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ABSTRACT

Recent advancements in technology have
made possible studies of gas field development
programs heretofore impossible. With the use
of & mathematical model, a method for solving
the simulator equations, and adequate computing
equipment, various development plans cen be
tested and evaluated. In evaluating a develop-
ment scheme, we are concerned not only with the
number of wells drilled, but also when each is
drilled and the cost of each well.

In order to obtain a plan for developing
a gas field, there should be some criterion on
which to base a decision on the location of
additional wells. In this paper, we consider
schemes resulting from the use of three distinct
eriteria. From the slternate schemes, a com-
puter program determines the one which ulti-
mately achieves the lowest cumulative present
value cost.

The subject field of this study is a
portion of the Crossfield reservolr located
near Calgary, Alte., Cenada. The flow was
considered single-phase, unsteady-state,
isothermal, in a closed heterogeneous reservoir
with a uniform porosity. An alternsting direc-
tion iterative technigue was used to solve the
partial differential equations in the mathemat-
ical model.

INTRODUCTTION

The goal in the natural gas industry is to
locate adequate amounts of deliversble reserves
and to produce them efficiently. Once & gas
reserve has been located and dedicated to mar-
ket, there are many things thet must be
considered in order to produce it efficiently:
The production rate on the sverage and maximum

day is usuelly specified. Gas sales contracts
often require that the average delivered quan-
tity be one Mcf/D/8 MMcf of reserve. This rate
depletes sbout 90 percent of the reserve in 20
years. The operator drills sufficient wells to
ensure that he can maintain the maximum daily
requirement. Well productivity is checked at
intervals, and the deliversbility of the fileld
is computed to ensure that it can continue to
meet the market requirement. Well recondition-
ing or new wells mey be required at certain
stages in the life. If the reservoir is
prcducing by pressure depletion and the gas
sales contract calls for a minimum pressure for
delivering ges, field compressors may be
installed as the field approaches abandonment
pressure. ’

with all these considerations, it becomes
immediately evident that a plan is needed for
developing the field and placing the ges on the
market. Estimates of gas reserves are needed
as & basis for marketing the gas. Sufficient
wells must be planned to produce the gas at the
rates projected for delivery of the ges.

At eny stage of reservoir depletion, &
correct estimation of the change in delivery
capacity with time caused by depletion is
essentigl for determining the number of wells
required to meet & given contract to deliver
gas. Fundamentally, the problem is the famil-
iar one of obtaining date during the drilling,
testing end early production life of a well and
applying these date within a simulatlon model
to predict long-term behesvior. In planning the
operation of & multiwell gas reservolr, it is
desirable to predict its performence for each
slternate development and producing schedule
under consideration.

Methemetical models of petroleum and
natural gas reservoirs heve been the object of

References and illustrations at end of paper.
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much concentrated study in recent years. These
models permit the engineer to examine and evalu-
ate the physical and economic consequences of
various alternative production policies. The
reduction in cost of solving such models of late
has made possible their use as an almost routine
management tool. This reduction is the result
not only of improved computer hardware, but also
of more efficient mathematical techniques.

In this paper, a mathematical model is
presented for optimizing the development plan
for a gas reservoir. A specific reservoir is
studied considering the provisions of a specific
gas contract. However, the computer program as
written will simulate any gas reservoir with any
sales contract. Problems such as this one have
been presented in technical literature, along
with general attempts at solving the problem of
additional well locations. The unique feature
of the optimization scheme presented here is the
automatic selection by a computer program of new
well locations according to certain criteria.
Following evaluation of several schemes for
drilling wells that will allow the gas contract
to be met with the minimum drilling effort, each
scheme is analyzed according to its economic
benefits. Thus at the completion of the study,
we have obtained a selection procedure which is
the most economically feasible for the particu-
lar gas reservoir under consideration.

