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ABSTRACT

A general streamline/streamtube simulation method
applicable to homogeneous, anisotropic, as well as piece-
wise homogeneous porous media is described with its appli-
cation to steamflood recovery prediction. The boundaries
of the media can be of any arbitrary but smooth shape with
boundary conditions that can be any of or combination of
either Neuman, Dirichlet, or mixed boundary conditions.

The (Laplace's) equation describing the distribution
of potential was solved by the Boundary Element Method (BEM)
also called the Boundary Integral Element Method (BIEM).
This method utilizes the superposition of singular solutions
whose distributions are determined by the boundary condi-
tions of the problem. The streamlines are generated assum-
ing single phase flow (unit mobility assumption). The stream-
tubes are assumed to be linear tubes of rectangular cross
section. Streamlines and streamtubes were generated for
a homogeneous reservoir assuming it was bounded on all sides
by sealing faults. Then, it was assumed to have an oil-
water contact (constant pressure) boundary on one side,
while the remainder of the boundary remained sealed. 0il
recovery calculations were made for a steam drive process

iv



v

in each streamtube generated and added together to give the
recovery in the entire field or pilot area. Finally, the
reservoir was treated as a piecewise homogeneous reservoir
having two regions of unequal permeabilities. The stream-
lines and streamtubes were again generated and oil recovery
calculated for each of the two types of boundary arrange-
ments mentioned above,

Steamflood prediction was made assuming each stream-
tube existed in isolation. Thus, there was no heaf exchange
between streamtubes. For homogeneous reservoirs, recovery
was calculated using the Marx and Langenheim equations. For
the piecewise homogeneous reservoir, new equations were de-
rived for the location and rate of advance of the steam
front while it is in the second permeability region of a
streamtube containing two permeability regions. Comparison
of the potentials obtained by the BEM aﬁd those obtained
analytically for simple domains confirm the validity of the
Boundary Element Method. This method provides a general
technique to properly model different reservoirs with ar-
bitrary boundaries and boundary conditions, particularly,
piecewise homogeneous reservoirs which had not been possi-

ble using the method of images.
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A GENERAL STREAMLINE MODELLING TECHNIQUE FOR
HOMOGENEOUS AND HETEROGENEOUS POROUS MEDIA,
WITH APPLICATION TO STEAMFLOOD PREDICTION

CHAPTER 1
INTRODUCTION

Steamflood recovery performance can be predicted
either by the use of analytical equations derived fcr linear
and radial homogeneous porous media, or by the use of numeri-
cal simulators. The numerical simulators have the benefits
of giving more detailed and more reliable results. They
also have the advantage of being applicable to a wide vari-
ety of types of porous media. Unfortunately, these simula-
tors require a great deal of detailed reservoir data, making
them expensive to run. Quite often, the available geological
and production data are not sufficient, and economic con-
siderations prohibit the collection of such extensive data.
In such situations, simulators are often run with some of the
data being assumed. This reduces the advantages of the nu-
merical simulator. Improving the accuracy by obtaining more

data may make the cost of running one unjustifiable.



The analytical methods have the advantage of simpli-
city and therefore are relatively cheap. But, in order to
predict recovery using analytic equations for an entire field
with multiple sources and sinks, the field must be reduced
tc an equivalent linear or radial system. One way to achieve
this is by the so-called streamline/streamtube technique.
Previous methods of determining the streamlines and stream-
tubes for reservoirs with regular as well as irregular bound-
aries were based on the technique of image wells. According
to the well-image theory, hydrogeologic boundaries may be
replaced, for analytical purposes, by imaginary wells which
produce the same distrubance effects as the boundaries. Bound-
ary problems are thereby simplified to the consideration of
an infinite reservoir in which real and image wells operate
simultaneously and their effects are superposed to give the
potentials and streamlines at desired locations. This image-
well method is inadequate in the following respects:

1. Theoretically, the number of image wells and their
locations extend to infinity. The actual number of
image wells used in the solution of a particular
problem becomes a matter of experience or judgement.

2. It has only been applied to homogeneous reservoirs.
Extension to heterogeneous systems is theoretically
possible but the calculations very quickly become

tedious.



3. Irregular bourdaries are generally modelled by ar-
bitrary locations of image wells whose rates are
determined as those necessary to confine as much
of the streamlines as desired. Hence, the derived
potentials from which the streamlines and stream-
tubes are calculated do not represent the true po-
tential solutions to the problem with its boundary
conditions.

It is therefore easy to see that a new modelling tech-
nique is needed for cases where current streamline methods
would either be over-simplifications or incorrect, and numeri-
cal simulators uneconomical. These would include:

(i) Homogeneous reservoirs with irregularly shaped
boundaries.having a variety of boundary conditions.

(ii) Heterogeneous reservoirs whose properties are such
that they could be naturally divided into a number of sub-
regions with homogeneous properties.

The research work described here develops such a
model. A heterogeneous reservoir is assumed to be made up of
a few subregions with constant material properties such as
transmissibility, porosity, etc. The model exploits the
simplicity of the analytical models by utilizing as its ba-
sis the point source solution in infinite medium, from which
it determines other solutions by superposition. At the same
time, it uses a numerical technique where the boundaries of

the region are discretized, called the Boundary Element



Method (BEM) or the Boundary Integral Element Method
(BIEM). This technique is used to generate the streamtubes
(or stream channels) for heterogeneous reservoirs of any
arbitrary shape or boundary conditions. These streamtubes
form the conduits through which the steam displacement pro-

cesses take place from injectors to producers.



CHAPTER 1II

LITERATURE SURVEY

In the year 1899, Slichter1 used the concept of
steady state streamlines in his theoretical investigation
of the motion of ground waters. 1In 1962, Ferris et al2
published a comprehensive study of ground water flow in
bounded systems with various kinds of boundary conditions.
The effects of the boundaries were simulated by the use of
image wells. This image-well technique is now widely used
by ground water hydrologists as well as petroleum engi-
neers.2’3’4’5

Petroleum engineers have extended the streamline
concept to include so-called streamtubes or streamchannels
whose dimensions are determined from the knowledge of the

streamlines.6’7

The streamtubes act as the channels, in-
side which o0il displacement processes are assumed to be
taking place. The use of image-wells to simulate the bound-
ary conditions has generally been limited to homogeneous
domains with boundaries of simple geometrical shapes such

as squares, rectangles, circles, etc. Even though, in
tﬁeory, the image well method can be applied to heterogene-

ous media4 as well as to arbitrary boundary shapes, in

5



practice, the calculations quickly become tedious. This
is partly due to the fact that the image wells and their
locations extend to infinity even for the simplest-closed
systems. This problem was partially addressed by Chan,8
who in 1975 presented an improved image-well method for
straight-line boundaries that involves a rearrangement of
the image pattern depending on the boundary configurations.
However, even with this improvement, the number of image
wells required s£ill prohibits its use in all but the sim-
plest geometrical shapes. Secondly, the improved method
does not account for heterogeneous media. The limitation
to simple geometrical shapes was removed by Leblanc9 and

.10 Leblanc used the image-well technique to bound the

Lin
streamlines in a homogeneous reservoir of arbitrarily shaped
boundary by using a trial and error procedure to determine
the image well rates required to adequately confine the
streamlines. Lin extended the method to include reser-
voirs which are not sealed but have some restricted flow

as in the case of partial water encroachment. Each method
is unsatisfactory because locations of the image wells

(and therefore the potentials) are determined by how well
the streamlines are confined rather than by the true bound-
ary conditions of the physical system. Thus, the image-

well technique is inadequate for reservoirs that are:

(a) heterogeneous and (b) have arbitrarily shaped boundaries.



The Boundary Element Method (BEM), also called the
Boundary Integral Element Method (BIEM), is a technique
that can handle several kinds of shapes and heterogeneities.
It is an integral method that utilizes the superposition
of singular solutions of the partial differential equa-
tions of the system. The method has recently emerged as an
important numerical technique for the solution of linear
elliptic equations such as occur in potential flow and

11,14

elastostatics. During the last decade, the BEM has

been extended to solve linear parabolic equations as well.ls’16
The extension of the method to piece-wise non-homogeneous

bodies of arbitfary shape has been attempted by Banerjee,17

19 have used

and Jaworskil® while Butterfield and Tomlin
the method for solving zoned anisotropic continuum prob-
lems. The literature on the BEM is 1large and growing
rapidly as more researchers develop new methods of appli-
cation. Reference 17 lists more than 70 references on
this subject and contains a good review of the literature
on BEM up to the year 1976. The Boundary Element Method
has been used in this research work to generate the steady
state streamlines and associated streamtubes for hetero-
geneous reservoirs. The streamtubes serve as the channels
inside which any displacement process (steam drive in this
case) takes place. In what follows, a brief review of the
literature on steam drive processes is given.

