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ABSTRACT day is usuallyspecified. Gas sales contracts
oftenrequirethat the averagedeliveredquan-

Recentadvancementsin technologyhave tity be one Mcf/D/8MMcf of reserve. This rate
made possiblestudiesof gas fielddevelopment depletesabout 90 percentof the reservein 20
program heretoforeimpossible. With ‘theuse years, The operatordrillssufficientwells to
of a mathematicalmodel,a method for solving ensurethat he can maintainthe maximumdaily
the simulatorequations,and adequatecomputing requirement.Well productivityis checkedat
equipment,variousdevelopmentplans Cm be intervals,and the deliverabilityof the field
testedand evaluated. In evaluatinga develop- is computedto ensurethat it can continueto
ment scheme,we are concernednot OEIYwith the meet the marketrequirement.Well recondition-
numberof wells drilled,but also when each is ing or new wellsmay be requiredat certain
drilledand the cost of each well. stagesin the life. If the reservoiris

prcducingby pressuredepletionand the gas
~ order to obtaina plan for developing sales contractcallsfor a minimumpressurefor

a gas field,there shouldbe some criterionon deliveringgas, field compressorsmay be
which to base a decisionon the locationof installedas the fieldapproachesabandonment
additionalwells. In this paper,we consider pressure.
schemesresultingfrom the use of three distinct
criteria. From the alternateschemes,a com- With all these considerations,it becomes
puter programdeterminesthe one which ulti- immediatelyevidentthat a plan is needed”for
matelyachievesthe lowestcumulativepresent developingthe fieldand placingthe gas on the
value cost. market. Estimatesof gas reservesare needed

as a basis for marketingthe gas. Sufficient
The subjectfieldof this studyis a wellsmust be plannedto producethe gas at the

portionof the Crossfieldreservoirlocated ratesprojectedfor deliveryof the gas.
near Calgary,Alta., Canada. The flowwas
consideredsingle-phase,unsteady-state, At say stageof reservoirdepletion,a
isothermal,in a closedheterogeneousreservoir correctestimationof the changein delivery
with a uniformporosity. An alternatingdirec- capacitywith time causedby depletionis
tioR iterativetechniquewas used to solvethe essentialfor determiningthe numberof wells
partialdifferentialequationsin the mathemat- requiredto meet a given contractto deliver
icalmodel. gas. Fundamentally,the problemis the fail-

iar one of obtainingdata duringthe drilling,
INTRODUCTION testiugand earlyproductionlife of a well and

applyingthese data withina simulationmodel
The goal in the naturalgas industryis to to predictlong-termbehavior. In planningthe

locateadequateamountsof deliverablereserves operationof a multiwellgas reservoir,it is
and to producethem efficiently. Once a gas desirableto predictits performancefor each
reservehas been locatedand dedicatedto mar- alternatedevelopmentand producingschedule
ket, there are many tlningsthat must be under consideration.
consideredin orderto produceit efficiently:
The productionrate on the averageand maximum Mathematicalmodelsof petroleumand
Referencesand illustrationsat end of paper. naturalgas reservoirshave been the objectof
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much concentratedstudy in recentyears. These
models permitthe engineerto examineand evalu-
ate the physisaland economicconsequencesof
variousalternativeproductionpolicies. The
reductionin cost of solvingsuchmodels of late
has made possibletheir use as an almostroutine
managementtool. This reductionis the result
not only of improvedcomputerhardware,but also
of more efficientmathematicaltechniques.

In this paper,a mathematicalmodel is
presentedfor optimizingthe developmentplan
for a gas reservoir. A specificreservoiris
studiedconsideringthe provisionsof a specific
gas contract. However,the computerprogramas
writtenwill simulateany gas reservoirwith any
sales contract. Problemssuch as this one have
been presentedin technicalliterature along
with generalattemptsat solvingthe problemof
additionalwell locations. The unique feature
of the optimizationschemepresentedhere is the
automaticselectionby a computerprogrsnof new
well locationsaccordingto certaincriteria.
Followingevaluationof severalschemesfor
drillingwells that will allow the gas contract
to be met with the minimumdrillingeffort,each
schemeis analyzedaccordingto its economic
benefits. Thus”atthe completionof the study,
we have obtaineda selectionprocedurewhich is
the most economicallyfeasiblefor the particu-
lar gas reservoirunder consideration.