This paper is written as a result of
research done at The U. of Texas at Austin in
partial fulfillment of the requirementg for the
degree of MS in Petroleum Engineering.5

POSSIBLE CRITERIA FOR
SELECTING NEW WELL LOCATIONS

Henderson, et al. showed the considerable
dependence of gas storage reservoir delivera-
bility upon locations of wells and the order in
which wells are opened to flow during the with-
drawal season.lh This dependence upon well
locations results from a rather complex inter-
action of effects due to well interference and
resexvolr heterogeneity. Coats later presented
a method for automatically determining optimal
new well locations in gas fi%lds producing under
semisteady-state conditions. He indicated that
the proper selection of additional well sites
is difficult, if not practically impossible, to
make by intuition. In the past, the use of
intvition as the primary basis for decision has
led to conflicting opinions., One faction con-
tends that the heart [high permeability-
thickness portion] of the field 1s the most
favorable area for drilling additional wells,
while another proponent maintains locations in
the tight portions would give the best results.
Arguments for each side might draw support from
particular case histories without evidence that
a method has been found that would be suitable
for any reservoir to be studied. Therefore, in

order to develop a Tield with the most
favorable economics, a method for locating the
additional wells must be defined so that the
properties of the particular reservoir under
consideration are taken into account. In
addition, any criterion associated with a
selection method must be constructed so that
the rate of withdrawal from the reservoir meets
the field producing schedule.

In & heterogeneous gas field, one might
consider the properties of the formation as
some criterion for a decision on the location
of & new well. In this study, we have con-
sidered tests on the relative sizes of the
permeability-thickness product in all parts of
the fleld as well as well productivity as
suitable criteria for locating new wells. In
case an estimate of the variation in porosity
is avalleble, the relative sizes of the
porosity-thickness product might offer & deci-
sion on the advantage of drilling in the heart
or the tight portions of the field.

Irregular spacing of existing wells, the
unequal producing rates of the wells, and the
well interference effects might also provide
some means for forming an opinion about the
optimum location of the next gas well to be
drilled. A two-dimensional pressure distribu-
tion may be calculated which will reflect all
of these effects.

In the case where & scheme is discovered
which will reduce the number of wells ulti-
mately drilled in the field or postpone the
drilling of some wells until a later time in
the life of the contract, the final judgment
on the value of the scheme is left to economic
enalysis. The use of the particular scheme
might incur costs in excess of those demanded
by another scheme in which the number of wells
ultimately drilled is not the least. There-
fore, we must find the selection method that
offers the highest present value profit in
order to ensure an optimal development program.

MATHEMATTICAL MODEL

Eg. 1 describes the isothermal, translent
gas flow in two dimensions in & region R:?

_é_(akh_P_ ﬂ)_i_@khz;a_v)_ Sa _ ¢n 3p/z,
x PATIR be oy zy oy £ ot

B O N

A complete derivation of the equation is given
in the Appendix.

A problem is defined by Eq. 1 and sppro-
prigte boundary and initial conditions 1f the
various functions of pressure are specified and
means for determing [qg(x,¥,t)]/f are provided.
The solution to the problem is the function
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p[x,¥y,t], the pressure distribution in the
field as a function of time.

To estimate the pressure trend in a gas
field the above egquation, along with the equa-
tions expressing the boundary and initial
conditions, is solved for the case of &
specified field producing rate schedule, under
the condition that flowing well pressures have
to remain sbove a fixed minimum value. These
nonlinear equations are expressed in finite
difference form and are solved numericelly on &
digital computer.

The numerical methods involve superimposing
a two-dimensional grid on the reservoir, result-
ing in a number of rectangular elements or
blocks with dimensions Ax,Ay. Mathematically,
the procedure is to simply replace the dlfferen-
tials in Eq. 1 with finite difference approxi-
mations, giving a set of ordinary differential
equations to solve. An slternating direction
iterative technique has been applied success-
fully to numerical integration of the nonlinear
partial differential equations describing flow
in two-dimensional gas reservoirs. The pro-
cedures used and the accuracy of the solutions
are discussed in the Appendix.

DESCRIPTION OF THE CROSSFIELD RESERVOIR

The mathematical model presented in the
preceding section is & set of mathematical
relationships which simulate the flow of natural
gas in a reservoir. This model has been applied
to the unsteady-state flow behavior in that
portion of the Crossfield field designated as
the Crossfield Wabamum A pool near Calgery,
Alberts. The Crossfield reservoir is modelled
within a rectangular area approximately 8 miles
in width and 25 miles in length. The reservoir
is considered to be heterogeneous, bounded by
impermeable medie, where the lnitisl pressure
throughout the reservoir at the beginning of gas
production is known. We assume single-phase,
isothermal flow of nonideal gas at velocities
for which Darcy's law is applicable. Flow is
permitted in the x and y asreal directions, but
is considered negligible in the vertical or z
direction. For purposes of numerical solution,
the reservolr is divided into square blocks,
each having an area of 640 acres, forming a two-
" dimensional grid of approximately 200 blocks.