The benefits of applying heat to an oil reservoir

to aid oil recovery were foreseen as early as 1917,59 and



in the 1920's and 1930's, steam was used to remove paraffin

from the wellbore.22 Since Shell 0il Company's success-

ful stimulation of a California o0il well in the early 1960's,

steam injection has steadily gained prominence as an oil

recovery method. In fact, steam injection is currently

the most popular of all enhanced oil recovery methods--

producing 405 million barrels per day (MMBPD) worldwide

as compared with 221 MMBPD from all other enhanced recovery

methods combined.22
Even before Shell 0il Company's successful stimu-

lation of the early 1960's, technical papers began to be

published describing the transport of injected heat in

23 whose

porous media. One of these papers was by Lauwerier,
model for the injection of hot water into an o0il bearing
formation was published in 1955. He assumed a linear homo-
geneous reservoir of constant thickness, sandwiched between
two 0il sands. The thermal conductivity of the oil sand

in the vertical direction was assumed equal to that of the
cap and base rock which were identical. The horizontal
thermal conductivity in the oil sand was assumed to be
zero. The vertical thermal conductivity in the water sand
was assumed infinite so that the temperature in the ver-
tical direction for the water sand was always uniform.
Instantaneous equilibrium was assumed between sand grains

and reservoir fluid so that the sand grains had the same

temperature as the reservoir fluid throughout. Finally,



he formulated his problem by assuming that at time t, the
temperature at the boundaries between the two zones were
elevated and kept at a constant temperature due to the
injection of hot water. By making separate heat balances
within the oil and water sands, two equations were obtained.
They were solved using the Laplace transform technique to
obtain the temperature distributions in the two sands.

In 1959, Rubenstein24 improved Lauwerier's model by assum-
ing constant, isotropic thermal conductivities in the reser-
voir as well as in the confining cap and base rock.

In 1959, Marx and Langenheim25 presented a model for
calculating the heated area and its rate of advance based
on idealized step temperature at the steam front. They
also presented an equation for the temperature gradient
for a linear temperature distribution in the ‘steam :zone.
Finally, they proposed a method of predicting the o0il re-

covery. In 1961, Willman, et a126

presented data on oil
recovery mechanisms for hot water and steam injection for
a variety of oils and sand types. They presented a modi-
fied Buckley-Leverett method to predict the o0il recovery
for a radial system. Both the Marx and Langenheim, and the
Willman, et al models have been further explained and ex-

27-30 31 reported on an

panded by several authors. Baker
experimental study of heat flow in steam flooding in a
radial system. Among some of Baker's results were: (a) the

fraction of injected heat lost when expressed as a function
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of time did not depend on injection rate. (b) A signifi-
cant portion of injected heat was contained in the hot
water zone ahead of and underlying the steam zone. (c) The
division of heat between the steam and hot water zones did
depend on injection rate. In the same year, Mandle and
Volek32 made a rigorous calculation of the transport of heat
during steamflooding. They found that earlier theory,
based on neglecting the heat transport from the steam zone
into the oil/water region was consistent with the physical
model up to a critical time to. te marks the time at which
the mode of heat transfer from the steam zone into the
oil/water region changes from being predominantly conductive
to being predominantly convective. The equation describ-
ing the growth of the steam zone changes accordingly at
t = tc. They presented approximate equations to describe
the steam zone growth after t = tc

In 1970, Shutler and Boberg33 presented a graphi-
cal method for calculating o0il recovery during steamflood-
ing. The method was a modification of the Buckley-Leverett
method for isothermal, two phase flow in porous media.
The 1970's saw continued and more diverse interest in steam
drive mechanisms. Previous efforts had been directed more
on obtaining analytical solutions to simplified models.
But in the 1970's the analytical experimental, as well as
numerical models, became more sophisticated. Some of the

experimental and analytical research reported were:
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Neuman34 presented a theoretical analysis for a steam flood
model that included the effects of gravity override. Van
Lookeren35 derived equations to estimate the approximate
shape of the steam/liquid interface. Huygen36 who fitted
curves to recovery and sweep data for a three dimensional

37 .
used a numerical

model of a five-spot pattern. Gomaa
method to determine the effects of various parameters on
steamflood recovery. He reported the following: (a) above
150 ft., the reservoir thickness had little effect on ver-
tical heat loss. (b) Pattern shape and spacing had insig-
nificant effect on steamflood 0il recovery if injection
rate per unit reservoir volume was fixed and well produc-

tivity was not a limiting factor. Chu38

studied the ef-
fects of well patterns on steamflood performance. He re-
ported that the alteration of one pattern resulted in sub-
stantial loss of production in the surrounding patterns.
He also reported that a 5-spot ﬁattern produced more oil,
the production getting progressively less in the inverted
7-spot, the inverted 13-spot and the inverted 9-spot, re-
spectively. Atkinson and Ramey39 presented a general re-
lationship between the various mathematical models of heat
transfer in porous media. They also presented new models
for fractured and non-fractured porous media. Rhee and
Doscher40 presented a semi-analytical method for calculat-
ing o0il recovery by steamflooding that combined the effects

of steam distillation and gravity override. Myhill and
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Stegemeier41 published correlations for the effects, of
thermal, reservoir petrophysical, and steam properties on

the equivalent oil/steam ratio.



CHAPTER I1I

RESEARCH OBJECTIVE AND PROPOSED MODEL

The objective of this research work is to develop
a streamline model to predict o0il recovery during steam-
flooding in heterogeneous porous media of arbitrary shapes
and boundary conditions. The prediction model is desired
to be able to handle the following types of heterogeneities:
1. Piece-wise homogeneous reservoirs. That is, hetero-
geneous reservoirs that can be split into subregions
such that rock properties such as permeability,
porosity, etc. can be considered as uniform within
each subregion, but only be different from region
to region.
2. Anisotropic reservoirs.
3. Homogeneous reservoirs with impermeable shale in-
clusions.
The external boundaries of these reservoirs can be
1. completely closed
2., partially closed, with the remainder at infinity.
The boundary conditions can be any of Neuman, Dirichlet,
mixed, or any combination of the aforementioned.
In this research work, only the piecewise homoge-
neous reservoirs will be treated in detail, the others

13
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are handled by minor modifications. The proposed model
uses the Boundary Element Method to generate steady state
streamlines for the above mentioned heterogeneous reser-
voirs. As each streamline is traced, the dimensions of a
hypothetical streamtube surrounding it are calculated.
Thus, for each streamline, an associated sireamtube is cal-
culated. When this is done for all the streamlines, the
heterogeneous system is now assumed to be replaced by a
series of straight conduits connecting injectors to pro-
ducers. Each of these conduits is considered to be an iso-
lated system inside which the steam displacement processes
take place. Lateral heat losses from the sides of the
streamtubes are ignored. For piecewise homogeneous reser-
voirs, some, but not all, of the streamtubes will consist
of regions of differing permeabilities. For these cases,

a new generalized derivation of the equations of Marx and
Langenheim or Mandle and Volek was made. The rate of ad-
vance of the steam front and recovery in each of the tubes

is accumulated for any time to complete the desired model.



CHAPTER 1V

STATEMENT OF THE PROBLEM

Consider a two-dimensional reservoir domain (D),
of arbitrary shape enclosed by the boundary surface (S).
The domain D is made up of a number of homogeneous sub-
domains, Di for i = 1,..., number of sub-domains (Figure 1).
Thus, D = D1 + D2 + 0 ¥ Dn‘ Each subdomain has its own
value of material properties such as permeability, porosity
etc., that may or may not be different from those of the
adjacent region or regions.

The surface S is assumed to be sufficiently smooth
and can be such that part or all of it is at infinity. S

can be made up of any combination of three kinds of sur-

faces SQ, Sn, and S¢ 0" Each specifies a different kind of

’

boundary condition. S = SQ + Sn + S@,n' Over SQ, the po-
tentials are specified. Over Sn’ the gradients [%%] are

specified; and over S@,n’ a mixed boundary condition 1is
specified.

