mine fracture
intercepts were identified, which are typical of wet section mining con-
ditiomns. A mine in Preston County, WV was selected as the site for a
fracture zone dewatering experiment. Fracture trace analysis was used
to site dewatering wells in a fracture valley setting ahead of mine de-
velopment. The design, implementation, and results of this dewatering
experiment are presented.

A hydrology simulator was also developed and applied to the fracture
zone flow problem at the field site. The model uses a semianalytic,
boundary integral technique to simulate fracture zones as discrete re-
gions of high average permeability. Comparisons are made between simu-
lated and actual dewatering results.

This investigation suggests that fracture zones are responsible for
the sudden release of stored ground water, which often occurs as mining
sections advance beneath fracture valley topographly. It is concluded,
therefore, that dewatering operations that are designed to intercept the
component of ground water that is stored in fracture zones will be most
effective in controlling infiltration to active mine sections.

1Hydrologist, Twin Cities Research Center, Bureau of Mines, Minneapolis, MN.




INTRODUCTION

Ground water flow into underground coal
mines has been a problem for miners since
the inception of the industry. As under-
ground mining operations remove coal, the
void space created by the workings acts
as an open drain, intercepting or other=-
wise disrupting normal ground water
flow.

High-volume inflows at the active min-
ing face are of special concern. They
contribute directly to reduced mine pro-
ductivity by creating difficult, uncom-
fortable, and sometimes hazardous working
conditions for miners, and by reducing
machine efficiency. Mine operating costs
are further affected by the necessity for
in-mine water handling and subsequent
treatment of acidic mine discharge.

Controlling mine infiltration by using

pumped wells to dewater aquifer source
beds adjacent to mine development is a
fairly common surface mining practice.

Few published accounts exist, however, of
dewatering methods applied to underground
mines, particularly to wunderground Appa-
lachian coal mines. The reluctance of
the industry to attempt underground mine
dewatering in Appalachia is due in part
to discouragingly low permeabilities of
many aquifer units (1).2 Tightly inter-
bedded and well cemented sandstone and
shale units are commonly associated with
eastern U.S. coal seams. The low inter-—

granular permeability of these units re-
strict the pumping capacity of water
wells, while the cost effectiveness of

to indi-
Mine dewa-

mine dewatering is closely tied
vidual well pumping capacity.

tering quickly becomes prohibitively ex-
pensive 1if a large number of low yield
wells are necessary to adequately dewater

source beds in the vicinity of under-
ground mine develcpment.
The complexity of the hydrogeologic

setting throughout much of Appalachia is

another factor that has deterred mine de-
watering attempts. Inhomogeneities in
aquifer porosity and permeability result-
ing from naturally occurring geologic
fracture development contribute much to
this complexity.

This paper will report on a Bureau of
Mines investigation into the occurrence
and control of underground mine water in-
flows 1in the Appalachian coal regions,
where ground water flow in sandstone aq-

uifers with low primary permeability is
dominated by the relatively high second-
ary permeability of rock fracture
Z0nes. 3

This investigation includes the follow-
ing:

1. A survey of fracture related water
inflow problems occurring in eight east-
ern U.S. underground coal mines.

2. The application of fracture trace
analysis, a hydrogeologic technique for
siting high yield municipal water wells,
to the positioning of mine-aquifer dewa-
tering wells in the vicinity of an active
underground mine.

3. The application of a computer mod-
eling technique for simulating the effect

of dewatering wells sited on highly
permeable zones of concentrated rock
fracturing.

4. The design, implementation, and
monitoring (at one of the eight mines
surveyed) of a mine-aquifer dewatering

attempt intended to exploit naturally oc-
curring geologic fracture zones, as pre-
ferred sites for dewatering wells.

2Underlined numbers in
fer to items in the list
preceding the appendixes.

parentheses re-
of references

3Throughout this report, the terms pri-
mary and secondary permeability are used.
Primary permeability refers to the natu-
ral intergranular permeability of a rock
unit, while secondary permeability refers
to that which results from a network of
closely spaced rock fractures. The terms
intergranular and
will also be used.

fracture permeability

y



APPALACHIAN HYDROGEOLOGIC SETTING

In early models of ground water flow in
the Appalachian plateau (2-5), conglomer-
ates, sandstones, coal sézms, and some
siltstones were considered to be aq-
uifers, with shales, clay, and siltstones

considered aquitards. The dissected up-
land areas of this plateau, are consider-
ed hydrologically isolated, with each
hill having in general the following
characteristics:

Infiltration zones occurring in upland
areas.

Downward vertical percolation of ground
water occurring slowly through

aquitards.

Lateral flow above an aquitard result-
ing in sidehill springs and seeps.

Local ground water discharge =zones oc-—
curring along the base of hills in stream
valleys.

Regional ground water flow continuing
in a longer, deeper path toward more
deeply incised stream valleys.

Underground mines acting as underdrains
that greatly alter the natural flow sys-
tems that existed prior to mining.

The hydrologic system of the Appalach-
ian plateau 1is one of multiple perched
water tables, overlying deeper regional
aquifers.

The previously cited studies emphasized
the importance of sandstones, conglomer-
ates, and coals as layered hydrogeologic
units in the northern Appalachian coal
fields. Each of these early studies men-
tioned the presence of fractures and
their possible influence on permeability,
vertical flow through confining layers,
and interconnections between aquifers.
However, fracture flow was apparently
considered of secondary importance when
compared with intergranular flow. More
recent studies (6-7) have indicated
ground water flow in shallow aquifer
units is greatly affected by zones of
concentrated rock fracturing.

FRACTURE ZONES
Naturally occurring zones of concentra-

ted rock fracturing, commonly called
fracture zones, are important elements in

D

understanding the hydrogeologic effects
of underground mining operations in Appa-
lachian coal regions.

Fracture zones are comparatively narrow
regions of intensely fractured rock.
They are generally less than 1 mile in
length, 20 to 50 ft across, and extend to
depths of 100 to 300 ft. For the most
part, fracture zones are oriented verti-
cally (8). Typically, it 1is believed
that the increasing overburden pressures
with depth reduce the frequency and size
of rock fractures.

Fracture permeability is a particularly
significant if not a dominant considera-
tion in the shallow rock strata of north-
ern Appalachia at depths that range from
50 to 250 ft. Fracture zone permeability
may be 10 to 1,000 times greater than the

intergranular permeability of sandstone
units. It 1is estimated that 5 to 10
zones of fracture concentration exist in
any 100-acre area (9).

Fracture zones often coincide with
stream valley topography, however they
appear to be independent of regional
structural trends.

Intense fracturing occurs beneath

valley bottoms, supposedly because frac-
ture zones are zones of structural weak-
ness in the Earth's crust that are sus-
ceptible to erosion and valley formation
(10). Thus the aquifer beneath a narrow,
deeply incised valley can be broadly
viewed as a highly permeable zone of con-
centrated rock fracturing (llflg)' Not
surprisingly, the water inflow problems
of underground coal mines occur most
often when mining activity is conducted
beneath valley settings.

Figure 1 depicts the fracture pattern
of an idealized zone of fracture concen-
tration. Zones consist of wvertical
joints, faults, and cracks that are con-—
nected horizontally by bedding plane
fractures (9).

In multiﬁié aquifer settings, fracture
zones may act as vertical hydraulic con-
nections between separate aquifer units,
In contrast to the low permeability shale
units through which very 1little vertical



leakage would ordinarily occur, the po-
tential for vertical leakage via fracture
zones (including direct surface infiltra-
tion) is much greater. With mining ac-
tivity, the intersection of fracture zone

and coal seam is potentially an area of
concentrated inflow to the mine
workings.

Figure 2 is an example of a fracture

zone, seen in cross section at an aband-
oned limestone quarry in Preston County,
WV. Although this photograph does not
show the land surface, left and right
boundaries of the fracture zone are ap-
parent, as is increased weathering of
fractured rock due to enhanced surface
infiltration.

FRACTURE ZONE DETECTION AND USAG

Fracture traces are the surface expres-—
sion of underlying zones of fracture con-—
centration. Discerning these traces
using stereopaired aerial photographs was
first reported in reference 13 where they
were used to locate fracture =zones 1in
limestone formations.

Reference 13 distinguishes between two
types of linear features visible on aeri-—
al photographs as follows:

A photogeologic fracture trace is
a natural linear feature consisting
of topographic (including straight
stream segments), vegetation, or
soil tonal alignments, visible pri-
marily on aerial photographs, and
expressed continuously for less
than one mile. Only natural linear
features not obviously related to
outcrop pattern of tilted beds,
lineation and foliation, and strat-—
igraphic contacts are classified as
fracture traces.

A photogeologic lineament is sim-
ilarly defined, except that it is
expressed continuously for at least
one mile, and more likely expressed
continuously or discontinuously for
many miles.

Fracture trace analysis refers specifi-
cally to the process of locating and
assessing the hydrologic significance of
linear features less than a mile 1in
length. Stereopaired, low-level aerial
photographs (1 in = 2,000 ft) are the

N
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FIGURE 1. - Fracture zone cross-sectional
representation (3).

o : # o )

FIGURE 2. - Fracture zone in exposed highwall.
principal means of discerning these lin-
ear features.

Fracture trace analysis has been used
by private concerns and various govern-
ment agencies in the siting of municipal
and domestic water wells and also in at-
tempting to identify high risk roof fall
areas in underground mines (14).

The intersections of fracture zones
have been found to be particularly pro-
ductive sites for water wells. As of
1979, at least 123 municipal water wells
in Pennsylvania had been sited on frac-
ture zone intersections. The average
yield of fracture sited wells was 10 to
1,000 times greater than nonfracture
sited wells (2).

y



details the
zones and

A recent publication (6)
technique of locating fracture

UNDERGROUND COAL MINE

Two water—-related problems are most
commonly associated with active operation

of an underground coal mine in northern
Appalachia (1516).

1. Formation of acid mine drainage
(AMD).

2. High-volume ground water inflows

that interfere with mining activity.

The AMD problem has been thoroughly re-—
searched. AMD results from the oxidation
and dissolution of sulfides commonly as-
sociated with coal and adjacent rock.
Pyrite is the most common sulfur mineral,
and the source of nearly all the acidity,
iron, and sulfate in mine discharges
(15). Most acidic mine water is generated
in the inactive and abandoned portion of
underground mine workings. Federal and
State regulations prohibit the discharge
of mine drainage pollutants into surface
waters, and the costs of handling and
treating acidic discharges are a substan-
tial economic burden to coal mining com—

panies. Control of acid mine water has
been the focus of two recent dewatering
experiments conducted in inactive and

abandoned underground mines in Appalachia
(1, 17).

“The second water-related problem asso-
ciated with mining is a quantity rather
than a quality problem. It is far less
well documented than AMD, but it is
equally as important to the economics of
coal mining. The present study indicates
that ground water interference with min-
ing activity is especially severe when

sources of mine inflow are concentrated
in active coal producing sections of a
mine,

In a typical five-entry room and pillar
coal mining section the continuous miner,
roof bolter, and shuttle car operations
are concentrated in an area that 1is sel~
dom more than 300 ftZ (18). Significant
inflows of ground water, which impact
mining conditions at the developing coal
face, will have a far greater effect on
coal production than ground water inflow
almost anywhere else in the mine. A

D

the procedures and problems unique to
fracture sited water well drilling.

WATER-RELATED PROBLEMS

section experiencing ground water inflow
to the point where mining operations are
significantly impeded is commonly termed
a wet section.

Typical wet sections experience many of
the following water-related problems

(19):
1. High-volume inflow in an operating
section—-

Can cause temporary or
shutdown of the section.

Requires labor to move
ing and pipe equipment to
section.

Requires extra water handling capa-
city to deal with peak inflow.

permanent

extra pump-
flooded

2. Reduced floor stability causes——

Restricted equipment and miner ma-—
neuverability.
Soft fireclay to Dbecome viscous

fluid, floor heaving, and roof falls.

Equipment and labor to be wused for
removal of muddy floor material along
haulageways and manways.

3. Increased equipment wear, mainte-

nance, and loss of efficiency caused by—-

Dirt and clay washed into mechani-

cal parts, increased frictional resist-

ance and wear, increased maintenance, and
shorter life expectancy.

Wet floor, 1lateral movement of
rails and ties, and extra maintenance of
rail system.

Reduced traction
rolling resistance of
vehicles.

Equipment and labor used to extract
machines that become bogged down in muddy
sump areas.

and increased
rubber-tired

4. Decreased safety, comfort, and pro-
ductivity of miners caused by—-—

Water in contact with worn trailing
cable splices, which trips breakers and
makes reset difficult.

Muddy wet floors that
pery footing.

cause slip-



Wet, cold working conditions that
increase miner fatigue, reduce efficiency
and alertness, and increase absenteeism,

5. Decreased coal quality caused by--

Higher water content, which de-
creases BTU's.
Sediment washed into coal, which

decreases BTU's and increases ash.

These particular water-related problems
have long been recognized by the coal in-
dustry on a qualitative basis. However,
in contrast to the AMD problem there

appears to be little if any comprehensive
and quantitative analysis of their impact
reported in published literature.
Significant leakage 1into underground
workings can occur in roof strata, floor
strata, or the coal seam, although sig-
nificant roof inflow 1is apparently the

most common, A survey of 10 wet mines
(1) indicated that rock fractures in the
mine roof and floor rock were the domi-

nant sources inflow in

all 10 mines.

of ground water

MINE INFLOW SURVEY

As part of this investigation, eight
underground mining operations experienc-
ing ground water problems were visited.
An initial telephone survey was made to
identify mines (primarily in Appalachia)
experiencing
distinction was made between
lems that were entirely of a
ture (AMD) and those that
caused by the quantity of
mine workings.

During each on-site visit, mines were
qualitatively noted as exhibiting strong,
moderate, or weak evidence of fracture
controlled inflow. These subjective cri-
teria were defined as follows:

Strong criteria.—-Multiple examples of
leakage from obvious cracks, fractures or
roofbolt holes with many sources flowing
in a steady stream (5 gpm or greater).
Numerous reports from mining personnel of
similar inflows.

Moderate criteria.——-Multiple
of leakage from cracks,
boltholes. A few
streams but

water prob-
quality na-
were primarily
water entering

examples
fractures, and
flowing in steady
mostly drippers (1 gpm or
less). Some reports from mining person-
nel of seasonal affects and past point
source inflow.

Weak criteria.——Leakage from cracks,
fractures, and boltholes evident only as
drippers. Few reports of past point

source inflow, no seasonal
wet sections.,

A summary of the results of this survey
appears in table 1.

0f the eight underground mines visited,
five were placed in the strong frac-

ture inflow category, and three in the

affects, no

serious water problems. A

moderate category. One surface operation
was judged to be in the weak category.
Fracture inflow was most evident in the

roof rock of the eight wunderground
mines.
This small sampling of mines revealed

that the high volume point sources of in-
flow occur primarily at recently exposed
workings whereas diffuse leakage 1is more
common 1in older workings. In six of
eight underground mines, mine and section
foremen expressed their greatest concern
about water problems at the active face,
despite the fact that in most cases the
inflow rate in these wet sections was a
very small proportion of total mine in-
flow. Apparently most mine operators do
not interpret a water problem as serious
until it interferes directly with the
cperation of the continuous miner, shut-
tle car, or roof bolter, i.e., with coal
production.

If major sources of inflow to the mine
were diffuse or located in caved, aban-
doned, inactive, or other old workings in
the mine, the problem was more 1likely to
be seen entirely as an AMD problem that
added to production expenses but was not
considered serious enough to merit any
special attention or preventive measures.
Conventional methods of collection, pump-
ing, and treatment were employed to deal
with this water.

The most acidic water in a
was flowing from the caved or abandoned
workings. Water flowing from active
workings became degraded primarily as a
result of mixing with more acidic water,

in various mine sumps.

mine often



TABLE 1. - Coal mine water inflow survey

Depth Min- |Sec- Observed most Fracture
Location and coal seam to ing |tions inflow from—- involvement
coal, meth—-|vis— Roof [Coal | Floor | Weak|Moder— | Strong
ft od ited B ate
Preston County, WV,
Upper Freeport.sse...{100- 300| RP 1 X X X
Clearfield County, PA,
Brookville..eeeeessss|200- 250 RP 2 X X X
Greene County, PA,
Pittsburgh.eseeeseeess|200- 400| RP 2 X X X
Indiana County, PA,
Upper Freeport..sses..|{250- 450| RP 2 X X
Cambria County, PA,?
Lower Kittanning.....|500- 550} RP 1 X X
Clearfield County, PA,
Middle Kittanning....{l100—- 300| RP 1 X X
Tuscaloosa, AL, Pratt.|550- 650| RP 2 X X
LW
Carbondale, CO, A.....[200-1,000| RP 1 X X
LW
Rockdale, TX, unknown.|100- 150| OP 3 HW HW HW X
Serious water| Floor Waig¥naﬁzlity, pH
problems—- deteri- At Mine dis-
At Else—- |oration |source charge
face where |observed
Preston County, WV,l
Upper Freeport...... |100- 300 RP 1 X X 6.5-7.0| 3.0-3.5
Clearfield County, PA,
Brookville.sessesssss|200- 250{ RP 2 X X 34,4 33.0
Greene County, PA,
Pittsburgheeseessesss|200— 400 RP 2 X X 6.5-7.0| 2.9-3.0
Indiana County, PA,
Upper Freeport.......|250- 440| RP 2 X X X 7.0-8.5 NT
Cambria County, PA,Z
Lower Kittanning.....[500- 550| RP 1 X X 37.41%3.0-3.0
Clearfield County, PA,
Middle Kittanning....|[100- 300| RP 1 X NM NM
Tuscaloosa, AL, Pratt.|550- 650{ RP 2 X X X 7.0-8.5 NT
LW
Carbondale, CO, A.....|200-1,000] RP 1 X X 8.5-9.5 NT
LW
Rockdale, TX, unknown.|100- 150f OP 3 X NM NT
HW Highwall. NT No treatment. 'Bureau of Mines dewatering project.
LW Longwall. OP Open pit. 2EPA-Wahler Associates dewatering project.
NM No measurement. RP Room and pillar. 3From literature.
POINT SOURCES OF INFLOW l. Contact between the mine workings
and a natural geologic joint or fault.
Point inflow sources in the active sec- 2. Localized mining induced roof frac-
tions, especially in the roof rock, ap- tures that connect the mine workings with
peared to be very much fracture depen— natural fracturing.

dent, Inflow sources were observed most
often to occur in one of three ways:

.



3. Roof bolt holes, which happen to be
drilled into joints or Dbedding plane
fractures.,.

Figure 3 is a simple schematic showing
the three types of mine-fracture in-
tercepts in cross section. Figure 4
shows an example of the roof bholt hole
intercept. Note in this figure that ad-
jacent roof bolts are producing no water
whatsoever. ‘

The roof bolt hole source is very much
like a well drilled (4 to 6 ft) upside
down, inside the mine. It also causes
the most difficulty for miners (bolter
crews especially) since they are re-
quired, in the drilling and bolting pro-
cess, to work directly beneath a hole
which may initially produce a 20- to 25-
gpm inflow,

Fracture inflow in the mines surveyed
occurs in two phases, similar to water
well inflow. In the initial time-—
dependent phase, ground water stored in
the intercepted fracture zone is released
into the mine. This phase is character-

ized by an initially very high inflow
rate which then tapers off over a period
of days, weeks, or sometimes months.
This time dependent interval of mine

inflow 1is believed to
following:

1. The areal extent of saturated rock
fracturing (or the extent of the fracture

zone) that has been tapped.

depend on the

2. The recharge rate to the fracture
zone (direct surface recharge could be
occurring).

3. The direction and extent of mine

development which may subsequently inter-
sect the same fracture zone at a lower
elevation, creating a preferred flow path
for ground water inflow.

Generally, after a period of
steady state infiltration pattern devel-
ops at the fracture-mine intercept. In
the steady-state phase, inflow is con-
stant, though often considerably dimin-
ished from its initial rate. The steady-
state inflow rate 1is for the most part
determined by the rate at which the in-
tercepted fracture (network) is re-
charged, either by ground water from the
surrounding wunfractured rock or by sur-
face inflow from streams.

time, a

FIGURE 3. - Three types of mine fracture

infercepts.

FIGURE 4, - Roof bolt hole inflow source.

In this survey, mine operators reported
that it was not uncommon for a steady-
state mine inflow source to intermittent-
ly revert to its initial high flow rate
during periods of heavy rain or during
spring snowmelt, where a good surface
connection apparently existed.

The pattern of inflow in a mine influ-
enced by fractures 1is therefore very
often a transient one, with the highest
inflow sources generally concentrated at
the newly exposed workings, i.e., the
active face. These sources then diminish
as the face advances away from them but
new sources closer to the face continual-
ly develop. Miners refer to this as
water that "follows the face.” This pat-
tern of mine infiltration is characteris-
tic of a wet section.

y



The occurrence of mine—-fracture inter-
cepts was observed most often in the
roof, although mine—-fracture intercepts
in lower aquifer units are likely to oc-
cur in similar fashion. Very often, how-
ever, if the floor material is a soft
fireclay, it forms an effective seal
(aquitard) above the aquifer wunits that
are below the mine. This clay seal rap-
idly deteriorates however, when exposed
to the combined effects of roof leakage
and heavy vehicle traffic.

FLOOR CONDITIONS IN A WET SECTION

As indicated previously, the severity
of a mine water problem is related only
partly to the quantity of water entering
the mine workings. The location of in-
flow sources in the mine coupled with the
affects of inflow on mine working condi-
tions (mainly floor conditions) are
equally important in determining the se-
rious nature of a mine water problem.

In this survey, floor conditions near
the face were the principal water-related
problem reported by section foremen,
especially in mines with a fireclay un-
derlayment. Soft fireclay deteriorates
when water from roof leakage causes swel-
ling, and comstant traffic churns the
clay material into mud. Ruts, sumps, and
low wet areas tend to develop on haulage

routes. To ‘compound the problem, as the
fireclay aquitard deteriorates, piezome-
tric pressures in the underlying

aquifer cause an increase in infiltration

Roof leakage and traf

:
T .
sen aatoriorauon ot .
Traciay oo \ /

FIGURE 5. -

tions at an active face.

Development of poor floor condi-

through the mine floor. Figure 5 shows

the development of this often observed
floor problem.
Fireclay material scraped from the

floor was often seen piled in abandoned
entries after it had been churned into
mud and was impeding rubber tired haulage
between face and belt head. Crushed rock
and planking in troublesome areas were
also observed to be common temporary fix-—
es, as was simply loading the fireclay
material out with the coal.

Very little information of a quantita-

tive nature is available in the litera-
ture concerning the effects of ground
water inflow on coal mine production.

However, it has been reported (16) that
production may be higher by 50 to 75 tons
per shift in a dry section than in a wet
section with poor floor conditions.

A question asked of two section foremen
during this survey may shed some light on
the reason for the mine operator's con-—
cern with water at the active face. Sec-—
tion foremen in two of the mines that had
recently experienced wet condtions were
asked to estimate the number of minutes
in an 8-h day (480 min) in which the con-
tinuous miner in their section was actu-
ally cutting coal. They were then asked
to estimate the effect high inflow at the
face (50 to 100 gpm) and bad floor condi-
tions would have on coal cutting time.
Table 2 summarizes their responses.

TABLE 2. - Probable effects of high in-
flow on coal cutting time per 8-h shift

Mine 1 Mine 2
Cutting time, min:
Dry conditionSeeesees 90-100} 120-150
Wet conditionS.seeess | <15 30| <15 45
Lost production...pctee. 17- 30 13- 30

These foremen attributed the 1lost pro-
duction time to slower response of shut-
tle cars traveling over muddy and deeply
rutted floors, increased electrical prob—
lems, and slower, less efficient perform-—
ance of equipment operators and helpers
working in wet muddy conditions. One of
these foremen added that persistently wet
mining conditions were often accompanied
by higher than average miner absentee
rates as well.
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WATER QUALITY IN A WET SECTION

The mine inflow survey revealed that in
four of the five eastern U.S. underground

mines surveyed, the pH of water at the
point of inflow ranged from 6.5 to 8.5.
Fracture inflow in one mine had a pH of
4.4 and was known to be coming from an
overlying abandoned mine. Four of five
mines treated their water for acidity

prior to discharge, with mine effluent pH
ranging from 3.0 to 4.5.

With respect to acidity and iron con-
tent, mine water at the point of infiltr-

APPROACHES AND PROBLEMS OF

Several possible well dewatering sche-
mes to control leakage into underground
mines have been studied. One of the
first proposed exploiting highly perme-
able fracture zones as possible high
yield well sites for dewatering under-
ground mines (20). A second study (21)
discussed the benefits that might be
achieved by reducing head levels in bed-
rock aquifers located immediately above
and below underground coal mines. The
concept of connector wells or gravity
wells for mine dewatering was also intro-
duced in these reports.

The dewatering methods proposed by
these studies are intended entirely as a
means of reducing acidic mine drainage
from abandoned and inactive mine work-
ings. The development and production
problems that result from localized high

ation was comparatively high quality if
it had a more or less wundisturbed ground
water source. Undisturbed sources of
fracture water included the surrounding
unfractured aquifer material, glacial or
alluvial deposits, or direct surface in-
filtration, i.e., streams, rainfall,
stnowmelt, etc., Mine inflow coming from
disturbed sources such as abandoned mine
workings or mine spoils was often de-
graded at the point of infiltration to
the mine.

PAST MINE DEWATERING EFFORTS

inflows in active mine sections are not
addressed, and the dewatering methods
proposed are not readily adapted to deal

with the transient flow conditions that
occur in active mining sections.

Of the several different coal mine de-
watering schemes proposed, pumped well
dewatering of sandstone aquifers to con-
trol AMD 1in inactive mine workings was
only recently attempted (1).

Exploration and pump tests of wells re-
vealed that ground water flows into the
study area of the mine were concentrated
along two fracture zones that appeared to
intersect in the area of greatest inflow.
These preferred and rather narrow flow
paths were not revealed until after com-—
pletion of observation wells and dewater-
ing wells,

MODELING THE FRACTURE ZONE FLOW PROBLEM

The justification for including frac-
ture zones in the siting process for de-
watering wells may arise from a number of
past research experiences including the
following:

1. The apparent importance
fracture intercepts as inflow
both active and inactive
workings.

2. Past

of mine-
sources in
underground

that de-
cost of

dewatering attempts
scribe the prohibitively high
mine dewatering with wells of compara-
tively 1low yield (i.e., wells drilled
without regard to preferred flow paths).

3. The more or less well established
technique for 1locating fracture zones
(fracture trace analysis) and the past

use of fracture-sited wells to obtain the
high-capacity pumping necessary of munic-
ipal water wells,

4., The association of high
storage water release in wet sections
with the high storage and transmissive
properties of fracture zones.

5. Computer models that describe the
advantageous flow pattern and higher
yield of wells sited on high permeability
fracture zones.

volume




Of particular interest is the analytic-
al justification for fracture dewatering
revealed by computer modeling of fracture
zone—-dewatering well problems.

Depending on how the fracture flow
problem is conceptualized, models of flow
in fractured media generally take one of
three basic approaches, termed, equiva-
lent porous media, double porosity, or
discrete fracture (22).

The equivalent ﬁa;bus media approach
treats the fractured rock mass as statis-
tically equivalent to a continuous and
homogeneous porous medium. This is
perhaps the simplest characterization of
fracture flow processes.

The double porosity approach is a con-
tinuous approach also. In this approach,
the fractured medium is represented by
porous blocks of material surrounded by a
porous network of fissures. The two sys-
tems are linked by an equation that de-
scribes flow from blocks to fissures,
which involves the pressure differential
between the two systems at any point (23-
24). =

Discrete fracture
tion on the geometry of
tures, attempting to

models focus atten-—
individual frac-
duplicate such

11

aperture size, orientation,
Models that conceive of
plates (25)

features as
roughness, etc.
fractures as parallel planer
fall into this category.

This approach was combined with bound-
ary element methods to model uniform flow
in a porous medium incorporating multiple
intersecting fracture channels (gé).

For the fracture zone flow problem of
this investigation, a modeling approach
must be selected that is consistent with
the following:

1. The geologic
fracture zones.

2. The availability of field data for
describing a particular fracture =zone
network.

3. What is considered to be the scale
of the dewatering problem area, or region
of hydrologic interest.

In keeping with these guidelines, the
computer code developed for this investi-
gation is a straightforward application
of a semianalytical technique (27) for
simulating flow regions incorpg;zfing
discrete zones of differing permeability.
As such, program DWATR can be classified

characterization of

MODEL DEVELOPMENT

In this approach to the modeling of de-
watering activity, zones of concentrated
rock fracturing are treated as discrete
regions of high average permeability.
Flow in the aquifer is treated as two
dimensional in the horizontal plane.