It is assumed that each well 1s located in the
center of & block, though not every block will
contain & well, Because sufficient information
was not avallable throughout the fleld, an aver-
sge value for porosity was used for the entire
reservoir. The permesbility-thickness product
is variable in the reserveilr and is defined at
the mid~point of each grid block. [Fig. 1 is
the grid mep, with kh values shown as defined in
the center of each block.] The natural ges
volumes are given as raw gas at & base pressure
of 14.696 and & base temperature of 60F.

Relationships between the gas deviation factor
and viscoslty with pressure and depth were
determined at the reservoir temperature of 176
F [Fig. 2]. Under the hypothetical gas con-
tract in this study, we are required to main-
tain a constant field producing rate at a
specified flowing bottom-hole pressure through-
out & certain specified time period. At the
beginning of the study, there are 10 wells
producing in the field.

The data for this reservoir were obtained
from the report, "Crossfield Wabamum A Pool,
Reservoir Model Study I".19
RESULTS

Field Development Plan for
Each Selection Method

The computer programr in this study was
written so that producing wells were added in
order to keep the total fleld producing rate
constant. A field development plaen [1.e.,
location and time of drilling each new reguired
well] was obtailned from each of three schemes
for selecting additional well locations. The
three selectlon methods tested here involve
tests on the value of the kh product in each
block: selection of the block possessing
[1] the lowest value of kh for the next well
location, [2] the highest kh value, and [3] the
highest product, [Pyj - P,lkhjj. Selecting low

kh wells is generally selecting wells in sec-
tions with a reletively small emount of deple-
tion but wells of low productivity index.
Selecting wells by high kh generally means
selecting wells of high productivity index but
high depletion. The third method is selecting
wells of high productivity.

A comparison of the development plaus
produced by the three methods is shown by a
plot of the number of wells drilled vs time for
the 1ife of the contract [Fig. 3]. From the
plot, the third scheme 1s lmmedlately recog-
nized as the optimum, as far as we can deter-
mine at this point. However, as mentioned
earlier, there are economic conslderations
involved in every plan for developing & new gas
field. Combining our information sbout the
reservoir itself with what we can determine
about the well costs and, indeed the cost of
developing the field according to the particu-
lar plen we have in mind, we may discover that
an alternate plan should be chosen so as to
minimize our investment throughout the con-
trect. At this point, an economlc analysis of
the slternate development schemes becomes the
importent study.

Economic Analysis of the Development Program

The value of 8ll investments and of all
incomes are dlscounted at & certaln discount
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rate. The difference between the two discounted
values is the present, or discounted value of
the profit.

The present value of the total income is

Tpv = I[ : ;t:-jta ]'

where I 1s the totel income, J is the interest
rate and tg 1s the time at which the field is
abandoned.

The cost of an additional well drilled at
time t4 is C. Then the present value cost of n
wells drilled until abandonment time tg is

n

va = Cigle jCi .

Assigning an arbitrary cost per well of
$60,000, an arbitrary income of $.15/Mcf [after
deduction of costs per unit of production, which
are assumed to be independent of the number of
wells] at the contracted rate of 150,000 Mcf/D,
and a value 0.08 to j, the present value cost
over the time period is represented by

n
= -o08t
va ($60,000) iﬁle i.
The present value of the income is represented
by
I

PV

($.15) (150,000 Mcf/d) (365) [1 - e~.08ta ]

.08ty

In the present case the present value of
the income is the same for all schemes; there-
fore, in order to maximize the present value of
the profit, the present value of the total well
costs must be minimized.

The results of these computations when
applied to the three selection methods are
shown in Fig. 4 and Tables 2 through 4. It is
obvious from our use of a constant cost per well
that the third location scheme remeins the
optimum.