Inside any or all of the domains are arbitrarily
located sources and sinks. The first problem is to find
the steady state potential, streamline and streamtube dis-
tributions for the whole system subject to any combination

of the three types of boundary conditions:

15



FIGURE 1: Piecewise-Homogeneous Domain
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INJECTOR PRODUCER

FIGURE 2

Linear one-dimensional model of piecewise-homogeneous

reservoir
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a. The Dirichlet condition prescribes the potential

on the SQ boundary. That is,

¢ = ¢(x,y) on S = S, (1)

b. The Neumann condition prescribes the normal deriva-

tive of the potential on the Sn boundary. That is,

il

3 _ 3 -
== on S =8 (2)

58]
=]

c. The mixed boundary condition prescribes a relation

between ¢ and %% on the S¢ n boundary. Thatlis,

<p=f[39} on S =§ (3)

The third condition is found on the free-water surface in an
aquifer and is not generally of concern to Petroleum Engi-
neers.

The second half of the problem to be solved to
complete the model is to derive equations that describe the
rate of advance of the steam zone in a linear system made
up of regions of different permeability (Fig. 2). These
equations will be used to predict the o0il recovery inside

the generated streamtube.



CHAPTER V

MATHEMATICAL DEVELOPMENT

A common method of formulating the equations that
describe the characteristics of a physical system is by
considering some elemental portion of its domain and ap-
plying some physical law to it, such as the the conserva-
tion principle. This method of formulation generally re-
sults in differential equations which can be solved analy-
tically or numerically. The most widely-used numerical
technique is the method of finite differences. In this
method, the domain is divided into elements or cells
and the differential operators are approximated by dif-

ference operators resulting in a

AREAL 3-0

RADIAL SPHERICAL

FIGURE 3. Elemental volumes™>
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system of algebraic equations that are valid at the '"nodes"
of the cells within the domain. Because the domain of the
problem is discretized, the method will be termed a domain
method. Another way of solving the differential equations
is by the Boundary Element Method. 1In this method, the
differential equations in the domain are first transformed
into integral equations which relate the unknown function
and possibly certain of its derivatives to the given values
on the boundary. The method of solution utilizes the super-
position of known basic solutions to give the complete solu-
tion. After the differential equations that describe the
system have been derived, they are first transformed into
integral equations on the boundary before being solved by
the boundary element technique.

The equations describing the potential distribution
and flow of a single phase, incompressible fluid in a homo-
geneous porous medium is developed by taking an elemental
volume of the reservoir and applying the law of conserva-
tion of mass to it. This is a procedure that can be found

44,45,46

in standard texts. The result is called the con-

tinuity equation and can be expressed in general form as:

7o (ou) = - 2= (p4) (V.1.1)

Equation (V.1.1) is called the continuity equation where
v.(pu) = divergence of (pu)

p = density
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u = volume flux per unit area

t = time

) porosity
Darcy's law relates the volume flux (u) to the potential

gradient.
u = -V[— @) (vVv.1.2)

where
k = permeability
¢ = potential

u = fluid viscosity

Substituting Equation (V.1.2) into Equation (V.1.1l) gives:

3
v[ﬁ- v(kcb)] = =1 (09) (V.1.3)

Equation (V.1.3) is completely general. No assumptions
have been made about the nature of the medium. It can be
applied to any coordinate system, and is valid at any point
of a three dimensional domain except at locations where
there are sources or sinks.

The following simplifying assumptions are made in
order to formulate the equations describing the physical
system. \

1. Incompressible, homogeneous, single phase fluid
is assumed to be flowing in the system.
2. The medium is homogeneous and isotropic.

3. Two-dimensional flow exists. This means that flow
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in the vertical direction is negligible. Therefore,
flow is only in the horizontal x and y directions.
4., Gravitational effects are neglected.
Introducing these simplifying assumptions gives, in two

dimensions:
08 [ 32| ,p 3 [ 32) . _ 3_
u 3 [kx ax] * u [ky ] 7t (p¢) (Vv.1.4)

Making the further assumption of steady state flow, Equa-

tion (V.1.4) reduces to:

d 30 d 30) _
For a homogeneous reservoir, kx = ky = k. Therefore, Equa-
tion (V.1.5) becomes:
2 2
E2+22-0 (V.1.6)
9X oy

Equation (V.1.6) is known as Laplace's equation. It applies
everywhere in the domain except where sources and sinks

exist. When sources and sinks are present in the domain,

Equation (V.1.6) changes to:
2 2
27 d 3°% ., ucN _
— + =5t ) . 5(x - x. -y.) =0 (V.1.7

which is known as Poisson's equation, where

qj = the volumetric flow rate per unit reservoir
thickness of the jth source or sink

N = the number of sources and sinks

§ = the Dirac delta function
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xj, yj = the coordinates of the j'th source or

sink location

For a heterogeneous reservoir made up of two or
more homogeneous subregions, Darcy's law applies in each
subregion. This means that Equation (V.1.6) as well as
Equation (V.1.7) are applicable depending on whether there
are sources or not. To obtain the potential distribution
for the heterogeneous system, either Equation (V.1.6) or
Equation (V.1.7) (depending upon the presence or absence
of sources and sinks) is applied to each region. They are
combined by taking care of the compatibility and continuity
conditions on the various interfaces between adjacent re-

gions.
V.2 TRANSFORMATION TO AN INTEGRAL FORMULATION

As stated earlier, when the domain is a heteroge-
neous one, made up of homogeneous subdomains, the method is
to apply Laplace's or Poisson's equation to each subdomain.
They are then combined (making sure to satisfy compati-
bility and continuity conditions on the common boundaries
between the regions). Thus, the homogeneous subregions
form the basic building blocks for the heterogeneous sys-
tem. For this reason, the theory will be developed for a
homogeneous domain.

Extensions to heterogeneous systems will be discussed

in a later section. The objective, therefore, is to find
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potential distributions that satisfy the differential equa-

tion ’
2 2
) 979 _ ueN
Lo = + = -V, . 8(x - x. -y, V.2.1
A Rlj=1 95 6(x - x5,y - y) (V.2.1)
subject to:
ole =0 (V.2.2)
Ss S®
09 - [(:
n g = (¢n)Sn (vV.2.3)
n
82 32
where L is the differential operator — * =7
X ay

N is the number of sources and sinks

éS is the specified potential on the S, boundary
]

- X s . 50)
@ is the specified normal gradinet [—— on the
ds_ o)

S, boundary

The first step in the integral formulation of the
problem is to form the product of a function W with both
sides of Equation (V.2.1) and integrate over the domain of
interest. This is called the inner, or scalar, or dot prod-

duct of W with L¢ and is deéenoted (W,L@).47By definition,

W,Le) = J W{Lo} dD (V.2.4)
D

2 2
L is the linear differential operator [a 5+ 2 2] on o.
X oy

W is an arbitrary function which is sufficiently differen-

tiable for L*{W} to exist, where L* is the formal adjoint
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differential operator associated with L. Integration by
parts is performed on (V.2.4) until the operator on ¢ dis-
appears (i.e., integrating twice by parts for two-dimensional
problems). The result is of the form

f "W{L¢} dD = {boundary terms} + f ¢{L*W} dD (V.2.5)
D D

In two dimensions, the boundary terms are line integrals;
and in three dimensions, they are surface integrals. Form-
ing the inner product (L¢,W) for the left hand side of

Equation (V.1.2) gives

[ (a2 326
(Le,W) = J [——7 + —-—2-}1’\] dD (V.2.6)
D 0X 3y
where D represents the domain of integration. Integration
of (V.2.6) by parts is done by first rewriting it as a
double integral:’

Yo Xz(Y) 2
(Lo,W) = [ ! 22 W dx dy

Y%y (y) 3x

Q

Yo XZ(Y) 2
+ J [ 22w ax dy (V.2.7)

y]. Xl (Y) 3y

N

Integrate each term by parts to give, for the first term,

—5 Wdx dy = [w 39
1
X, (¥) ;
] 2¢ M ax|dy (V.2.8)
xq (¥) .
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Integrate the last term on the R.H.S. of (V.2.8) by parts

and substitute back into (V.2.8) to give

Yo (X, () y x,(y)
2(*2 2y _[72 10) | 2
—— W dx dy = W —-J
9X
)’1 XI(Y) ax }’1 XICY)
- X, (y) X, (¥) \2
- 3% (9) + ¢ — dx|dy
x; () x; () ax
y x, (y) y X, (y)
T R 2 aw|| 2
- X A &y
%7 (7 x4 (¥)
Y1 1 Y1 1
’yZ xz(}’) ZW
+ [ o 28 dx dy (V.2.9)
Y1 Xl(}') 39X
Now
dy = ds cos 9
and
COS 6 = i . ;l
»dy =1 .1 ds (V.2.10)

where n is the outward unit normal and ds is the differen-
tial element of arc length along the boundary S,
i is the unit vector in the x direction.