The modeling approach is based on
superposition of elementary analytic so-
lutions to features such as uniform flow,

flow toward a well, and flow across a
discontinuity in permeability. Program
DWATR is also equipped with streamline

tracing routines in order to track ground
water particle movement.

The following section contains a sum—
mary of the basic equations for flow in a
homogeneous confined or unconfined aqui-

fer, followed by a presentation of the
elementary solutions for wuniform flow,
flow toward a well, and flow across a

discontinuity in permeability.

N

as an equivalent porous media model of a
fractured rock mass.,
BASIC EQUATIONS
The components q,, dy » and q, of the
specific discharge vector [L/T] in an
isotropic porous medium are given by
Darcy's law,
- —x 3% = —x 39
qy k L q, k 3y° and
q =—-ké$. (l)
z az’
where k is the permeability [L/T] and ¢
is the piezometric head [L] as measured

from the bottom confining layer, which is

taken to be horizontal. Continuity of
flow yields
9 qy +3(1y +aqz = 0. (2)

X 9y 9z
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Substitution of equation 1 into equa-
tion 2 gives the laPlace equation
V¢ = 0. (3)
Equation 3 is the differential equation
for steady-state flow in an isotropic

porous medium.

Regional Confined Flow

For the case of two-dimensional con-
fined ground water flow, as illustrated
in figure 6, a discharge vector with com—
ponents Q, and Qy,[LZ/T] is introduced,
which represents the flow of ground water
through planes of unit width, normal to
the x and y axis and extending over the
height, H, of the aquifer, so that

H

f qx dz
o

Q H*q, and

Qy = f qy dz = H'qy. (4)
o

In writing equation 4, use is made of
the Dupuit-Forchheimer assumption whereby
the piezometric head, ¢, does not vary
with z, so that ¢, and 9y do not vary
with z. Substituting Darcy's law (equa-—
tion 1) into equation 4 gives

_ =3 kH¢
x X

-3 kH¢
ay

and Qy = . (5

A discharge potential, ¢[L2/T], is in-
troduced whereby

¢ = kH¢ + C,, (6)

so that the components of
vector follow from

the discharge

=090 -9
Qx = 5y and @, = T )

The constant C. is arbitrary and vanishes
from Q, and Qye

Regional Unconfined Flow

For the case of unconfined flow, illus-
trated in figure 7, the components Q, and

Qy of the discharge vector follow from

H
Q, = é q,dz = q,.¢ and
H
= ( =
where the piezometric head, ¢, is mea-

sured from the aquifer base, and where

use is again made of the Dupuit-
Forchheimer assumption. Equation 8 be-
comes, with equation 1,

= _k(p oai = _k- o%
Q4 ™ and Q, ¢ 5y (9)

or

. 2 - 2
Q, = 2ULZT) o Qy=-ﬂla/%t—)~ (10)

The discharge potential, ¢, for uncon-
fined flow is then defined as
¢ = 1/2k¢2 + C, (11)

where again C, is an arbitrary constant
that vanishes from Q, and Qy.

KEY
H Aauifer thickness
@ Piezometric head

I\
N
\
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FIGURE 6. - Confined flow setting.
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@ Piezometric head
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+

FIGURE 7. - Unconfined flow setting.
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Combined Confined and Unconfined Flow

Along the boundary between regions of
confined and unconfined flow in figure 8,
¢ = H, since ¢ is continuous. The con-—
stants C_ and C, can be chosen to ensure

that the discharge potential, ¢, is also
continuous at this interegional boundary
(28).
“Setting ¢ = H in equations 6 and 11,
continuity of ¢ gives

keH'H = 1/2k¢? + C,, (12)

selecting C_ = 0, it follows for C, that

C, = 1/2kn2, (13)
Thus a discharge potential, ¢, in a aqui-
fer involving both counfined and uncon-
fined flow, may be defined as

kH¢ if ¢ > H
o = .
1/2k¢2 + 1/2kH2 if 0 < ¢ < H

(14)

Alternatively, the expression for piezo-
metric head, ¢, is given as

o/kH if ¢ > kH?

q) =
- 2
w/f—%égﬁﬁ_ if 1/2kH2 < ¢ < kH2

In a Dupuit-Forchheimer model, the con-

. (15)

tinuity equation formulated in terms of
discharge vectors becomes
8Qy 30y (16)

so that La Place's equation becomes

KEY
— H Aquifer thickness

.
H Zone | M Zone 2 T~
.

J / . /

FIGURE 8. - Confined and unconfined flow,

combined.
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329 . 329
3_X-2—+§2-=0’ (17)
where ¢ is defined by equation 14.
It 1is noted that the solution to the

ground water flow problem formulated in
terms of ¢ does not distinguish between
confined or unconfined flow conditions.
Hence the boundaries between regions of
confined and unconfined flow need not be
known beforehand. Once & has been deter-
mined as a function of location, these
flow conditions simply follow from the
value of ¢ in equation 15.

ELEMENTARY SOLUTIONS

The solution to a flow problem contain-
ing such features as uniform flow, flow
toward wells, and discontinuities in the
permeability may be obtained by super-
imposing the elementary solution to each
feature. The discharge potential, ¢, for
the combined solution still satisfies
equation 17, since equation 17 is linear

in ¢. The following section presents the
elementary solutions used in the present
model.

Complex Potential Function

complex function Q = Q(z)
references 29

An analytic
is introduced here as (see
and 30),

Q(z) = o(z) + iv(z), (18)
where (z = x + 1iy). The
this complex potential
Re[Q(z)], is the discharge
given by equation 15 and
part, Im{Q(z)], is
function.,

The stream function is constant along
streamlines, and the total discharge be-
tween two streamlines is equal to the
difference in their stream function val-
ues (see reference 30).

real part of

function,
potential as
the imaginary
termed the stream

$(z) and V¥(z) are related by the
Cauchy-Riemann conditions,
00 oY 39 -o¥ (19)
3 = 3y 2™ 3y =
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It follows from equations 19 and 17 that
both ¢ and ¥ are harmonic functions,
whereby ¥ is termed the conjugate harmon-
ic of 0.

Uniform Flow

The complex potential for uniform hori-
zontal flow, Q,(z) (29), 1is presented
here as

Q (2) = VYHze_‘Y + C, (20)
where V is the natural ground water
flux, [L/T], in & direction, Y, measured
with respect to the positive x axis. The

constant, c, in equation 20 is
arbitrary.

Flow Toward a Well

The complex potential,
single completely penetrating well at a
point, z , 1is presented in ground water
flow texts (e.g., reference 29) as

Q,(z), for a

Q,(z) = %;-1n (z-z,) + C, (21)
where Q is the well
rate) [L?/T].

Separating Q,(z) into real
nary parts gives

strength (discharge

and imagi-

¢,(z) + iy, (z) =§%? In |z-zg |

iQ . .
+ 5o Arg (z-z,) + C, (22)
where the imaginary part
Q , ,
Ye(z) = 5= arg (z-z,), (23)

27

is the stream function for the well., The
argument of z is chosen as
-1 < arg (z) < 7.

As appears from equation 22, equipoten-
tials are concentric circles around the
well, while streamlines are radials from
the well. It is noted that the stream
function jumps by the amount Q when

crossing the negative axis. This discon-
tinuity in ¥, for x < x,, y = y, 1s term-
ed the branch cut.

The superposition principle enables a
multiple well pattern to be modeled
simply as the sum of individual well so-
lutions. The general solution for flow
toward n wells then follows from

[e]

gi 1In (z—zj) + C,

Q. (z) =
N 21 7n

J

(24)

e~—i 3

where z. 1s the location

and QJ the
strength of the jth well,

Flow Across a Permeability Discontinuity

In figure 9, a cross section of a con-
fined aquifer is depicted containing two
zones of different permeability. On the
left (-) side, of the dotted vertical the
permeability is k_, and on the right (+)
side the permeability is k,. Since the
piezometric head is continuous on the
boundary between k, and k,, it follows
from equation 14 that the relation be-
tween ¢, and $; at the permeability dis-
continuity is

?F"l_?:"

@1 = (25)

. QO’
O

where the subscripts in ¢, and &;, denote
the permeability used in equation 14. As
seen from equation 25, the potential is
discontinuous across the jump in permea-
bility. The discontinuity, A¢, may be
expressed in terms of ¢, as

(26)

(¢]

AD = &y - o, =<5Lk_l.k_°> de

KEY
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FIGURE 9. - Permeability discontinuity.




In order to model this jump in potential,
use is made of line doublets as presented
in reference 27 for modeling flow do-
mains containing regions of different
permeabilities.

The potential due to a line doublet is
discontinuous across the line doublet.
This discontinuity in the potential is
equal to the doublet strength. Line dou-
blets with varying strengths are distrib-
uted along the boundary between zones of
different permeability in order to satis-
fy equation 26. The use of line doublets
in the DWATR model is briefly described
in the following.

The complex potential due to a 1line
doublet with a second order strength dis-

tribution, as given in reference 27, is
- — 1 S(Z) ZQ+1
2p(2) = 1n <‘z‘;‘—_>+ 1(2)5 57)

where S is defined as

_ zo+1l-z -z
@ = () s ()

(z-zy) (2~ z2+1)

= b4uy (28)
(ZSL - ZQ+1)
and u is defined as
- ZiUQ z—l/2 <ZZ + Z£+l)
O (29)
In equation 27, zy and zg+l are the end-

points of the line doublet,
28, Sy and Syg+l1 are real numbers repre-
senting the strength of +the doublet at
endpoints 2y and zg+l, and uy is the par-
abolic component of strength defined such
that the strength at the midpoint between
and zp and zg+l equals 1/2(Sy + Sy+1) +
Hpo

JLThat the real part of equation 27, the
potential, is indeed discontinuous across
the line doublet, may be seen as follows.
If z = §, where § is on the line doublet,
equation 28 is real, so that the potenti-
al, Qp(d), becomes

In equation

S(8)

®ple) = 5

(30)
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where 0 is the imaginary part of the log-
arithm in equation 27,

Zoaq—
= arg <—%%lg~ (31)

The angle © is +m if § is selected on
the wupper side of the line doublet (see
figure 10), and -n if § is on the lower
side. Consequently the potential, @D(G),
in equation 30 jumps by an amount S(§)
when crossing the line doublet, whereby
S(8) varies parabolically over the line
element.

It may be seen from equation 28 that
S(§) assumes the values Sy, 1/2(Syp+Sg+1)
+ uy and Sy+1 when § is zg, 1/2(zg+z+1)
and zy+1, respectively. The potential
along each side of a 1line doublet is
plotted in figure 10.

The doublet strength, S(§), may be ex—
pressed in terms of ¢,(8) by use of equa-
tion 26,

5(s) = (“—Q—-“ﬁ) 2o (6).

The imaginary part of equation 27, the
stream function Wp(z), is continuous
everywhere, so that the discharge normal
to the 1line doublet is continuous,
Therefore, doublets that model the jump
in potential across permeability discon-
tinuities preserve continuity of flow
across the boundary.

(32)

MODELING FRACTURE ZONES

Zones of concentrated rock fracturing
are modeled as discrete 2zones of high
average permeability. Line doublets are

distributed end to end along the entire
closed boundary of the fracture zone to
account for the jump in potential that
results from this discontinuity in aqui-
fer permeability.

A fracture flow problem may involve
more than one zone of high permeability,
furthermore, wells may be located both
inside and outside of these zones. Flow
resulting from far field conditions is
introduced by means of a uniform gradient
of flow across the domain of interest.
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The uniform flow rates and the well
discharges are considered known, but the
doublet strengths along discontinuities
in permeability are not known in advance.
Their values depend on the potential
along the doublets as given by equation
32. Imposing the condition of equation
32 at a number of control points along
the 1line doublet results in a set of
equations for which the wunknown strength
parameters may be solved. Once the dou-
blet strengths are determined, the poten-—
tial 1in the aquifer can be evaluated as
the sum of the potentials due to the uni-
form flow, all wells and all doublets.

Matrix Equations

Consider the flow domain
figure 11, with permeability k; inside
the region depicted and k, outside.
Figure 11 illustrates an idealized frac-
ture zone flow problem in which inter-

depicted in

secting zones of rock fracturing are
modeled as a single high permeability
region. A well is situated at the frac-

ture zone intersection.

Fifty-eight 1line doublets are wused to
define the boundary of this high permea-
bility fracture zone. Thus there are 58
unknown strengths, Sy, defined at doublet
endpoints, and 58 unknown parabolic
strength parameters, Wy, defined at dou-
blet midpoints. The condition of equa-
tion 32 1is imposed on all doublet end-

points and midpoints, i.e., on all con-
trol points.
This leads to the following 58 equa-

tions for line doublet endpoints,
6j, (J =1,2,...58)

Sehgj + g Xg5 + 65 + %

- <E$%E;>SJ’ (33)
(0 =1,2,...58),
and the following 58 equations for

the line doublet midpoints,
§;, (3 = 59,60,...116),

R

KEY
24,24+ Doublet end poirts pnr2
S, 4 Doublet strengtns

@, Discharge potential S~ o

FIGURE 10. - Jump in potential at a line doublet.
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FIGURE 11. - Idealized fracture zone setting.

Sghgj + ugXgy + G5 + &

- <L>Sj-58 + Sj-57 t Mj-58  (34)
ki —kq 2

(2 = 1,2,...58),

where Ssg = Sy and usg = yy.
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The coefficient functions Mg and Xgj are defined as

1 Zpyi- z2g+1-6] Zg+1-8 20=0 |
Ngj = — 10 170 AN . arg LA (2#3) (35)
27
z+|‘z 21‘5 Zg+172y Zg+1~
XQ' :_2_ ((SJ-"Z)Q)((SJ-Z’Q/+1) Z)Q/...]—(S (36)
o (zg - 240102 )" =5
2 Z0+1 Z9=

Special care must be taken in calculating Ajj since the argument function in equa-

tion 35 contains a removable singularity. The expression for Ajj is

Njj = op 2T8 <—J——3‘J> (37)

The function G; contains all known contributions to the potential,

and

Gj = Re [2u(6;) + Qf(GJ)], (38)
where 9, (8;) and Q¢(§;) are the complex potentials due to wells and uniform flow.
Equations of the form of equations 33 and 34 contain 116 unknown strength garam—
eters, Sy and pp, and an unknown potential, $,. Specifying the potential ¢" at a
point outside the domain of interest provides the additional equation
Sphgy + ug gy + Gy + 85 = @F (§ = 117), (39)
necessary to solve for the unknown doublet parameters.
These 117 equations may be written in matrix form
agy " X T Vo (40)

where ag becomes, with equations 33 through 39,

a = A -6 ko for (2, =1 2,-.-58)
2 L] L Kk, G =1 12,...58)"
a,. = X for (& = 59,60,...116)
Lj = 7&j (j = 1,2,...58)
a -1 -6 kg -5 kg for (2 =1,2,...58)
B I Li\k,k, k Lo g1\ 2(k k) (3 = 59,60,...117)’
Kk, for (£ = 59,60,...116)
Ay T X 6‘“(’&, X > (i = 59.60,...117)" (4D

and
ap. =1 for (2 = 117) ,
Ly = (i = 1,2,...117)
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and where 62j is the Kronecker delta

6QJ =1 4if ¢ = j and

i

6y5 = 0 if 2 # . (42)

The vectors Xq

and y; in equation 40
are given by

Xy Sy for (£ = 1,2,...58),

XQ = U,Q,—SB for (»Q, = 59,60,..-116),

xg = ¢, for (g = 117), (43)
and
yj = G; for (G = 1,2,...117). (44)

The solution vector, xp, is obtained in
equation 40 by use of Gauss Jordan elimi-
nation (see reference 31).

Plotting Piezometric Head Contours

Once the solution vector is known,
i.e., once Sy and uy are known, the po-
tential at an arbitrary point z 1in the

domain of interest is obtained from
¢(z) = Re [wp(z) + ,(2)

+ Qe(z)] + ¢ (45)

(e R4
where Qp(z), @,(z), and (z) are the
complex potentials, due respectively to
all zones, all wells, and uniform flow.
Piezometric head contours are obtained
by first calculating ¢ at a network of
points, wusing equations 45 and 15. A

FIGURE 12. - Inhomogeneity in a strip.

cubic spline technique is used to gener-
ate contour plots (see reference 32).

Validation
Program DWATR has been validated by
solving a problem of wuniform confined
flow in a homogeneous region of permea-

bility, k_, containing a homogeneous in-
finite strip of permeability, k,. The
exact solution to this problem is de-
scribed in reference 33. At the boundary
between ko and k], the refraction of pie-

zometric contours may be represented as

tan a, k

it . | 46

tan oy ~ k.’ (46)
where o, and a, are angles 1indicated in
figure 12. The location of doublet end-
points on the boundary between k, and k,
are also indicated. In figure 12, kI/k0
=5 ay, =17.5, and o, = 57.5. Thus the
refraction of contour lines predicted by
program DWATR appears to be correct.

PROGRAM DWATR

Program DWATR was developed wusing the
semianalytic method just described. The
program was written in Fortran 77 and run
on a minicomputer with a 16-bit processor
and 1.0 megabyte of internal memory.
Virtual memory was used for runs involv-
ing more than 150 line doublets.

While streamlines are generated numeri-
cally using one of the two Newton—-Raphson

subroutines incorporated in DWATR,
streamline plots (and contour maps) are
generated by separate programs. Appendix

A describes program modules and input-
output (I-0) logical unit numbers.
Streamline data created by DWATR are
output to disk I-O units 15 and 17. Con-
tour data are output to I-0 units 15 and
13. A significant portion of DWATR's




computation time involves calculating the
exact strengths at line doublet control
points, For computational efficiency
these strengths are output to (and may be
reinput from) logical unit 19.

DWATR dinput parameters and their for-
mats are listed in appendix B. Appendix
C is a source listing of the program.

A magnetic tape copy of DWATR, sample
I-0 data sets, and graphical support pro-
grams are all available from the Bureau's
Twin Cities (MN) Research Center.

IDEALIZED FRACTURE ZONE SIMULATION

The idealized fracture zone setting de-—
picted in figure 11 serves as the initial
application of DWATR. Two intersecting
fracture zones are modeled as a single
high-permeability region. The ratio of
permeabilities inside and outside the
region is given by k;/k, = 1,000. A well
is simulated at the center of the region.
Uniform flow is also assumed to occur.

The boundary of the high-permeability
region 1in this figure is composed of 58
line doublets. Doublet strengths are in-
terpolated parabolically between end-
points leading to 116 strength param-
eters, to be calculated along the
boundary.

The accuracy with which 1line doublets
approximate the jump in potential at a
permeability zone boundary depends, natu-
rally, on how well a second order doublet
approximation represents the actual
strength distribution on the boundary.
Therefore, selecting the number and spac-

ing of 1line doublet endpoints 1is impor-
tant to obtaining an accurate simulation
of a particular flow problem. Too few

along a boundary leads to
approximation in
zone Dboundary.
using Newton's
in this

line doublets
significant errors of
both ¢ and VY near the
Tracing streamline paths
method is especially difficult
case.

In figure 11, doublets are concentrated
at the ends of the fracture =zone where
the gradient in ¢ is steepest. Since
strength, S, is proportional to ¢ at the
permeability zone boundary, a concentra-
tion of doublet control points 1is often
necessary along intervals of the boundary
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where equipotential lines are compressed
together.

A piezometric surface is developed for
the flow problem depicted in figure 1ll1.
In figure 13, drawdown of the piezometric
surface in the vicinity of the well is
clearly influenced by the high permeabil-
ity fracture zone. The theoretical maxi-
mum discharge from this well 1is limited
by the requirement that ¢ > O at the well
radius. Maximum discharge 1is increased
by a factor of 2.65 as a result of the
fracture zone setting.

APPROPRIATE APPLICATIONS FOR DWATR

The fracture valley settings for which
DWATR is appropriate are those where the
coal seam is overlain by a single aquifer
unit. The aquifer is often confined by a
shale layer beneath hilltops and uncon-
fined beneath deeply incised stream val-

leys. Typically this shallow aquifer is
intensely fractured beneath the valley
bottom. Numerous fracture traces also

and extend

cut across the valley bottom,

m— ——
M h

N\

— R\
| =

/|

FIGURE 13. - ldealized fracture zone piezomet-

ric surface.
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hundreds or thousands of feet 1into the
adjacent hills.

Other hydrogeologic features encoun-
tered in mine dewatering problems include
layered aquifer systems, concentrated
surface infiltration to fracture zones,
and drainage into nearby underground mine
voids. Program DWATR is presently unable
to handle these complexities.

These constraints on the application of
this model imply that at this stage in
its development the model can be used
most: effectively to aid in conceptual un-—-
derstanding of ground water flow associ-
ated with fracture zone well sitings, in
addition to providing additional justifi-
cation for focusing mine dewatering at-
tention on preferred (high permeability)
ground water flow paths, such as fracture
zones,

Application of DWATR at the Sunshine
Mine (West Virginia) dewatering test site
was not undertaken until after the dewa-
tering field work had been completed. It
is suggested however that hydrology mod-
eling and field dewatering activity be
performed more or less concurrently.
Conceptual understanding of a dewatering
problem increases most when the problem
is used in an experimental fashion to
discern the relationship between various
parameters and the sensitivity of the
overall setting to manipulation of param-
eter values,

Program DWATR may supply an explanation
for seemingly anomalous pump test re-
sults, It may be used to predict the im-—
pact of introducing new wells and it can
suggest where additional field data (per-
meability measures, details of fracture
zones, etc.) should be collected in order
to fill gaps of understanding.

SUNSHINE MINE DEWATERING SITE

The Sunshine Mine is a
ground room and pillar operation. The
mine is located in the Monongahela River
basin in northcentral West Virginia (fig.
14). Geologically it lies almost on the
axis of the Kingwood syncline. The val-
ley setting that overlies a portion of
the Sunshine Mine workings is known lo-
cally as Crab Orchard Run (fig. 15).
Most of the ground water inflow problems

small, under-

at the Sunshine Mine workings occurred in
the vicinity of this valley.
The coal seam being mined is
Freeport and the depth to
Crab Orchard Run averages 110 ft. The
Upper Freeport coal is overlain by the
Conemaugh Formation and underlain by the

7
"
- /I/Appronmare
' location
> 2=l of the

Kingwood Sunshine
/ °© / Mine

the Upper
coal beneath

KEY

e
Briery mountair anticline
0 5 10 15 20
oumaamans = oy S| Kingwood syncline
Scale, ft

FIGURE 14. - Location of the Sunshine Mine
dewatering test site in the Monongahela River
basin of West Virginia (3).
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28 Allegheny Formonon [} Mauch Chunk Formation
[Z2) Cotskill Formalion £ Pocono Formation

[Z2 Conemaugh Formaonon @ Pottsville Formation
Greenbrier Formation @l Upper Freeport coal

_Brery
Mountain

2,800~
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2,400} wne )[R
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i M Qrcchord
2000k Yy

1,80C~ West
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800 \‘

0 2,000 4000
g e—

SCALE, ft

FIGURE 15. - Sunshine Mine location within
the Kingwood syncline (3).
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Allegheny Formation (3). The Briery
Mountain anticline, elevated 1,000 ft
above the bottom of Crab Orchard Run and
approximately 3 miles east, 1is believed
to be a regional source of recharge for
deeper sandstone units below the coal
seam, creating an underlying east to west
gradient of flow in the Kingwood
syncline.

A portion of the topographic map which
includes Crab Orchard Run is reproduced
in figure 16. Overlain on this map are
the Sunshine Mine workings, the photolin-
ear features (fracture traces) that are
indicators of high-permeability fracture
zones in underlying rock units (35), and
the locations of 18 wells and piezometer
holes constructed within Crab Orchard
Run, as part of this investigationm.

Most of the fracture traces are concen-—
trated in the wvalley bottom, however,
five well-defined zones that cut across
the valley are also indicated in this
figure. More detailed specifications for
the wells and piezometer holes annotated
on this figure appear in table 3.

R ST
t T 32‘“©,

Jtup . Mine

LEGEND !
Potential well site
Actust well site
Well site used for mine dewatering ;
Dewatered mine workings It ~
" Fracture trace Scale, ft
u A_f Geologlc cross- section line

FIGURE 16. - Fracture traces and well loca-
tions in the vicinity of Crab Orchard Run (34).
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Mining company records indicate that
the strike of the coal seam is 40° west
of north and the dip is to the southwest
at 3.4° (6 pct). Geologic cross sections
appearing in figures 17 through 19 were
constructed from well and core hole data
obtained in the vicinity of the mine. In
addition to the Upper Freeport coal,
these cross sections show the orientation
and thickness of a shallow sandstone lay-
er that lies above the coal seam. Figure
16 shows the location of these cross sec-
tions in plan view.

Wells 1labeled 32~-45, 32-47, and 32-48
on figure 16 were core holes drilled ear-
lier by the mining company. Water level
measurements in these holes were not
available.

_Well 32-48,
elevation 2,080

wetl I,
elevation 2,043

well 32-47
elevation

2,035 Highwalt

0 50 00 200
Wl Coo!

EX] Sandstone
[ shale ond clay
B Surtace mine spoil

Vertical scale, ft

250 500 1,000

Horizontal scale, ft

FIGURE 17. - Geologic cross section at AA’.

Well I, elevation 2,043~

KEY
. Cool well H -
=

- el H, -

£ Sandstone X&\evuhon 1,966 o —

T3 shole and clay /

[ Surtace soil, I

filt and gravei T
e
Well 32-45- /// e
elevation 1,910 i
”_/";"/,/ 4/
e =

B 5

S I 100

vertical scale, f*

M spper Freepart cocl © 250 s8N0 )
P

Rarizortal scue, ft

FIGURE 18. - Geologic cross section at BB’.
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TABLE 3. - Crab Orchard Run well and aquifer data, feet

Upper Static water Shallow |Fracture
Well Coordinates |Eleva—|Well {Casing|Freeport level—- confined zone
X v tion! |depth|{length|coal el-{Eleva- |Above aquifer status
evation| tion datum? | thickness
Beveeoo 50{-2,100}1,800 458 27 1,645 |1,756.0 NAp 140 Int.
Ceeesne | —1,750]1-1,200¢1,777 501] 141 1,646 |1,711.5 NAp 54 Int.
Deeeces -850(-1,350{1,775 454 12 1,652 11,740.2 NAp 111 Single.
Heeoooo 2,700} 1,000|1,966 3140 8 1,791 |1,906.0|218.0 105 None.
Teesses 5,300{ 4,800(2,043 275| 174 1,869 |1,893.0 NAp 70 Do.
Leeeres 200 1,800{1,807 314} 120 1,708 11,724.0 NAp 99 Int.
Meseseos 800| 2,200{1,811 82 8 1,709 |1,802.2|114,2 100 None.
Neeowso 200 2,200(1,816 200] 119 1,714 |1,762.9 NAp 102 Single.
Ocensns =300 95011,801 218 9 1,697 11,786.8 NAp 104 Int.
Peesons -250 75011,795 216 9 1,694 11,786.9 NAp 101 Int.
Q%..... -300 200(1,788 | 3112 0 31,688 [1,781.5| 93.5 100 Int.,
Revsoos 250 500{1,791 220 28 1,698 |1,766.0 NAp 93 Int.
S4.eu.. 100{-2,000(1,807 | 2160 0 1,651 |1,760.0| 72.0 NA Single.
T4 ..., -350{-1,850{1,803 | 3140 0 1,648 |1,734.2| 46.2 NA None.
Wheeeoo -600|-1,750|1,783 |e3140 0 1,650 |1,734.6| 46.6 NA Do.
32-455, 1,300({-3,150{1,910 173 0 1,773 NA NA 90 Do.
32-475,| 1,600| 4,200|2,035 272 0 1,780 NA|  NA NA Do.
32-482. 4,500] 4,800|2,030 214, 0 1,875 NA NA 86 Do.
®Estimate. Int Intersection. 3Shallow aquifer hole.
"Wellhead. 4Piezometer hole.
21,688 ft (Upper Freeport coal 5Core hole.

elevation at well Q).
NOTE.--All measurements taken in June 1982,

ANALYSIS OF FIELD DATA and confined by an overlying shale layer

beneath adjacent hills. Below this aqui-

The fracture trace analysis indicated fer is the 36- to 44-in thick Upper Free-
that a dense network of fracture zones port coal seam, and below the seam is a
exists beneath Crab Orchard Run. Ten 5- to 20-ft-thick fireclay layer. Sub-
wells were drilled in this wvalley, both sequent modeling investigations and mine-

on and off the fracture traces (see fig- aquifer dewatering activity will focus on
ure 16). this shallow sandstone unit.
Pumping was performed in each of these
wells to obtain a rough measure of a
well's sustainable yield and its conse- xb&”“//

gquent value for dewatering, however, pump
tests to obtain a quantitative measure of
permeability involved only four wells, D,
0, P, and Q. The results of pump tests
performed on this site are summarized in
table 4,

The pump test results clearly indicate
that most of the ground water flowing to
the wells drilled in Crab Orchard Run was ke
coming from the shallow aquifer unit in- E%ii:tm
dicated in figures 17 through 19 (34). E];Mwmumn —

As can be seen in figure 19, this shalLow W oo U
sandstone unit ranges from 85 to 130 ft e

thick. It is wunconfined in the valley FIGURE 19. - Geologic cross section at CC’. '

9] 50 100 200 Verticat
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TABLE 4. - Summary of calculated values of transmissivity, permeability, and
storativity from all pump tests (éﬁ)

Well Transmis-— Permeability Stora-
Pump-|Obser-| Section of rock Method sivity, gpd/ft2 m/h |tivity
ing |vation gpd/ft
D D Entire hole.......|Specific capacity 400 NAp NAp NAp
estimate, 1 h.
D D 90 to 280 fteses..|Theis recovery 31.3 0.16|0.00027 NAp
method.
D D 75 to 90 fteeeseee|eeedOeensacnnannas| 1,193 79.5 .14 NAp
P Q Water table Time—drawdown in 15,916 NAp NAp|0.008
aquifer. observation well;
Theis fit.
P Q Water table aqui- |Time—~drawdown in 2,674 NAp NAp| .001
fer. Same as observation well;
above but for Boulton delayed
upper 32 ft curve fit,
dewatered.
P P Entire saturated Specific capacity |37,000 NAp NAp NAp
hole. estimate, 1 h.
P P eeedOceeevsveonnacloesdOeesennenensss 10,000 NAp NAp NAp
0] 0 18.58 t0o 218 ftevs|eesdOsuessesnsssess 19,000 NAp NAp NAp
0 0] 31.58 tc 218 flewe|seedOecnnsnannasasas| 1,300 7.05| .012 NAp
0] 0 18.58 to 31.58 ft.|Specific capacity |17,700 1,475 2.5 NAp
estimate and
calculation,
D Single fracture sited. O,P Fracture intersection sited. Q Observation only.