This paper is writtenas a resultof
researchdone at The U. of Texas at Austin in
partialfulfillmentof the requirementsfor the
degreeof MS in .PetroleumEngineering.3

POSSIBLECRITERIAFOR
SELECTINGNEW WELL LOCATIONS

Henderson,et al. showedthe considerable
dependenceof gas storagereservoirdelivera-
bility upon locationsof wells and the order in
which wells are openedto flow duringthe with-
drawalseason.14 This dependenceupon well
locatlonsresultsfrom a rathercomplexinter-
actionof effectsdue to well interferenceand
reservoirheterogeneity. Coatslaterpresented
a method for automaticallydeterminingoptimal
new well locationsin gas fi lds producingunde~
semisteady-stateconditions.% He indicatedthat
the proper selectionof additionalwell sites
is difficult,if not practicallyimpossible,to
make by intuition. In the past, the use of
intuitionas the primarybasis for decisionhas
led to conflictingopinions. One factioncon-
tends that the heart [highpermeability-
thicknessportion]of the field is the most
favorablearea for drillingadditionalwells,
while anotherproponentmaintainslocationsin
the tightportionswould give the best results.
h’gumentsfor each sidemight draw supportfrom
particularcasehistorieswithoutevidencethat
a methodhas been foundthat wouldbe suitable
for any reservoirto be studied. Therefore,in

orderto developa fieldwith the most
favorableeconomics,a method for locatingthe
additionalwells must be definedso that the
propertiesof the particularreservoirunder
considerationare taken into account. In
addition,any criterionassociatedwith a
selectionmethodmust be constructedso that
the rate of withdrawalfrom the reservoirmeet
the fieldproducingschedule.

In a heterogeneousgas field,one might
considerthe propertiesof the formationas
some criterionfor a decisionon the location
of a new well. In this study,we have con-
sideredtests on the’relativesizesof the
permeability-thicknessproductin all parts of
the fieldas well as well productivityas
suitablecriteriafor locatingnew wells. In
case an estimateof the variationin porosity
is available,the relativesizes of the
porosity-thicknessproductmight offera deci-
sion on the advantageof drillingin the heart
or the tightportionsof’the field.

Irregularspacingof existingwells,the
unequalproducingratesof the wells, and the
well interferenceeffectsmight also provide
somemews for formingan opinionaboutthe
optimumlocationof the next gas well to be
drilled. A two-dimensionalpressuredistribu-
tion may be calculatedwhichwill reflectall
of these effects.

In the casewhere a schemeis discovered
which will reducethe numberof wells ulti-
mately drilledin the field or postponethe
drillingof somewells until a latertime in
the life of the contract,ths final judgment
on the value of the schemeis left to economic
analysis. The use of the particularscheme
might incur costsin excessof those demanded
by anotherschemein which the numberof wells
ultimatelydrilledis not the least. There-
fore,we must find the selectionmethodthat
offersthe highestpresentvalue profitin
order to ensurean optimaldevelopmentprogram

MATHEMATICALMODEL

Eq. 1 describesthe isothermal,transient
gas flow in two dimensionsin a region1?:

( )(_?_~khp ap ~ akhp ~P——
)

qa @h aplz——. —=
ax 2P ax ay 2P ay f at

. ...0. ..00.. ● *O.** .[1

A completederivationof the equationis given
in the Appendix.

A problemis definedby Eq. 1 and appro-
priateboundaryand initialconditionsif the
variousfunctionsof pressureare specifiedan
means for determing[~(x,yyt)]/fare provided
The solutionto the problemis the function
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p[x,y)t],the pressuredistributionin the
fieldas a functionof time.

To estimatethe pressuretrend in a gas
fieldthe aboveequation,alongwith the equa-
tionsexpressingthe boundaryand initial
conditions,is solvedfor the case of a
specifiedfieldproducingrate schedule,under
the conditionthat flowingwell pressureshave
to remainabove a fixedminimumvalue. These
nonlinearequationsare expressedin finite
differenceform and are solvednumericallyon a
digitalcomputer.