CONCLUSTON

A nmethematical model of transient, two-
dimensionsl gas flow has been described and
applied to evaluate three methods for locating
additional wells in & producing gas field. In
this study, data describing the Crossfield res-
servoir was used. However, the program as
written will accept any varliation in porosity,
thickness, or eny other variable used to
describe s particular gas reservoir, and con-
sider these values properly in the computations.
Therefore, & study such as this one, tailored to
fit any reservolr whose development plan is
questioned, would seem to be & profitable under-
taking. For the particular varlable kh, uniform
¢h field considered here, the third method,

i.e., the scheme containing the [Pij - Pylkhyj
criterion, was clearly the optimum.
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NOVENCLATURE

by = gas formation volume factor, Mcf/cu £t

c o alp/z]

dp
£ Ts
" 1,000p,T

h = thickness, ft

k = permeability, md

p = pressure, psia

Pg = standard pressure

P= -%E»dp [potentiall
P13 = block calculated potential

Py = potential at the wellbore

q = production rate, Mef/cu ft of reservoir/D
gy = mess production rate per unit of volume
gy = production rate per unit of volume
qg = production rate per unit ares

re = exterior radius, ft

ry = wellbore radius, ft

t = time, days

T = reservolr temperature, °R

Ty = standard temperature

u = superficial velocity

Vp = total reservoir pore volume, cu ft

- 2makh

Te -_!._
ln(tw) 2
z = gas compressibility factor

o = conversion constent for field units
equal to 0.00633
o = density, 1b/ecu ft
B = viscosity, cp
¢ = porosity, fraction
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3 (oxh P 3)+.2_(oxh P_2P)-4a-=
Sx( Zu '3'%) oy ( "zl y) 3 wij = w = 2om(kh) { j
eh - » o+ & o 2 8 e ¢ . [A"5] ln( rw ) +
Introducing aP = p/zuldpl, and therefore .
3P - p ] _ P,. =P
ax -Ea ¥ - 7§L and using the relation 1j
) p/z d p/z .
ship = 5 Bt we obtain cij = (_E_ )i
3 ) 2 ( P)_ 98 . ¢he 2B~
2 (akhT okh SE) - 98_- ghc £
e 8 s 8 & & e ® e 2 s+ * s 2 0 o 0[ ’6] vp i,j = AXAy(kh)i,j
- d p/z .
with C = ——EZ_ . ?otei dAs a matt. of interest A¢P1,3 = Pi,4n+l - Pii,n
C=cu, vhere ¢ = - = — o is the g. s compres-
p z09p Note: All P values on the left side of Egq.
sibility. _ A-9 are values at the new time level ntl. This
. Qg w[P - Pyl 2xkhor is the backward-difference or implicit-
Using ra = —_ZQZE——_’ with w = ln[re/rw] ~ 1/2 difference approximation to the diffusivity

and substituting this in Eg. A-6 gives
Bx (akh'ﬁg—)+ dy (akh ) _l%_£~2ul

BP

N

Note: Because crossflow between blocks is
considered, no semisteady-state will be
reached; the actual form of w is uncertain, but
the f-rm as preseﬁted seems to be a good
approximation. »L

In a block of size &xAy, Eq. A-T becomes

Bxdy 3 (akh—g )+ AxAy—g-—(akh 39.)- w (5

(A-8]

- = )
P,) = bOxAy¢hC St

In standerd second-order difference form, Eq.
A-8 becomes:

A(TAP),3 = wij (Py,5 = Py) =-Cij ng%_j. AePi, 5

e v t)
with:

A(TAR) g5 = By(TAP)1,5 + Ay(TAyP),

where:

bx@LxP)y, 5 = Ti41/2,3 (Pi+l,3 - Pi,y)

- T1-1/2,j(Pi,j - Pi°l,j)

AY(TAYP)i,j = T1,3+1/2(P1’j+1 - Pi,j)

- Ti,3-1/2(P1, 5-Py 35-1)
Further:

squation.

Description of the Alternating
Direction Iterative Technigue

Consider Eq. A-~9 as the difference equa~
tion whose solution we wish to obtain?