NAp Not applicable.

A shallow ground water flow gradient
probably runs from the hills just east
and north of Crab Orchard Run southwest

to the broader southern part of the
valley.
The difference in head between wells H

and Q (table 4) is used to estimate the
rate of ground water flow in this shallow
aquifer. with the low (intergranular)
permeability values from pump tests at
wells D and O (see table 4), uniform flow
rates are estimated to range from 8.0 to
330.0 ft/yr (porosity is 0.1).

PARAMETERIZATION OF THE AQUIFER SETTING

For this simulation, the fracture in-
fluence on aquifer permeability is as-
sumed to be uniformly distributed
throughout the entire thickness of the
shallow aquifer, within specified high-
permeability zones.

The datum for this problem is the top
of the Upper Freeport coal seam at well Q

(elevation 1,688 ft). The coal and un-
derlying shale layers form the bottom
confining layer for the shallow aquifer.

High-permeability fracture zones are
defined largely according to the valley
outline of Crab Orchard Run. However
fracture zones that cut across the valley
are especially important, because of
their orientation with respect to the
direction of uniform flow. These frac-
ture zones are individually identified
and included within a high-permeability
zone, Transverse fractures are assumed
to extend for at least 1,000 ft beneath
the adjacent hills and they are often the
most clearly wvisible on stereopaired
aerial photographs.

In order to accommodate a line doublet

representation of fracture zones, and
also to reduce the numerical computation
associated with streamline tracing, the

width of individually identified fracture
zones is defined uniformly as 100 ft.
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Permeability zones are superimposed on
the fracture trace network of Crab Or-
chard Run, in figure 20, The zone having
the highest permeability is designated
Ko This zone includes the central val-
ley bottom and the individual transverse
fracture zones, All those dewatering
wells, that had a 24-h sustained yield
exceeding 100 gpm were included within
this zone (see figure 16).

Specifically, this includes a portion
of the valley to the southwest in the
vicinity of well C. Well C was the

single most productive well drilled dur-
ing this project, sustaining a 500- to
700-gpm discharge rate for over 8 h.

Well D, although it was barely able to
sustain 20 gpm, is located within k,, but
very close to the boundary. Well D was a
compromise location when it was discover-
ed that the fracture intersection just
north of it was inaccessible to drilling
equipment,

Two other high-permeability regions
were also defined, k, in the northern
part of the wvalley in the vicinity of
wells L, M, and N and k; in the south-
eastern area, near wells B and S. Al-
though fracture zones were believed to be
located in these areas of the valley,
wells on these sites sustained yields of
only 5 to 60 gpm. While this is signifi-
cantly more than the 1- to 5-gpm yield of
a typical domestic well in the area, it
indicates that the fracture connection at

these sites may be more limited than in
the central part of the valley.

At the north end of the valley =zone k;
was defined so as to exclude well M,
which was not fracture sited, and which
maintained a static level that was 15 to

20 ft higher than other wells in the val-
ley. Otherwise zone k,; conformed to the
valley contour, In the southwest, zone
ks was defined in order that wells B and
S could be included, but wells T and W
excluded. The reason for this stems from
the much higher static head in shallow
well S over that of nearby shallow wells
T and W (see table 3). This seems to in-
dicate that natural ground water flow
from the northeast is recharging the area
around well S much more readily, perhaps
via fractures. Static head in well S is

FIGURE 20. - Permeability zone representation
of fracture traces near Crab Orchard Run.

nearly the same as that of well B, which
is known to be sited on an intersection.
Well S is also very near a north-south
fracture trace.

Static Background Simulations

Static water level measurements at six
shallow well locations in the vicinity of
the mine (table 4) were used as criteria
for judging the accuracy of a simulation
of the shallow aquifer setting, prior to
well pumping.

[nitially, estimates of permeability
used in this simulation were taken from
pump test results (34). The surrounding
unfractured aquifefT_éone k, was assigned
a permeability value obtained for the 32-
to 218-ft interval of well 0, an interval

y



that yielded little water during drilling
and where little evidence of fracturing
was encountered. Zone k, was assigned
the high permeability value obtained in
the 19- to 32-ft interval of well O.
This narrow interval supplied most of the
well discharge, and in addition, drill
logs indicated broken rock at this
depth.

All four permeabilities, in addition to
the wuniform flow rate and the far field
boundary head, were then adjusted in
order to best fit the available field
measurements of static head in the shal-
low aquifer. After a number of trial and
error runs, permeability values and a
flow rate were selected that resulted in
a reasonable approximation of static con-
ditions observed in six shallow observa-
tion wells (see table 3). Table 5 de-
scribes these input values.
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pieces of information regarding the hy-
drologic setting of this well that are of
interest. First (referring to table 3),
the static head at well S is 26 ft higher
than at neighboring wells T and W. Sec-
ond, the head at S is 21 ft lower than at
well Q. Third, S showed no measureable
response to pumping from well D, while
wells T and W responded with 25 ft or
more of drawdown (23). As table 6 indic-
ates, the distribution of head values
among Q, S, and T in this simulation is
only a fair match with the actual values.
An interval of (low) permeability, k, be-
tween zounes k, and ki might improve the
simulated results by inducing a steeper
gradient in head between wells Q and S.

TABLE 6. - Actual and simulated static
heads; feet above the datum (1,688 ft)

Well Actual Simulated
TABLE 5. — Static background parameter Heeeoosoosoossosnnons 218 215.0
values, gallons per day per square Meceoososoessconnsnce 115 115
foot Qleceeseonooscassnnes 95 92
T 72 86
(Uniform flow = 141 ft/yr) T ieevesesecccononnos 46 56
Wleeeeoeooonsnsonanns 47 44
Pump Selected TA requirement of this simulation is
Zone test Range value that head be less than 100 ft everywhere
results in the valley where the aquifer dis not
Kieooss NA 10- 1,000 250.0 confined by an overlying shale layer.
Koeeows | 1,475.0 1,000-10,000 2,500
Kzeoaas NA 10- 1,000 25.0 The simulated piezometric surface in
Kesooose 7.05 1- 10 2.5 the shallow aquifer beneath Crab Orchard
NA Not available. Run, prior to dewatering well pumping ap-
pears in figure 21. In figure 21, head
The permeability values selected for is measured in feet above the coal seam

zones k; and ks were generally consistent
with the results of well pump tests in
these zones. Wells in zone k, sustained
4=h yields averaging between 300 and 400
gpm, wells L. and N in zone k; were able
to sustain 4-h discharge rates of less
than 10 gpm, while well B in zone ki sus-
tained a discharge rate of just over 60
gpm for 4 h following drilling.

A comparison of actual and simulated
static head values at the six shallow
well observation points appears in table

6. Head is measured in feet above the
datum (datum = 1,688 ft).

The most difficult data point to fit in
this simulation is the observed static

head at well S, Field data present three

that is the bottom
this aquifer.

In general, uniform flow from the
northwest results in a gradient in head
that is steepest in the low-permeability,

confining layer of

k, region surrounding the valley, as in
the vicinity of wells H, W, and T.
The gradient is shallower in zone Kk,

where the permeability is 10 times great-
er than k. Within k, and kgz, a very
slight gradient is adequate to induce
ground water flow at the rate of 141
ft/yr.

At the boundary between k, and the sur-
rounding region of permeability k, the
gradient 1is steepest at the tips of the
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FIGURE 21. - Simulated piezometric surface
beneath Crab Orchard Run.

transverse fracture zones, 1indicating
that these fractures concentrate much of
the natural ground water flow long before

(and after) it has reached the valley
bottom.
From a mining standpoint, this means

that significant water
can occur long before
has reached beneath the valley bottom.
The Sunshine Mine workings are approach-
ing Crab Orchard Run from the east.
Therefore, this simulation suggests that
the first few mine entries should be
aligned with one of the unfractured in-
tervals between transverse fracture
zones. This would prevent the mine from
interfering prematurely with the dewater-
ing action of wells that are operating in
the valley bottom.

The average permeability of a fracture
zone, its orientation with respect to the
direction of natural ground water flow,
and its location with respect to other
fracture zones in the flow domain are all
important in determining the extent to
which uniform ground water flow is calcu-
lated by a particular zone. This in turn
has 1implications for future siting of

inflow problems
mine development

dewatering wells, since it 1is generally
desirable to site wells within zones that
are best able to concentrate the natural
flow of ground water in the vicinity of
the mine workings.

Simulation of Dewatering Well Operations

A pilot dewatering experiment
ducted at the Sunshine Mine for a 20-day
interval in July 1982. The dewatering
experiment involved pumping from wells P
and R with daily drawdown measurements in
P, R, O, and Q (fig. 16).

The effect of dewatering on ground wa-
ter inflow to the Sunshine Mine workings
is described in a later section. Concern
here is with the effect of dewatering ac-

was con-

tivity on the fractured aquifer setting
of Crab Orchard Run and with the ability
of DWATR to adequately simulate these
effects.

Certain personnel and equipment con-

straints were imposed from the beginning
on the pumping schedule at the Sunshine
Mine. Personnel to operate the system
and an electrical generator were avail-
able for no more than 4 h/d. Of neces-
sity, therefore, the pumping schedule was

intermittent. Although high-capacity
pumps were available for maximum dis-
charge during the 2.5 to 3 h that the

pumnps operated each day, by no means were
the wells pumped at maximum 24-h capac-—
ity. From July 8 to 28, excepting July
18 and July 23, wells P and R were pumped
simultaneously for 2.5 to 3 h/d. Pumps
were set at 190 ft in P and 185 ft in R,
Both wells were open to aquifers above
and below the coal seam. Although the
previous pump tests made it evident that
the contribution of the lower aquifer to
total well discharge was small.

From a modeling standpoint, it is im~
portant to know if steady state flow con-
ditions were achieved at some time during
this dewatering experiment, Further,
since the pumping schedule was intermit-
tent it is necessary to determine if the
high intermittent pumping schedule can be
approximated, for modeling purposes, as a
much lower continuous pumping rate.

Figure 22, which shows the average
(over 24 h) pumping rate and the maximum




daily drawdown in pumped wells P and R
for each day of the dewatering experiment
helps to answer these questions. Al-
though discharge rates from P and R dif-
fer by a factor of 10, this figure clear-
ly shows the effect of storage water
being withdrawn during the first 2 to 3
days of pumping. Drawdown in well P sta-
bilizes after 4 days of pumping, and in
well R after only a single day of pump
operation, The decline in pumping rate
during the first few days is 1in response
to the increasing depth to water in both
well P and R.

Figure 22 shows that after the first 9
days of pumping (July 8-17), drawdown and
pumping rates have stabilized in both
wells. This drawdown-pumping rate equi-
librium is disrupted, however, when pump
operations are interrupted on the 18th
and again on the 23d. The erratic draw-
down and pumping behavior from the 18th
onward appear to be the result of these
pumping interruptions. Equilibrium
appears to have been reestablished only
during the 1last day or two of the
experiment,

Figure 23 shows the drawdown response
of observation wells O and Q as a result
of pumping from P and R. Once again
drawdown appears to stabilize after the
first 9 days of pumping. Again this
steady state condition is disturbed by
pump shutdowns on the 18th and 23d of
July. Equilibrium is reestablished be-
fore the end of the experiment, however.

Despite interruptions 1in the pumping
schedule, steady state pumping rates and
drawdown values, for wuse as input to a
steady state dewatering simulation, can
with some confidence be abstracted from
this 2l-day dewatering experiment. The
steady-state parameter values in table 7
were abstracted from figures 22 and 23.

TABLE 7. — Steady state dewatering
parameter values

Well Pumping rate, gpm | Drawdown, ft
Peereso 8.8-9.8 178.0
Reeosos 3.7-4.0 170.0
Oseesse 0 26.0
Qeveoces 0 14.5
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They 1include the pumping rates selected
for DWATR input, and observation weil
drawdown measurements for comparison of
actual and simulated pumping results.
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Steady state pumping rates for wells P
and R range between 8.8 to 9.8 gpm and
3.7 to 4.0 gpm respectively. The range
of wvalues reflects the slight downward
trend in pumping rate, still apparent at
the end of this dewatering experiment,
The simulation of steady state dewatering
effects 1is conducted wusing the minimum
pumping rates as inputs.

The first test of this simulation in-
volves a comparison of actual and pre-
dicted drawdown of two nearby observation
wells. Table 8 summarizes the effect of
pumping on observation wells O and Q.
While there is <close agreement between
predicted and actual drawdown at well Q,
the results at well O are less consis-

tent. Here, the model has predicted 15
ft of drawdown while field measurements KEY :2i§§§§ ‘4
indicate 26 ft. This discrepancy is N85\ \}\

K Permeability zone NN
thought to be due in part at 1least, to P Well location
the difference in depth of wells. —145— Piezometric contour

While well Q penetrates just the shal-
low aquifer, 0, P, and R all extend more
than 100 ft into the confined wunit below
the Upper Freeport coal seam (see table

FIGURE 24. - Simulated piezometric surface
due to dewatering well pumping.

4). The shallow aquifer piezometric sur—

Pumping from wells R and P results in a face, developed from this dewatering sim-
cone of depression in both upper and low- ulation, appears in figure 24. Pumping
er aquifers. Well 0, which is open to and observation wells are also annotated
both upper and lower wunits, would cer- on this figure, Comparing this contour
tainly be affected by reduced head in the map with the one developed for the back=-
lower aquifer. Well Q, which is com~ ground simulation (fig. 21) reveals that

pleted only in the shallow aquifer, would the net effect of pumping from wells P
be affected only indirectly by reduced and R is a head reduction of approximate-
head in the lower aquifer. Thus pumping ly 10 ft in zone k,. Significant draw-
from wells P and R has a proportionally down effects are more or less evenly
greater impact on the drawdown in well © distributed throughout all three perme-
than in well Q. ability =zones, although the effect of

TABLE 8. — Well P and R actual (éﬁ) and simulated pump test results and
effects on observation wells O and Q

Actual, June 25, 1982 Simulated
Maximum effect of 21 days of Pumping Total
Observation | Static water level pumping (steady state flow) rate, drawdown,
well above datum,' ft | Water level above | Total draw- gpm ft
datum,! ft down, ft
Qeeceeeanonnna 95.0 80.5 14.5 0 15.0
Oveennennnns 96.0 70.0 26.0 0 15.0
Pevivenenas, 98.8 -79.2 178.0 8.8 NAp
Revvenannnnn 78.0 -92.0 170.0 3.7 NAp

NAp Not applicable.
11,688 ft (Upper Freeport coal elevation at well Q).




pumping on piezometric surface does not
extend far beyond the boundaries of the
zones.,

Simulation of Alternate Dewatering
Well Settings

The maximum dewatering potential of
wells P and R is achieved by adjusting

the pumping rate so that head at each
well radius is zero in relation to the
datum (pumps in P and R were set at 190

ft), giving discharge rates of 21 and 9
gpm, respectively.

The piezometric contour in figure 25
was generated using these maximum sus-
tainable pumping rates.. As this figure
indicates, an additional 10-ft lowering
of the piezometric surface beneath Crab
Orchard Run could be expected from this
maximum pumping rate.

Depending on the direction of future
mine development, two other wells (B and
C) drilled in Crab Orchard Run may have
potential as dewatering sites. Although
pumps were never installed in these
wells, a simulation of the effects of
pumping from wells B and C 1is included
here, primarily to highlight the effect
that well locations have on the piezomet-
ric surface in this high permeability
setting.

Figure 26 is the piezometric surface
resulting from this simulation. For com-
parison purposes, pumping rates selected
for these wells are identical to those
used to generate figure 25, i.e., C is
pumped at 21 gpm, and B at 9 gpm.

As is evident from comparing figures 25
and 26, the location of dewatering wells
within zones k, and kxz (given the same
pumping rate) has little effect on the
resulting piezometric surface within the
high permeability zone.

Although modest attempts were made in
these simulations to mimic the field ob-
servations, by no means does this simula-
tion represent an optimal parameter se-
lection for this problem. Nor is it nec-—
essarily the intent of this investigation
to generate a site-specific predictor of
dewatering affects Dbeneath Crab Orchard

Run.
Modeling results are best used
to provide insight into the hydrologic
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FIGURE 26. - Simulated piezometric surface re-
sulting from sustained pumping of wells B and C.
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behavior of high permeability valley set-

tings and their response to dewatering
activity., If a modeling investigation is
conducted at the same time as the field

activity, a good deal more trial and er-
ror manipulation of input parameters is
justified in attempting to develop a more
accurate simulation of the static frac-
ture zone hydrologic setting. Such a
model could then be used to guide explor-
atory drilling and pump testing in order

to better define zones of high permeabil-
ity in the valley.

The impact of dewatering
tions on inflow to the underground work-
ings of the Sunshine Mine, as they ad-
vanced beneath Crab Orchard Run, has thus
far not been considered. The mine inflow
monitoring program and the in mine re-
sults of dewatering activity are present-
ed in the following section.

well opera-

SUNSHINE MINE DEWATERING FIELD TEST

The Sunshine Mine had a
severe water problems which

history of
included not

only high AMD (pH 3.0 to 3.5) treatment
costs but also mine water interference
with activity at the face, During the
time of the dewatering project (October
1981 to August 1982) the mine had only
recently opened, and was operating a

five-entry development in a single active

section, This wet section, which was
more or less isolated from the other
workings, was experiencing severe mine

water interference with continuous miner
operation and rubber-tired haulage vehi-
cles. Mine water at the face was enter-
ing mainly through roof fractures and
roof bolt holes. At the face, mine water
was comparatively high quality, however,
it became degraded as it was pumped from
sump to sump and mixed with water coming
from abandoned workings.

The Sunshine Mine workings, superim~
posed on a topographic map, were shown in
figure 16. In that figure, the shaded
portion of the workings represents the
final development of the active section
in this mine during the 9 months of
active involvemen: with this project,
January-September 1982,

FRACTURE TRACE ANALYSIS, WELL DRILLING
AND DEVELOPMENT
0f the nine fracture-sited wells
drilled during this project, three were
located more or less on the periphery of
future mine development (wells B, C, and
D in figure 16). Although two of these
wells were capable of sustaining very
high yields, they were not used later in
the actual mine dewatering operation, due

to a change in mine development
afrer the project had begun.

After siting, proposed dewatering wells
were surveyed and located on the mine map
in order to avoid projected haulageways
and to ensure that well sites coincided
with future pillar locations.,

Eleven wells were drilled as part of
this project (ten 6-in wells and one 10-
in well). Six wells were drilled on
fracture intersections. Two wells were
sited on single fractures, and three
others were nonfracture sitings. Well
depths ranged from 82 to 501 ft (see
table 3). An interpreted cross section
running along Crab Orchard Run was devel-
opad from some of the drill logs and is
presented in figure 27.

Initial well development (air surging)
to remove drill cuttings wedged in cracks
and fractures was inadequate at most
drill sites. Consequently, before long-
term pump tests could begin, a lengthy
interval of remedial well development
work was necessary.

plans
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FIGURE 27. - Interpreted geologic cross sec-
tion along Crab Orchard Run.




IN-MINE DEWATERING RESULTS

The in-mine assessment of dewatering
efforts was by necessity limited to in-
termittent spot measurements of inflow to
the wet section, made at various times
during the course of the experiment. In-

flow to the wet section exceeded 40,000
gpd prior to December 1981, while the
section was being actively developed.
Because of the high inflow rate and re-

sulting production problems, this section
was abandoned in December and all devel-
opment work stopped. Pumping from this
section continued, however,

Three measurements of wet section in-
flow were made during the period December

1981 to March 1982 prior to dewatering
activity of any kind, drilling, pump
testing, or scheduled pumping. These

measurements indicated that inflow to the
wet section had slowly declined after de-
velopment work was stopped 1in December.
By March, wet section discharge had de-
clined to less than 21,000 gpd.

Well drilling and pump testing of wells
L, M, N, 0, P, Q, and R, began in mid-May
and continued off and on until July 8.
Shortly after wells L, M, and N were
drilled in late May, the mine foreman re-
ported an abrupt decline in infiltration,
in the inactive section, particularly
noticeable at point sources (roof bolt
holes, etc.) in the mine, By mid-June,
wells 0, P, Q, and R had been drilled and
tested; at this time the mine foreman re-
ported that the water being discharged
from the inactive section had decreased
to approximately 1,000 to 2,000 gpd.

During June, two visits to the wet sec—
tion were made to confirm that the previ-
ously wet section was now dry and that
sump pumps set in the now inactive en-—
tries and capable of delivering 75 gpm
were operating for only 10 to 20 min/d.

Because of the now apparently dry con-
ditions, mining activity resumed in this
section during the last week of June, ac-
companied by continued reports of dry
workings as the entries advanced west-
ward. Renewed mining activity had been
underway for 2 weeks before scheduled
pumping from dewatering wells P and R was
able to begin on July 8.
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scheduled well
the apparent

During the 3 weeks of
pumping, from July 8 to 28,
trend in mine infiltration was a gradual
increase from the initial 1,000 to 2,000
gpd to approximately 6,000 gpd at the end
of July. During the entire month, mine
workings were expanding to the west be-—
neath Crab Orchard Run.

At the end of July, mine development
plans again changed. This time a concern
over mine ventilation caused development
to proceed in a southerly direction (see

figure 16). The dewatering experiment
was terminated shortly after this latest
change in mine development plans

occurred.

One final measurement in
weeks after all dewatering
ceased, indicated that mine discharge
from this section (the shaded area in
figure 16) had climbed to 19,000 gpd. 1Im
early September, the mine foreman indi-

mid-August, 2
activity had

cated that inflow was still increasing,
however no further measurements were
possible.

The area of mine development from which
the underground sump collected mine
drainage had expanded from 265,000 ftZ at
the start of the 2l1-day dewatering exper-
iment to 540,000 ftZ by the end of July.
All of this development was in an inten-—
sively fractured valley setting.

The quality of water discharged from
all dewatering wells was wuniformly high
(suitable for domestic use) throughout
the course of pumping. After an initial
flushing, the pH of dewatering well dis-—

charge stabilized at 6.5 to 6.8. Iron
concentration stabilized at 2.0 to 3.0
mg/L. West Virginia Department of Natu-

ral Resources approval was obtained for

temporary discharge of this water into a
nearby stream without prior treatment.
The receiving stream had a pH of 7.5 to

8.0 and total irom of 0.12 mg/L.
ANALYSIS

The Sunshine Mine workings were devel-
oped to within 300 ft of the wvalley bot-
tom before being temporarily abandoned,
so it seems unlikely that the piezometric
head in the fracture =zone beneath Crab
Orchard Run was completely unaffected by
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drainage into the mine. There is evi-
dence to indicate however that the dewa-
tering influence of the mine was quite
limited., For instance, head measuremerts
in the shallow wells of Crab Orchard Run
indicated a stable or rising water table
throughout April, May, and June. The wa-
ter level in shallow well Q was less than
10 ft from the surface (see table 3).
Generally speaking, the time-dependent
nature of mine inflow and the continuous-
ly expanding area of mine workings in ac-
tive sections makes it difficult to mea-
sure the effectiveness of fracture zone
dewatering from inside the mine. Before
and after comparisons of mine inflow
rates are tenuous since there are often a
number of factors influencing the mea-
sured inflow rate that are difficult to
isolate and measure, let alone control.
Measuring in-mine results of dewatering
operations at the Sunshine Mine would
have ©been far easier if wells had been
developed, and pumping operations begun
in January or February when the mine sec-

reactivated and the mine void was once
again expanding.

Considering that mine workings were ad-
vancing directly beneath the highly frac-
tured valley setting of Crab Orchard Run
during the entire month of July, outflow
from this reactivated section remained at
a comparatively low level, never exceed-
ing 6,000 gpd during the entire 3-week
interval in which scheduled pumping was
taking place.

The limited number of in-mine measure-
ments that were made during and after
this 2l1-day experiment points to a sig-
nificant increase in mine infiltration in
early August, after pumping operations
were terminated. However, it is not pos-—
sible to completely isolate the effect of
well dewatering from other variables that
may have affected the mine inflow rate at
this time. For instance, the direction
of mine development also changed at about
the same time that dewatering operations
ended. The alignment of mine workings
with the fracture valley setting may have

tion was inactive, rather than waiting contributed to the increase in mine in-
until July when this section had been filtration during August.
CONCLUSTIONS
This investigation has focused atten- A savings in acid mine drainage treat-

tion on fracture zones as
element of both mine water problems and
mine dewatering methods. A number of
conclusions, generally having to do with
fracture zone involvement in mine inflow,

an important

and with the design of mine dewatering
operations are possible,

As the in-mine survey and fracture
trace studies indicated, high pernme-

ability fracture =zones ought to be the
focus of mine dewatering activity, since
they constitute preferred flow paths in
the aquifer overlying underground work-—
ings. Ground water that is stored within
the fracture =zone network is water that
will likely be released into newly devel-
oped and isolated mine workings.

As the flow simulation indicated, zones
of fracture concentration are involved in
minimizing the number of wells needed to
dewater mine workings, since high pumping
capacities are more likely when dewater-—
ing wells are sited within high perme-
ability zones.

ment costs is possible, since
ter that 1is intercepted in the fracture
zones, before it enters the mine work-
ings, has not yet been degraded by con-
tact with exposed pyritic material in the
mine, or by mixing with acidic mine water
coming from other workings.

Many of the advantages of fracture zone
dewatering impact favorably on mine pro-
ductivity, in the form of improved work-
ing conditions. All of which are most
apparent when dewatering activity has re-

ground wa-

duced inflow to the active areas of mine
development. The release of fracture
zone storage water at the active face is

closely associated with wet section min-
ing conditions,

Ground water flow in fracture zone set-
tings 1is often complex. Dewatering de-—
sign activity must be preceded by a con-
ceptual wunderstanding of the various
hydrogeologic conditions that influence
the pattern of ground water flow in a
specific mine-fracture zone setting.

y



The approach to fracture =zone dewater-
ing presented here 1is oriented toward
localized, high inflow mine water prob—
lems that arise when mine development is
in the wvicinity of fracture =zones or
fracture valley topography. Typical mine
water problems for which fracture zone
dewatering may be an appropriate solution
include, (1) wet sections where the
alternatives to water inflow control
are unacceptably low productivity or
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abandonment, perhaps giving up a sizable
piece of coal reserve, (2) mine sections
left inactive because of extreme water
problems, in which renewed mining activ-
ity has once again become necessary (per-
haps relatively short-term development
for ventilation, water handling, haulage,
etc.), or (3) initial entry development
for a longwall panel, where the isolated
nature of the entry leads to extreme wa-
ter inflow problems.
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APPENDIX A.—--DWATR PROGRAM MODULES

Purpose
DRIVER CONTROL ROUTINES

Input-output.