Substituting for dy into (V.2.9) gives

( .
A2 W oax dy = f lwd_?]i.n ds - J
x(y) ax s dx S

v: el ¢}i.ﬁ ds

2
f 23 W ap V.2.11)
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By a similar procedure

yZ XZ (y) 2

. .o , Yo

J J 0 ; W dx dy = J [W Eg]j-n ds - J [EE @Jj-n ds
Y1 xl(y) X S Y S

+ j — dD (v.2.12)
D 3y

Combining (V.2.11) and (V.2.12) gives

dx dy %% 5]-ﬁ ds

(3]
[ g

Yo (X, (¥)
[ 2(72 [azqv ach]W
Y1 X, () (ax® 8y

i]
—
wn
=
——
Q)lo)
» e
[l
+

n 2 2.
oW 2 W ) - 3°W 3°W

- I @[—— i+ — J}°n ds + [ o + ———} dD
jS 39X 3y D BXZ v ayzj

(V.2.13)

where i is the unit vector in the y-direction,
Therefore, the inner product of the left hand side of Equa-
tion (V.2.1) gives:

BZW 82W

30 oW
(Lo,W) = fxv—- ds - I ® — ds + j — + —=|dD
g on S on D[axz Bsz

(v.2.14)
The inner product of the right hand side of Fquation (V.2.1)

is:

N
a4 8(x - X,y - yi)s WO
Tj=1 95 8O = X557 = ¥5), (V.2.15)

wie

JYZJXZ(Y) N
I.=1 q. 8(x - X.,y - y.) W dx dy
Y1 xl(y) J J J ]
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which is simply,

PIRR! ,
aoyh (% ,ys) Wo(Xs,Y. .2.
o EJ=1 a5 (x5,y5) W (x5,75) (V.2.16)

Therefore, from Equations (V.2.14) and (V.2.16), the inner

product of both sides of Equation (V.2.1) is:

J
f W 22 ds - ] ) %E ds + J & V2W dD
S S n D

N
= - &g (xs,Y.) Wo(x.,y. .2.
X ZJ=1 a5 (x55¥5) W (x5,55) (v.2.17)

where v2 is the two-dimensional Laplacian differential op-
erator denoting the vector dot product V-V, V is the gra-

dient operator defined in cartesian coordinates as

: 3 2 )
veil+ &,
Tax T ) oy

2 2
9_}=3 . 38

2 = g.y = |34 &= -__.?3_ 5
v V.V [1 + 5 ) [1 =15y

oy

~

i and j are unit vectors in the x and y directions, respec-

tively. Equation (V.2.17) can be rewritten as:

2 - W . e
]DQ VZW dD f;’an ds JS W == ds

LN g (xa,y) Wi,y .2.18
g Lj=1 95(x5,75) W (x5,y5) (v )

Now, by a clever choice of W, the left part of Equation

(vV.2.18), that is, the domain integral, can be reduced to
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the potential ¢ only. When this is done, the original dif-
ferential equation would have been transformed into an
integral equation involving just boundary integrals only.
The value of W to achieve this is that W which satisfies

the equation

VAW = - 8(x - x5,y - YS) (V.2.19)

without satisfying any boundary conditions. Equation (V.2.19)
happens to be the equation describing the potential dis-
tribution that would occur due to the application of a unit
charge at (xi,yi), and the solution to it is variously

called the fundamental solution, the free-space Green's
function, or the principal solution. Using the right side

of Equation (V.2.19) to substitute for v2W in Equation

(V.2.18) gives:

9 W
- o §(x - x.,y - y.) dD = J W—ds - f » — ds
JD i? i S on g on ‘
+ 2 ZN q.(x:,y.) W (x.,y.) (v.2.20)
k £3=1 %j°71°7] 3’73

The left side of Equation (V.2.20) is simply -@(xi,yi); thus

_ 90 ( oW
xyayy) = [ Wopds - | 05y ds
u N
+ i(' EJ'_‘l qJ (XJ ’yJ)w(XJ ’yJ) (V-Z'ZI)

Equation (V.2.21) relates the potential at an interior

point (xi,yi) to both its value on the boundary and that
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of its normal derivative to the boundary. It contains the
function W which is the solution to Equation (V.2.19) and
for this work will be called the fundamental solution

. 48
given as,

=

- L
W= > 1n (V.2.22)

where r is the distance between an observation point (x,y)
and the point of application of the unit charge (xi,yi).
If the observation point is anywhere within the domain

(except at the source/sink locations),

R /(x - xi)2 + (y - yi)2 (V.2.23)
and
W=t In 1 (V.2.24)
Y(x - x:)%+ (y - v.)?
i i
Let
= - 2 - Z
T AETIEEN L (Yj Yi) (V.2.25)

be the distance between the unit charge point (xi,yi) and

the source point (xj,yj); then

1
/(Xj - xi)z + (Yj - yi)2

(V.2.26)

_ 1
W(xj,yj) = 5= 1n

Equation (V.2.21) can be rewritten as:
=L [ 2 1 A s fin L
@(Xi,Yi) > JS n [1n riJ ds ZWIS o an[1n r.] ds

(v.2.27)

u oN 1
* 3rRlj=1 95 (x5075) 1n T
b
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It is of interest to note that Equation (V.2.27) could
have been obtained by different methods, such as applica-
tion of Green's second identity directly to Equation

(v.1.7), or by the method of weighted residuals.12

V.3 REPRESENTATION AS A BOUNDARY INTEGRAL EQUATION

Equations (V.2.21) or (V.2.27) are integral formu-
lations of the differential equation (V.2.1). In order to
apply the boundary element solution method, Equation (V.2.22)
or (V.2.27) must be transformed to a boundary integral
equation. This means that the unknown @(xi,yi) on the
left of Equation (V.2.22) or (V.2.27) should be in terms
of boundary coordinates. Therefore, the point of appli-
cation of the unit charge (Equation V.2.20) has to be on
the boundary. Let the boundary point of application of
the unit charge be denoted (xb,yb), then the fundamental
solution is, then:

1 1
W(xp,y,) = 5= In = (V.3.1)

where Ty is the distance from any point (x,y) to the bound-

ary unit charge point (xb,yb) and is given as

T, = /(x - xb)2 + (y - yb)2 (V.3.2)

The distance from the source/sink locations (xj,yj) to the

boundary unit charge point is:

Ty 5 = /(xb - x.j)2 + (yb - yj)2 (V.3.3)
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By taking the point of application of the unit charge to
the boundary, the boundary integral formulation of the

problem becomes:

C wab g [
0(xy,yy) = JS W gs js ds

N.
U XL,y WXL ,Y - V.3.
+ & zjg qJ(xJ Y5IW(x;5,75) (V.3.4)
Substituting for W(xb,yb) and W(xj,yj) using Equations
(V.3.2) and (V.3.3) gives:

1 9 d 1 1 3 1
o(Xy ,¥1) = 5= f — In — ds - =— J ) ——(ln ——] ds
b’’b 2T S an Ty 2n S an Ty

u N
v gipliay 95 (x50y5) In £ (V.3.5)

b,j

where Ty and Ty 3 are given by Equations (V.3.2) and (V.3.3).

The evaluation of the right hand side of Equation (V.3.5)
gives the potential at any boundary point with coordinates

(Xb ’yb) .

V.3.1 EVALUATION OF THE IMPROPER INTEGRALS

All the integrals involve the term ln‘?:L which
b

has a singularity at the point Ty = 0. These kinds of in-
tegrals whose integrands become infinite at some point in
the domain of integration are known as improper integrals.
The usual method of evaluating such integrals is as fol-

1ows:12’48
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a. For a two-dimensional problem, take a small circle
or semi-circle of radius ¢ around the point of
singularity. This divides the domain of integra-
tion (the boundary) into two parts; one part con-
tains the singularity and the other part does not
(Figure 4).

b. Evaluate both integrals and take the limit as e
tends to zero. The result is the required value

of the integral.

semicircle of
radius e, surface SE

FIGURE 4. Method of evaluating improper integral.