ATAP - Wij(P‘PW) = GA P

2w(kh)
where wij =-—-————£ig- and

ln(gs -

Note that Vi3 is zero unless block i,) contains
a well. The equation becomes, using the
Douglas-Rachford Alternasting Direction ITtera-
tive Method,

AxTOLP* + AyTAGPE

v
= p-
G=¢C At

- Wij (P*-Pw) = G(P*“Pn)

+ szT(P*"pk), e o 8 v s o * o o [A"lo]

and
AxTAxP* + AyTAyPk+1 - Wij (Pk+1"Pw) =

G(rktlop ) + HEIT(PKHl-pk) , . . [A-11]

vhere

LT = Ti+1/2,5 Ty-1/2,3 + Ti,3+1/2

+ Ti,j-l/z and

Hy 1s the iteration paremeter. Pg,d is the kth
iterate or epproximation to Py j nr3- That is,

k =
tﬂ: Pi,j P;,jn+l, Subtract and add A,TAPk
p*-PX:

to Eq. A-10, and let'BX =

AxTAxPX - (wij+HKITHG) PX = - Rij . [a-12]

where Rij 1s the residual [i.e., the equation
itself belng solved with the latest iterate
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k

P; ; inserted for Pi,j,n+l]‘

2d
Rij = ATAPK + wy; (Py-PK) - G(PX-Pn)

Subtract Eq. A-10 from Eq. A-11 and let PY =
pEvl o pk,

AyTAyPY - (wij+HkZT+G)PY = - (wij+HkZT+G)PX .
o ° 8 6 s & 2 s 8 s 2+ & 2 * s+ [A-l3]

Eq. A-12 1s first solved to yleld PXjij for
gll i,j. Eq. A-13 is then solved for PYiJ. The
new iterate PK*l ig then obtained as

k+tl . ok

Pi:j -.Pi’j +PYi’j.

Solution of Egs. A-12 and A-13 using Hx consti-
tute one iteration. X iterations constitute one
cycle. Here Kwas 5 and H; ,, , Hs were used as
[0, .02, .06, .18, .54]. Tierafidons were con-
tinued until the sum 123 Rij of the residuals

H

over the grid was less then .002 times the
total field producing rate.

Each of Eqs. A-12 and A-13 are of one-
dimensional type and thelr solution is given by
Douglas, Peaceman and Rachford.lO

The Computer Program

The computer program for this study mey be
considered in three distinct sections: [1]
definition of the reservoir with its particulsr
rock and fluid characteristics, [2] alternating
direction iterative technigue solution of the
simulator equations and the "drilling" of ..cw
wells at optimum field location when ne¢ "2s8 "2y,
and (3] economic analysis and outpubt sex -m.

Immediately following the initiaslization
of storage areas, & description of the reservoir
fluid and rock characteristics and & description
of the grid mep are read in., Values for z and
zp for particular values of p are obtained from
e greph of the informetion [Fig. 2] and read in
at this time. ILater in the computation, values
for p/z and P are needed; therefore, they are
computed and stored at this time. The values

for P are computed using the trapezoidal rule
for integr%tion, using the definition:
P=%J % . The transmissibilities are com-
puted along with the pore volumes in each grid
block. In the computation of the transmissi-
bilities, harmonic averaging is used to obtain
an average value of permesbllity between two
grid blocks. A contract well rate schedule is
read in with & rate value for each successive
time period. The number of initieal wells is
read In along with each loeation; slso, the time
step data and iteration parsmeters for the
alternating direction technique. The with-~
drawael terms are computed for each block wvhere
8 well exists, The initial and minimum well~
bore potentiasls are found in the computed
table by linear interpolation. An initial
value for C, or d[p/z]dP, is computed. The
volume of gas contained im the reservoir is
computed by finding the volume of pore space
containing gas and the gas content of a uait
space from temperature, pressure and the gas
compressibility factor.

The first part of the next section of the
program contains the computations involved in
the alternating direction iterative technigue.
This method is employed in solving the partial
differential equation to obtain our pressure
distributions at each time step. A description
of the procedure is given above. The last
part of the seconé section contalns the routine
for automatic selection of well location. A
test 1s made on the total field wellbore
potential. If the value has dropped below the
minimum, the program will braanch to "drill" a
well according to the criterion given for the
decision. This procedure includes locating
the block where the well is to be drilled,
computing a withdrawal term of well rate term
for the block, and storing the new location for
future reference.