Calculate a grid of Q values for input to a head contouring program.

Generate a streamline pattern, by specifying streamline starting
locations at wells or elsewhere in the flow region. Select streamline
tracing method. Check for permeability zone crossing, normal streamline
trace, and termination.

FLOW PROBLEM COMPONENTS

Determine , the additive solution from flow components, i.e. wells,
permeability zones, uniform flow, far field boundary condition.

Determine Q,, the solution for the well component of flow. Account for
branch cut singularities.

Determine Q,, the flow solution for discrete permeability zones. Linear-
ly or parabolically interpolate doublet strengths between endpoints.
Determine streamline entrance and exit from permeability zones.

DOUBLET STRENGTH

Determine line doublet strengths at endpoints subject to internal
boundary condition involving permeabilities k, and k;. Generate n
linear equations with n unknown double strengths.

Locate line doublet midpoints. Include these coordinates in the array of
simultaneous strength equations for parabolic fit.

Separate first and second order components of doublet strength at the
doublet midpoint. Save the parabolic component.

Obtain a solution to a set of simultaneous linear equations using Gauss-
Jordan (row reduction) procedure.

STREAMLINE ITERATION

Determine z given Q using Newton's method to iteratively find roots of
nonlinear equation; compute error, check convergence on both ¢ and V.

Use a variation of Newton's method to trace streamlines, compute error,
and check convergence on ¥ only.

MINOR ROUTINES

Check current streamline location for proximity to dipole singularities.
Restart streamlines after "stepping over” the singularity.

Determine maximum and minimum values of z, 2, and ¢ for plot and contour
map program input.

Convert potential to head. Account for continuous potential across
confined and unconfined flow boundaries and continuous ¢ across
permeability zone boundaries.

Convert head to potential.

Calculate an approach criterion for streamlines near well singularities.

Determine if z is inside or outside the plot boundary.

DWATR INPUT-OUTPUT FILES

Logical unit Logical unit

File name number File name number

User inputeseessocscssesoss 10 Plotting and contouring T
Printer Outpuleceesecsssess 6 (disk)eeesenesnonsoonannas 15
CRT OULPULseesesoossscsonns 1 Streamline plotting (disk). 17
Head and potential contour Doublet strengths (disk)... 19

grid (disk)eeeeeseenneanes 13 Mass transport-streamline

interface (disk)eeeeeeoeose 14
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APPENDIX B.-—-INPUT VARIABLE DESCRIPTION

INPUT RECORD 1

Variable Format Description

I0PT.... 15 Input-output print option (1 or 0). If IOPT = 1, the program
prints iterative streamline data. This option can be used as an
aid in selecting proper error bounds, etc., for streamline con-
vergence.

VOPT.... I5 Mass transport model interface option (1 or 0). If VOPT = 1, an
interface file containing streamline data is generated on logi-
cal unit 1l4.

GOPTesws 15 Grid file option (1 or 0). If GOPT = 1, a grid of head and po-
tential values is generated on logical unit 13 for later contour
map construction.

XLOeowoow F10.0 Rectangular window boundaries for grid and/or streamline genera-
tion, in feet.

YLO..... F10.0 Do.

XHI...ono F10.0 Do.

YHI...0w F10.0 Do.

ZSPA.... F10.0 Grid interval on which potential and head values are generated,

in feet (ignored if GOPT = ().

Parameters on input records la, lb, lc, and 1d are passed to logical unit 14 for

input to mass transport program.

These four records should be included only if VOPT

= 1.
INPUT RECORD la
Variable Format Description
Devevese E10.5 Molecular diffusion coefficient.
| P E10.5 Formation electrical resistivity.
PSeeensne E10.5 Average formation particle diameter outside all permeability-
porosity zones, in centimeters.
SIGMA... E10.5 Inhomogeneity factor.
POROS. .. E10.5 Porosity outside of all permeability-porosity zones, dimension-
less proportion.
RHOS.... E10.5 Rock density outside all permeability-porosity zones, in grams
per square centimeter.
ISKP.... 15 Interval at which streamline nodes are output to LU l4.
If ISKP = 1, all acceptable streamline nodes are output to LU
14. 1If ISKP = 2, every second node is output. If ISKP = 3,
every third node is output, etc.
NZT..... 15 Number of permeability-—-porosity zones.
INPUT RECORD 1b
Variable Format Description
POR(i).. 8E10.5 Porosity inside permeability-porosity zone(i) (8 entries per
line).
INPUT RECORD lc
Variable Format Description
P(i)esas 8E10.5 | Average particle diameter inside permeability-porosity zone(i)

(8 entries per line).

y
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INPUT RECORD 1d

Variable Format Description
RHO(i).. 8E10.5 Rock density inside permeability-porosity zone(i) (8 entries per
line).
INPUT RECORD 2
Variable Format Description
ZBND.... F10.0 Radius of far field, constant head boundary, with center at the
origin, in feet.
RHDuouw s F10.0 Far field constant head, in feet.
INPUT RECORD 3
Variable Format Description!
NWLoeeooo 15 Number of wells (0 < NWL < 10).
IFLOceos 15 Uniform ground water flow indicator (1 or 0)., If IFLOW = 1, uni-
form flow exists.
MPTeesso I5 Number of streamline starting locations. A well, with multiple
streamlines, is considered 1 starting location (0 < MPT <100).
MXPTS... I5 Maximum number of points per streamline (MXPTS <200).
NZTeoeune 15 NZT| is the number of discrete zones of differing permeability
(0 < |NZT|< 4).

If NZT > 0 doublet strengths are generated and written to a
strength file, logical unit 19.

If NZT < O doublet strengths are read from previously generated
strength file, logical unit 19; parameters affecting flow are
assumed to be identical to those used in generating the file.

If NZT = O permeability is uniform throughout the flow domain.

STMeeens I5 Streamline tracing method. STM = 0, Newton-Raphson iterative
convergence required on both ¢ and ¥. If STM = 1, unequal ¢ in-
tervals, and iterative convergence required on Y only.

DECecees F10.0 Interval between consecutive streamline points., If STM = 0, DEC
is downgradient (+) or upgradient (-) interval in head (¢). If
STM = 1, DEC is downgradient (+4) or upgradient (-) interval in
z,

PERM.... F10.0 Homogeneous aquifer permeability, outside all permeability zones,
in gallons per day per square foot.

THICK... F10.0 Aquifer thickness, in feet.

WRDS.... F10.0 Well radius, in feet.

AQevesees A4 Aquifer type. AQ = CONA upper confining layer is present; AQ =

UNCA if no upper confining layer is present.

1A11 parenthetic maximum and minimum values are dependent on array size in DWATR.

INPUT RECORD 4!

Variable Format Description

RERRZ... F10.0 Absolute error criteria for ¢ convergence.

IERR. ... F10.0 Absolute error criteria for ¥ convergence. (DWATR calculates a
relative error criteria for ¢ and V¥.)

DPJP.... F10.0 The radius of a circle around each doublet singularity, wherein

Newton's method is no longer used to calculate succeeding
streamline points, in feet.

See footnotes at end of tabulation.
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INPUT RECORD &!-=-Continued

Variable Format Description
ITRMX... I5 Maximum number of iterations permitted to achieve convergence
criteria.
ALSTP... F10.0 Minimum value for relaxation parameter «, where 0 < o < 1. If
ALSTP < 0, o is assigned a fixed value of |ALSTP|.
LXDWN<. . 15 Number of diverging iterations before o is reduced.
LXUPZ,.. 15 Number of converging iterations before a is increased.
L1f MPT = 0, omit this record. 2This parameter is ignored if STM = 1.
MULTIPLE INPUT RECORD 5!
Variable Format Description
XSTRT... F10.0 Center of a radial pattern of streamline starting points, in feet.
YSTRT... F10.0 Do.
ANGL. ... Fi10.0 Angular increment in a radial pattern of streamline starts, in
degrees.
MLINE... I5 Number of streamlines in the radial pattern, (1 < MLINE < 100).
RADS.... F10.0 Radius of a circle centered at (XSTRT, YSTRT), upon which MLINE
streamline starting points are spaced, at equal intervals.
NUMBR. .. 15 Starting point identification number.
INumber of records of this type must equal MPT, if MPT = 0, omit this record.
MULTIPLE INPUT RECORD 6!
Variable Format Description
XWheoooo F10.0 Coordinate location of a well, in feet.
YWLeoooo F10.0 Do.
Qoeeevene F10.0 Well pumping rate output (+), input (-) in gallons per minute.
NUMW.... 15 Well identification number.
‘Number of records of this type must = NWL, if NWL = 0, omit this record.
MULTIPLE INPUT RECORD 7!
Variable Format Description
ZONEl ... F10.0 Permeability zone identification number.
ZONE2... F10.0 Permeability inside this zone in gallons per day per square foot.
ZONE3... F10.0 Number of sides on this polygonal zone boundary. The zone bound-
ary is entered in counterclockwise rotation if ZONE3>0, and in
clockwise rotation if ZONE3<0 (see input record 8).
ZONE4 ., .. F10.0 Permeability outside the zone (nested zones are permitted), in
gallons per day per square foot.
ZONES5. .. F10.0 Identification number of the zone outside this permeability zone.
If ZONES5 = O outside permeability is homogeneous.

INumber of records of

this type must equal NZT. Each input record 7 is followed

immediately by the appropriate number of input records of type 8.
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MULTIPLE INPUT RECORD 8!

Variable Format Description
DPOLEX.. F10.0 Coordinates (x,y) on the boundary of a permeability zone
DPOLEY.. F10.0 identified by ZONE5. Coordinates must be entered in a

counterclockwise rotation.? Intervening straight line segments
form the zone boundary. The last coordinate entered is assumed
connected to the first via a straight line. Straight line
segments must not intersect.

IType 8 input records outline a single zone and follow immediately the input record
7 which identifies the permeability zone. Successive combinations of input record 7
and input record 8 designate additional zones. If NZT = 0, input record 7 and input
record 8 are omitted.

2Concentric permeability =zones are permitted, however successive <iInterior zone
boundaries must be entered in clockwise, then counterclockwise, then clockwise, etc.,
rotations. Direction of rotation is indicated by input record 7, ZONE3.

INPUT RECORD 9!

Variable Format Description

ANGLl... F10.0 Direction of the uniform flow vector. O < ANGLI < 360 (respect to
positive x axis).

VELl.... F10.0 | Ground water flux in feet per year (velocity = flux/porosity).

11f IFLOW = 0 omit this record.




40

LWAT W

o0od
goouz
0oz
noad
noos
00gs
goaay
goas
n009
goion
HRIR]
0ol
oot
ooi
goi
noi
noiv
g0is
noie
gozu
a2
nozz
pnz3
a2y
ng25
uze

anzy

AR

il Pl =

(S € £ I <8

[y

goas
ngz9
QoE0
D031
po3z

0033

O o R ot o B o]
[enlB el B e B ani)
BN NS (R SR VAR N

Poe)
R N A SR B R Y IR SN BN N IR VA

Loall i wel}
]
LSS I RN I OX I

()

0051
e

nosvy

nesa

APPENDIX C,.--DWATR SOURCE LISTING

T=000049 NOE47 BLED R=0000

15 D CEOOEO WS It

FTHTH

BLOCHE DATA  DATH

C

CHET 1.,
IHFT 10 .
SHEDG BFEILFD,

PP LT

Lt

{3 DF

COMMOH P

oMM FiLE ZOME, DPOLE

TFLO, @HGLT, LMFM
LOCE

»

OHED
20w
WELLD
Midrild
ERRFS
CHEM
Ml
LINE
10

DO MO

COMMIH RRHI, o, 2L, STRT, WRabD,

HLIMS,
COpMMON
COMMON A
COMRMON -

i

LD,

ERR, ITRML, ALETR.
5 T2EF

SIGMa, POR, RBHO,
FiL, Bhi
DEC.,

Fi., di

THICKE,
ML INE
L, Pl

COMpoH

CIMENSTOH BT ©300%, 2WL <320, 0 CI0y, WRab <30,

ST
&

i WUME 100, LN (RGN, DPOLE CZ00n, ZOHE <49, Tx, BHND <30,
2 HUINE <1003, ARGROC&EOOY, JUMPCI00), MOCZ00x, FOR (40, F O45

RHD <493

IER TOMED

=

FERA R, JdUFE, i,

INTEGER P, GL, ®L. 5THM., TL

COMFLEX  ZiWl, I, STRT. BHTE, DROLE. DOLF, FACTIY, FeRiTZ, Faodll
i FACT4, CLG

C

EHD
C
C
]‘:_,.,.__.,.,_.,,,___,.,_,,_,,__4,,_,_,__,____,_,__._.,,__.,__., - U i e e e e e e e i e e e e e e e e -
o e o o e o e 2t o e ot e e o e e o e o et o et o o o e e
N
C BUREAL OF MIHEZ HYDLROLOGY MODEL
C
C IR
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C CAN APPREOAIMETE AMaLYTIC mODEL FOR STEALDY
C GROUNDWATER FLOW PROBLENMS INYILVIMG WELL
C AN AQUIFER WITH REGIONS OF INHOMOIGENEOUS
C
,:_.__._._ e e rn o m e e o o em oo A o oo oo e v riom oo o s i s e o 1w 108 v e ea rea o s o R - - e i e e e e e
I o o e e e e e o e e 2 e ot e e e o e e e e et = e e e e = e e ot e ot e o e e
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COMFINEDS UHCONF IME

THE
LAYER D

L UHITE ARE U, 5.
TTOM COHFIMINHG

COEF,
CHST

COMMON
COPMON S
COMMOH
COMMON &
COMMON &
COMMON S
COMMoH
COMMON S
COMMON S
COMMON S
NiME,
COMMON /7
COMMON 2 10 7 ,
CoMMoM ~ CHEM A D, F.
"""" L F THICK.,
HLINE,

S1ZE 2
VECT &
CHET /4
INFT
JERG
FOLE &
FaME A
ONED S
20N S
WELLD A
A

!
AREGFO,
SINE .
JLIME
IFLd,

Lo

ZBHD,

CR
a0

DIMEMSION waRGPO
CEROa0y, COEF 32040,
JUMP 200 Mid 2002
CEO0y, N C30r, ZTRT O
ALTR O

FOR Cd 0,

CHARACTER+4 AR, ARFRL 23

BHD, CoH
OMEGA,
FaucTa,
ak, GL,
IERR,

COMPLEH
QMDED,
FROTZ,

FriT4,
SOFT

JUPP .

REAL

DRTH AEFR C2y, RUFRE

DUTPUT 0OH LOGIT

STREAMLINE PLOT OSUTPUT
O

DUTFUT

FLOT FILE COHTAIN
HiD, STREAMLIMES OHN

R
AND

DOURBLET STRENGTH
JLo=

FA

i
=z
-
i
ex

MAzS

DFLOW BOUMDARIES

U
ARUIFER.

AT
F THE

CHEM

‘

DFJF,

—
i
T

MaHE,
DODF
DPOLE
N

BHGLT, LhFM

RPHI. &, ZWi,
L ITRMY,. AaLs
L, AaLb, Jdi., IL,
F, SIGHMa, POR,
A, FL, BHD
ST, DEC, MMET

=om
kol
x}

(T8

CHEM ¢
(00,

. BHND od3,
>, DROLE
cieor,
T30,
iq

, MNLIKNE
1002,
Foddon,

kA
RHO

. FL, =
Mii,
30 S

N\

Al UNIT 6,

OF LOGICHL UNIT

UMIT 13,

ING PLOT

Litis fLRL

SIZE ., HID.
UMIT 15,

SHYED O LOGICAL

CE O LOGICAL

T
T

RHO, ISP

UWIT

.

MEARSLREMENT

STRT.

P, LAl LEUP
L

HE
HUS
ZIOHE

. DTRM,
VELWYE,

7

OF HEAD

i

‘
.

100

FLRWEC
WLTREM, £

WELLS,

UHIT

4.

WRAD, WRL

(I

1=

I.
Wi,

THE

Z, FHCTH,
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nti13
Uiz
nizi
nizz
niz3z
nizd
4iz2s
126
012y
gi23
{29
130
0i3i
i3z
0i23
0134
0135
0136
0137
0138
0139
0140
Gidi
o142
0143
did4
0145
0146
gt47
0143
Uid49
0150
UisSi
152
0153
0154
0155
0156
D137
0isa
0159
01640
gisi
IR B ~Y5
0163
0164
165
0166
0167
0168
RN
0170
8171
0iva
D173
03174
0i7s
0176
0y vy
0ivys

C
T = i4
o
FI o= 3,141592653
I = ¢0,0, 1.0
FEWINMD 10
C
G
U——'__'——'""'—""‘"""‘"""‘—’_"'_"'"""""'—"""'"-"—""-_—“"""""""“"-"'"'"'""""'"”'"""""""”"""""""_"“’""“
C READ PRIMT OPTIOHES CHEMICAL AND GRID OFPTIOMNS aND PLOT SIZE
READ C10, i0x [0PT, WOFRT, GOPT, ¥ELO, ¥YLO, YNHI, ¥HI., ZSPa
C __________________________________________________________________________________________
o
=
l:»f++4'+'+4f++ Bk o R R g B R R R R R R R U R R TR T T TR S R R EY R T S o T TR T Y Y3 CET LY LY Y Rt VY KUY FY VYUY G C) R
C READ CHEM INTERFACE PARGMETERS.
C
IF CYDOPT JEG. 02 GO TO {000
READ <10, 20> D, F, PS, S5IGHMa, FORDOS, RHDS, ISKP, HZT
IF CN2T .GT. 02 RE@D (00, CPOR (IZHE», IZME = 1, MNZT:
IF ¢M2T GT. 03 REAGD <10 (P CIZHE», IZ2ME = 1, M3T)
IF CMZT . GT. 0> READ <10, CRMO S IZNE DY, IZNE = 1, NZT>
IR R R R R RS R R R R R RS R LR T TR I T TR T R T S T O L T TR R T T T VR CIRTT LI TR LR VRV R Ry B 2 M i L K S o
C
C
1000 CONTIMUE
o
,‘_‘; __________________________________________________________________________________________
C RERD FAR FIELD HEAD GOUND&RY CONDITION.
READ <10, 30> ZBHD, RHD
L: ________________________________________________________________________________________
C
C
C A HNEGATIVE WELL RADIUS (WRDS) WILL IHVOKE THE DPTIOHAL WELL
C AFPROACH CRITERIA I.E. HEADCZ ) LT, HEADIWELL RADIUS S,
C
C
L i e e e e e o ot e s o o o ot et ot e o ot ot 1 o e e e ot e e e o e e e
I READ WO WELLS, STRESMLINES ,UNIFORM FLOW, MH\,FT:.,iH FERM., ZOHES,
C STREAM. TRAC . METH. ,DEC IN HEHD,HHLLGEHD,PtRN JEELTHICK, ,WELL RéD,
C AR, TYPE
READ <10, 405 Nl, IFLO, MPT, MHPTS, MZT, 5TH. DEC, FERM, THICK,
i WRDS, AR
C—____—__nm_m‘___wﬂ_“_____uﬂa,__,_m__“_mwﬁﬂ____~_m~~m_u_,ﬁ_m__,,mwm___
C
C REWIND alil DATA FILES
C
IF ¢MPT GT. 0 REWIMD PL
IF CpPT JGT. 0 JOFR. GOPT .GT. 01 REWINMD aL
IF CNZT JHE. 02 REWIND JL
IF CQOPT JGT. 03 REWIHD GL
IF ¢%0OPT JGT., O REWIND TL
~
C SPECIFY PLOT BOUNDARIES.
C
BND 1) = CHPLY <¥LGO, YLO)
BHD o= DRPLE CRHI, YLO
BHD = CMPLY CxHI, WHID»
BHD = OHMPLx CXLO, YHI2
[




gy v
Q120
IR
a8z
0183
0184
0185
0136
0137
giaz
0139
3190
0191
0192
3193
0194
0195
0196
0197
0193
0199
gz200
0201
nzoz
0203
0204
0205
0206
0207
0208
0209
0210
0211
2tz
0213
nz2i4
02198
G216
0217
n2is
1219
0220
gz2i
nzz2
0223
0224
nz25
izz2é
0227
0z28
ge2z29
D230
az31
0232
0233
0234
0235
nz36
nz37
238

[}

ChCa 2

Lo I wU (N ]

T

[

[on (Rl o w(lE w I e}

o

(o B I e B O o I ] s

i ]

(]

C
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XMID = <RHI + XLO» /2
YMID = ¢YHI + YLD 2 2
X510 = HHI - KLD
YEID = YHI - YLD

IF NO STREAMLINES 3KIP INPUT.
IF CnPT EQR. 0> G0 T 1030

MIN, WELL RADIUS AT ZINGULARITIES
IF CidRDxz LT LO007 ) WRDS = L3001

REGD ERROR CRITERIA FOR ITtHHTI’t METHS, PMax, ITEPHTIHN Lo, |aLpP

BOUND, LOWER aNl UFPFER BELAX., CREITERIA,

THE Z SPACIHNG METHOD REQUIRES 0OHLY (IERR)» EHTRY., OTHER
FAREMETERS ARE IGHORED.

REGAD <10, S0 RERR, IERR, DFRJP, ITRMX, ALISTP, LXDWM, LHUP,

IRALT

DEYELOP RADIAL STREAMLINE PATTERN ARDUND EACH INJECTION WELL

IF (RADS> = WELL RADIUS,.
NPT = 0
Do otozd IFT = 1, MPT
CHLINE Y STREAMLINE STaRTING POINTS ARE LOCATED O & CIRCLE
CEMTERED AT (XSTRET,YSTRET» WITH RADIUS CRADS .
FEAD STREAMULINE STARTIHG POINTS, adGLE, HD, LIHES, hHDlU‘, TR,
REGD <10, 602 XSTRT, *3TET, HNbL, MLINE, Rabs, HUMER

IF cRabs LT LO01 r RADS = L 001
AMGL = ANGL + PI 130,
DD 1010 ILIME = 1, MLINE
THETA = ILIHE # AHGL
HFT = MPFT + 1
NLINE CHNPFT)> = MLINE
STRT CHPT) = CHMPLY CXSTRT + RaDS + C0O% (THETR», YETRT + RADES
# SIN (THETA2D
NUMS (MFT, 13 = HLMER
aLTHR (HPT)Y = IERFE
CONTIHUE
COMTINUE
IF ¢ IRALT . LE. 9> GO TO 102V
DO 1023 IRkAa = 1, IRALT
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1233
Hed
HPEE R
0242
0243
9244
Nzd5
dz46
G247
0243
0249
250
0251
0edz
N253
nzh4
0255
0256
1257
02958
0259
0260
0261
g26e
0263
Nz2é4d
0265
0266
0267
0263
0263
n27o
0271
0272
0273
0274
0275
0276
0277
0278
0279
0280
0281
nzge
0283
0284
0285
0285
0287
0288
0289
0290
D291

[T ot o ot e e o e o 1t e o e e ot e e o e o ot e st e e ot et o et et o e o e e e
C A% AN ALTERNATIVE, SFECIFY A HN-R CONVERGENCE CRITERIA ON FPESI

C FOR OITHDIVIDUAL STREAMLINES,  THIS IS USEFUL FOR PROBLENS

c WHERE SOME LINES ARE COMPRESSED CLOSE TOGETHER

C CETRONGER CRITERIAY AND SOME ARE SFACED FAaR APART

C CWEAKER CRITERIAN.

READ <14, 1S IRT, aALTR CIPT2

j025 CONTINUE
1027 COMTIMUE
o
1030 COMTINUE
C
IF oHWL JLE. 03 GO TO 1050
OO 040 IWL = 1, Nl
C
G
C ___________________ v it e o et 1 s s v e o ot o - —— - -t~ 1105 ;= " St o oo oo o oy o (N it o im W o e i
C READ WELL LOCATION, PUMPING RATE AND WELL HND.
READ C10, 70> ZWUL CTWld, 3 ¢ IWL ), HWUMd < I
C _______________________________________________________ e i e o o 1t e ot et e oot
C
C
1040 CONTINUE
C

1050 COMTINUE

(]

INPUT DOUBLET PARAMETERS,

MARXIMUM 5 ZONES, 10 DIPOLES(SIDES » PER Z0OMHE,
ZONECT, 1> = ZONE NUMBER.CI X,
ZONECT, 2> = FERM. IHSIDE Z0ONECI s,
ZUOMECT, 3 = NUMBER OF SIDES ON THE ZONECTI @ POLYGOM,
IF > 0 COUNTER-CULOCKWISE ROTATION
IF < 0 CLOCKWISE ROTATION
ZONEC T, 4% = ZONEXT,4» = PERM, DUTSIDE ZONE.
ZOWMECT, S = OUTSIDE Z0ME HUMBER (12
ZONMECT, B0 = CUMULATIVE ZOHE IHDEX (STaRT)
ZONECT, 7 x = CUMULATIVE ZONE THNDEM <ENMDD
DPOLECT) = COMPLEY COORDINATE X+I%¥ OF LINE DIPDLE ENDPOINTS.
I = PERNEABLILITY Z0OME NUMBER (ZOMECI, 1>,
J = LINE DIPUOLE (EHDFOINT» HUMBER.

A CLOSED POLYGONAL EBOUNDARY IS GENERATED ACCORDING TO THE
SEQUEHNCE IN WHICH EHDFOINTS ARE READ IN., THE CLOSING BOUHDaRY
1S OBTAINED BY CONMECTING DPOLECT ) WITH DPOLECN).

KHY DIPOLE ENDPOINTS FORMING A CLOSED POLYGON ARE ENTERED IN
COUNTER CLOCKWISE ROTATION IF THEY FORM AN DUTER-MOST ZOHE
BOUNDARY . SUCCESSIVE INTERIOR ZONE BOUNDARIES ARE ENTERED IN
CLOCKWISE, THEN COUNTERCLOCKWISE, THEN CLOCKWISE ETC. ROTSTION,

COOOOCOOOQOOOO 00000000

IF CMZT JE&. 0> GO T 107¢

C
Do 1080 IZ2HE = 1, MEPLS
s
C ___________ T, mn i em s e et e o e o A o o o 1t ottt vt S b 1o ot e o toom o st s s o o vt 1o 1 e oo 2 e em e
C RERD FERM, ZONE PARAMETERS.

REal <10, 300 ¢Z0OHE (IZHE, L2, L = 1, 3>




45

Uc.fg‘:—’ c _________________________________________________________________________________
03060 C

0301 C GEFGJLT QUTSIDE PERM IS BACKGEOIUNL.

0302 IF ¢Z0ME ¢IZNE, 5> .LE. 0.0 ZOHE (IZHNE, 43 = PERM

0303 IF ¢Z0NE ¢ IZME, 5> LE. 0.0 S0HE CIZHE, 52 = MZHE

0304 C

0305 © DETERMINE ZOWNE BOUNDARY INDICIES

0306 L

0307 iF ¢ IZNE GT., 13 GO TO 10”5

3308 ZONE ¢ IZNE, &2 = i

D309 ZONE (IZNE, 72 = ABS (Z0NE CIZNE, 333

03i0 GO TO 1075

0311 jQ6S ZONE ¢ IZMNE, 60 = ZONE ¢ IZNE~i. 62 + ABZ (ZONE ¢ IZHE-1. 300
312 ZFONE ¢ IZNE, 72 = ZOHE ¢(IZHE-1, 72 + ABS <ZOHE C(IZHE, 222

0313 jOovys COMTINUE

03i4 C

0315 HFOL1T = ZONE <CIZNE, 62

0316 HPOLZ = ZONE ¢ IZNE, 72

0317 C

03i8 C

PE 1D Cmmm oo o e e e o T e e
0320 C READ 2Z20OHE BOUNDARYS.

0321 REfD 10, 30 <¢DPOLE «<IPOL>, IFOL = WPOLT., HNPOLZ?

0322 e
0323 C

0324 C

D25 o o o o o o e e o e
0326 C READ DOUBLET STREMGTHS FROM PREWIOUS [-D-E-H-T-I-CU-A-L RUN,
0327

0328 IF ¢MZT .LT. 0 READ < Ji, 90 CJismp (IFOL S, MU CIFOLD,

0329 i IPOL = NPOLIT, HPOLZ?