On the part of the boundary S - 2¢, 1In ?L is continuous.
b

Following the procedure outlined above, the integrals in

Equation (V.3.5) can be evaluated as follows: For the

second integral on the right of Equation (V.3.5),
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1 3 1
+ 7 [S i —[111 -——) ds (v.3.6)

For the last integral of Equation (V.3.6), the normal

direction is the same as the radial direction. That is,

3 11 _ 5 1 _ 1
s—ﬁ[ln -I,-] -2 [1n -r—) .1 (V.3.7)
b b b r=c
b
The last term of Equation (V.3.6) now becomes:

1J a[ 1] _ 1 J
=— ¢ —|1In —| ds = - o ds (V.3.8)
2m SE n Ty 27€E SE

For the case where the surface Se is a semi-circle, Equa-

tion (V.3.8) becomes:

1 a—' —1— =-—1_ = - 1 ZTTE *
2re JS ® Bn[ln rb) ds 2re j ® ds 7??[ 7 ° )

= % o* (V.3.9)

where ¢* is an average value of ¢(x,y) on SE, and in the

limit as ¢ tends to zero

s (1,4). 1
11m[17¢*J‘ 3 @(xb,yb) (V.3.10)
e~>0
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The first integral on the right of Equation (V.3.5)

is split into two integrals as:

1 1 9 1 1 ad

L[ gL 224 L J n - [~—] d
Zm JS n n 2'17 S-5 n rb an 5

f
+ 5 J in = [55) ds (V.3.11)

Following the procedure leading to Equation (V.3.9) gives
1 1 (3¢ _ 1 (278 [2e)*
27 ISE n o [Eﬁ) ds = ZFE['?‘)[EH)
= - % 397 (V.3.12)

*
where Lhhd is an average value of %% on Se and

on
. 1 3%
llm[- = w——} =0 (V.3.13)
e=0 2 9n
From (V.3.6)
.1 f ? 1] 1 J d [ 1)
1lim =— ¢ =—{1ln =—| ds = =— ¢ —|1ln =—| ds (V.3.14)
0 27 JS'Se _an[ Ty 2 Jg  om Ty

From (V.3.11)

lim éL I in l—[ﬁg) ds = L J in 1
e+0 ¢7 Js-8 Th S

(V.3.14a)

Substituting (V.3.10), (V.3.13), (V.3.14), and (V.3.14a)

into (V.3.5) gives the potential at any boundary point

(xy,yy,) as:
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- L d_[1n L L 1) 2
¢(xb,yb) e JS ) an(ln ] ds e Is[ln ) o ds

Ty Ty
1oa(x,,y) * ) qs(x.,y.) o= In = (V.3.15)
7 Y Xy Yy AN R L R 2
j

Therefore,

1 (a0 I 1
1n ?E [55J ds Vs J o —-[ln ——) ds

1 1
7 *(poyy) = 7y J g " om

S

1
™,

u L
¥ Y qj(xj,yj) 5 1n (V.3.16)
Equation (V.3.16) is the boundary integral formulation of
the problem. The boundary S is made up of two parts, S1
and S2 such that S = S1 + SZ' On S ¢ is prescribed and

1,
%% is unknown. On 82’ %% is prescribed and ¢ is unknown.



CHAPTER VI

SOLUTION BY DISCRETIZATION OF THE BOUNDARY

The integral equations (V.2.26) and V.3.16) are
solved numerically be discretizing the boundaries of the
domain into elements (hence the name: Boundary Element
Method). A homogeneous medium will be assumed. Later,
the method will be modified to handle heterogeneous media
made up of homogeneous regions. The boundary of the do-
main is divided into M straight line segments as shown in

Figure 5.

Nodes

FIGURE 5

Straight-line boundary elements or segments
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The unknown values of ¢ and -g% are evaluated at
the mid-points of each segment. These points are called
the node points. In the present work, the node points
will always be at the mid-points of'straight line boundary
segments. The cases where the boundary segments are curved
and cases where the node points are at the intersections

12 0f

of the boundary elements are treated in Brebbia.
the M boundary segments, M1 belong to the S(p type boundary

where ¢ is specified as constant (%) on each segment while

%ﬁ- is unknown. The remaining M2 segments belong to the Sn
type boundary where -g;;is specified as constant [g%} on

each segment and ¢ is unknown. Equation (V.3.16), when put

in discrete form over the two types of boundaries, is:

N 1 '
+ zj=1 qj(xj,yj) 5o In —— (VI.0.1)
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which can be combined as:

1 _ 1 oM (g0 1
7 *(xpovp) = 37 zL=1[an]LJs In 3 ds,
L H

L b,L
F BN g,y & 1n (VI.0.2)
k 23=1 732732757 20 70 1y o
b, ]
where
M= M1 + M2
S =S5, + Sn
6L = given boundary condition of ¢ on S, of the Lth segment
[%2] = given boundary condition of 3% on'S_ of the Lth segment
nj; dn n
Let
1 J 1
G = 5= 1n ds (VI.0.3)
b,L 27 S rb,L L

>
]

1 3 1

Equation (VI.0.2) then becomes:

1 _ oM (a0 M
7 ooy = Qi [SH]L[Gb,L]' -1 *fp, 1]

v oN 1
+ ﬂ—kz:}':l qj (XJ s)’j) 1n }b_J (VI.O.S)
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Gb,L and Hb,L are evaluated for all the segments all around
the boundary, including the setment containing the charge
point (xb,yb). Therefore, there are two kinds of inte-
grals to be evaluated, namely:

1. Integration over the segment b that contains the
unit charge point. This segment contains a singu-
larity point at (xb,yb). Integration over this
segment happens when L = b.

2. Integration over the rest of the segments. These
are the condition when L # b.

Because of this need to evaluate two kinds of integrals,
the boundary integral equation (VI.0.5) can be rewritten

to reflect these two kinds of integrals by defining the

following:
_ éb,L when L # b
Gb’L ) G when L = b
b,b
. _ ﬁb,L when L # b
b,L
’ Hb,b when L = b

Equation (VI.0.5) now becomes:

1 - [fae Mo ae
7 ¢(XpaYp) = L[EH]L=bi,b * =1 [an

. .
- LeCxpoyiy p * Tper (@)l o)

(VI.0.6)

5N
+ zﬂij_—.]_ qj (Xj’yj) 1n rb.j
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which can be rearranged to give (where ¢(xb,yb) = ¢L=b)

[¢L=b[Hb,b ' %} * Tpea (®) Ly ﬁb,L:l

39 M 3% “ 1
[ o e ),
[[Bn L=b b,b L=1 (3n L#b b,LJ
_ u N 1
= 2pklj=1 95(x5,y5) 1n T (VI.0.7)

V.1 EVALUATION OF THE INTEGRALS

Equation (VI.0.7) requires the evaluation of the

following integrals:

for all L # b, denoted as G
_ 1 b,L
b1 T 7w J In = d5; ’
’ S b,L for all L = b, denoted as G
L b,b
1 5 1 for all L # b, denoted as éb,L
Bo,L 7w g wm M r L L
’ SL b,L for L = b, denoted as Hb b

These integrals can easily be evaluated analytically for
the present case where the segments SL are straight lines.
However, for generality, they are expressed in dimension-
less form and evaluated numerically using a four-point

Gaussian quadrature method with the formula:

1
f ) f(a) da = [}, W f(a)) + E (VI.1.1)
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where
Wk = weighting factor
O = coordinate of the k'th integration point
n = total number of integration points (n = 4)
En = error term

In order to apply the quadrature formula to Gi L and Hi,

L,
they must be transformed to integrals with limits from

-1 to +1. This is achieved by expressing the variable of

integration dS in dimensionless form as:

For any element where L # b:

= -1
S, = - 7I8.1
SL = -1 ; Boundary node

define a dimensionless variable S.L as:

D
S
= L -1
SLD = l|S | , then dS; = 2|SL| dSLD
2'7L
where
SLD = 0 when Sp =0
= - = -1
SLD = -1 when S, 2|SL]
= =1
SLD = 1 when §; = 2|SL|
and

Sy, = Ylxg - x)% + (yy - ¥y)?



Therefore, from Equation (A.1.10) of Appendix A,

1 3 1 )
Hb,L 7 J anL[ln T J ds

St b,L (VI.1.2)
1 i
1 (xp - x)) g = ¥g) * O = yyp) (%5 - %)
T E (x, - %)% + (yp - yp) 2 “p
1 XL~ Xy LY
From Equation (A.1.11) of Appendix A
1
Gb,L = o= JS in T, | ds
L ’ (VI.1.3)
- 2 - 2
ke x)P Oy o yy) fl 1n 1
8
" /GL'Xb)Z + ()’L'yb)z

-1

For the element where L = b:

For this case, the vector 1y is along the length of the
segment and is equal to one-half the length of the segment.