The numericalmethodsinvolvesuperimposing
a two-dimensionalgrid on the reservoir,result-
ing in a numberof rectangularelementsor
blockswith dimensions@x,Ay. Mathematically,
the procedureis to simplyreplacethe differen-
tials in Eq. 1 with finitedifferenceapproxi-
mations,givinga set of ordinarydifferential
equationsto solve. An alternatingdirection
iterativetechniquehas been appliedsuccess-
fullyto numericalintegrationof the nonlinear
partialdifferentialequationsdescribingflow
in two-dimensionalgas reservoirs. The pro-
ceduresused and the accuracyof the solutions
are discussedin the Appendix.

DESCRIPTIONOF THE CROSSFIELDRESERVOIR I
The mathematicalmodel presentedin the

precedingsectionis a set of mathematical
relationshipswhich simulatethe flow of natural
gas in a reservoir. This model has been applied
to the unsteady-stateflowbehaviorin that
portionof the Crossfieldfielddesignatedas
the CrossfieldWabamumA pool near Calgary,
Alberta. The Crossfieldreservoiris modelled
withina rectangulararea approximately8 miles
in width and 25 miles in length. The reservoir
is consideredto be heterogeneous,boundedby
impermeablemedia,where the initialpressure
throughoutthe reservoirat the beginningof gas
productionis known. We assumesingle-phase,
isothermalflow of nonidealgas at velocities
for which Darcy’slaw is applicable. Flow is
permittedin the x and y areal directions,but
is considerednegligiblein the verticalor z
direction. For purposesof nwnericalsolution,
the reservoiris dividedinto squareblocks,
eachhavingan area of 640 acres,forminga two-
dimensionalgrid of approximately200 blocks.
It is assumedthat eachwell is locatedin the
centerof a block,thoughnot everyblockwill
containa well. Becausesufficientinformation
was not availablethroughoutthe field,an aver-
age valuefor porositywas used for the entire
reservoir. The permeability-thicknessproduct
is variablein the reservoirand is definedat
the mid-pointof each grid block. [Fig.1 iS

the gridmap, with En valuesshownas definediz
the centerof each block.] The naturalgas
volumesare given as raw gas at a base pressure
of 14.696 and a base temperatureof 60F.

Relationshipsbetweenthe gas deviationfactor
and viscositywith pressureand depthwere
determinedat the reservoirtemperatureof 176
F [Fig.2]. Underthe hypotheticalgas con-
tract in this study,we are requiredto main-
tain a constantfieldproducingrate at a
specifiedflowingbottom-holepressurethrough-
out a certainspecifiedtime period. At the
beginningof the study,there are 10 weUs
producingin the field.

The data for this reservoirwere obtained
from the report,“CrossfieldWabsmumA Pool,
ReservoirModel Study 1“.19

RESULTS

Field DevelopmentPlan for
Each SelectionMethod

The computerprogrsmin this studywas
writtenso that producingwells were added in
orderto keep the total fieldproducingrate
constant. A fielddevelopmentplan [i.e.,
locationand time of drillingeach new required
well] was obtainedfrom each of three schemes
for selectingadditionalwell locations. The
three selectionmethodstestedhere involve
tests on the valueof the kh productin each
block: selectionof the block possessing
[1]the lowestvalue ofkh for the next well
location,[2]the highestkh value,~d [3] the
highestproduct,[Pij- Pw]khij. Selectinglow
kh wells is generallyselectingwells in sec-
tionswith a relativelysmallsmountof deple-
tion but wells of low productivityindex.
Selectingwells by high kh generallymeans
selectingwells of high productivityindexbut
high depletion. The thirdmethod is selecting
wells of high productivity.

A comparisonof the developmentplans
producedby the threemethods is shownby a
plot of the numberof wells drilledvs time for
the life of the contract[Fig.3]. From the
plot, the third SChemeis immediatelyrecog-
nized as the optimum,as far as we can deter-
mine at this point. However,as mentioned
earlier,there are economicconsiderations
involvedin everyplan for developinga new gaE
field. Combiningour informationaboutthe
reservoiritselfwith what we can determine
aboutthe well costsand, indeedthe cost of
developing”the fieldaccordingto the particu-
lar plan we have in mind, we may discoverthat
an alternateplan shouldbe chosenso as to
mintiizeour investmentthroughoutthe con-
tract. At this point,an economicanalysisof
the alternatedevelopmentschemesbecomesthe
importantstudy.

EconomicAnalysisof the Ik?velopmentProgran

The value of all investmentsand of all
incomesare discountedat a certaindiscount
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rate. The differencebetweenthe two discounted
valuesis the present,or discountedvalue of
the profit.