DI R{ Dom o m m mm o imom o e o o o o
0331

033z C

0333 1060 CONTINUE

0334 C

0335 C IF HO PERM, ZOMES.

0336 C

0337 1070 ZOME (HZHNE, 12 = HZHE

0338 ZUMNE (NZNE, 272 = PERM

N339 ZOHE CNZHE, 43 = PERM

0340 POR {HZHE» = PORODS

0341 P (NZHE> = PS

0342 FHO (HZHE» = RHOS

0343 LOCZ = HZHE

0344 C

0345 ¢
OGBS e S e e
0347 C READ ONE DIMENSIONAL FLDW DIRECTION AND AMD FLUX,

0348 C FLUX = YELOCITY « POROSITY.

1349 IF ¢IFLD .GT. 0 REaGD <310, 30> aMGLi, FLUX

0350 [ o e o e e e i o e o
0351 ©

035z C

0353 © ECHO ARUIFER TWFE AHD OTHER IHPUT PHRAMNETERS,

0354 C

0355 C HOFRCT 2 =

0356 IF ¢an E&. "COMAa > AaFR (13 =

0357 IF ¢@ LEQ., "UNCA > ARFR (12 = LN -

13538 WRITE LU, 110> <a@dFR (L>, L =1, 32, THICK, ZBHD, EHD, DL,
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g353
0360
0351
1362
363
01364
N365
0366
0367
0363
0369
0370
0371
0372
0373
0374
0375
0376
0377
0378
0379
0380
0381
0382
0383
1384
1385
0386
0387
0338
03389
0390
0391
0332
0393
0394
0395
1336
0397
0398
0399
0400
0401
0402
0403
04 04
0405
04 06
0407
0408
04909
0410
0411
o412
0413
0414
1415
4416
0417
0418

1080
1030

"

O

11400

[

0

IRRRY

Lol |

o N o]

1120

O

A

1130

[}

[ ]

i

RERR, ITERR, HXMID, YMIOD, XSID, Y3ID

WRITE <L, 1202 CAQFR <L>, L = 1, 3, PERHM
IF CHM2T JEQ. 0> G0 TO 10990

DO 1080 IZHE = 1, NZPLS
WRITE <LU, 1302 ZOWE <IZNE, 2, ZONE <IZME, 12
NFOLT = ZONE (IZNE, 69
HPOLZ2 = ZONHE (IZNE, 7
WRITE <LU, 1403 (DPOLE <IFPOL>, IPDL = NFOLI1, WFOLZ:
COMTINUE

CONTINUE

IF CIFLO JLE. 02 G0 TO 140
WRITE <CLU, 150> FLUK, ANGLI

CONTINUE
IF ¢MZT LLT. 0> WRITE WLU, 160D

IF CHWL JLE. 0> G0 TO 1110
WRITE LU, 1702
WRITE <LU, 18903 CHUMY (IWL>, ZWL <Iwix, 2 <Tidhy, Tuwi =

CONTINUE

DEFALLT BOUNDARIES.
IF <zLiM Ew., 0,03 ZLIM = ZBND

EXTRINSIC PERM aND 1-0 FLOW CONVERTED T <FT./HR. .

FERM = PERM + 300,00 7 546315.0

FLUX = FLUX / 3&5.0 / 24,0
Lo 1120 IZHE = 1, HNZHE
ZONE CIZME, 20 = ZOHE C(IZNE, 23 #% Z500.0 - £956313.0
ZONE CIZNE, 4 = ZONE CIZHNE, 4 % J£00.0 7 £463215.0

COMTINUE

ONE-D . FLOW CONVERTED TO RADIANS,ESTAELISH 1-0 BOUNDARY
+ FI

i
ANGLT = ANGLT #® 2.0 3614,

UHFM = THICK * FLUX
PUMFING RATE CONYERTED TO (CU.FT,/HR, s

0O 1130 IWL = 1, HuL
BOCIWLY = & CIWLY 2 7.4809 % £0.0

DETERMINE BOUNDAaRY PHI.
CALL HMTOP (RPHI, RHD, FERM, THICK3

CALL DIPOLE STRENGTH ROUTINES

iF = 2

, MWL 3

HERD .




U419
0420
0421
Adz2
0423
0424
ndz2s
0426
0427
0428
n4z9
0430
0431
0432
0433
0434
0435
D436
0437
04338
0439
0440
(441
0442
0443
0444
0445
0446
1447
0448
0449
0450
0451
0452
0453
(454
0455
0456
0457
U458
01459
0460
G461
0dé62
0463
0464
0465
0466
0467
0468
04693
0470
0471
0472
0473
0474
1475
0476
0477
0478

h

r
C
C
[
C
C
C
C
C
C
C
C
C
C
C
C
C
C

1140
C

1145
C
C
[

1160
C

1165
C

1170
C
C
C

10

13

210

LINEAR INTERPOLATION,

IF ¢N2ZT .GT. 0 .aND. LP LT, &) CaALL STGTH < IHD, RFHI, LPJ

LIMEAR AND SECOND ORDER INTERPOLATION

47

IF ¢N2T .GT. 0 .aND, LP .GE. 2> CALL MDPNT (MZNE, IHD, RFHI, LF)

IF NZT .LT. 0 STRENGTHS WERE OBTHINED FROM A PREVIOUS RUN.

HEZT = HIPLS

GEMERATE & STREAMLINE PATTERN.

IF ¢MPT LHE., 03 CALL SLINE (HDMN, HDMX, WOPT, IFLAG, ICTI.

GEMERATE A GRID OF HEAD YaLUES FOR CONTOURING,

IF <GOPT NE. 0> CalLlL GRID <ZSP&, HODMN, HDMX, IFLas, ICTED

IF ¢30PT E@, ¢ .AND. MPT EG. 0> GO TO 1170
WRITE TO AURILIRRY PLOTTING FILE.

WRITE <AL, 130> XLo, L0, XHI, YHI, Z5PA
WRITE <AL, 2003 NWL, HNZT
IF ¢NWL LE. 0> GO TO 1145

DO 1149 TWih = 1, HNWL
WRITE <AL, 210 ITWL, ZWL <IWL?
CONTINUE

IF ¢(M2T .LE. 0> GO TO 1163
NTOT = Z0ONE <NZT, 72

WRITE ©AL, 2103 NTOT

= 1, HM2T
L ZONE <IZNE, 320
E (IZNE, 63
E {IZNE, V73
210 NPOL

Lo 1160

HPOL = @AB
NFPOLT = 2
HPOL2 = £
WRITE <AL,

IZHE
S <
ON
ON

DD 1160 IPOL = NPOL1, HPOLZ
WRITE <al, 210> IZNE, DPOLE CIPOL?

CONTINUE
CONTINUE
WRITE AL, 190> (HDMRX CIH>, IH = 1, 3>
WRITE <aL, 190> {HOMN <IH>, IH = t, 37

WRITE <AL, 200> ICTi, ICTZ
COMTINUE

FORMAT < 315, SFi0.,Q 3

FORMAT <IZ, FtO.02
FORMAT ¢ AE10.5, 2I5

ALTR
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0479
0430
0431
0432
0433
14384
0435
0436
04387
04835
0432
1490
0491
0432
0493
0494
04935
0496
0497
0498
1499
0500
0501
0502
0503
0S04
0505
0506
0507
0508
0509
0510
0511
0512
0513
NS5i4
0515
0516
0517
0518
0519
0520
0521
0522
0523
1524
4525
0526
0527
0528
0529
053¢
0531
1532
0533
0534
0535
0536
0537
0538

O

OO0

25
30
40
50

61

20
S0
110

180
190
200
210

Py —

FORMaT (2E10,52

FORMAT ¢ 2Fio.0 =

FORMAT ¢ 615, 4F10,0, A4 2

FORMART ¢ 3Fi0.0, IS5, Fio.o, 2I3

FORMAT ¢ 3Ff0.0, IS, Fig,q9, I5)

FORMAT ¢ 3F10.0, IS5 >

FORMRT « SFi0.0 2

FORMAT ¢ 2EiS.9 >

FORMAaT ¢ A77571K, 244, " RQUIFER THICKHNESS ",FiD.2, " (FEET %,/
1%, "BOUNDARY COND., (RADIUSY,FI0.2, " CFEET»"/1¥,
"BOUNDARY CORD, <HEADXFI10.2,%" (FEET)> /1X,"DECREMENT IN HEaD*®
SE10.5, A1, "ERROR CRITERIA: (PHIOM® Ei0,5, ® (P3SI) ¥
E10.5, A1x, *EVALUATION BOUND&RY (CTR.®, F2.2, 1X, F&.2.
B,OSIDESY, F10,2, fOBYY, Fi0.2, "X FEET) )

FORMAT ¢ AA1K, 3a4, 11X, " AQUIFER PERMEABILITY",/ 1K,

TOHCBOUNDARY >, Fi10.4, 1¥, VIH(GLADYAFTZ2) 7/
FORMATCIX, "PERM, INSIDE *, Fi0.4, 11X, 1 VHIGLADYAFTE) A20%,
PZONEY, 1K, FS. 0, 5%, 23HBOUNDARY COORDS, (FEET: ,5¥,
Z3HBOUNDARY COORDE. (FEET) ,/725X, SHIX, %) SHOX, Y >
FORMAT ¢ 15X, 2Fi0.2 , &8X, 2Fi0.2 >
FORMAT O /A1, 13HUNIFORM (1-D> FLUK, 11X, Fi0.5, 14,

1%, 14HRAT AN ANGLE OF, F5.1, 1%, BHDEGREES.
FORMAET ¢ #/1K, 41H{(DOUBLET STREHNGTHS INFUT FROM a FREWIDUS |,

ISHIDENTICZAL RUN.» 3

, 23K,

PHFT . /7R,

FORMAT ¢ “//7/ 19X Z2HWELL LOCATIGOHNS AND PUMFING RATES/A1X,
SHWELL HWOJ., SX, 7HX-CODRD &X, PHY-COORD , 23X, "PUMPING RATE
"GALAMINDGY, 3X, BHZONE NO. /

FORMAT ¢ A1X, I4, S¥, Fio.z, 3¥, Fig.2, 3IK, Fio.2 >

FORMAT ¢ SEIS.7 >

FORMAT ¢ 2I4 O

FORMAT ¢ 14, 2E15.7

END

SUBROUTINE GRID (Z3PaA, HDMN, HDMK, IFLARG, ICT?

CALCULATE A GRID OF OMEGA YALUES FOR HEaD CONTOUR MaFRPING.

COMMON ~ ONST ~ I, PI

COMMOM ~ INFT  I0PT, NZNE, ITER, DPJF, IOMEG

COMMON ¢/ POLE ~ ZONE, DPOLE

COMMON # Z0ON # LDCZ

COMMON ~/ WELLD » ZBND, RPHI, @, 2WiL. STRT, WEDS, MPT, NWL,
NUMS, NUM

COMMON ~ 10 / LU, PL, GL, AL, JbL, IL, TL

COMMON ~ AGF / THICK, A&, FL, BHD

DIMENSION BND <43, DFUOLE <300, HDMN (3, MNUPMS <1040,
22, NUMW (30>, @ (30>, STRT (1002, WRAD <3203, ZHD <4>, ZOHNE (4,
7y, Z2WL <303

REAL IOMEG

INTEGER AL, &b, PL, TL

COMPLEX BND, DODZ, OPOLE, I, OMCON, OMDELD, OMPRT. STRT.




1539
05410
541
1542
0543
01544
0545
0546
0547
05483
0549
05540
0551
0552
0553
0554
0555
0556
0557
0558
0559
0560
0561
0562
0563
0564
0565
0566
0567
0568
0569
570
0571
0572
0573
0574
0575
0576
057?77
0578
0579
4580
D581
0582
0583
0584
058%
0586
0587
0588
0589
0590
0591
0592
0593
0554
0535
0596
0597
05938

[y

OO0

f}

A a

Ao [}

Lar I o o]

[w]

1000

-

1005

c

10140

c

1015

(I ]

Ll I o]

OO

25Tk, ZWL., 2, DzOD2
ICT = 0
ESTABLISH GRID BOUKDARIES,
TXEND = REAL (BHD <2) - BHND (451 / 2S5P
IYEND = AIMAG CBND (4> - BND (29> / Z5
2Z5TR = BND (43

NZT = NZHNE -~ 1
IHD = i

BEGIN COLUMM AND ROW LOOPS.

FIND EACH 2.
2 = Z5TR + CHMPLE (CI¥ - 15 * ZSPa, -
ODMIT 2 WALUES TOO0 HEAR SINGULARITIES.

IF «NZ2T JLE. 0> GO TO j0035

DO 1000 IZHE = 1, HNZT

MPOLT = ZONE (IZNE, 62

HPOL2 = ZONE (IZNE, 72
DO 1000 IPOL = NPOLI, NPODLZ
IF CCABS <2 - DPOLE <IPOL 2> .GT,
HD = - 99,0
OMEGAR = ¢ - 39,8, - 93,0
GO TO 10240
CONTINUE

COMTINUE

IF <ML JLE., 03> GO TO 1015

DD 1010 IWL = 1, HNiL

IF ¢ZaABS ¢2 - ZWL <IWL>»> GT. .30
HD = ~ 99,0

OMEGER = ¢ - 99,0, - 99,00

GO TO 1020

CONTINUE

CONTINUE

ICT = ICT + i

CALCULATE OMEGACZ ).

CAaLL OMA <2, OMCON, OMEGA, [ODZ, D200

ROMES = REAL COMEGA?

CALCULATE HEAD,

CALL PTOH <ROMEG, HD, 20NE CLDCZ, 233

CIY —- 13 =#
L300 G0TO
GO 7O 1010
2., IFLAG,

joal

ITHD,

N

-
Lo

N

£

]

49
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0593 C

0609 1) = HD

0601 2y = REAL ¢

ge02 {3y = RIMAG (27

0603 ¢

0604 C FIND MIN, AND Max, ValUES FOR PLOTTING LaTER.

0605 C

0606 CALL MM ZHD, HDMN, HDME, ICT)

Ua07? C

0608 C

n60e  C WRITE TO GRID FILE

usin  C

0611 1020 WRITE (G, 10> Ix, 1Y, 2, HD, OMEGA

0612 C PRINT STATUS ON DISFLAY TERMINAL.

1613 WRITE <1, 20> IX, 1¥

n6i4 1030 CONTINUE

0615 WRITE <1, 30> I¥

(VR B 1040 CONTINUE

061?v ¢

0618 IZERD = 0

0619 WRITE <L, 105 IZERD

0620 ¢

0621 RETURN

nezz o

0623 C

0624 [

0625 10 FORMAT ¢ 214, SEIS.7 3

U626 20 FOEMAT ¢ "GRID ROW AND COLUMN.. ., 2I5

0627 30 FORMAT < "GRID COLUWMN COMPLETEDR... ., I3

0628 C

0629 END

0630 C

0631 C

063e2 L

0533 SUBROUTINE  SLINE {HDMN, HDHMX, VOPT, IFLAG, ICT, aALTR?

0634 C

0635 C CALCULATE A STREAMLINE PATTERN USING ONE OF TWO ITERATIYE METHODS
0636 U

0637 C

06538 COMMON ~ CNST ~ 1, PI

1639 COMMON ~ IMPT ~ I0DPT, NZNE, ITER, OPJP, I10OMEG

0640 COMMIN / POLE ~/ ZONE, DPODLE

0ad1 COMMON / ZON /# LOCZ2

04642 COMMON ¢ WELLD ¢ ZBHD, RPHI, @, 2WL, STRT, WR&D, WRDS, NPT, NWL,
0643 1 NUMS, NUMUW

0644 COMMON / ERRS ~/ RERR, IERR, ITRMX, ALSTP, LKDUWN, LXUP

1645 coMmMoN 2 IO /L, PL, GL, AL, dJL, IL, TL

0646 CoMMON v CHEM ¢ D, F, P, S1GMA, POR, RHO, ISKP

64y COMMON ~ ARF 7/ THICK, AQ, FL, BND

0648 COMMDON 2 LINE # NLINE, STHM, DEC, MXPTS

0549

0650 C

NESH DIMEWSION BHD <4), DPOLE <300)>, HDMN ¢33, HDMX ¢33, HEaADh <4,
0652 i 2000, HLINE (100>, HUMS €100, 23, NUMW <30), 3 <30y, STRT
0553 2 C1a0y, WEAD (30>, ZONRE {4, 75, 2WL (30>, ALTR ¢i003, POR (47,
0654 3 P oods, RHO (4>

5655

0656

U657 COMFLEX BHD ., COM, DDLE, DPOLE, FLARYC, I, OMCOH, OMDEC, OMEGA,
1558 i OMPRT, OMST., 3TRT, ¥WELYLD, Zii., Z, DzODZ




086953 INTEGER RL, GL, PL, S5TM, VOFT. TL

Use FREAL 1ERR, I0MEG

0661 C

N6e2 DAaTA POND, ZERO ~ 4HPOND, 4HZIERO

0663 O

N66E4 BEGIN STREAMLINE DEVELOPMENT

0665 C

use6  C FRINT HERDERS.

06867 WRITE <Ly, 102

56z C

0669 IF ¢5TM ERG. V> WRITE LU, 207

0670 IF ¢3TM .EG. 0 WRITE <il, 303

067 C

0672 ICT = 0

0673 ICTM = 0

0674 C

0675 C BEGIM ERCH STREAMLINE HERE,

0676 C

0677 pu 1100 IPT = 1, NPT

0678 ICT = ICT +

0679 ICTM = ICTHM + i

0630 IHD = i

0631 IHDM = |

0682 ITER = 0

0633 2 = STRT <IPT

634 C

0585 C CALCULATE STARTING HEAD.

0636 catl OMA <2, OMCON, OMEGA, DODZ, D20D2, IFLAG, IHD, MNZNED
0687 C

0688 OMST = OMCON

0683 C

0630 C CALCULATE RELATIVE ERROR CRITERIA FOR IMCOMEGAD.
0691 IF ¢IPT .E&. 1) RELE = ABS (AIMAG <OMCOND>
692 IERR = alTRkR <IPT>» * RELE

0693 C

1634 HEQD <2, IHD> = REAL 27

0695 HEaD (3, IHD? = AlIMAG (22

05696 ROMEG = REAL (OMEGA X

0697 IOMEG = AIMAG < OMEGAD

0698 C

06939 CALL PTOH <ROMES, HEaD <1, IHD)», Z0OHE (LODZZ, 223
p7o0 C

0701 CALL MXMN CHEAD <1, IHDD», HDMH, HDMX, ICT)
0’02 C

0v03 C TERMINATE STREBMLINE IF PONDING OR ZJERO HEAD,
07 04 IF (FL .E@, POND> GO TO 1490

0705 C

0706 C CHEMIC&L INTERFACE ORPTION,

0707 IF ¢WOPT JEG., 0 GO TO 1000

0708 MINUS = - 1

n709 CaiLlL STHMYWL <(HEAD <1, IHD), OMEGH, 2. DODZ, 2002, ICTHM., IHDM,
0710 i IPT, MIWNUS, ZONWNE <LOCZ, 23

e | 1000 CONTINUE

o712z C

0713 HEMD (4, IHDDY = IPT

0714 C

avis C MRITE TO PLOTTING FILE.

0r16 WRITE “PL, 702> <HEAD CIH, IHD», IH = 1, 4
o717 C

gvig ¢ PRINTER QUTPUT
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07356
v 3v
073
a7 39
0740
0741
4z
0743
0744
0745
(1746
0v47
0748
0749
0vs50
0751
752
0753
0754
0755
0756
0757
0758
0759
0760
761
avéez
0763
0764
0765
0766
0767
0768
0769
0770
0?71
avze
0773
0774
0775
a7 76
Uedrars
0v7s

a

[ o]

1010

(o] o Co Ca

QO G

[on i gl

[opCE o 8 o B o BN o I e Y e}

(@]

o I ]

1030

i

[an]

WRITE <LU,400
WRITE <LU,S0)
WRITE <L, 80D
WRITE LU, 80y IFPT, IHD, OMECA, DODZ, HEAD <1, IHD:
MRITE L, 512
WRITE <LU,&1D
WRITE CLU, 313 iHEAD <IH, IHD», IH = 2,32, FL, ITER, LOCZ

* FOR SUCCESSIVE STRESMLULINE POIMTS.

-]
o
o]

BEGIM L

IHD = IHD +

IHDM = THDM + f
ITER = 0
LoCO = Loc2

CHECK STREAMLINE APPROACH TO WELLS, STOF IF WITHIN
WELL RADIUS.

IF ¢IFLas LE. 0> GO TO 020

IF CCABS <2 - ZWL (IFLAGY)>» .GE. ABS <WrRDS ) GO TO 1020

IF (DEC + @ <IFLAGY ,GT. 03 G0 TO 1050

CONTIHUE
SELECT STREAMLINE TRACING METHOD, NEWTONS METHOD WITH COMVERGENECE
ON BOTH PHI wND PSI R ON PSI ALONE.

1o ALLOW PHI INTERVAL BETWEEN STREGMLINE PO2INTS TO VYary,
ITERATE ON P3T ONLY.

IF ¢STM JEQ. 12 CALL HNUMCAR (DEC, DODZ, D20DZ, 2, OMCON, OMEGA,

IFLAG, IHD>

IF <5TM HE., 02 50 T 1030
Lan, FI¥ THE PHI INTERWAL, ITERATE ON BOTH PHI adb PSI,
MAINTAIN & CONTINUDUS OMEGH YaRIABLE FOR MEWTON ITERATION aND
COMFUTING CONVENTENCE .
CONTINUOUS OMEGR <OMCON OF OMDEC 2,

HD = HEAD <1, 1> - CIHD - 13 % DEC

IF ¢HL ,LE. 0.0 GO TQ tavS

CALLL HTOFR <ROMEG, HD, Z0ONME (HZNE, 23, THICK:

OMDBEC = CHMPLK (ROMEG, aIMas < OMST )

CALL HNEWRA COIMDEC, DODZ, DIOLZ, 2, OMCON, OMEGH, IFLAG, IHD:

CONTINUE
CHECK T0O SEE IF FERM. ZONE BOUNDARY WAS CROSSED.
IF CLOCO WNE. LOCZ)» WRITE <iLU, 30> LOCO, LOC2Z

ROMES = REAL <OMEGR >
CARLL PTOH (ROMES, HEAD <1, IHD), 20NE (LDCZ., 2))




Qv 79
0780
0v81
0vg2
0ve3
0784
a7a5
0738
078y
07383
0v33
07990
arai
0792
1793
0794
0?95
0796
- g
0738
0799
0800
0801
U802
0803
0304
0805
0806
naoy
0308
0309
usi0
0811
031z
0813
0814
081is
816
0817
Usis
0819
0820
0821
0322
0823
0824
03295
U826
0827
0228
03829
0330
1331
0332
0833
1834
0835
1336
0337
0338

L B B I o N o B o]

Ca

Ch O CrCa

1043

Lt}

1045

1049
1047

o

GO0

1041

1042

CHECEK FOR PONDING DR ZERD HERD.
IF ¢FL .ER, POND> GO TO 1090
IF ¢FL .ER, ZERO .ANHD. STM .E&. 0> GO T9 1

HEAD( 1, 1 = HYDRAULIC HEAD (FT.
HEaDC2, I = X-COORD., C(FT.>

HEADC 2,1y = ¥Y=-COORD., (FT.)

HEaDO 4,13 = SZTREAMLIMNE NUMBER.

HERD (2, IHD» = REAL (23
HEAD <3, IHD>» = AlmMAG (2>
HEAD ¢4, IHD)» = IPT

CALL MXMN (HEAD <1, IHD?», HDHMN, HDMX, ICT?

IR

WRITE T PLOTTING FILE, BUT FIRST LABEL BACKTRE

STREAMLINE FPOINTS,

IF ¢IHD .E®. 2> HERAD = HEAD 1, 12
IBACK = 1

IF <DEC .GT. 0> GO TO 1045

IF ¢HEAD <1, IHD> .LE. HSRAD> GO TO 1047
IF (IFLAG ER., =-23 GO TO 1043

HGRRD = HEAD <1, IHDD

IBACK = ¢

GO TO 1047

iF ¢HEAD <1, IHD)» .GE., HGRAD> GO TO 1047
IF (IFLAG EQ. -2 GO TO 1043

HGRAD = HEAD (1, IHDD

IBACK = 0

CONTIHNUE

WRITE «<LU,402
WRITE <PL, 70 (HERD (IH, IHDZ, IH = 1, 43,
WRITE <LU,502
WRITE CLU,602
WRITE «LU, 502 IPT, IHD, OWUEGA, DOLZ, HEAD
WRITE (LU,S1D
WRITE <LU,61D
WRITE LU, 813 (HEAD <IH, IHDY, IH = 2,35,

ICT = ICT + 4
ICTM = ICTH + 1

CALCULATE STREAMLINE YELOCITY aANMD FLUX FOR KI
MODEL INTERFALE.

IF ¢YOPT E@., 0> 30 TO 1040

IF <IHD .ER. 13 G0 TO 1041

IF ¢MODSIHD, ISKP> JNE. 02 GO TQ 1042

IF (IFLaG .E@., -2 .0OR., IBACK .EG@. 1> G0 TO

CaLl STHMYL <(HEAD <1, IHD), OMEGAR, £, DODZ,
IPT, MINUS, ZONE <LOCZ, 25

50 TO 1040
ICTM = ICTM -
THDM = IHDM - |

IFLAS,

CY, IHDD

FL, ITER,

HETIC

1042

Daobe,

IBALCK

Locz

CHEMICAL

ICTH,

THDM,

53
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N533
0240
Na41
ng4:2
0243
0844
345
1s46
547
0348
0849
0350
0351
03852
0353
0854
0355
0356
0857
1358
0359
0Bey
0861
ag62
0563
0364
N255
0866
0867
0368
N369
0870
0871
037e
0373
0874
0375
0376
03?77
0378
0379
0380
0381
1382
0883
03384
0385
0386
0387
0383
0389
0330
n891
392
0393
13394
0395
0396
0397
0398

1040

CrCr

oo oo 3 O O

OO0O0

1050

D Ci

1060

Lo o I ]

i Cs

10795

10670

(o oo

— -
-
[V ]
[en i eal)

11t

CONTINUE

]

CHE

—

IF <IFLaG GE. 0> GO TO 10
STAGHNANT STREAMLIKNE

- 13 WRITE
- {13 GO TO

IF (IFLAG

JEG
IF {IFLAG L EQ.

61

I

1030

Sk FOR ABNORMAL STREAMLINE TR&LE.

100 IRT

MAXIMUM ITERATIONS WITHOUT CONVERGENCE

IF CIFLAG (EQ. - 2» WRITE
IF ¢IFLAG JEG, - 2> GD TO

DIPOLE ENDPOINT IN THE STREAMLINE PATH.

IF (IFLAG E&. — 41 WRITE
IF CIFLAG JE@, - 4 GO TD

STREAMLINE AT WELL.

L,
1060

L,
josn

119> IPT

1702 IPT

HE®D <1, IHD) = - 59993993, 393

HEAD <2, IHD)» = REAL <2WL <IFLAG)
HEARD <3, IHD> = AIMAG <ZWL JIFLAG»»
HERD <4, IHDY = IPT

NUMS CIPT, 20> = HUMW <IFLAGA

ICT = ICT « |

WRITE TO PLOTTIHG FILE.