Therefore, ds = dr.

Boundary node

ds
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Since T b is along the segment,
b

_3_ = 3 '.a_fb’b
anb arb,b anb

oT
but sﬁi¢h=o because ry, 1, is perpendicular to ny.

Define the
dimensionless variable

dr = |r, . |dr
| T, bl b,b"D

From Equations (A.1.12) and (A.1.15) of Appendix A,

H O, = = 8 (10 L) ds, =0 (VI.1.4)
b,b ~ 2m on b T
s,

,b
1 ! 1 11y 4 1

G = = 1n ds, = 2 in -1

b,b 2 Jsb Ty b b m [ |rb,bf }
(VI.1.5)

_ '/(XZ 'Xl)z + (YZ'Y]_)z 1
Gy y, = 5= 1n - 1.0
’ - 2 - 2
V(X -x1)2 + (yy - ¥y)

(VI.1.6)

No integration is therefore required for the case when

L = b. Applying the quadrature formula to Equations

(VI.1.2) and (VI.1.3) result in:

4 (XLk - Xb) (yZ - yl) + (yLk - yb) (XZ - Xl)
b,L = %7 lk=1 "k

7 7
(x; - x)° + (y; - v)
Ly b Ly b

(VI.1.7)
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G _ /(Xz"xl)z'*(yZ "yl)2 z w. [1 1
= _ n
b,L 4n k=1 k /(X - X )2+ ( _ )2
L, b 1,7 7b

(VI.1.8)

where (xL 543 ) are the quadrature points. The values of
k "k

H and G for all the boundary segments can now be
b,L b,L

calculated using Equations (VI.1.4) through (VI.1.8).

Since Hb b = 0, Equation (VI.0.10) becomes:

’

1 - M 20 -L n
7 Qb - ZL=1 [SHLJ zL 1 L b,L + 27 Zj=1 qj(xj’yj)

(VI.1.9)

which is put in the form

M 30
I=1 oBp,p - Ip-1 [Eﬁl?b,L

(VI.1.10)

- _u_¢n 1
- 2ﬂk2j=1 qj(xj’yj) In rb -
)
Note that when L = b, the first term on the left of Equa-
. . 1 3 =
tion (VI.1.10) is ¢b(7 + Hb,b)‘ But, since Hb,b 0 when
L = b, the first term on the left of Equation (VI.1.10)

1
becomes 5 @b.



CHAPTER VII

DETERMINATION OF THE POTENTIAL AND
VELOCITY AT INTERIOR POINTS

Equation (VI.1.10) is written for every node in
the system; that is, for b = 1,2,...,m (number of nodes).

This will result in m equations in m unknowns which can
12

be put in matrix notation (Brebbia™ ") as:
[H]e = [G]e  + B (VII.0.1)
where > = 3% = the derivative normal to the boundary

n
B = 71“_1,25=1 Qj (xj’yj) In

K T

b, ]
B is a column vector, H and G are m by m matrices.

Letm = my + m, where m = number of elements. In
the L.H.S. of (VII.0.1), m,; values of ¢ are specified

as boundary conditions, leaving m, unknown values of ¢.

ég) are speci-

Within the R.H.S. of (VII.0.1), m, values of o

fied in the boundary conditions, leaving my unknown values

of [%%]. All the values of the B vector are known. There-

fore, Equation (VII.0.1) has m equations and a total of

m unknowns which can be rearranged as:

45
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Ax = F (VII.0.2)

where x now is a vector containing the m unknowns, m, of

1
which are the unknown %%'s and m, of which are the unknown
¢'s on the boundaries. my + m, = m. The matrix system of
Equation (VII.0.2) can be solved by Gauss elimination method
to give the m; values of %% and m, values of ¢ on the boun-

daries.
VII.1 POTENTIAL

After the solution, all the boundary values of ¢
and %% are now known and are used to determine the poten-
tials and velocities at any desired interior point.

Interior points where the potentials are desired
are denoted with the coordinates (xi,yi). Therefore, in

this case,

= - 2 - 2 TT
ri,L /(xL xi) + (yL yi) (VIiiI.1.1)

: = - 2 . 7
T /(xj x;)% + (yj X;) (VII.1.2)

The potential at any interior point can be determined by

Equation (Vv.2.27) which in discrete form is:
_ M 20) _ M
°(x55Y5) = lpog [EHJL Gin ™ 2r=1 %ML
Y ool 1 ’
* grklj=1 95 (x5.¥;) In o (VII.1.3)

where:
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G, | = 7 f %ﬁ[ln - ] ds (VIT.1.4)
’ 5 i,L
| = .l_ l
Hy | = 3 Js In —— ds (VII.1.5)
L i,L

ri,L is the distance from the interior point (xiﬂyi) to
the mid-point of the L'th boundary point (xp,v) - L) and
rij are given by Equaf&ons (VITI.1.1) and (VII.1.2) respec-
tively.

After the application of the quadrature formula,

i,L and Gi,L can be evaluated as:
" 7 = 7
o - (X, = x)%+ (v, -yg) :
i,L - . in i,L
* Zi“l Wk = Vi
= - 2 -
/(xi Xy )4+ (yi YL ) (VII.1.6)
k k
- 7 - 7
o 2 G x) g myy) W 1n 1
i,L 47 k=1 'k

- 2 - 2
/(XLI( xi) + (yLk yi)
(VII.1.7)

VII.Z2 VELOCITY

The velocities in the x and y directions at any
point in the interior of the domain are obtained by Darcy's
law:

.k 5
Vv, = - — 9_
x w0 ox (X)) (VII.2.1)
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- .- ko
vy %3y (VII.2.2)
Utilizing (VII.1.4) and (VII.1.5), the potential
at an interior point (xi,yi) can be written as:
- 1 m |39 1
<I>(xi,}’i) — ZL=1[3H] J ln[r. ]dSL
L SL i,L
Loy 9_ 1 u 1 gn 1
7 Li=1 %L f an[ln ]dSL * R a =1 Y ln[r. .)
SL i,L 1,]
(VII.2.3)
From Appendix A,
1 di L
2 |in ) I 5 (VII.2.4)
Ti,L r?
’ i,L

Substituting (VII.2.4) into (VII.2.3) and differentiating

with respect to x and y gives:

BQ(X- y.) r
i Z§=1[§§) J %7[1n = ) sy,
i ML s, %4 i,L
2n 2L=1 "L j. a%.rZ L X 27 3 =1 Jax ri .
°L i,L )]
(VII.2.5)
Similarly,
30 (X ,Y.)
- A a5 [ He ] e
i L SL i i,L
- __1__ zm ® f _3__ -di’L ds + B _1- Zn q. ___1 )
2t LL=1 °L s ;|72 L~ X 2n t5=1% ayl T3 3

(VII.2.6)
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where:

= T ) n 7

L /(x x )2+ (y; - vp)
- - 7 - )

ri,j /(X xj) + (yi Yj)

Yy - ¥V Yy - ¥q)

x2 x1 1 1 1 xz - xl 1

d. , = (VII.2.7)

i,L
i/// —

The sign is chosen so that di L is always positive. The
b4

terms

d. d. ;)

A_{. ALl ang . i,L

3% rz ’ 35 2
i,L

are given in Appendix A as:

(d. ) 2(x: - x.)d.
.%—}.(.i—_%_LI_'- = la L 1LL_ [ 21 J{ A ) (VII.Z-S)
L TiLp Ti,L vy, ) (/AT
( w .
s [ E%LL i 2(y; . YL)di,L ) [ ;_ ]{ A J (VII.2.9)
3Y; JET T T
SRR Ti,L Ty, AT L
where
A- 2271
X2 7%
Since
2 [ln L ] = - i_[ln T )' — drl’L] fif;—ié
3| ri’L 3 X! , L rlJJdg

Ti,L

(VII.2.10)
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~__[111 1 ] i (VII.2.11)
3y T, r? T