The presentvalueof the total incomeis

[

1- ~-jta
Ipv = 1 jt~ 1

where I is the tot&1 income,J is the interest
rate and ta is the time at which the field is
abandoned.

The cost of an additionalwell drilledat
the ti is C. Then the presentvalue cost of n
wells drilleduntil abandonmenttime ta is

Assigningan arbitrarycost per well of
$60,000,an arbitraryincomeof$.15/Mcf [after
deductionof costsper unit of production,whicl
are assumedto be independentof the numberof
wells]at the contractedrate of 150,000Mcf/D,
and a value 0.08 to j, the presentvalue cost
over the time periodis representedby

Cpv = ($60,000)?le-”08ti.

The presentvalue”ofthe incomeis represented
by

Ipv =

[
($.15)(150,000Mcf/d) (365) 1- ‘-”08ta .

.08ta ,

In the presentcasethe presentvalue of
the incomeis the same for all schemes;there-
fore, in orderto msximlzethe presentvalueof
the profit,the presentvalueof the totalwell
costsmust be minimized.

The resultscf these computationswhen
appliedto the three selectionmethodsare
shownin Fig. 4 and Tables2 through4. It is
obviousfrom our use of a constantcostper well
that the third locationschemeremainsthe
optimum.

CONCLUSION

A mathematicalmodel of transient,two-
dimensionalgas flow has been describedand
appliedto evaluatethreemethodsfor locating
additionalwells in a producinggas field. In
this study,data describingthe Crossfieldres-
ervoir was used. However,the programas
writtenwill acceptany variationin porosity,
thickness,or any othervariableused to
describea particulargas reservoir,and con-
siderthese valuesproperlyin the computations
~erefore, a studysuchas this one) tailoredtf
fit any reservoirwhose developmentplan is
questioned,would seemto be a profitableunder.
taking. For the particularvariablekh, Unifon
oh field consideredhere, the thirdmethod,

i.e.,the schemecontainingthe [Pij- Pw]khij
criterion,was clearlythe optimum.
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NOMENCLATURE

bg= gas formationvolumefactor,Mcf/cu ft

C=ti
AD

h= thickness,ft
k= permeability,md
P = pressure,psia
Ps = s~andardpressure

JP dp [potential]P= ~

Pij = ;lock calculatedpotential
Pw s potentialat the wellbore
q = productionrate,Mcf/cuft of reservoir/1
qm = mass productionrate per unit of volume
qv = productionrate per unit of volume
~ ‘ productionrate per unit area
re = exteriorradius,ft
rw = wellboreradius,ft
t= time, days
T= reservoirtemperature,‘R
Ts z standard‘temperature
u= superficialvelocity
v. = totalreservoirpore volume,cu ft,

z = gas compressibilityfactor
a= conversionconstantfor fieldunits

equalto 0.00633
P = density,lb/cu ft
w = viscosity,Cp
0“ porosity,fraction
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APPENDIX

Derivationof the DiffusivityEq. 1

The basic partialdifferentialequation
for the unsteady-stateflow of naturalgas has
been given in technicalliterature, Here the
equationwhich simulatesthe gas flow in a
particularreservoir,with its associatedrock
and fluidproperties,is derived.

Usingthe principleof conservationof
volumeconvertedto standardconditions,
expressedin volumeper unit of area, gives

-8” (bgh:)-qa=~h~. . . . . .[A-1]

wherebg =
pTs

is the volumeat stand-
1,000psTz

ard conditions[inMcf] of 1 cu ft of gas at
reservoirconditionsand ~ is the rate of
withdrawalper unit area. Neglectinggravita-
tionaleffects,Darcy’slaw, using conventional
unitsmay be expressedas

ak+~ . .Tvp , with u = 0.00633. ● ● ● [A-21

Substitutionof Darcy’s law in Eq. A-1 gives

In two dimensions,Eq. A-3 becomes

+(b’?%)+%(bg~$)-q.“
$h~g . . . . . . . . . . . . . ..[A-k]

Becausebg =
PTs

~, where f “=
1,000p~Tz Z

Ts

1,000PST
~ Eq. A-4 becomesEq. 1 of the text.