WRITE “PL, 703 (HERD <IH,
WRITE LU, 120 IHD, (HEAD
GOTO 1100
CONTINUE

CHECK PLOT BOUNDARIES.
CRi.L INQUT (BHD, Z, IT»
IF ¢IT NE. 02> GO TO t070
WRITE <iU, 130> IFT
GOTO 1090
ZERD HEAD
WRITE <LU,120 IPT
GO TO 1090
CONTIHNUE

MAX ., STREAMLINE POINTS.
IF CIHD LT, MEPTS» GO TO

WRITE <LU, 140> IFT
NUMS CIPT, 20 = - 7
CONTINUE

CONTINUE

ITHD >,
CIH,

1010

IH =

ITHD »,

T,
IH

4

1,

4 3
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0398 C RESCALE LAST STREaAMLINE FDOR CHEM FILE AND TRAHNSFER CHENM. DARTH
0900 C TO QUTPUT DEVICE (LOGICAL UNIT 1492,

090t C

0902 IF Y0OPT JEQ, 0x GO TO 1320

0903 MINUS = - 2

0904 ICTM = ICTM +

03905 CALL STMYL (DM, CDM, CDM, CDM, CDM. ICTH, IHDM, IPT. MINUS, DM
0906 {120 CONTINUE

0s0? ©

0908 WRITE <iLid, 150> ICT

094093 ENDSL = - 47,

0910 WRITE (PL, 1603 ENDSL

0911 C

0912 RETURH

0913 C

02id4 C

0915 C

0916 10 FORMAT & A7/, 1%,3001H*), 7, 21¥, 22HSTREAMLINE DEVELOFPMENT 3
0917 20 FORMAT ¢ 21X, 23H{VARIABLE FHI INTERYaL >, /7 2

0318 30 FORMAT ¢ 21¥%, 20H(FIXED PHI INTERVALDY, /70 3

0919 40 FORMAT ¢ 1K, 80 ¢ iH- >

0920 S50 FORMAT ¢ /, 2¥, 10HSTREAMLINWE, 2X¥, SHPOINT., 3X, JHPHI, 10¥,
0921 i IHPSI, 5%, 11HD(PHI W/DI(R)Y, 2%, 11HDCPHI /DY 3, DX, 4HHE#AD?
0322 51  FORMAT <A6X 7HX COORD, 4¥, 7HY COORD, 2X, 11HCOHF./UNCF., Z¥,
0923 i PNLR, OITERY,1X, 4HZOHE 2

924 60 FORMAT ¢ &KX, 3HNO., 6¥, 3HND., 25X, 11HDCP31-DIY ), 3%,

0925 i 1ZH-DCPST )/D{K >, 2K, GH(FEET: 3

0926 61 FORMAT ¢ 29X, 4HFLOW >

0927 70 FORMAT ¢ 4EIS5.3, 2I5 >

0928 80 FORMAT ¢ 22X, 15, 4¥, I35, 4 <1, E12.5x, 11X, Fi0.2

0929 81 FORMAT ¢ 1%, Fi0.2, 1¥, Fig.2, 7% , a4, 3K, I5, 33X, IS5

0930 90 FORMAT ¢ 1¥, iSHSTREAMLIME HAE . 17HCRODSSED BOUNDARY

0931 1 {1SHFROM PERM. ZONE, IS, 13H T FPERM ZONE, ID. 1H. 3

0932 160 FORMAT ¢ 1%, 10HSTREAMLINE, IS, 11X, JOHTERMINATED, 1w

09332 i {RHDC OMEGADXADCZ ) 1K 2ZHIS APPROXIMATELY ZERO. 3

0934 110 FORMAT ¢ 1%, 22H-~WARKIHNG~-- STREAMLINE, IS5, 11X, 3FHFAILED TO. i¥,
0935 i 4SHCONVERGE AT THIS POINT AFTER MaAX. ITERATIONS, 2

0936 120 FORMAT < 8%, 15, 23X, Fin.2, i1X, Fi0,.2, 3%, Fio.z, 2X, F10.2 3
0937 130 FORMAT ¢ 11X, 1OHSTREAMLINE, IS5, 24H TERMINATEDR AT BOUNDakRY 3
0938 140 FORMAT ¢ ix, 10HSTREAMLINE, 13, 29H TERMINATED AFTER MAK. NO. OF
0939 i SHPTS .~ /

0940 150 FORMAT ¢ 11X, I35, 30H RECORDS 0OF STREAMLIHE OCUTPUT 3

0941 160 FORMAT ¢ 43X, E15.5 &

0942 170 FORMAT ¢ 1%, 10HSTREAMLINE, IS5, 11X, 1ZHTERMINATED aT, 11X,
0943 1 1SHDIPOLE SINWGULARITY )

0944 180 FORMAT ¢ 1X, 10HSTREAMLIME, IS, 11X, 1SHTERMINMATED WMITH, 11X
0945 1 VOHZERD HEAD.

0946 C

0947 EHD

0943 C

0943 C

0950 C

13351 SUBRIDUTINE 0OMA ©2, OMCON, OMEGA, DODZ, D200Z, HMHAWL,. IHD, HNZMED
0952 C

0383 C THIS ROUTINE DETERMINES THE ADDATIVE EFFECT OF ALL HYDROLOGIC
0954 C COMPONENTS IN THE FLOW DOMAIN,

0955 ¢

0356 C

0957 COMMON  CNST ~ I, FI

0958 COMMON ~ ZaRs 7 AarGFO, DOLF
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1359
0360
WETS

0962
363
0964
0365
0966
09367
0968
0369
0970
0371

0arz
04973
0974
0975
0976
0977
0978
0979
0980
0981

0982
0983
0984
0985
09386
0987
0988
0989
0990
0991

0392
0993
0994
0995
0396
0997
0998
0999
1000
1001

1002
1003
1004
1005
1006
1007
1008
1009
1610
1011

1012
1013
1014
1015
1016
1017
1018

(o]

(]

(U o ]

Lol o I o B o B}

[9r]

[ I o I v

(e}

(e}

iy

1000

1010

COMMON 2 WELLD / ZBHD, RPHI, @, ZWL, STRT, HRaAD, WREDS, NPT, HWL,
NUMS, NUMW

COMMON < ONED / TFLG, ANGLI, UHFM

COMMON # POLE /7 ZONE, DPOLE

COMMUON 7 20N /7 LOCZ

<)

coMMon 2 10 4 LU, PL, GL, &L, Jb, IL, TL

DIMEHSTON ARGPO <6000, DPOLE (300>, HUMS <300, 23, HNifMid
(300, & €20, STRT (100>, WRAD (302, Z0ONE <4, 73, ZWL (203

—~

COMPLEX DODF, DODZ, DOLD, DOWL, DPOLE, I, OMCON, OMEGA. OMLD,
oML, S5TRT, ZWiL, Z, OHEFL, BRI, D2ODZ, DZWL, DaLD
INTEGER AL, GL, PL, TL

OMEGA = ¢ 0.0, 0.0
DODZ = 0.0, 0,03
Dzodd = C0.0, 0.0

DETERMINE WELL CONTRIBUTION TO OMEGA.

IF <MW LE., 0> GO Td 1000

CALL WELL <2, OMwL, DOWL, D2WiL, MXWL, IHD:?
OMEGHR = OMEGA + OMWL

DoODZ = DODZ + DOWL

DeaDs = D200Z + DIl

CONTINUE

ADD ONE DIMENSIONAL FLOW TO OMEGA AND 0ODZ SUBJECT TO BOUNDARY
CONDITION THAT WHEN 2 = ZEND#COSCANGL >+ ISIHNCANGL Y, OMEGACID =0,

IF <IFLD E@. 0> G0 ToO f0(d

BND! = ZBHD =+ (COS (AMGLI» + T # SIH (ANGLT 23

ONEFL UNFM # (CO3 CANGLT> - T % SIN CaNGLI3)Y # (2 - BHDi>
OMEGH = OMEGA + ONEFL

"

DODZ = DODZ + UNFM # (COS CaNGLi» - I # SIN CaNGL1))

CONTINUE

DETERMINE FERM. ZONE CONTRIBUTION TD OMEGA.

IF (NENE JLE. 12 GO TO 1020

CALL DIPDL <2, OMLD, DOLD, D2LD, IHD, NZME)
OMEGAR = OMEGA + OMLD + RPHKI

bODZ = DODZ + DILD

b2oDe = D2002 + D2LD

OMCON = CHPLX (ZONE (HNZNE, 2» / ZONE (LOCZ, 25 % REAL ¢OMEGAD,
ARIMAG COMEGA D

GoOTO 1030
ADD BOUNDARY HEAD <POTENTIAL) IF NOT ALREADY DONE aBOVE.
OMEGH EGA + RFHI

= M
DMCON = OMEGH
CONTINUE




1019 C

jo20 C

jo21 RETURN

1022 C

1023 C

1024 END

jozs C

1026 C e e e e e e e e e e
027 C

jg2s SUBROUTINE WELL <2, OMuWbL, DOWL, D2WlL., MAWL, IHD:2

iozs C

1030 C THIS ROUTINE CALCULATES COMPLEX POTENTIAL (OMEGA> AT 4

1031 C GIVEN X,¥ CODRDINATE (2>, RESULTING FROM WELL PUMPING.

1032 ¢

i033 C

1034 COMMON /4 CNST # I, PI

1035 COMMON # 20N ~/ LOC2

1036 COMMON ~ WELLD / ZBND, RPHI, &, ZWL, STRT, WRa&D, WEDS, NPT, HNijL,
037 i NUMS, NUMUW

i038 COMMON ~/ 10O / LU, PL, GL, &L, Jb, IL, TL

1039 C

{040 C

1041 DIMENSION IWIND (30, LSARG <307, NUMES <100, 2o, NUMWP <30, @
1042 i {302, STRT (100, WRAD <30>, ZWL <30

1043 C

1044 COMPLEX CMLG, DOWL, DTRM, Di, D2, D2, I, OMWL, 3TRT, WLTRHM,
1045 f 2L, 2, D2WL, D2TR

1046 INTEGER AL, GL, PL, TL

1047 REAL LSarG

iodg C

1049 oML = 0.0, 0,0

1050 DOWL = ¢0.0, 0.0

1051 D2l = <0.0, 0.0

1052 WLMX = 0.0

1083 M¥WL = 0

1054 C

108585 C LOOF FOR EACH WELL.

iS¢ C

1057 DD 1030 IWL = 1, NWL

igs8 C

1059 C DETERMINE THE ADDITIWE EFFECT OF EACH WELL ON THE POINT <2,
1060 C

1061 GPI = @ <IWi> 7 2.0 = PI>

1062 CHMLG = CLOG (2 - ZiL CIWL»3 7 ZBHD?

1063 C

1064 C ARBITRARILY, MAKE THE BRANCH CUT PAaRaALLEL 70 FOS, ¥ aXxis.
1065 C

1066 IF calMas <CHMLG? LT, 0.0 CHMLG = CHPLX CREaL <CHMLG), ARIMAG
1067 1 CCMLGY + 2.0 % PID

1068 IF ¢IHD JHE. 12> GO TO 1000

1069 TWIND ¢INL)Y = 0

1070 GO TO 1010

iovt C

io72 C IF STREAMLINE CROSSES THE BRANCH CUT COUNTERCLOCKMISE THEN
1073 € ADD 2PI FOR CONTIHNUITY OF ARGCZ Y,

iov4 C

1075 1000 IF ¢LSArRG (IWL> - AlMAG {CMLG? JGT. PI> IWIND {IWL)> = IWIND
1076 1 CIWL ) + i

1077 C

1078 C IF STREAGMLINE CROSSES BRANCH CLOCKWMISE, SUBTRACT 2RI
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10v9
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
i 094
i 095
i 096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
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-
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w

(=4
pra

o e e - -
. . — e .
-t . . -
NOA LGN - O
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-
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1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
11338
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1010
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10630
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e
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L
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IF CLSARG CTWL> - AIMAL (CMLGY LT, - PID> ITWIND <IWL> = IWIND
Iy -
LEAaRG (IWL> = AIMAG JOMLGO

REVISE IM{OMEGA > ACCORDINGLY.

CMLG = CMPLX (REAL CCMLG), AIMAG (CHLGY + IWIND <IWL? = 2.0 =*
FPIv

WLTRM = QPT + CHLG

CHECK WELL ARPPROACH,

IF cCABS (2 - ZWLd{IWL »> LT, WRDS)» MXWL = ITWL

CONTINUE

OMWL = OMWL + WLTRHM

CALOULATE DOOMEGR X/D(Z)> FOR ITERATION SCHEME. HOTE, WLTRM IS5
COMFLEX HERE BECAUSE INDIVIDUAL STREAMLIMES ARE SPECIFIED.

DIRM = GPI / (2 - ZWL < TWL>>
DETR = -GP1 7 (2 - ZWL <IWL x> #% 2
DOWL = DOWL + DTRHM
Dzl = D2WL + D2TR
CONTINUE
RETURN
END

SUBKROUTINE MNEWRA <DCDW, DERIVY, D200Z, INDYV, DEPY,., DEPV2, IFLAG,
THD >

CALCULATE ¥ AND % (23 GIVEN PHI AND P31 {OMEGA) USING NEWTONS
METHOD TO ITERATIVELY FIND THE ROQTS OF A NON-LINEAR EQUATION.
A RELAXATION PARAMETER (WLFPHAR:» IS AUTOMATICALLY INCREARSED OF
DECREASED TO SPEED CONVERGENCE.

NEWTONS METHOD REQUIRING CONVERGENCE ON BOTH PHI aND PSI IS
GENERALLY NOT PRACTICAL IF STREAMLINE PATHS ARE SHARPLY AFFECTED
BY RADICAL DIFFERENCES IN PERMEABILITY.

THIS ITERATIVE SCHENME IS INTENDED PRIMARILY FOR USE IN COUFLIHG
THE HYDROLOGY OUTPUT WITH NUMERICAL MODELS OF MASS ANDC/OR
CHEMICAL TRANSPORT ALONG STREAMULIMES., ¢EG., IMSITU LEACHING?

COpMmMond « CHST ~ 1, PI
COMMON ~ ZON / LOCZ
COMMON ' INPT o~ IOFT, NZNE, ITER, DPJP, IOMEG

COMMON / Z2ARG ~ ARGFO, DODF

COMMON ~ ONED ~ IFLDO, ANGL1, UNFM

COMMON ~/ ERRS ~ RERR, IERR, ITRMK, ALSTP, LXDWN, LHUP
COMMON ~# I0 / LU, PL, GL, AL, JiL, IL, TL

DIMENSION ARGPO <6005, LCIND ¢5)

COMPLER EESTD, BESTI, BESTY, BEST2, DLDY, DEPVZ, DEFY, DEFI,

|
\
l
1




1139
1140
1141

i142
1143
1144
1145
1146
1147
1143
i149
1150
ii3i
1152
i153
1154
1155
1156
1157
1158
i159
1160
1161

1162
1163
i164
1165
i166
1167
1168
1169
1170
1171

1172
1173
1174
{175
1176
1177
1178
1179
1180
1181

1182
1183
1184
1185
1186
1187
1188
1189
1190
1191

1192
1193
1194
1195
1196
1197
1198

(]

LU o ]

G

(9]

C

930

(]

1000

1010

(o N ] Qo aQc

[on i ol o]

OO0

(e I

L]

s —

DERIY, DIFF, DODF, INDV, I, LCIND, LSDIF, OLDER. OLDY, TIHDW,
Denp?Z

INTEGER ab, GL, PL, RELAX, TL

REAL 1aNG, IDIFF, IERR, IMNDF, IOMEG., MIHER

IFLAG = 0

ALPHA = 1.0

RELAX = 0

LAY = 0

IF ¢IHD EQ. 2> LCIND = INDV

DEF1 = DEPY

LSDIF = DEPY - DLCDV
SPAC = REAL CLSDIF>
MINER = 9., 0E%

CALCULATE RELATIYE ERROR FOR RECOMELGA .
UPDATE REAL ERROR CRITERIA AT EACH NODE.

RELR = ABS (RERR * REAL <DCDV )

IF ¢IOFT E@. 0> G0 TO 999
WRITE <LU,11D
WRITE <LU,10> RELR, IERRE

CHECK FOR DCOMEGRI/DCZY = 0,
IF (CABS ¢DERIV)> .LE. RERR> GO TO 1120

CONTINUE

ITER = ITER + |
OLDY = DEFY
OLDER = DERIV
CONTINUE

CALCULATE & TEMTATIVE NEW POINT (22 ON THE STREAMLINE USING

MEWTDHNS FORMULA AND PREYIDUS STREAMLINE POINT AS INITIAL GUESS.

TINDY = IND¥ - ALPHa& #* (OLDY - DCDV)> » OLDER
CALCULATE OMEGA AT THIS TENTATIVE Z.
CALL OMa <TINDY, DEPY, DEPYEZ, DERIV, Dz0DZ, IFLAG, IHD, NINE?
CHECK PROXKIMITY TO DIPOLE SINGULARITIES.
CALL DPCHK (TIWDY, LCIND, OMCON, OMEGAR, SPAC, IERR,
IFLAG, ISING, IHD, IZ>
IF <ISING JHE. 0> 55 TO 1133
CALCULATE DIFFERENCE BETWEEN CaLCULATED OMEGA AND DESIRED.
DIFF = DEPY - DCDV

RDIFF = REAL (DIFF2
IDIFF = AIMAG (DIFFD

IF ¢I0PT .NE. O WRITE (LU, 20> TINDY, DIFF, ALPHA,. RELAX, L#AX

59



60

1193 C CHECK CONYERGENCE RERUIREMENT 0N PHI AND PSI,

1200 C

1201 1020 IF CABS (RDIFF» LE. RELR ,AND., ABS CIDIFF> .LE. IERRD
2oz i GO TO 1113

1203 IF ¢(4BS (RDIFF> .LT. RELR .OR. RDIFF #* REAL <LSDIF:» ,GT. 0.0 G0
1204 i TO 1030

1205 C

1206 C ALTER RELAXKATION PARAMETERS AS NEEDED.

tzo?y C

1208 RELAX = RELAX + |

1209 Lax = 0

1210 GO TO 1040

1211 1030 LAX = LAax + i

1212 C

1213 10403 IF <ABS (IDIFF)» .LT. IERR ,0R., IDIFF #* alMas <LSDIF . GT,
1214 T 6.0 GO TO 10350

1215 RELAK = RELAK + 1

1216 LAX = 0

1217 GO To 1060

1218 1050 LAY = LAaX + |

1219 1060 IF (RELAX LE. LXDWN> GO T 1070

1220 IF (ALPHA .LE. ALSTP> GO TO 1070

1221 C

1tg2z2 C IF NEWTONS ITER., IS DIVERGING REDUCE ALPHE (RELAXATION PARAMETER)
1223 C AND CHOOUSE AN INTERIOR 2 AS NEXT GUESS., NOTE THAT ALPHA IS NOT
1224 C AFFECTED BY PHI OR PSI DIVERGENCE WHILE THEY MEET THEIR

1225 C INDIVIDUAL ERROR CRITERIA,

1226 C

1227 Lax =1

1228 RELAX = 0

1229 RLPHA = ALPHA ~ 2.0

1230 GO TO 1080

1231 C

1232 C COMFARE CaLCULATED YALUE OF OMEGA TO DESIRED WALUE, IF CLOSE
1233 C ENOUGH 3TOP ITERATIHG.

1234 C

1235 1070 IF (LAX LT, LXUP> GO TO 1030

1236 IF CALPHA .LT. 1.03 ALPHA = ALPHA % 2.0

1237 Lax = 0

1238 RELAK = 0

1239 ¢C

1240 1080 INDY = TINDV

1241 LSDIF = DIFF

1242 C

1243 C RETRIN THE BEST ESTIMATES 1IN C&SE MaX., ITER. BOUND IS REAQCHED.
1244 C

1245 RELER = CABS (CHPLX (RDIFF / RELR, IDIFF / IERR)Y)

1246 IF (RELER .GE. MINER» GO TO 1099

1247 MINER = RELER

1248 BESTI = TINDY

1249 BESTD = DEPY

1250 BESTY = DERIV

1251 BESTZ = DEPY2

1252 LOCE = LocCzZ

1253 10950 CONTINUE

1254 C

1255 © STOF IF MAX., ITERATION LIMIT I3 EXCEEDED.

1256 C

1257 IF (ITER .GT. ITRMX> GO TO 1100

1258 GO TO 1000




1259
1260
1261

1262
1263
1264
1265
1266
1267
iz68
i269
i2?vi
i2?i

i2v2
1273
ig74
i2?v5
1276
1277
1278
12v9
1280
1281

1282
1283
1284
1285
1286
1287
1288
1289
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1291

1292
1293
1294
1295
1296
1297
1298
1299
1300
1301

1302
1303
1304
1305
1306
1307
1308
1309
1310
1311

1312
1313

1315
1316
1317
1318

1100

[ N

CCa

1115

1140
1150
1130

-

c

1155

OO0

1120

)

Lo B e I ]

Lar]

OO0

OO oOOo0

WRITE <LU, 20>

BEST ESTIMATE BECOMES NEXT STREAMLINE POINT, PRINT WARNING.

TINDY BESTI
DEFY = BESTD
DERIV = BESTY

DEPY2 BESTZ
LoCZ = LOCB
IFLAG = -2
G0 TO 1155

STREAML INE POINT HAS BEEN FOUMD. SAYE THE LAST FIVE POINTS.

IF ¢12 .GT. 4> GO 70 13140
12 = 12 + i
GO 7O 1130
DO 1150 K2 = 1,4
LCIND ¢5 - KZ> = LCIND (6 - KZ2
LCIND ¢1I27> = TINDV
INDYV
DEPY

TINDY
pCoY

[ 1]

CHECK FOR D(OMEGA»/D(2> APPROX. EQUAL TO ZERD.
IF <CABS (DERIY¥)» ,LE. RERR) GO TO 1120

RETURN

IFLAG = -

RETURN

FORMAT ¢ ¢/ 5%, VHX-COORD , 5%, PHY-COORD ., 3X, 13HREAL COHVERG,
4%, 12HIM. CONVERG. 2X, SHALPHA, 2X, SHRELAX, 2X, 7HRESTORE)
FORMATS /1%, " REL. ERRUOR CRITERIA (REAL", F7.6," IM. ",F7.6,1H33
FORMAT ¢ 2%, Fi0.2, 2K, F10.2, 2¥, E12.5, 5K, E12.5, 3X, F5.2,

(1¥, ISy 2
FORMAT ¢ 8X, 43HNEWTOW ITER. LIMIT EXCEEDED FOR THIS POINT, 3

END

SUBROUTINE HWUMCa <SPaC, DODZ, D20DZ, 2, OMCON, OMEGA, IFLAG,
IHD >

STREAMLINE TRABCING USING NEWTONS METHOD, WITH CONVERGENCE
REGUIRED OF PSI ALONE. A RELAXATION PARAMETER IS INCLUDED
TO SPEED CONVERGENCE.

THIS ITERATIVE SCHEME GUARANTEES NEITHER EQUAL 2 NOR EQDAL
PHI SPACING OF STREAMLINE NODES.

COMMON ~ IMPT ~ I0OPT, NZNE, ITER, DFJP, IOMEG
COMMON / CHST # 1, PI

61
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1319
1320
i2214

iZe2z
1323
i224
13225
1326
1327
{328
1329
{330
1334

1332
1233
1234
1235
1336
1337
1338
1339
1340
1341

1342
1243
1344
1345
1346
1347
1248
1249
1350
1351

1352
1353
1254
1355
1356
1357
1358
1359
1360
1361

13262
1363
1264
1365
1266
1367
1263
i3269
1370
1371

i372
1373
1374
1375
1376
1377
1378
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COMMON » 20H / LOC2
COMMON ~# ERR3 ~ RERRE., IERR, ITRHX, ALSTP., LHDUN, LXUP
CoMMON ~ I0 / LU, PL, GL, AL, JL, IL, TL

DIMEMSION LIZIND (53

COMPLER BESTC, BESTD, BESTO. BESTZ, CWZ, 0OD2Z2, 1. LCIND,
OMCON, OMEGh, W2, W2t, W2z, Zi, 2

INTEGER Ak, GL, PL, TL

REAL IERR, IMDIF, IOMEG, MINER
MINER = 3. E9

IFLaG = @

ALPHA = 1.0

IF ¢IHD .NE. 25> GO TO 930

12 = i

LCIND (1) = 2

ISIHG = 0

CONTINUE

NEGATIYE ALSTP ALLOWS INITIAL ALPHA LESS THaN 1.
CUSEFUL WHEN STREWMLINE CONVERGENCE IS5 DIFFICULTY

IF (ALSTP LT, 0.0 ALPHAE = aBS{ALSTP)

IF CI0PT E®., 02 GO ToO 999
WRITE (LU,11> JERR

WRITE <LU,10>

RELK = ABSC(RERR * RERLSOMEGRDY D

UBTAIN ENDPOGINT OF STREAMLINE TANGENT VECTOR OF LENGTH (SPa
WZ = ¢ - 1,0, 0.0 » DODRZ
CW2Z = CABS (WZ) / WZ
NEWZ = 2 + SPAC * CABS (W2)> / W2
ITERATE ALONG THE EQUIPOTENTIAL FASSING THROUGH MEWZ T0
OBTAIN THE DESIRED F31 VALUE.

D 1030 ITER = 1, ITRMYK

CALL OMA (NEWZ, OMCON, OMEGA, DODZ, D20DZ, IFLAG, IHD, NZ

NEWZ ,

Co.

NE 2

CHECK STREAMLINE PROXKIMITY TO DIPOLE EHWDPOINT SINGULARITIES.

CALL DPCHK (NEWZ, LCIND, OMCON, OMEGA, SPAC, IERR, IFLAG,
IS5ING, IHD, 120>
IF CISING .NE. 02 GO TD j043

STREARMLINE POINT OK.

We = < - 1,0, 0.0 % DpODZ
IMDIF = I0OMEG - AIWMAG < OMEGA>

CHECK FOR CONVERGENCE ON PSI ONLY.

AERRE = ABS (IMDIF)
IF CRERR LT, IERRE) GO TO 1035




1379 C
1380 C CONVERGENCE HOT GOOD EMOUGH, FIHD A NEW Z.
1381 C
1382 IF ¢I10PT .HE. 0 WRITE (LU, 20> NEWZ, IMDIF, ALPHA
i283 C
1384 C
1285 C RETAIN BEST GUESS 30 FAR.
1286 C
1387 IF ¢RERR .GE., MINER» GO TO 1000
13288 MINER = RERR
13289 BESTZ = NEWZ
13940 BESTUO = OMEGA
13914 BESTD = DODZ
1392 BESTL = OMCON
1393 LoCcE = LOC2Z
i2%4 C
1295 C ALTER RELAXATION FAFAMETER AS NEEDED
i396 C
1397 1000 CONTINUE
1398 1IF ¢ITER .LE. 13 GO TO 1005
1399 22 = 2Z2i
1400 Z2ER = ZIER
1401 wzz = W2i
1402 1005 21 = NEWZ
1403 ZiER = IMDIF
1404 W21 = W2
1405 IF (ITER .LE. 13 GO TO 1010
1406 IF <ZiER # Z2ER .GT. 0.0 .DR. ABS(Z22ER> .GT., ABSCZIER))
1407 i GO TO {010
1408 IF (ALPHA .LE. &ABSCALSTP»» GO TO 1010
1409 ALPHA = alLPHA 7/ 2.0
1410 21 = 22
1411 Z1ER = Z2ER
1412 Wz = W2z
i413 C
1414 C CALCULABTE A HEW ESTIMRTE OF 2.
1415 C
1416 1010 NEWZ = Z1 - AaLPHA » I * Z1ER ~ W21
1417 C
1418 1030 CONTINUE
i419 C
1420 C NEXT POINT NOT FOUND AFTER MAaX, ITERATIONE,
1421 C 50 USE BEST EST. S0 FaR.
i422 C
1423 MEWZ = BESTZ
1424 UOMEGH = BESTO
1425 DDDZ = BESTD
1426 OMCON = BESTC
1427 LOCZ = LOCB
1428 IFLAG = - 2
1429 GO 1O 1045
1430 C
1431 Cc NEXT POINT FOUND. SAYE THE LAST FIWE STREaMLINE POINTS.
1432 C
{433 1035 IF ¢I2 GT. 43 GO TO 1050
1434 12 = 12 + 1
1435 G0 TO 1040
1436 C
1 ?