Equations (VII.2.8) to (VII.2.11) are substituted into

(VII.2.5) and (VII.2.6) to give:

ae(x3,y3) 1 g [ae R s
3x. 27 “L=1|5n L s rZ L
1 L i,L
27 LL=1 LJ 7 2 L
S T e o J(#/AT + T
L i,L i,L
Xe=Xs |
i
+ erkiljl:l 43 [r. .zJ (VII.2.12)
i,j
de(x3y;) g o [%g] J A
ayl 27 ¢L=1(%n L SL — dSL
i,L
Sl [ [Z(Yi'yL)di,L_[l][ 1 ”ds
21 “L=1 'L ) 2 L
SL ri,L ri,L +/AT ¥ 1 ’
+ 2:k21j1=1 q {'yi-yj ] (VII.2.13)
"i,32

When Equations (VII.2.12) and (VII.2.13) are evaluated

and substituted into Equations (VII.2.1) and (VII.2.2),

the velocities in the x and y directions are obtained at
any given locations in the interior of the domain. The
integrals in Equations (VII.2.12) and (VII.2.13) are evalu-
ated numerically using a four point Gaussian quadrature

formula as given earlier in Section 5.1.
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In matrix representation, Equations (VII.2.12)

and (VII.2.13) can be expressed as:

so(x;,y:)

— 11 o ym ' 3e) _ ¢m . '

7%, lL=1 [Gx]i,L[an}L Jp=1 [Hylg 19 + B (VIL.2.14)
30 (X;,Y;) _

__.._.__._..1 1 = m 1 _B_q) - m ' )

éyi zL=l [Gy]i’L[an)L 2L=1 [Hy]i,LQL + B (VII.2.15)

After applying the quadrature formula,

I ACTRES I

4 k A 1
T b “ [L1s,.1)
X 1,L k=1 "k _rz} L r? L + /KZ.—"'_I Z L
1,0 oLy
(Vii.2.16)
4 di,L(yi-yLk) A .
Ay T 2 e B 7 ) [713 |]
y 1.l k=1 "k T. T + JAZ + 1 L
i,L i,L
’ k k
(VI1.2.17)
50X \
. _ _ 4 . .ykfi
Gi i,L Zk=1 “—;T——“—l2l5L|J (VII.2.18)
1,Lk
y: =V
1 L
T I “7?“—"£[%|SL|} (VII.2.19)
v i,Ly

where (ka,yLk) are the coordinates of the kth quadrature
point on the Lth boundary segment.

T. = the distance from an interior point (x.,y.)
1,Lk i’7i
to the kth quadrature point (x; ,y, ) on the
L' Ly

Lth boundary segment
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ISL]= the length of the Lth segment
= /(xz

- X, )4+ (y, -y, )7
L1 2p 71

di L= the perpendicular distance from an interior
’

point (xi,yi) to the Lth boundary segment



CHAPTER VIII

EXTENSION TO HETEROGENEOUS POROUS MEDIA

Two kinds of heterogeneities can be considered.
They: are:
1. Piece-wise homogeneous systems

2. Homogeneous systems with impermeable inclusions
VIII.1 PIECEWISE HOMOGENEOUS POROUS MEDIA

The domain of interest is made up of a number of
homogeneous sub-domains. For the purposes of illustration,
only two sub-domains will be treated in this work, but the
theory applies to any finite number of sub-domains. Each
sub-domain has a different permeability and each sub-domain
has three kinds of boundaries enclosing it; namely (Fig-
ure 6) for the pth subdomain:

1. Sg boundary where values of potentials are speci-

fied.
2, Sg boundary where values of the normal derivatives
of potential [%%] are specified.

3. Sg boundary is the interface with the adjacent

sub-domain. On S? both ¢ anc %% are unknown.

where p = 1, 2,..., number of sub-domains.
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All the equations derived for a single domain (or
sub-domain) in the previous sections apply to each one of

the p sub-domains in turn.

2
$(2

FIGURE 6. Piecewise homogeneous domain showing types of
boundary conditions

Considering any arbitrary p'th sub-domain, Equa-

tion (VII.0.1) can be written as:

1) (03P = (61 (Pl 5P) 4 g (VITI.1.1)

Equation (VIII.1.1) is applied to each sub-domain as if it
exists in isolation, and then all the sub-domain matrices
are assembled into one by utilizing continuity of flux
conditions and compatibility conditions on the common

boundaries. The continuity condition on the common bound-

ary shown in Figure 6 as:
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20, ) (1) 20, (2)
T la| =T En (VIII.1.2)

The compatibility condition on the common boundary is:

@%1) = (%) (VIII.1.3)

I

For each sub-domain, the boundary elements are numbered
such that the sub-domain is always on the left as we go
round the boundary. This ensures that the direction of
the normal on the boundary surface of each element is
always pointing away from the interior of the sub-domain.
For each sub-domain, the vector {@}(p) is made
up of the unknown ¢'s from the Sn boundary (where %% is

specified) and from the common boundary SI (where both ¢

and %% are unknown). Therefore:

(p)

%
oy (P) <

Hence the L.H.S. of (VIII.1.1) is expanded as:

(p) \ (p)
H H He ] )
[ S, Sy Sp ( S

where 68 indicates known (specified) values of ¢. Similar

treatment of the {Sﬁ} gives the following



where 6n denotes known (specified) values of

(Qn)s

(e.)
‘ n SI

1 (P)

J

20
on”
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Equation (VIII.1.1) then becomes, for a single sub-

region (the p'th subregion),

Sq

(p)
H
sI]

i

T(p) - [GS G

S
n

o

(p)
G
sI]

%

(3 (r) ,

(@n)sn“ {B}

(@n)s®,

N(QH)SIJ
(VIII.1.4)

The system of matrices represented by Equation (VIII.1.4)

is set up for every one of the sub-domains and assembled

using Equations (VIII.1.2) and (VIII.1.3), (consider the

case where the number of sub-domains =

For the first sub-domain, p =

the G-matrix gives:

(G

(1)

S

(1)
GSI

e

I

O

n

- 1
- wV

- 301,

NEOR

Sn

(VI

2, i.e., p = 2).

1, putting all unknowns in

I1.1.5)



For the second sub-domain, p = 2.

(,(2)

n
S@

(6¢2) 6§82 - u{? - w{PH @} - mP

S S
® I I n nSI
o2
I
(2)
°s

\ n J

®

- 62

n

The continuity condition on the common boundary is:

NORNE

1 51

The compatibility condition is:

Tyo{l) = yelt)

51 51
NN e
n n

SI 2 SI

The assembled system matrix is:

[ (1) (1) (1) (1)
“H G -H G 0 0
s °s, S 5
T
(2) 1 ~(2) (2) (
0 0 -H - =6 -H G
S1 2 Sy S, S
r5,(1)1
S
Hél) -c{1) o 0 ®
- ® n é(l)
0 o 5@ @ "syt - ()
l S S, ﬁé§2)
0}
5(2)
nS J
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(VIII.1.7)

(VIII.1.8)

(VIII.1.9)
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The matrix system given by (VIII.1.9) is solved for the

20

TR These values are used to cal-

a0
X
any of the sub-domains of interest by applying Equations

boundary values of ¢ and

culate the interior values of ¢(x,y), , and %% within

(VII.1.3), (VII.2.14).and (VII.2.15).

The matrix system given by (VIII.1.8) can be ex-

xxxxoo{ Y
o 0 x x X XJ{ Y

This can be generalized for other kinds of systems. For

pressed schematically as:

example, for a system having n regions, we have

~— — 7/

X X X X } ()
0 0 X X X X
000 0 X X X X

fr=11
_ X X x x/U )

For a system of the type
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the matrix system will be of the form

(2) (b) (c)

(a) = interface between regions 1 and 2
(b) = interface between regions 1 and 3
(c¢) = interface between regions 2 and 3

VIII.2 HOMOGENEQUS SYSTEM WITH IMPFRMEABLE INCLUSIONS

This kind of system can easily be handled by
the Boundary Element Method. Instead of one, there are
now three surfaces that bound the domain of interest (Fig-
ure 8). All that is required is to maintain the numbering
convention on each of the surfaces so that the domain is
on the left hand side.

It is observed in Figure 8 that, to satisfy the

numbering convention,



Impermeable Shale
Inclusions

FIGURE 7.

Homogeneous porous medium with impermeable
shale inclusions.

FIGURE 8.