& (alsh+.2)++-(akh+&)-+=

em . . . . . . . . . . . ... .[A-5]c

Wij =W. 2cm(kh)i,j
r

ln(+ )-~

IntreducingdP = p/zw[dp], and therefore .

% ‘% -&% ‘%% “ “sing ‘he ‘ela’iOn-
Pij =P

ship 8 p/Z . d P~z .3 we obtain
T dP at Cij = (~-)~,j

% (ak+)+%(’49-+=$’C%,1
Vp i,j = AxAy(kh)i,j

● . . ..e ● .**** ● .***

with C = & . Note: As a matt. of interes
dP 1

c=
1 dz

CI.L,where c = - - - — is the g.s compres-
P Z dp

sibility.
qa W[F - PM]

Using~ =
2dcha

, with W = in[re/rw]- 1/2

and substitutingthis in Eq. A-6 gives

+(akh~)+~ (akh~)- w~~ =

:$)h+o . . . . . . .. e.... [A-71

Note: Becausecrossflowbetweenblocks is
considered,no semisteady-statewill be
reached;the actualform of w is uncertain,but
the f~rm as prese ted seemsto be a good
approximation.3>1t

In a block of size bwly, Eq. A-7 becomes

In standardsecond-orderdifferenceform,Eq.
A-8 becomes:

A(TAp)i,j- Wij (Pi,j- %) =-Cij ‘PA~sj Atpi,j

.

. ..s. .0..0 ● .*** ● O . [A-91

with:

A(TAp)i,j= &(T~p)i,j +Ay(TAyp)i,j

where:

Ax@Axp)~,j = Ti+l/2,j (pi+l,j- pi,j)

- Ti-1/2,j(pi,j- ‘i-l,j)

Ay(~Yp)i,j = Ti,j+l/2(pi,j+l“ ‘i.jj)

- Ti,j-1/2(pi,j-pi,j-1)

Further:

Wi,j = Pi,jn+l- ‘i,j,n

Note: All P valueson the left side of Eq.
A-9 are valuesat the new time leveln+l. Thii
is the backward-differenceor implicit-
differenceapproximationto the diffusivity
equation.

Descriptionof the Alternating
DirectionIterativeTechnique

ConsiderEq. A-9 as the differenceequa-
tion whose solutionwe wish to obtain:

ATAP - wij(P-Pw)= GAtP

2n(kh)iia
where wij =

‘e -L
and G=C~.

ln(~) 2

Note that wij is zero unlessblock i,j contain!
a well. The equationbecomes,using the
Douglas-RachfordAlternatingMrection Itera-
tive Method,

AXTAXP*+ AyTAyPk- Wij(P*-Pw)= G(P*-Pn)

+ H@T(p*-pk), . . . . . . . . . [A-10

and

AXTAXP*+ AyTAyPk+~- wij(Pk+l-Pw)=

G(Fk+l-Pn)+ Hk~T(Pk+l-pk), . . [A-n

where

ET = Ti+l/2,j +Ti-1/2,j + Ti,j+l/2

+ Ti,j-1/2 ‘@

Hk is the iterationpar&neter.P~,j is the kth
itera~ or approximationto Pi,j,n~l* That Is

& ‘~,j = ‘i,jn+l. Subtractand add A#A#k

to Eq, A-10, and let’PX= P-Pk:

AXTAXPX- (wij+Hk~T+G)PX= - Rij . [A-12

where Ri~ is the residual[i.e.}the equation
itselfbeing solvedwith the latestiterate
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P~,j inse~ed for ‘i,j,n+ll●
for P are”computedusing the trapezoidalrule
for integr~tion,using the definition:

Rij ~ ATApk+wij (Pw-Pk)- G(pk-pn) P=;
~~.

The transmissibilitiesare com-

SubtractEq. A-10 from Eq. A-n and let PY = puted alongwith the pore volumesin each grid

+1 - p, block. In the computationof the transmissi-
bilities,hazmonicaveragingIs used to obtain