1437 1050 DO 1060 KZ
1433 1060 LCIND <5 -

o

LCIND <6 - K23

ko




64

1439
14940 1040 LCIHND (123 = NEWZ
1441 1045 2 = NEWZ

©

1442 L

1443 € CHECK FOR MIN, DOD2

1444 C

1445 IF ¢CABS (DODZ)Y LE. RERR) IFLAG = - |

1446 C

1447 RETURN

1448 C

1449 C

i450 C

1451 10 FORMAT (¢ / SX, 7HX-COORD, 5X, 7HY-COORD, 3¥. 13HPSI CONYERGENCE,
1452 1 5K, SHRELAX >

1453 11 FORMAT (/1X, " REL., ERROR CRITERIA ON PSI ", F7.&

1454 20 FORMAT ¢ F10.2, 3X, F10.2, 5%, E12.6, 7X, F5.3,/

1455 C

1456 END

1457 C

1458 C

1459 C

1460 C

1461 SUBROUTINE DPCHK (NEWZ. LCIND, OMCON, OMEGA, SPAC, IERR, IFLAG,
1462 i ISING, IHD, 12>

1463 C

1464 C CHECK CURRENT 3TREAMLINE COORD. FOR PROXIMITY TO DIPOLE

1465 C SINGULARITIES,

i466 C

1467 C

1468 COMMON ~ 20N / LOCZ

1469 COMMON ~ INPT ~ IOPT, NZNE, ITER, DFJP, IOMEG

1470 COMMON ~/ CNST / I, PI

1471 COMMON ~ POLE / ZONE, DPOLE

1472 COMMON ~ WELLD ~ ZBND, RPHI, 2, ZWL. STRT, WRaD, WRDS, NPT, NuWL,
1473 1 NUMS, NUMW

1474 COMMON ~ LINE / NLINE, STM, DEC, ™MXPTS

1475 COMMON ~ IO / LU, PL, GL, AL, JiL, IL, TL

1476 C

1477 C

1478 DIMENSION DPOLE <3003, ZONE <4, 72, STRT <1002, ZiL <307,
1479 Toa €305, WRAD (303, WUMS <100, 23, NUMM (303, LCIND(S), NLINE(fGD)
1480 C |
1481 COMPLEX DoOoDZ, DPOLE, I, NEWZ, OMCON, OMEGA. Z, 2G3552,

1482 1 ZiSS, ZWL, STRT, LCIND, D2oD2Z

1433 INTESER AL, GL, PL, STM, TL

14384 REAL IOMEG, IERR, IOM2, 10#MM, IMDF

1485 C

1486 NZT = NZHNE - i

1487 C

1438 C CHECK ALL DIPOLE ENDPOINTS,

1489 C

1430 D 1000 IZHE = 1, N2T

1491 NFOL1 = ZONE ¢ I2ZNE, 6>

1492 NPOL2 = ZONE (IZNE, 7

1493 C

1494 DO 1000 IPOL = MFOLI, HPDLZ2

1495 IF ¢CABS (NEWZ - DPOLE <(IPOLD>» .GT. DFJPY GO TO 1000
1496 C

1497 C A DIPOLE SINGULARITY IS IN THE PATH OF THIS STRESMLINE CONRD.
1498 C
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1493 WRITE (LU, 10) NEWZ

i500 C

15010 C ODRIENT A CIRCLE ARDUND THE DOULBLET EMDPOINT. USE ONE OF THE
iS502 C LAST FIVE Z COORDS., T3 DETERMIME THE RADIUS OF THE CIRCLE,
1503 C FRIDR STREAMLINE POINTS ARE CHOSEN (INCREASING THE RADIUS

1504 C CF THE CIRCLE> IF THE NEWTON ITERATION FAILS REPEATEDLY AT OHE
1505 C DIPOLE SINGULARITY.

1506 C

1507 IF ¢12 .LE. 0> G0 TO 1030

i508 Z = LCIND (12>

1509 12 = 12 - 1

1510 ARGZ = AIMAG (CLOG <2 - DPODLE (IPOLDID

i511 IF CARGZ .LT. 0> ARGZ = ARGZ + 2.0 * PI

istz RAD = CABS (Z - DPOLE <IPOL O

1513 IF (RAD .GT., S.#DEC> GO TO 1080

iS14 C

1518 ¢C CHECK FOR WELLS INSIDE THE DIPOLE CIRCLE. IF THERE, CHECK

iS16 ¢C STREAMLINES THAT TERMINATE AT THE WELL RADIUS,

1517 C

1518 DO 1020 IWL = i,HNWL

1519 WLRD = CRBS <ZWL (IWLY - DPOLE <IPOLID

1520 IF (WLRD .GE. RAD> GO TO 1020

1521 ZGSS = ZWLSIWL > + WRDS

1522 CARLL OMA (ZGSS, OMCON, OMEGA, DODZ, D200Z, HMXWL, IHD, HZNE>
1523 I0Mz = AIMAG COMCONDX

1524 IOMM = AIMAG COMCOND — & ¢ IWLD

1525 IF ¢(CIOMEG - IOMZ)> % (IOMEG - IOMM) .GT. Q.02 GO TO 1020
1526 C

1527 C THE PSI VALUE IS FOUND AT A WELL RaDIUS.

1528 C

1529 IFLAG = TWL

1530 GO TO 10690

1531 10290 CONTINUE

1532 C

1533 ¢C LOCATE A STARTING RIGHT BOUNWD ON THE CIRCLE. STARTING ANGLE
1534 C IS DETERMINED BY LAST 2 + 1 DEGREE.

1335 ¢C

1536 ANGL = ARGZ + FI / 180.0

1537 ZGSS2 = DPOLE (IPUOL> + RAD #* (COS C(ANGLY + I #* SIN ¢ANGL >
1538 CALL OMA (2GSS2, OMCON, OMEGA, DODZ, 0IBDZ, MXWL, IHD, NZNE)
1539 10MM = AIMAG (OMEGA >

1540 C

1541 C TRAYERSE THE PERIMETER OF THE CIRCLE IN 10 DEGREE <OR LESS)
1542 C INCREMENTS, IN ORDER TO BOUND THE PSI YARLUE,

1543 ¢C

1544 IBND = 0

1545 TEN = PI 7 183,

1546 1050 RHGZ = ANGL

1547 IF (aANG2 + TEN .GE. ARGZ + 2.0 * PI) TEN = PI / 130,

1548 10M2 = I0OMM

1549 IF CIBND .GT. 03 IBND = IBND + 1

1550 ¢C

155¢ C IF PSI I3 BOUNDED, HALVYE THE LAST ANGLE IHCREMENT AND

1552 C CALCULATE A NEW PSI YaALUE,

1583 C

1554 1030 ANGL = ANGZ + TEN / (2.0 %% IBN[:

1338 IF ¢ANGL .GE. ARGZ + 2.0 * PI> GO TO 1030

1556 2G3S = DPUOLE (IPOL> + RAD * (COSC(ANGL> + I * SIH <(ANGL>D
1557 CALL OMA <ZGSS, OMCON, OMEGA, DODZ, D2DDZ, MWL, IHD, NZME?

1558 IOMM = AIMAG (OMEGA )
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1559
1560
i561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1584
1585
1586
1587
1588
1589
15380
1591
1592
1593
1594
1595
1596
1597
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617
1618

C
C
c
c
C
Cc
C
C
C
C
1060
C
C
[
C
1030
C
C
C
1090
C
10190
C
C
1000
C
c
(
c
C
10
20
C
C
c
C
C
©
C
C
c

CHECK IF PSI IS5 BOUNDED.

IMDF = IDMEG - I0OMM

IF (CIDMEG - IOM2)> = IMDF .ST. 0> GO TO 1050

P51 HAS BEEN BOUNDED, CHELK ERROR IN PSI ESTIMATE,

IF ¢ABS CIMDF> .LE. IERR> GO TD 1060
IBND = IBND + 1

IF CIBND GT. 0> GO TO 106%0

GO TO 10340

NEW 2 HAS BEEN FOUKD.

NEWZ
GO TO 9

9y

o N

G5!
10

ONLY ONE PSI VALUE FOUND ON THE DIPOLE CIRCLE.
THE STREAMLINE.

NEWZ = 2

WRITE (LU,
IFLAG = -4
GO TO 1010

R
<
~

UNABLE TD MEET SPECIFIED CONVERGENCE CZRITERIA

NEWZ = £
IFLAG = -2

.

CONTINUE
ISING = IPOL

RETURN

CONTINUE
ISING = 0O

RETURN

FORMAT ¢ 11X, Z0HDIPOLE SINGULARITY ENCOUNTERED,
23HIN STREAMLINE PATH AT COORDS., 2F9, N

FORMAT ¢ 1x, 23HUNABLE TO LOCATE HEXT CODRD.,iX,

ZZHSTREAMLINE TERMINRTES.

END

SUBROUTINE MXMN (2ZHD, HDMN, HDMX, ICTO

DETERMINE MAX AND MIN YALUES OF STREAMLINE COORDS &ND HEAD.

TERMINATE

1%,
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1621
1622
1623
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1630
1631
1632
1633
1634
1635
1636
1637
1638
1639
1640
1641
1642
1643
1644
1645
1646
1647
1648
1649
1650
1651
1652
1653
1654
1655
1656
1657
1658
1659
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1678
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COMMON «~ I0 # LU, PL, GL, AL, JiL, IL, TL

DIMENSION HDMN <35, HDMX (33, ZHD (4>

INTEGER AL, GL, PL, TL
IF CICT .GT, 1> GO TO 1010

DO 1000 IH = 1, 3
HDMX ¢IH? = - 9.E9
HDMH (IHY = 9,E3

DO 1020 IH = i, 3

IF CZHD ¢IH) LT, HDMN (IH>)> HDWN <¢IH> = ZHD <(IH»
IF (ZHD CIH> .GT. HDMX <(IH>> HDWX (IH)> = ZHD <¢IH>
CONTINUE

RETURN

END

SUBROUTINE FTOH (ROMEG, HD, PERM:
CONVERT POTEMTIAL T3 HEAD. NOTE,THAT PHI I3 CONTINUDUS ACROSS
CONFINED/UNCONFINED FLOW BOUNDARY.

coMMON ~ IO / LU, PL, GL, AL, JL, IL, TL
COMMON / AGF / THICK, A&, FL, BND
DIMEMSION BHD (4>

CHARACTER*4 AR

COMPLEX BHND

INTEGER AL, GL, PL, TL

REAL KBHNLx

DATA ZERDO, POND, UNCF, CONF, CONA / 4HZERD, 4HPOND, 4HUNCF,
4HCONF, 4HCONA ~

KBND = PERM # THICK #®#% 2
CHECK IF CONFINED 0OR UNCONFINED FLOW.

IF (ROMEG .GE., KBND?» GO TO 1010
IF (ROMEG .GE. .5 =# KBND> GO TO 1000

IF RGUIFER IS UNSATURATED, SET HEaAD=D

WRITE <LU, 10>

FL = ZERUO
HD = 0.0
RETURN
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1679
1680
1681
1682
1683
1634
1685
1686
1687
1598
1669
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700
1701
1702
1703
1704
1705
1706
1707
1708
1709
1710
1711
1712
1713
1714
1715
1716
1717
1718
1719
1720
1721
1722
1723
1724
1725
1726
1727
1728
1729
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1731
1732
1733
1734
1735
1736
1737
1738
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IF FLOW IS UNCONFINED AT THIS POINT USE THISZS EXPRESSION FOR HERD,

HD = ABS (SORT ¢2.0 * ROMEG ~ PERM - THICK #% 253
Fi. = UNCF
RETURHN

IF HEAD EXCEEDS ARUIFER THICKNESS, CHECK TO BE SURE THART THE
ARUIFER Ha5 AN UPPER COMFINING LAYER, IF NOT SURFACE FONDING
EXISTS aND THIZ SOLUTION BREAKS DOWN, TERMIHATE STREAMLINE.

IF AR EQ. "CONA“)» GO TO 1020
FL = PORD

WRITE (LU, 20>

RETURN

ROMEG /7 (PERM % THICK)
CONF

HD
FL

RETURN

FORMAT < 8¥, 4ZHARUIFER PUMPED TO ZERDO HEAD AT THIS POINT. 3
FORMAT < 8K, 43HHEAD EXCEEDS UNCONFINED AQUIFER THICKNESS,
23HSTREAMLINE TERMINATED. 3

END

SUBROUTINE HTOF (PHI, HD, PERM, THICZKD
CONVERT HEAD TO POTENTIAL. NOTE, CHECK FOR CONFINED OR
UNCONFINED FLOUW,

COMMON ~ IO /2 LU, PL, GL, AL, JL, IL, TL

UNCONFINED FLOW,

INTEGER AL, &L, PL, TL
IF ¢HD LE. THICK) PHI = .5 #% PERM #* (THICK ##% 2 + HD #*4 23

CONFINED FLBGW,

IF ¢HD .GT. THICK?» PHI = PERM % THICK * HD
RETURN

END

SUBROUTINE INOUT <BHE, 2, IT)

DETERMINE IF 2 IS INSIDE OR OUTSIDE OF PLOT BOUNDaREY,




1739 C

1740 COMMON ~ 10 # LU, PL, GL, AL, JL, IL, TL
1741 C
1742 C
1743 DIMENSION BND (4)
1744 C
1745 COMPLEX  BHND, 2
1746 INTEGER AL, 5L, PL, TL
1747 IT = 0
1748 BID = 0.0
1749 C
1750 DD 1000 IB = 1, 4
1751 IBF = 1B + |
1752 IF ¢IB .E&. 4> IBP = f
1753 BIO = BID + AIMAG (CLOG (CZ - BND ¢IBF)) / ¢2 - BND CIB))>»)
1754 1000 CONTINUE
1755 C
1756 IT = BIO
1757 ¢
1758 RETURN
1759 C
1760 C
1761 END
1762 C
1763 ¢
1764 C
1765 SUBROUTINE DIPOL <2, OMLD, DOLD, D2LD, IHD, HZWE?
1766 €
1767 C THIS ROUTINE CALCULATES THE COMPLEX POTENTIAL RESULTING
1768 C FROM ONE OR MORE LINE DIPOLES PLACED ON THE BOUNDARYS BETWEEN
1769 C ARUIFER REGIONS HAYING DISCRETELY DIFFERENT PERMEABILITIES,
17706 C
1771 ¢ THE DIPOLE STRENGTH (S3 IS THE LIMIT &S H GDES TO ZERO,
1772 ¢ AND @ GDES TO INFINITY OF O%H, AT RATES
1773 ¢ SUCH THAT THE PRODUCT O%H REMAINS CONSTANT, I.E. A3
1774 C H GDES TO Z2ERD, @ GOES TO INFINITY A5 1/H.
1775 C
1776 C
1777 ¢
1778 COMMON / CNST / I, PI
1779 COMMON / Z8RG / ARGPO, DODF

1780 COMMON / POLE / ZONE, DPOLE

1781 COMMON 7 FJMP /2 JUMF, MU
1782 COMMON / 20N / LOCZ
1783 COMMON ~# 10 / LU, PL, GL, AL, JL, IL, TL
1784 €
1785 C
1786 C CALCULATE OMEGA FOR ARBITRARY FOINTS (25, USING THE PREVIOUSLY
1787 ¢ CALCULATED DIPOLE STRENGTHS (S5 AS ENTRIES IN THE COMPLEX
1788 ¢ POTENTIAL EXPRESSION.
1789 ¢
1790 DIMENSION ARGPO (600), DPOLE ¢300), JUMP (3003,
1791 i MU ¢300), OMDP ¢2), WIND (3>, 20NE (4, 7
1792 ¢
1793 COMPLEX  CLG. DODF, DOLD, DPARE, DPAR1, DPaR2, DPDLE, DPRFA,
1794 1 DPRFB, FACT1, FACTZ, FACT3, FACT4, I, OMDF, OMLD, OMZN, OPREF,
1795 2  PARB, TERMP, TERM1, TERM2, TERM3Z, 2, D2LD, DP&R0, DPAR3, DPHR4
1796 INTEGER AL, GL, D2NE, PLS, PLUS, PL, TL
1797 REAL JUMP, MU

L]

1798




70

1799
i800
1801
ig02
1803
1804
1805
iB06
1807
1808
1809
1810
1811
1812
1813
1814
1815
i816
1817
1818
1819
1820
1821
1822
1823
1824
1825
1826
1827
1328
1829
1230
1831
1532
1833
1834
1835
1836
1837
1238
1839
1840
1841
1842
1843
1544
1845
1346
1847
1348
1849
1850
1851
1852
1333
1854
13585
1356
1257
1358

QOO0

OGO OO0O0O0

C oOO0

OO0

[ ]

OMLD = (0.0, 0.0
DOoLD = ¢u0.0, 0.0
Dz = <0.0,. 0,0
MZT = NZHE - 1

DIy 1010 IZHE = 1, HZT
OMZH = <0.,0, 0.0
WIND C(IZHEY = 0.0
NFPOL1 ZONE CIZME, 6D
NPOL2Z ZONE < IZNE, 7>

i oH

DO 1000 IPOL = NPOLI, HPOLZ
PLUS = IPOL + i

IF CIFOL .E®R., NPDLZ)Y PLUS = NPOLI
PLS = NPOLZ + IPOL

CALCULATE AND ASSEMBLE THE DOUBLET EXPRESSION.

FACT! = 2 - DPOLE (PLUS)>
FACTZ = DPOLE (PLUS> - DPOLE ¢ IPOLD

FACT3 = 2 - DPOLE CIPOLD

FACT4 = - FACTZ

TERMI = FACT! ~ FACT4

TERMZ = FACT3 / FACT2

TERM3 = FACT! / FACT3

TERMP = (2 - (OPOLE {PLUS)> + DPOLE CIPDLY) / 2Z.0» / FACTEZ
RCLG = REAL (CLOG (TERM3))

ACLG = AIMAG CCLOG (TERM3 )

TWO BRANCH CUT3 ARE ASSOCIATED WITH EACH LINE DIPOLE,

ONE AT EACH DIPOLE ENDFOINT., BRA&NCH CUTS ARE SITURTED S0 THAT
THE BRANCH FROM ENDPOINT Z2{J+i > OVERLIES THE LINE DIPOLE AND
BRANCHES FROM BOTH Z<J+1)> AND Z<{J)> OVERLAP AT THE RIGHT

OF THE LINE DIPOLE,

CALCULATE OMEGR PREFIX.

OPREF = ~ I & (2.0 % PI) « CJUMP JIPDL3 % TERMI + JUMP
1 CPLUS)> * TERMZO

CALCULATE ANGLE MADE BY TENTATIWE 2 aND ADJACENT BRANCH CUTS.
POSITIVE ORIENTATION.

ARGFO (IPOL Y = AIMAG <CLOG ¢ - FACT3»» - alMaG <CLOG
1 CFRACTZO2

ARGPO <PLS> = AIMAG (CLOG « - FACTI)D
1 CFRCTZ )

i

AIMAL CCLOG

IF CARGPO <PLS> .LE., 0.0) ARGPO <PLS> = aQRGPD
1 CFLSI + 2.0 % PI

IF (ARGPOD (IPOL> LE. 0.02 ARGPO (IPOL2 = ARGFOD
i CIPOLY + 2.0 % PI

CALCULATE CONTINUDUS LINE DIPOLE CIPDL-PLS ) ARGUMENT
IN 2ONE C(IZNE?>,

CLG = CHMPLX (RCLG. ARGPO (PL3)> - ARGPU ¢IFOLDD

DETERMINE IF FERM. ZONE EDUNDARY WAS CROSSED,




1359
1860
1861

i862
1363
1864
1265
1266
1367
1268
1369
1370
1871

1872
1873
i874
1375
1876
i8?77?
1878
1879
1880
1881

1382
1883
1884
1385
1286
1887
1288
1589
1890
1891

1892
1893
1894
1895
1896
1897
1898
1899
1900
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IF THE ARNGLES MADE BY 2 AND Z2ONE IZNE DOUBLET ENDPOINTS
SUM TO 2PI THEN 2 LIES WITHIN ZONE IZNE, IF THEY 50 TO 0
2 LIES OUTSIDE.

WIND (IZNE> = WIND (IZNE» + AIMAG <CLG)O
CALCULATE THE PARABOLIC COMPONENT OF DUULBLET STRENGTH.
STRENGTH IS INTERPOLATED USING A PARABOLIC FIT, BETWEEN
ENDPOINTS. THE STRENGTH IS5 AN EXACT FIT AT THE MIDPOINT.

PAREB = MU (IPDL) # ¢ - 2,0 % I /4 PI» % (TERMI * TERMZ *
1 CLG - TERMP?

ADD LINEAR AND SECOND ORDER TERMS.
OMDP (1) = OPREF #* CLG + PARB

CUMULATIVE POTENTIAL FOR ONE ZONE.
DMZN = OMZN + OMDF (1)

CALCULATE D(OMEGR>/DC2) FOR THE DIPOLE TERMS,
DCOMEGRIA/D(Z ) IS CONTIHUDUS EXCEPT AT BRA&4NCH CROSSINGS,

DPRFa = 1 # (2.0 % PI)Y * (JUMP (IPOLDY # FACT4 + JUMP
1 CPLUSS> / FACT2)
DFRFB = FACT3 *% 2 — FACTI! %% 2

DPARD = FACT3 + FACTI

DPARY = DPARD / FRCTZ #% Z

DPAR2 = FACT3I * FACTH

DPARB = MU (IPOL)Y % (2.0 = I / PI>
DPAR3 = FACT3 ~# FACTI

DPAR4 = FALCT4 / FACTI %% 2

DOLD = DOLD + DPRFA % {CLG + DPRFEB ~/ DPAR2)
1 + DPARB #* (DPARY * CLG + 2.0 / FACT2)

DELD = D2LD + DPRFA * (DPAR3 # DPAR4 +

1 (2,0 % DPaARZ #* FACT2 - DPRFB #* DP&R0O)Y ~/ DPARZ ## 2

2 + DPARB #® (2.0 / (FACTZ ** 23 % CLG + DPARY * DP&RI # DPaR4
CONTINUE

CUMULATIVE POTENTIAL FOR ALL ZONES,

TWND = WINDCIZHED

IF CIWND NE. 0> OMZN = CHPLXC-REALCOMZN), AIMAGCOIMZN )
OMLD = OMLD + OMZH
CONTIHNUE

DETERMINE THE PERM, ZONE LOCATION OF THE CURRENT (TENTATIVE) (2>,
Z MAY LIE INSIDE A ZONE THAT I5 ITSELF CONTAINED WITHIN ANOTHER

ZOKNE .
LOCZ = NZHE
DO 1020 IZHE = 1, N2T

TWNHD = WIND (IZNE>
IF CIWND .E@. 0> GO Td 1020
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1941
1942
1943
1944
1945
1946
1947
1948
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o000
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1000
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DZNE = ZONE (IZHE, 357
WIND ¢O2ZNE> = 0.0
LOCZ = IZHE

CONTINUE

RETLRN

END

EMA/SIZE/, /VELCT/

SUBROUTINE STGTH (IHD, RPHI, LP>

THIS ROUTINE SOLVES (N> LINEAR EQUATIONS WITH (NI UHKNOWNS
T3 DETERMINE THE STRENGTH <DELTA PHIY> OF <H> LINE DIPOLE
ENDPOINTS FORMING THE BOUNDARY BETWEEN TWD 0OR MORE AQUIFER
ZONES WITH DISCRETELY DIFFERENT PERMEABILITIES.

COMMON / SIZE ~ COEF, CHEM

COMMON # VECT 7 CNST

COMMON # FPOLE ~/ ZONE, DPOLE

COMMON ~/ INPT / I0PT, NZNE, ITER, DPJF, I0OMEG
COMMON ~ PJMP / JUMP, MU

COMMON ~/ CNST « I, PI

COMMON / ONED / IFLO, ANGL1, UMNFM

COMMON / 20N / LOCZ

coMmMON ~ 10 ~ LU, PL, GL, AL, Ji, IL, TL

DIMENSION CHEM <500, 17>, CHST (3003, COEF {300, 3003,
DPOLE <300>, JUMP (300>, MU (3005, ZONE <4, 72

COMFLEX CL, CLG, DODZ, DPOLE, FACTI, FACT2, FALCT3, FACT4,

FRCTS, FACTe, I, OMUCON, OMEGA, TERMI, TERM2, TERM3I, TERNM4Y,

TERMS, 2, bz20bZ
INTEGER AL, ER, GL, PLUS, PL, TL
REAL JUMP, MU, IOMEG
ITER = ©
ITFLG = 0

WRITE <1, 40>
Do 1000 IPOL = 1, 300

i 1000  JPOL 1, 300
COEF (JPOL, IPOLD = 0.0

CALCULATE THE BOUNDARY CORDITION AT EVERY DIPOLE ENDPOINT.
1.E. DIPOLE STRENGTH <53 = (K - KI>K * PHI. THIS CONDITION
IS DEVELOPED FROM THE FUNCTION RELATING PHI AND HEAD AND

FROM THE ASSERTION THAT AT THE ZONE BOUNDARY HEAD IS CONSTANT

PERM, CHANGES3 FROM K TOD Kt
NZT = NZNE - 1

DD 1090 IZHE = 1, HN2T
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RATIO OF PERMS.

PFUNC = ZONE

IF ZONE BOUNDARY
I3 REVERSED.

i

IF (Z20NE <IZH
PFUNC = -20HE

CALCULATE DIPOLE

DIPOLE STRENGTHS
THE N REAL POTEN
ONE FDR EACH SCJ

bo 1020 IP
MINUS = IPO
IF (MINUS .
PLUS = IFOL
IF (PLUS .G

THE POTENTIAL EX
PERMEABILITY ZON

(IZNE, B
CIZNE, 7

3
b

INZIDE AND OUTSIDE.

CIZNE, 43 / (20NE (IZNE, 2 - ZON
IS5 ENTERED IN CLOCKWISE ROTATION,

E, 3> .LT. 0.0>
CIZNE, 20 7 ZONE (IZHE, 4> % PFUJN

STRENGTH, LOOP ONCE FOR EACH DIP

ARE DETERMINED BY SIMULTANEODUSLY
TIAL EQUATIONS (ONE FOR EACH DIPD
y,d=1,,.N >, WITH THE ABOVE CONDIT

oL = NIPLI, NIPLZ

L - i

LT. WIPL1> MIHUS = NIPLZ
+ 1

T. NIPL2)> PLUS = NIPLI

PRESSION FUOR THE TWO DIPOLES IH
E (IZNE> AND ADJACENT TO

E (IZHE,

DRIENTAT

L

OLE,

SOLVING
LE HEKCE
10N,

CIPOLY INDIVIDUALLY CONTAIN TERMS WHICH BECOME INFIMITE

A5 2 APPROACHES
THESE TERMS CAaNC
LOG TERM WHICH I

FACTS = DFO
FACTe = DPO
TERM4 = FAC

THE REAL PART OF

ARG = AIMAG

ENSURE ARG HAS A

IF (ARG .GT.

ARG4 = PFUN
IF (ABS (AR

BEGIN CALCULATIN
EQUATIONS INYVOLY
DIAGUNAL OF THIS

COEF <IPOL,

INCLUDE IN REALJ
BOUNDARY, WELLS
HOTE THAT CMST I
OTHER OMEGA AND

Z2¢Jdy (THE DIPDLE>. HOWEVER, COLL
EL EACH OTHER, LEAYING A SINGLE F

ECTIVELY
INITE

E

TOH

S HERE COMBINED WITH THE ZONE BOUNDERY COND.

LE ¢IPOL>» - DPDLE C(PLUSO

LE <IPOL> - DPOLE (MINUS)
TS ¢/ FACTS
THIS EXPRESSION INVOLYES AN ARGU

CCLOG (TeERM4I)D

MENT .

SIGN OPPOSITE THAT OF OTHER INTERIOR ANGLES.

0.0) ARG = ARG - 2.0 * PI

C - 1.0 7/ <20 %« PI)Y * ARG
G4 LE. 1.0E - 10> ARGY = SIGH <

1.0 - 10,

5 THE COEFFICIENTS FOR THE N SIMULTANEOUS

ING THE N UNKNOWN STRENGTHS (3.
MATRIX I5 ~-1.

IFOLY = =1.0

OMEGA> THE CONTRIBUTION DUE TO A
AND UNIFORM FLOW.

NYOLVYES 2{IPOLZ

THE BOUNDARY PHI.

THE

CONETANT

ARGY 2

HEAD
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NOPDL = ¢
CaLL OMA <DPOLE ¢IPOL>, OMCON, OMEGA, DODZ, D20DZ, MXiL. IHD,
HOPOL 3
CNST <1POL) = - REAL (OMEGA) / ARGH

CALCULRTE THE COEFFICIENTS OF THE DIPOLE STRENGTH MATRIX.
INCLUDE ALL PERMEABILITY 2Z20NES CALL DIPOLES)> IN THE MATRIX.

DO 1070  JZHWE = 1, NZ2T

NJFOL = ABS (Z0ONE (JZHE, 33
NJPLT = ZONE (JZNE, &)
NJPL2 = ZONE < JZNE, 7D

IF (ZONE CIZNE, 1) NE. ZONE CJZNE, 133 GO TO 1030
NCT = NJPOL - 2 ;

CALCULATE THE 3 MATRIXK COEFFICIENTS FOR THOSE DIPOLES ON
THE BOUNDARY OF PERMEABILITY ZONE <IZNED,
LOOF N-2 TIMES SINCE TWO ADJACENT DIPOLES ARE OMITTED.

0O 1020 JCT = 1, NCT
JPOL = JCT + IPOL

IF (JPOL .GT. NJPL2) JPBL = JPOL - NJPOL

MINUS = JPOL - f

IF CMINUS ,LT. NJPLTD MINUS = NJPLZ

PLUS = JPOL + | |
IF (PLUS .GT. NJPL2) PLUS = NJPLI

CHECK FOR COINCIDENT DIPOLES WITHIN ZONE ¢IZNEY,1.E. 3LO0TS.