The third section of the progrem merely
organizes the output and prints when instructed
by the program to do so. Cards are punched for
input to the economic anglysis program and the
computation is complete.




Pressure Base-psia

Temperature Base-degrees Fahrenheit

Original Reservoir Pressure at 5000 ft.-psia

Reservoir Temperature-degrees Fahrenheit

Average Gross Porosity-percent

Average Gross Thickness-ft.

Total Original Gas~In-Place-Mmcf

Total Productive Area-acres

TIME (YRSe)
2o4hHBF=U]
4,9318Fau}
7.3973F~ul
9,8r30F=v]
1.2329F ¢Vl
1.4795Eevy
JoT260F¢ly
1e9726E e Uy
2,2192k¢u¢
2,4A58F 400
247123k 20y
3,2055F ¢y0
3.6986k vy
441914F+V0y
4, 6R49F 4 0
Sl 7RIE+VC
Be6712F Uy,
G leA4F LG
6, ORTSE 4V
Tel&0TE+VD
140438F ¢y
Be1270E+0{
8,6301E+00
9.1233F 400
G164 4y
1.0603E4v1
1.,1589F 0}
125756401

Table 1 - Initial reservoir properties.

Table 2 - Economic analysis of Case 1 (low kh).
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Te9742F+06
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ToB209E+06
To7451E+06
Te6TQTE+06
Tob973F 206
7.524BE+06
Te4532F 206
Te3826E¢06
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HsR2ZBIF ¢+ 06
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CRV COST
5.8828E405
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5,8R28E+05
5.68826E405
5,8H28L 495
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PV PROFTT
T«5437E+06
B.0526E06
Te9742E+06
T8969E+06
7.8205€406
T«T451E*06
T.6707E+06
7+5973L¢06
Te52408L 06
T+4532E+06
7.3826E4+06
7.2440E+06
6¢3949E 206
6.5712E406
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6e4B6OE*06
6+3733E406
6+2999E+06
6.1910L+06
615256406
6.0135E¢06
5.9423E+06
5,8109t+06
5¢7132E 406
5:6456E406
504080k ¢06
5,1868k+06
5+0027E+06



TIME (YRS.)
2e4hA5RE=(

449315E-91
7.3973E=01
943630F=0})
1,2329E+00
1.4795E+00
1s7260F %00
1.9726F +00
P42192E40n
2e4HFBE+0DN
2.7123E+0n
3,2055E+400
3.69R6E*0n
441918E+00
44HR49E+0N
Se17A1E+00
5.6712E+00
he1644F+00
£+6575E+00
7«1507E+00
Te643RE2Q0
84.13TVE+00
H.6301E+00
941233E+00
9.6164E+00
1+0603E+01
1416H9E+0)
1.2575E401

Table 3 - Economic analysis of Case 2 (high kh).
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CPV COSTY
5.8828E¢05

S5.8828E405
§,RB2RF+05
S.8828E4+05
S.8828E+05
S+882RE+05
S.8828F+05
5,8828E¢05
§.,8828E405
5.8828E¢05
S.RU2HE#05
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6.32915005
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PV PROFIT
7.5437E+06
8,0526E406
7.9742E+06
7,8969E+06
7.8205E406
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7,5248E¢06
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S,1768BE+06
4,9731Ee08
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TIME(YRS,)
244658E=01
4.9315€=01
7.3973E~01
9,8630F=01
1.2329F +00
1.4795E00
1.7260E+00
1.9726E+00
2.2192E+00
2.4658E¢00
2.7123E400
3.2055E+00
3,6986E400
4.1918E+00
446849E+00
5,1781E400
5,6712E400
641644E400
646575E+00
7,1507€+00
7464386400
R.1370E+00
B,6301E+00
9.1233E400
9.6164E+00
1.0603E+0]
1.1589E401
1.2575E01

Table 4 - Economic analysis of Case 3 (high Pij'Pw)kh)'
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(1 BLOCK =640 ACRES)

® = EXISTING GAS WELL
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Fig. 1 - Grid map showing permeability-thickness
product (md ft) for each block.
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