‘YTAYPY
- (wij+Hk~T+G)PY= _ (wij+Hk~T+G)pX. an averagevalue of permeabilitybetweentwo

grid blocks. A contractwell rate scheduleis
,.00.0 . ..*.* ● ****. [A-13] read in with a rate value for each successive

time period. The number of initialwells is
Eq. A-L2 is first solvedto yield PXij for read in alongwith each location;also, the time

all i)j. Eq. A-13 is then solvedfor PYij. l’he step data and iterationparametersfor the
new iterate#*1 is then obtainedas alternatingdirectiontechnique. The with-

drawalterms are computedfor each block where
p:: = p;,j + PY.l,j’ a well exists, ‘T& initialand mintiumwell-

bore potentialsare found in the computed
Solutionof Eqs. A-12 and A-13 using Hk consti- tableby linearinterpolation.h initial
tute one iteration. K iterationsconstituteone value for C, or d[p/z]dP,is computed. The
cycle. Here Kwas 5 ~d Hi ,e.H~ were used .as volumeof gas containedin the reservoiris
[0, .02, .06, .18, .54]. I{era~ionswere con- computedby findingthe volumeof pore space
tinueduntil the sum X Rij of the residuals containinggas and the gas contentof a unit

i>J space from temperature,pressureand the gas
over the grid was less than .002times the compressibilityfactor.
total fieldproducingrate.

The firstpart of the next sectionof the
Each of Eqs. A-12 and A-13 are of one- programcontainsthe computationsinvolvedin

dimensionaltype aad their solutionis givenby the alternatingdirectioniterativetechnique.
Douglas,Peacemanand Rachford.10 This method is employedin solvingthe partial

differentialequationto obtainour pressure
The ComputerProgrsm distributionsat each time step. A description

of the procedureIs given above. The last
The computerprogram for this studymay be part of the secondsectioncontainsthe routine

consideredin three distinctsections: [1] for automaticselectionof well location. A
definitionof the reservoirwith its particular test is made on the total fieldwellbore
rock aad fluid characteristics,[2] alternating potential. If the valuehas droppedbelow the
directioniterativetechniquesolutionof the minimun,the programwill branchto “drill”a
simulatorequationsand the “drilling”m? ..GW well accordingto the criteriongiven for the
wells at optimumfield locationwhen nc ‘ss‘.lY, decision. This procedureincludeslocating
and [3] economicaaalysisand output se~l .IG. the block where the well is to be drilled,

computinga withdrawalterm of well rate term
Dmnediatelyfollowingthe initialization for the block,and storingthe new locationfor

of storageareas,a descriptionof the reservoir futurereference.
fluidand rock characteristicsand a description
of the gridmap are read in. Values for z and The third sectionof the programmerely
zv for particularvaluesof p are obtainedfrom organizesthe outputand printswhen instructed
a graphof the information[Fig.2] and read in by the progreunto do so. Cardsare punchedfor
at this time. Later in the computation,values inputto the economicanalysisprogranand the
for p/z and P are needed;therefore,they are computationis complete.
computedand storedat this time. The values
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Table 1 - Initialreservoirproperties.

PressureBase-psia

TemperatureBase-degreesFahrenheit

OriginalReservoirPressureat 5000 ft.-psla

ReservoirTemperature-degreesFahrenheit

AverageGross Porosity-percent

AverageGross Thickness-ft.

Total OriginalGas-In-Place-Mmcf

Total ProductiveArea-acres

Table 2 - Economicanalysisof Case 1 (lowkh).

14.696

60

3600

176

2.2

58.0

1,589,700

128,000

TJMF(YuS.)

2.4A513F-U1

40931%F-U]

7.YJ73E-Q1

9.563GF-U1

1.?3?9F+u(,

1.4795E*w~

1.7?60F*IJIJ

1*972(’IE*UU

2.219?t*uL

2.4b58f.+U(~

Z.7123~*LIti

3.?n55Fto0

3.6Q~6~*v~

4.191Hl?4wlI

4.b~49F+OU

5.lT~l~+U6

506712F*IJL

b.16~4F*O0

(.J.f)c75~+u~

7.lh07F*Oil

1.b@39F+bb

B.)q7nE+Uu

f3.6301E+bu

9.173:]F+(J0

bab]64b.+uiJ

1*0603E+u1

1.15895*U1

1.?575E*01

PV CLJST

5 5.8ti2W*05

% 0.

% (1,

5 0.

% 0.

s 0.

s b.