IF CDPOLE CIPOL> .E@., DPOLE <PLUSS> GO TO 1020
IF (DPOLE (IPDL> .NE. DPOLE <(JPOL > GO TO 10140
FACTS = DPOLE (JPOL>» ~ DPDLE <(PLUS)

FACTE = DPOLE (JPOL» - DPODLE (MINUS)

TERMS = FRCTS / FaACTe

CLG = CLOG {TERMS>

-—f

COEF. OF STRENGTH FOR COINCIDENT EMDPOINT WITHIN ZONE ¢ IZNE>.

COEF <JPOL, IPDL)> = REAL ¢ - 1 / ¢2.0 * PI» % CLG)

, GRG4 |
GO TO 1020 |
FACT! = DPOLE (IPOL) - DPOLE <PLUS) |
FACTZ = DPOLE ¢ JPOL? - DPOLE (FLUSS |
FACT3 = DPOLE (IPOLY -~ DPOLE < JPOL 5
FACT4 = - FACTZ
TERMi = FACTI ~ FACTZ
TERMZ = FACTZ / FACT4
TERM3Z = FACT1 / FACT3

CLG = CLUOG “TERM3>» |
COEFFICIENT OF STRENGTH S¢J) FOR ENDPOINT(I> IN ZODNE ¢ IZHE .
COEF < JPOL, IPOL> = CDEF < JPOL, IPOL)> -
REAL <I ~ <2.0 % PI)> * TERMI * CLGY / ARGY

|
COEFFICIENT OF STRENGTH SCJ+13 FOR ENDFOINT <13 IN ZONE (IZHE:.
|
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NOTE THAT ALL COEF. ARE REAL SINCE DIPOLE CAUSES JUMF IH
REALCOMEGR ».

COEF <(PLUS, IPOL)> = COEF (PLUS, IPOL: -
i REfL ¢I # €2.0 * PI) % TERMZ % CLG? / ARG4

CONTINUE
GO TO 1060

CALCULATE THE § MATRIX COEFFICIENTS FOR THOSE DIPOLES THAT ARE
ON THE BOUNDRRIES OF OTHER PERMEABILITY ZONES.
CALL DIPOLES MUST BE INCLUDED IN THE STRENGTH MARTRIR?,

DO 1050 JFOL = NJPL1, NJPLZ
MINUS = JPOL - 1

IF (MINUS .LT. NJPL13> MINUS = WHJFLZ
PLUS = JPOL + 1

IF (PLUS ,GT. NJPLZ)> PLUS = NJPLH

CHECK FOR COINCIDENT LINE DIPOLES IN OTHER ZONES

OMIT INFINITE TERMS (SINCE THEY CANCEL EACH OTHER OUT)

FROM CALCULATION OF STRENGTH COEFFICIENT. THE FINITE PORTION
I5 CALCULATED HERE.

IF (DPOLE (IPOL> .EQ, DPOLECPLUS > GO T3 1050
IF {DPOLE <IPOL> .NE. DPOLE <¢JPOLO>Y GO TOQ 1040

FACTS = DPOLE <JPOL)> - DPDLE(PLUS
FACTé = DPOLE CJPOL> - DPDLE <MINUS)
TERMS = FARCTS / FACTE

CLG = CLOG (TERMS)
COEF. OF STRENGTH (35¢J3> FOR CONINCIDENT ENDFUOINT (I3 IN ZONE
CJZNEDY,  OJNE TERM ONLY.

COEF < JPOL, IPOL) = REAL ¢ - I «# (2.0 # PI>» % QLG
i 7 ARG4
GO TO 1050

DIFPOLES NOJT COINCIDENT.

FACTY = DPOLE <IPOL> - DPODLECPLUS?
FACT2 = DPOLE (JPOL> - DPOLECPLUS)
FaCT3 = DPOLE (IPOLY - DPOLE (JPOLD
FACT4 = - FACTZ

TERMI = FACT1 / FACTZ

TERM2 = FACT3 / FACT4

TERM3 = FACTI1 / FRCT3

CLG = CLDOG (TERM3>
COEF. OF STRENGTH S<{J> FOR ENOPOINT I IN ZONE {JZNEX,

COEF ¢ JPOL, IPOL> = COEF <JPOL, IPDL)> -
i REAL ¢I / (2.0 * PI>» % TERMiI # CLG> / ARGH

COEF., OF STRENGTH S5<J+12> FOR ENDPOINT I IN ZONE (JZHNEJ.

COEF (PLUS ,IPOL> = COEF (PLUS, IPOL)> -
1 REAL ¢I1 ~» (2.0 % PI) % TERM& * CLG)Y / ARG4
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CONTIHNUE
CONTINUE
CONTINUE

CONTINUE
CONTIHUE

ISUM ROWS IM THE S MaTRIX,
ISiUM = 20HE <NZT, 70

SOLVE THE N LINEAR ERUATIONS INVOLYIRG N UNKNOWN DIPOLE
STRENGTHS (5<Jd2,d=1., . N> USING GAUSSIAN ELIMINATION MaATRIX SOLVER.

CALL GAUSS (ISUM, ERD

REPACK THE POTENTIAL JUMP FOR EACH DIPOLE,

CONTINUE
WRITE LU, 10>
DO 1130 IZNE = 1, H2ZT

NIPLI ZONE (IZNE, 63
NIPLZ ZONE CIZNE, 7

DO 120 IPOL = NIPLI, NIPLZ2

JUMP ¢IPOL> = CHS3T CIPOLD
IF C(IZME .GE. 2) JUMP (IPOL) = - INST <(IFOLD

IMPOL = IPOL

IF (LP .LE. 13 GO TO i110

IF ¢MOD ¢IPOL, &> .EQ. 0> G0 TD 1120
IMPOL = <IPOL + 1> / 2

SAYE STRENGTH VaLUES.

WRITE CJL, 203 JUMP <{IPOL >

CONTINUE

1
WRITE <LU, 30> IZNE, IMPOL, DFOLE <IFPOLY, JUMP <IPOLD
CONTINUE

RETHURN

FOURMAT ¢ /77 239X, 17HODUBLET STRENGTHS, /7, 32X, {1H(ENDFOINTS),
A7, 2X, BHZONE NO., 3X, {1HDOUBLET NO., 9X, 12HCOORDS.(X%,¥),
9K, 17HJUMP IN POTENTIAL >

FORMAT ¢ 2E15.9 >

FORMAT ¢ 11X, IS5, P?X, IS5, 3X, 2E12.5, 7%, EI15.7 >

FORMAT ¢ "SETTING UP DOUBLET STRENGTH MATRIX 3

END
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2219 C
2220 C
2221 SUBROUTINE MDPNT <(N2ZKE, IHD, RPHI, LPD
2222 C
2223 ¢C CALCULATE EXACT STRENGTH AT ENDPOINTS AHD MIDPOINT
2224 C OF EACH LINE DOUBLET BOUND&RY SEGMENT.
2225 ¢C
2226 CoMMON # ID0 ~ LU, PL, GL, AL, JL, IL, TL
2227 COMMON ~ POLE ~ ZONE, DPOLE
2228 C
2229 C
2230 DIMENSION DPOLE <3002, 2Z20NE (4, 72
2231 €
2232 COMPLEX DFOLE
2233 INTEGER AL, GL, PL, TL
2234 NZT = NZNE - 1
2235 C
2: DD 1020 IZHE = NZT, 1, -i
NPOL1 = ZONE <(IZNE, 6>
NPOLZ = ZONE C(IZNE, 7
"
c INSERT SPACE FOR MIDPOINT COORD.
L
DO 1000 IPOL = NPOL2, NPOLY, -1
1000 DPOLE (2 * IPOL - 1> = DPOLE (IPODLD
c
c INSERT MIDPOINT COORD.
c
ZONE <IZNE, 3> = ZOHME (IZHE, 3> % 2
ZJUONE (IZNE, 6> = ZOHE (IZHE, 60 * 2.0 - 1.0
ZONE <I1ZNE, 7> = Z0ONE (IZNHE, 7> * 2,0
MPOL1T = ZONE <CIZNE, 65
MPDLZ = ZONE (IZNE, 72
c
DO 1010 IPOL = MPOLY, MPUOLZ, 2
IPLST = IPOL + 1
IPLS2 = IPOL + 2
IF ¢(IPLS2 .GT. MPOLZ)> IPLSZ = MPOLI
DPOLE (IPLSY1)> = (DPOLE <IPLS2Z) + DPOLE CIPOLY) / 2.0
1010 CONTINUE
c
c
1020 CONTINUE
c
C CALCULATE SIMULTANEOQUS EXACT STRENGTHS AT ENDPOINTS AND MIDPOINTS.
c
CALL STGTH (IHD, RPHI, LP>
c
C SEPARATE NONLINEAR COMPONENTS.
c
IF <Lk ,GE. 2> CALL QUAD (N2T)
C
RETURN
C
C
END
c
c Ve
c

SUBROUTINE QUaAD (NZT)
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CALCULATE PARABOLIC COMPONENT OF DOUBLET STRENGTH AT EALCH

DOUBLET MIDPOINT.

COMMON # POLE 7 ZONE, DPOLE
COMMION / PUMP / JUMP, MU
COMMON ~ IO ~ L, PL, GL, AL, Ji, IL, TL

DIMENSION DPOLE <(200)>, JUMP (300>, MU (300>, ZONE <4, 7>

COMPLEX DPOLE
INTEGEKR AL, GL, PL, TL
REAL JUMP, MU

REWIND JL
WRITE CLU, 105
D 1020 IZNE = 1., NZT

MPOL

E (IZNE, 6
MPOL2 E

CIZNE, 73

o

DO 1000 IPOL
IPLS = IPOL +
IF ¢IPOL + 1

MPOLY, MFOLZ, 2

mpra i

&, MPDLZ) IPLS = MPOLH
LINEARLY APPROXIMATED STRENGTH AT MIDPOINT.

STMID = (JUMP (IPOL> + JUMP C(IPLSH) /7 2.0

THE DISCREPANCY BETWEEWN aCTualL JUMP AND LINEARLY APPROXIMATED

STRENGTH IS THE COMPONENT <(MUD) TO BE ADDED TO <S> AT THE

MIDFPOINT AND INTERPOLATED RUADRATICALLY BETWEEN THE ENDPOINTS,

IMPOL = IPOL + 1
IM2 = IMPOL ~ 2
MU CIPOLDY = JUMP (IMPODL)> - STHMID

WRITE <LU, 30> IZHE, IMZ2, DPOLE CIMZ)>, MU J(IPDLD

CONTINUE
CONTINUE

DO 1030 IZNE = 1, HZT

ZONE CIZNE, 39 ZONE CIZHE, 3> / 2.0

ZONE CIZNE, 62 CZONE CIZME, 63 + 13 / 2.0
JUONE (IZHE, 72 ZONE C(IZHNE, 7> 7/ 2.0

ouu

RESTORE DIFOQLE,AND STRENGTH ARRAYS. SAYE STRENGTH

MFOL 1
MPOLZ

ZONE (IZNE, 6
ZONE C(IZNE, 7>

o

DO 1010 IPOL = NPOLT, NPOL2
JUMP CIPOLDY = JUMFP <2 % IPOL - 12D
MU <IPOL> = MU <2 * IPOL - 1)

VaLUES,




2339
2340
2341
2342
2343
2344
2345
2346
2347
2348
2349
2350
2351
2352
2353
2354
2355
2356
2357
2358
2359
2360
2361
2362
2363
2364
2365
2366
2367
2368
2369
23790
2371
2372
2373
2374
2375
2376
2377
2378
2379
2380
2381
2382
2383
2384
2385
2386
2387
2288
2389
2390
2391
2392
2393
2394
2395
2396
2397
2298

c

Qo0

(] pRatle

A TALE

o000 OO00

(el e}

(e}

COOaOn

(e

OO0

1010

1030

10
i

20

30

1025

79
WRITE <JL. 20> JUMP <IPDLD>, MU <IPOLD
DFOLE (IPOL)> = DPOLE <2 = IPOL - 1)

CONTINUE

RETURN

FORMART ¢ /77, 31X, 11H(MIDPOINTSS, /7, 11X, B
T1HDOUBLET NO., 7¥, 11HCDORDSCX,Y), 8, 22

AL , /, 44X, 1SH(PARABOLIC FIT» >

FORMAT ¢ 2ZE15.% >

FORMAT ¢ 11X, IS5, 7X, IS5, 35X, 2E12.5, 5X, EI12.5 >

END

EMA/SIZES, /YECT/

SUBROUTINE GAUSS (MIN, ERD

OBTAIN A SOLUTION TO A SET OF SIMULTANEOUS LINEAR ESUATIONS
OF THE FORM AX=B.
DESCRIPTION OF PARAMETERS:

I = ROW
J = COLUMN
COEF4I,d> = MATRIX OF COEFFICIENTS
CHST( J) = COLUMN OF CONSTANTS
= SOLUTION ARRAY
METHOD:

ROW REDUCTION USIHNG THE GAUJES-JORDAN PROCEDURE

COMMON ~ SIZE ~ CUEF, UCHEMN

MON / VECT / CNST

MON » IO ~ LU, PL, GL, AL, JL, IL, TL

DIMENSION CHEM <500, 173, CH3T <3003, COEF <300, 300>, COLI (3002

INTEGER AL, ER, GL, PL, TL

MINUS = MIN - 1
ToL = 1.0E - 10
ER = 0

WRITE <1, 40O

PIVOTING IS NOT NECESSARY WITH THIS MATRIX SINCE THE DIAGONAL
ELEMENT IS ALWAYS THE LARGEST IN THE ROW,

DD tv20 I = 1, MINUS

DD 1025 IRDOW I, MIH
COLI (IROW> = COEF C(IROW, IO

CHECK FOR SIHGULAR MATRIX

IF (aBs <COLI (I>> ,GT, TOL3 GO T 1000



80

2299
2400
2401
2902
24103
24 04
2405
2406
2407
2408
2409
2410
<411
2412
2413
2414
2415
2416
2417
2418
2419
2420
2421
2422
2423
2424
2425
2426
2427
2428
2429
2430
2431
2432
2433
2434
2435
2436
2437
2438
24393
24490
2441
2442
2443
2444
2445
2446
2447
2448
2449
Z45¢0
2451
2452
24353
2454
2455
2456
2457
2458

[ o B wl]

1000

o

1010

1020

O

1030

1040

10650

OO0

1060

(]

1070

oM

10
20
30
40

(o]

w O

i

ER =

1

WRITE <itu, 107

GO T

]

i

ova

ELIMINATE VARIABLES

N

o]
CF

I + 1
1010 J = JJd. MIH
1J = COEF <1, J)
CHST (Jd2» = CNST <d)> — CF1J * CNST (I3 ¢
DO 1910 W = I, MIN
K = MIN - N + 1
COEF (K, J>» = CQEF <K, J3 - CFIJ * COLI
CONTIHNUE

WRITE (1, 20> 1
CONTINUE

BACK SOLUTION

DO 1050 II = 1, MINUS
I = MIN - II + i
DO 1030 IRDW = 1, 1
COLI (IROW) = COEF (IROW, I)
DO 1040 Jdd = 2, 1
J =1 - Jd + 1
CFIJ = COEF <I, J>3

oLl

CKD

[4

1

;

y

CHNST (J> = CNST (Jd) - CFIJ * CNST <I> # COLI <1

DO

COEF (K,

1040 K = Jd, 1
J3 = COEF (K,

CONTINUE

WMRITE <1, 30> 1
CONTINUE

SOLVE FOR CHNST

DO 1060 J = 1, MIN

ONST <do> = CMST <(Jy # COEF <J, J2
RETURN
FORMAT ¢ 4/, 1K, ZIHSINGULAR MATRIX - HO SOLUTION,
FORMAT ¢ "UPPER TRIANGULAR... IN COLUMN’, IS5
FORMAT ¢ "BACK SOLUTION,., ,IN COLUMN ', I5
FORMAT ¢ "BEGIN GAUSS ELIMINATION PROCEDURE
EHND

EMA/SIZES, /YELCT/

Ji3 - CFIJ % COLI

2

SUBRDUTINE STHMYL <HEaD, OMEGA, Z, DODZ, 020D

MINU

5,

PERN >

Ky /A

s

, 10T,

CoLl

CoLI

3

THD,

I3

CId

IPT.

J
|
1
|
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24719

2472
2473
2474
2475
2476
2477
2478
2479
2480
2431

2482
2483
2484
2485
2486
2487
2488
2433
2490
2491

2492
2493
2494
2495
2496
2497
24983
2499
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2501

2502
2503
2504
2505
2506
2507
2508
2509
2510
2511

2512
2513
2514
2515
2516
2517
2518
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FOR EACH POINT ON THE STREAMLINE

THIS ROUTINE CALCULATES FLUID FLUX (SPECIFIC DISCHARGE,
YELOCITY (YEL=FLUXAPOROSITY» AND THEIR DERIVATIVES ANALYTICALLY
FROM DCOMEGR>/D(Z> AND D2¢OMEGR)I/D2¢Z> USING CAUCHY REIMANN
CONDITIONS., THESE YALUES ARE USED IN A CONYECTION

CIFFUSION GEOCHEMICAL MODEL.

COMMON ~ 3IZE ~/ COEF, CHEH

COMMON # WECT / CHNST

COMMON / CNST ¢/ I, PI

COMMON / WELLD / ZEND, RPHI, &, ZWL, STRT. WRAD, WRD3, NPT, HUL.

NUMS, NUMUW
COMMON / 10 ~ LU, PL, GL, AL, JiL, IL, TL
CoMMON ~ CHEM ~ D, F, P, SIGMA, POR, RHU, ISKP
COMMON / AQF / THICK, A&, FL, BHND
COMMON ~/ LINE / NLINE, STM, DEC, MAPTS
COMMON ~ 20N / LOCZ

DIMENSION BHD <4), CHEM (500,173, CNS3ST (3003, COEF (300, 300>,
NLINE (100>, NUMS (100, 20, HuMW <¢30)>, @ <303, STRT (100, WRAD
(303, 2WL (30>, POR (47, P (43, RHO <4>

COMPLEX BHD, DODZ, DOD2, DVYEL, D20D2Z, FLXVYC. I, OMEGA, STRT,
WL, &

INTEGER AL, GL, PL, STHM, TL

REAL KL, LASTL, MPERNM

DATA POND, ZERQO, UNCF, CONF / 4HPOND, 4HZERO, 94HUNCF, 4HCONF /
INITIALIZATION,
MASS TRANSPORT INTERFACE FILE ON LU=14

MINT = - |
IF (MINUS .EQ. - 2> GO T3 1034

THE SECOND PARTIAL OF PHI WITH X AND ¥ IS GIVEMN AMGLYTICALLY.
NOTE THAT RECD2ODZO=D2(PHI>/D2¢X> AND IMCDZODZ)=DaCPHI /DX I0OY S,
D2CPHID/D2¢(Y > IS FOUND FROM CAUCHY REIMANN CONDITIONS SINCE:
D2(PHI »/D2CK> = ~-D2{PHI»/D2(Y > AND
D2(PHI»/DI{KODIY D = —D2CPHIOM/DIYIDIK D,
OR FROM THE CONSERVATION EQUATION SINCE:
D2CPHI»/D2CK) + D2CPHI/D2CY> = 0.0

IF ¢FL .E@., CONF)» SATT = THICK
IF ¢(FL .E&. UNCF> SATT = HEARD

IF {FL .EQ@. ZERO .0OR. FL .EQ. POND> RETURN
FERMEARBILITY CONVERTED FROM FT. /HR, TO CH,L/SEC.
MPERM = PERM * 30.43 / 3600,

SPECIFIC DISCHARGE AT A POINT I35 OBTAINED BY DIVIDING Dz0DZ BY
THE SATURATED THICKHESS, (THICK > IN THE COMFINED CASE

AND (HEAD» IN THE UNCONFINED CASE. <(HEAD)» IS ALWAYS MEASURED IN
FEET FROM THE BOTTOM CONFINING LAYER.
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2519
2520
2521
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2523
2524
2525
2526
2527
2528
2529
2530
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2532
2533
2534
2535
2536
2537
2538
2539
2540
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2542
2543
2544
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2547
2548
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2550
2551

25952
2553
2554
2585
2556
2557
2558
2559
2560
256h1

2562
23563
2564
2565
2566
2567
2568
2569
2570
2571

2572
2573
2574
2575
2576
2577

2578
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ALL THEM ARRAY ENTRIES CONVERTED TO C.G.3, FOR USE IN
KINETIC MODEL.

REAL(LZ)

IMAGINARY(Z)

CHEM(ICT, 30 REAL FLUX YECTOR,
CHEMCICT, 40 IMAGINARY FLUX YECTOR,
FLXVC = (X,Y¥> FLUX VECTOR,

CHEMCICT, SO RESULTANT FLUX VECTOR.
CHEMCICT, 6> = HEAD AT EQUAL INTERVALS,

CHEMCICT, 1O
CHEMCICT, 25

LN I 1]

s’

YLXX = DERIVATIVE OF X VELOCITY VECTOR WITH X.
YLYY = DERIVATIVE OF Y VELOCITY VYECTOR WITH Y.
YLXY = DERIVATIVE OF X WELOCITY VECTOR WITH Y.

DERIVATIVE 0F X FLUX WITH X.

DERIVATIVE OF ¥ FLUX WITH ¥,

DERIVATIVE OF X FLUX WITH ¥.
REAL(OMEGA » (EQUAL INTERVAL HEARD ),
IMAGINARY <OMEGA >,

KL = DISPERSION COEFFICIENT (FT#*%2/3EC. )

CHEMCICT, 12> = RHO (RDCK DENSITY)

CHEMCICT, 135 = CONYECTION COEFFICIENT (ALPHAS

CHEMCICT, 75
CHEMCICT, 89
CHEMCICT, 90
CHEMCICT, 10>
CHEMCICT, 110

W onon

CHEMCICT, 140 DISPERSION COEFFICIENT <BETA>
CHEMCICT, 165 NORMALIZED DELTA HEAD.
CHEMCICT, 175 POROSITY

VYL = VELOCITY(RESULTANT YECTORD,

CHEM ¢ ICT, 13 REAL (23 % 30.43
CHEM <CICT, 20 RIMAG (22 * 30,48
FLXYC = CHMPLX (REAL <DODZ)>, - AlIMAL «DUODZ2s> * 30.43 / SATT ¢/

on

3600,
VL = CABS (FLXYC» / POR <LOCZ)
KL = D 7 (F * POR CLOC222 + 0.5 * ¥ # SIGMA % P (LOCZ)
CHEM CICT, 3> = REAL (FLXVC)O
CHEM (ICT, 4> = AINMAG CFLRYCH
CHEM <ICT, S5 = CABS (FLXYC)
CHEM (ICT, 6> = HERD * 30.48
CHEM CICT, 70 = REAL <D20D2> ~ SATT /7 3608,
VLUK = CHEM CICT, 7> 7/ POR {LOCZ)>
CHEM (ICT, 8> = - CHEM (ICT, 72
VLYY = - WLEX
CHEM CICT, 9> = - AIMAG <D2ZBD22> /7 SATT /4 3600,
YLxY = CHEM ¢ICT, 9> / POR (LOCZ)
CHEM CICT, 10> = REAL <UOMEGA) * 30,48 % 2 / 32600,
CHEW <ICT, 115> = AIMAG (OMEGAR> * 30,43 %% 3 / 3600,
CHEM CICT, 15> = CHEM (ICT, 102
CHEM C(ICT, 17> = POR CLOCZ)>
CHEM (ICT, 127 = RHOD <LDBCZ>

CALCULATE STREAMLINE CONYWECTION AND DISPERSION TERM COEFFICIENTS
FOR INPUT TO MASS TRANSPORT MODEL.

TERMI CHEM CICT, 50 %% 2

TERM2 (2,0 % CHEM ¢ICT, 3> *« CHEM (ICT, 4> « CHEM CICT, 5> #+
2y % KL * CHEM CICT, 9O

TERM3 KL * CCHEM (ICT, 3) %% 2 / CHEM (ICT, 357 #% 2 + 4,0 =
CHEM (ICT, 7

TERM4 = KL % (CHEM <ICT, 4) %% 2 / CHEM <(ICT, 5) %« 2 + .00 =%
CHEM <ICT, 8>

o
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1010

1030

0

o

oo NeNeNe

1040

1

ALPHA

CHEM ¢ICT, 13> = (1 7
BETA

CHEM CICT, 143 = KL =*

MPERM> * (TERM! - TERM

S k% 2)

({CHEM (ICT,

2 - TERM3 - TERM4?

* (1

< MPERM) #:%

CREATE OQUTPUT FILE FOR INFUT TO MASS TRANSPORT PROGRAM.

IF ¢ICT NE., 1> G0 7O
WRITE (TL, 10> NUWL

DO 1010
WRITE (TL,
CONTINUE

KWL = 1,
20 NUMW

10> MINUS
20> NPT

WRITE <TL,
WRITE (TL,
CONTINUE
IF CIHD
PHI1 = CHEM CICT, 65
IF ¢ICT ER. 1> GO TO
LST = ICT - LASTH + |
KCT = ICT - 2

JGT. 1> G2 70O

WRITE <LU, 30> PHID
CALCULATE DISTANCE OF

LSTPT = IFT - 1

IF (NUMS (LSTPT, 2> .GT.

QLINE = - 0.0
YN = - 10,0
GO TO 1060

FOR EACH STREAMLINE CALCULATE INJECTION
AND THE STREARMTUBE CROSSECTIONAL AREA AT THE

RECOVERY WELL,
RECOVERY WELL.

DO 1050 KWL = 1,
g = @ (KWL> ~ 3600,
IF (HUMS (LSTPT, 1>
CLSTPTO>) % 30,48 #x%

IF (NUMS (LSTPT, 2>
@GPROD =

10620

NIWL

CKWL >, 2Wh (KWL

1030

1080

LAST POINT FROM PROLD,

0> GO TO 1048

NUWL

CEQL HUMUW (KWL D) QLINE
3

NE,

QW #* 30.48 *% 3

DIST = CABS (ZWL (KWL - CMPLX (CHEM (KCT,

30.48>
CONTINUE

YN = (QLINE
CONTINUE

RESCALE ALPHA AND

A BPROD )Y #« PI1 # SATT * DIST =%

LAST! = LASTH - 2

CHi6 = ~1.,0 - (CHEM <(KCT, 6> - CHEM (LST~1{,

WRITE <TL, 50> LSTPT, LASTI, CHEM <KCT, 11>,
NHUMS CLETPT, 2>, QLINE, VN, S5TM, CHI6

YOLUME,

NiJMW CKWLD>> GO T

2

4

WELL.,

= ABS (Qu

1050

ia,

DISTANCE FROM

CHEM <KCT,

# 30,48 #* 3

RETA ACCORDING TO STREAMLINE LENGTH OF ONE,

623 /7 PHID

NUMS

CLETPT,

iy,

23

¢ NLIME-

233

83
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2639
25470
2641
2642
2643
2644
2645
2646
2647
2648
2649
2650
2651
2652
2653
2654
2655
2656
2657
2658
2659
2660
2661
2662
2663
2664
2665
2666
2667
2668
2669

wU.S. GPO:

C
C
1070
c
108U
c
c
C
10
20
30
50
60
C

Pl —

P -

1985-505-019/20,097

DO 1070 KRPT =
CHEM (KFT, 133
CHEM (KPT, 143
CHEM <KPT, 167

3T, KCT

CHEM <KPT, 1
CHEM <KPT, 1
CIZHEM (KPT,

3/ PHID
43 /4 CFHID #% 29
62 — CHEM (WFT - 1, $23 / PHIL

([N B I

WRITE (LU, 60 CHEM <KPT, 135>, CHEM <KFT, 14>, CHEM <KPT, 1&3,
KPT

WRITE <TL, 20 LSTPT, CHEM C(KPT, 1>, CHEM <KPT, &), CHEM C(KFT,
0>, CHEM (KPT, 133>, CHEM {KPT, 14>, CHEM <(KFT, 16>, CHEM TKFT,
12>, CHEM (KPT, 17>

CONTINUE

WRITE <TL, 10> MINI

IF {(MINUS EQ, - 2> WRITE (TL, 10) MINUS
PHID = PHI{ - CHEM <(ICT, 6>

LASTH = IHD

RETURN

FORMAT ¢ I4

FORMAT ¢ 14, 8EIS.5H >

FORMAT ¢ // 1K, 2ZIiHSTREAMLINE POT. DIFF., E3.3, 11HCM.%*3/SEC,,
Z 10X, SHALPHA, 3K, SHBETA , 9X, 14HHEAD DECREMENT, SX.
THPT. NO.>

FORMAT ¢ 2I4, E15.5, 2I4, 2E15.5, I4, EI5.5)
FORMAT ( 3K, Eiz2.5, 5¥, E12.5, SX, E12.5, S¥, IS5
EHD

END$

INT.-BU.OF MINES,P GH.,PA. 28082