% 0,

s 0.

s 00

s ().

s o*

$ 7.1411E*05

S 3.8615E+05

s 2.47+7E*05

S 2,3790E*05

S Z02870E*05

$ I,83?1E*05

s 1.7612E+05

% 1.0159F*C5

$ 103021E+O5

s 9,3878E*04

s 1.i?033E405

~ 1015fJ7t+05

5 b,3399E*04

h 1,XM5E+95

b 1,6619E+G5

S 1.7552E*I)5

PV INC

5 b,1320E+06

S b.0526E+06

5 7.9742F+06

S 7.8969E+06

5 7.b205E+06

$ 7.7451F+06

5 7.b707E*06

5 7.5973F*06

5 7.5248E*06

S ?.4532F*06

s 7.38z6E+06

s ?.2440E*06

$ 7,1090s+06

S 0.9773E*06

5 b,8490E*06

5 b,7239E*06

$ 6*6020E*06

S 004B31E*06

S bo3671E+06

5 b,2540E*06

$ 6s1438F+06

s 6Q0362F+06

s 5,9312F+06

S 5sR289F*06

S S*72Y(JE+06

S 5,5364S+06

$ 503530E*06

S 5,17H2F+06

CPV COST

$ 50fJ82SE*05

% 5,W2tW+05

s 5.8825E*05

u 508828E+05

$ 5,t16i25E*05

‘1 5*w12dE+05

s 5,892M+05

% 5.b826E+05

s 5,8828L+u5

s 5.882t!E+05

* 50M328E*05

s 50f3132uE+05

s 103024E+O6

: 1068S5E*O6

% 1s9360E+06

$ ‘?.1739E*06

% 204026E+06

$ 2c5858E+Ob

$ 2,76ZOE*06

$ 2*13635E+06

% 2*9937E*06

$. 3,087bE+06

% 30?ot10E+06

K 303236E+OtI

6 3.4070E+06

u 3*5355E+06

f. 3,7017E*06

s 3a8772E+06

PV PHOFIt

s 7,5437E*(16

$ 8.052bE*06

s 7,9742E*06

$ 7,8969E*06

s 7,13205E*06

s 7.7451L+06

s 7.6707E*06

s 7.5973E+06

s 7,5241M*06

$ 704532E+06

% 7,3M26E+06

$ 7.2440k+06

s 603949E*06

S 605912E+06

$ 6,6015E+06

S 6.4860t*06

S 6a3733t*ob

S 6,2~99E+06

$ 6.1910t*06

S 6a1525E*06

S 6,0135E+06

$ !3*9423E*06

s 5,810Yk+06

8 5s7132L+(16

S 5a6456E*06

s 5s4080E+06

s 5,156U+06

8 5eOOt?7E+06
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TIME ( YRS,.)

2.465HE-01

4.9315E-01

7.3973E-01

9*a630F-ol

1.2329E+O0

1.47Q5E*rJn

1.7~6UE*O0

1.’+7?6F*OO

?.2192E+O0

2.4658E*09

2.7123E+on

3.2055E*O0

3.69R6E*on

4,1918E*O(I

4.6849E*O0

%o1781E*l)f)

5.b712E+O0

6.1644E+o0

fi.6575E+oo

7.1507E*on

7.643RE*o0

8,1370E*!)0

S.6301E+O0

9.1233E+o0

906164E*O0

1.0603E*01

1015~9E*oI

1s2575E’01

Table 3 - Economicanalysisof Case 2 (highkh).

NkW WELL%

in

o

0

n

n

o

n

(1

o

0

0

0

1

0

0

1

2

3

1

6

6

9

4

5

6

14

16

20

Pv COST

!# 5.13FmE*lM

~ O*

s 0.

% 0.

u 0.

s n.

% o.

% 09

s 00

% 0.

% f),

~ 00

s 4.463?E*04

8 0.

s 0.

s 3.9moE*04

% 7.6?33E+04

% 1.0993E*05

$ 3.5?24E*04

% 2.0317E*05

8 1.9!331E*05

% z!,8163E*05

% 1.2033E+05

s 1.4459E*05

$ I,6ARoE+05

% 3s5967E+05

s 3.7Q86E+05

s 4.3RlJpE*05

Pv fhlc

S ~.139nF+06

s 8.liw+6E+06

S 7,Q742E*06

S 7.n9A9E+06

S 7.Q2115E*06

S 7.7@jlE*06

S 7.fi707E*06

S 7,497?E+06

S 7.526RE*06

S 7.453?E*06

% 7.q8?6E+06

s 7,?440E+06

S 7.IoQfIE*06

S 6.977?E+06

S 6,n4QOE+06

S 6.7239E+06

s 6.60?OE+06

s 6,41331E+06

S 6.?671Eb06

$ 6,7540E*06

S 6.14’4RE+06’

S 6.I)3WW+06

S 5,03~?’E+Ob

S 5.f42RQE+06

S 5.72QoE+06

S 5.5364E*06

S 5.?510E*06

% 5,17RPE+06

CPV COST

S 5,#VJ2@lZ+05

s 5,8828E*(J5

s 5.*82RE+09

S 5.R828E&05

s 5.88Z8E*05

S 5,88213E+05

S 5.81328F*05

% 5.882(K*05

S 5.EI%28E*05

$ 5.8828E*05

s 5,8ti28E+05

S 5.8828E*05

S 6.3291E+05

S 6.3291E+05

S 6.3291E+05

S 6.7256E*OS

S 7.4880E*05

S R.5872E*05

S 8.9395E+05

$ 1.0971E+06

S 1.P924E+06

S 1.s741E+06

S Ia6944E*06

S l,8390E*06

S 2,005f!E+06

S 2.3655E*06

S 2.7453E*06

S 3.1841E+06

PV PROFIT

S 7,5437E+06

S R.0526E+06

S 7,9742E*06

s 7.8969E+06

S 7.8205E*06

S 7.7451E+06

S 7.6707E+06

S 7,5973E*06

S 7,5248E*06

% 7.4532E*06

S 7.3826E+06

$ 7.2440E*06

S 7.0643E+06

S 6C9773E+06

S (fi.8490E+06

S 6.6843E+06

S 6m525RE+06

S 6,3731E+06

S 6,3319E+06

S 6.0509E*06

S S,9684E*06

S 5.7546E*06

9 5,8109E*o6

S S.6843E*06

S 6.56Z2E*06

S 5.1768E*n6

S 009731E*06

9 6073194E*06



Table 4 - Economicanalysisof Case 3 (highPij-Pw)kh).

TIME(YRSO)

) 2,4@5ElE-ol

6.9315E-01

7,3973E-01

9.8630F-01

I,2329F*O(I

1.4795E*o0

107MOE+OO

1.9726E*O0

2,2192E*on

2.4658E*o0

2,7123E*O0

3.2055E+o0

3,6986E+o0

4.1918E+O0

4,6849E*O0

5o17i91E*oo

5.6712E*o0

6.1644E+O0

606575E*O0

7,1507E*o0

7,6438F+O0

R.1370F+OI)

8c6301E*O0

9,1~33E*oo

9,6164E+oI)

1,0603E+01

I01589E*01

1.2575E*oI

NEW WELLS

10

0

f-l

0

0

n

n

o

n

il

n

o

1

n

n

1

1

1

2

?

2

3

2

3

5

9

13

23

PV COST

s 5.R828E+05

$ 0.

s 0,

6 0.

s 0.

s 09

s 0.

~ n.

% (1.

6 0.

5 n,

s o*

S 4.4632E*04

6 09

% 0.

% 3.9650E+04

% 3.8116E+04

% 3.6b42E+04

s 7.0449E*04

% 6.7724E*04

$ 6.5104E+04

$ 9.387BE+04

$ 6.0164E+04

s R,6756~+04

6 1.3900E*05

$ 2.3122E*05

S 3e0864E*05

s 5.0462E*05

Pv Ir!c

S 8.1320E*06

% faOrj5715E*06

6 7.q74pE*06

$ 70RQ69E+06

$ 7,n~Ilqk+06

s 7.7461E*06

s 70~7n7E+06

$ 7.5973k+06

$ 7,s?4RE+06

s 7.453?E+06

$ 7.qR?6k+06

$ 7.?4AoE*06

S 7.lo9nE+06

S 6.17773E*06

$ 6.s6qnE+06

$ 6e7239E+06

s 6.607(IE*06

$ 6.4811E+06

S 6.1671E+06

$ 6.7540E*06

S 6.143RE+06

s 6.fjM?E+06

s 5.q3\?E+06

% 509?Q9E+06

6 5.7?QnE+06

S 5.53A4E+06

6 5.~5afjE*06

% 5.i7R?E+06
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FIGURE 2 GAS COMPRESSIBILITY FACTOR(Z) AND VISCOSITY(P)
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