21

9

Homogeneous porous medium with impermeable
inclusions showing discretization and number-
ing scheme.
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- Internal boundaries are numbered in the clockwise
direction.
- External boundaries are numbered in the counter-

clockwise direction.
VIII.3 STREAMLINE AND STREAMTUBE CALCULATION PROCEDURE

The streamlines are determined by following the
path of a hypothetical fluid particle from the injector
to the producer. For any injection well, the number of
streamlines emanating from that well is independent of its
injection rate. For a system with multiple injection wells,
a fixed number of streamlines is assigned to each well.
Thus, assigning the fixed number of streamlines (NL) to an
injector with rate qap » the injection rate into each stream-

tube emanating from it is:
A = 7= (VIII.3.1)

The injection rate into the streamtubes emanating from any

other injector with injection rate q; becomes:

=4
qsl a X qg (VITII.3.2)

The points of origin of the fluid particles (and therefore

the streamlines) are
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distributed equidistant along a small arbitrary circle
centered at the source. At any current position, the po-
tential is determined using Equation (VII.1.3) and velocity
vectors v, and Vy in the x and y directions are determined
using Equations (VII.2.1) to (VII.2.15). In order to
determine the next location of the fluid particle, the
assumption is made that the velocity remains constant over
a finite distance increment As. At any point, the result-
ant particle velocity (vt) is the vectorial sum of vy and
Vy' Since vy and vy and thus v_ are assumed constant over

t
As, the time of travel can be calculated as:

at = &S (VIIT.3.3)

t

Hence, from any starting point denoted by (Xi’yi)’ the

particle would move to a new point given by:

Xj41 = X5 * Vg At (VIII.3.4)

Yis1 = Vi + v, At (VIII.3.5)

The distance step increment As is chosen to be constant
for convenience. As successive steps are taken, a curve
is generated and is commonly called a streamline.

The width of the streamtube at any position of
the fluid particle can be determined from the injection
rate and the velocity. For each injector, the volume of

injected fluid associated with a streamline is:
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=4
q = # (VIII.3.6)

where N is the number of streamlines emanating from the
injector and is given by Equation (VIII.3.2). Since this
volume of fluid must be conserved at all positions along
the streamline, then for any arbitrary position i of co-

ordinates (xi,yi)

ag = V, A, (VIII.3.7)

where v, is the resultant velocity at position i
i

Ai is the vertical cross sectional area at position
i, and
¢ is the porosity, assumed constant
Making the assumption that the vertical thickness of the
reservoir (and therefore the streamtube) is a known con-
stant h, the width of the streamtube at any position i

(xi,yi) can be determined as:

(VIII.3.7)

Due to the fact that analytical -solutions to the equations
that describe the rate of advance of a steam front in porous
medium have only been obtained for linear or radial models,

the streamtube is modified to be linear as follows:
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Using Equation (VIII.3.7), the width of the stream-

tube is determined at any given streamline location and
averaged along the length of the entire streamline to give

a single width for every streamtube. The streamtubes are
then assumed to have rectangular cross sections. The streanm-
lines and associated streamtubes are terminated by defining
an arbitrary capture radius around the producer. When the
calculated position of the streamline gets within the cap-

ture radius, the streamline is terminated.
VIII.4 CONTINUATION OF STREAMLINES IN ADJACENT REGIONS

For piece-wise homogeneous reservoirs, some of the
streamlines may cross into adjacent regions where the per-
meabilities are different. In such cases, continuation of
the streamlines into adjacent regions can be achieved by
noting the interface boundary segment where the streamline
crossed as well as the coordinates of this crossing point.
Since the potential derivative normal to every segment 1is
known as part of the solution, this normal gradient can be
used with Darcy's law to determine the velocities and dist-
ances needed to continue tracing the streamlines.

In practice, however, the streamlines could not
be traced all the way until they met any boundary. The
potentials exhibited fluctuations at distances closer
than half an element length away from any boundary. The

reason for this is the singular nature of the fundamental
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solution 1n as i approaches j. Therefore, the method

adopted here ;;g to test every new position to see if it is
less than half an element length away from the mid point of
any boundary. If it is, a perpendicular line was dropped
from the previous position to the interface segment. This
is consistent with the fact that the streamline must be nor-
mal to a flow boundary. The point of intersection of this
normal with the interface segment is taken as the starting
point for continuation of the streamline into the adjacent
region and is given as:

(cq - yq )X = Coxo +y, -y,
1 lL i 2 1L 1L i

X = -
c 4 c,

Yo © C1("1L Tx3) vy

where:
(xc,yc) = coordinates of the point where the stream-

line crosses the interface boundary

N
1 vy, -y
2, 1
Yy, =Y
S A
2 x2 - xl
L L

(xi,yi) = coordinates of last position of streamline
(xl Y1 ), (xz Y5 ) = coordinates of the extreme
L L L L
points of the Lth interface

element
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The normal derivative of the potential at the Lth interface
is already known as part of the solution. This normal de-
rivative is introduced into Darcy's law to determine the
next position away from the boundary into the adjacent re-
gion. A check is made to ensure that this position is further
from the boundary than half the interface segment length.

A package of computer programs has been written in
FORTRAN to generate and plot the streamlines, and to calcu-
late the dimensions of the associated streamtubes. Details
of the algorithms and flow charts are listed in Appendix E.
The computer program itself is listed in Appendix O.

The final part of this modelling effort is its ap-
plication to a continuous steam drive process. Since some
of the streamtubes in a piecewise homogeneous reservoir will
contain two or more permeability regions, the next section
develops the appropriate equations for the rate of advance
of the steam front in a linear streamtube of constant cross

section having two or more permeability regions.



CHAPTER IX

RATE OF ADVANCE OF STEAM FRONT IN A PIECE-
WISE HOMOGENEOUS LINEAR POROUS MEDIUM

In order to design a steamflood project or to pre-
dict recovery from such projects, a knowledge of the dis-
tribution and movement of temperature fronts in the reservoir
is required. This information can be obtained by taking a
control volume within the medium (reservoir) and applying
the general and particular laws of physics to it. A gen-
eral law is one whose application is independent of the
nature of the medium under consideration. A particular law
is one whose application is dependent on the nature of the
medium. In the formulation of a steam drive model, the gen-
eral laws employed are:
a. the law of conservation of energy (heat balance)
b. the law of conservation of mass

and the particular laws employed are:
c. Fourier's law of conduction

In modelling steam drive processes, some basic as-
asumptions are made such as:

1. Changes in viscosity and density due to changes in
temperature have negligible effect on energy transfer. This

67
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assumption enables energy balance equations to be uncoupled
from mass balance equations.39

2. The thermal conductivity in the direction perpen-
dicular to the direction of fluid flow within the reservoir
is infinite. This assumption means that the temperature
in the reservoir at any cross section perpendicular to the
direction of fluid flow is uniform.

3. The sand grains and the reservoir fluids maintain
instantaneous thermal equilibrium. This means that the
sand grains and surrounding fluids were always at the same
temperature.

A general heat balance for thermal recovery projects

may be expressed as:

The amount of heat )

(enthalpy) contained| _ heat _  heat }
within a given vol- injected produced
ume at any time

. { heat _ [heat
generated lost

S

‘Mathematically, it can be expressed in integral form as42

[ oeT av Jt Q(7) d " j [kBT v T]dA dt
pcC = T T - -k — + 0¢C

In this equation, V is the volume over which the balance is
made (the entire steam zone). Since V varies with time for
the present problem, it will be more convenient to make an

instantaneous heat balance as:
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. 3T \
pcT dV = Q(1) - J [-k —— * Vepc Tldt
JV A £ £C¢T|

an
This equation and the one preceding it are completely gen-
eral and include the effects of variations in formation prop-
erties with location and time.

Assuming the confining layers are semi-infinite
planes with constant, homogeneous thermal properties, assum-
ing further that the temperature difference imposed on the
boundaries of the confining layers is directly proportional
to the amount of heat stored in the reservoir, the solution

of the instantaneous heat balance equation is: 42

t . 3
H(t) = J Q(r) 2 erge Va(EoTY de
0
Q(t) = rate of heat injection - rate of heat produced
H(t) = heat contained in the reservoir at time t

(heat content of rock + fluids) vol/sec of
steam zone

Since vol/sec = velocity x cross-sectional area, this equa-
tion can be used to calculate the velocity of the steam
front.

The next section makes such an instantaneous heat
balance across the condensation front for a piecewise homo-

geneous linear porous medium.
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IX.1 INSTANTANEOUS HEAT AND MASS BALANCE ACROSS THE
MOVING CONDENSATION FRONT

Consider a condensation front located at position
z(t) in the N'th region of a multiregion composite porous
medium. Take two arbitrary fixed cross sections at posi-

tions 2y and ZN on the upstream and downstream sides of
a b

the condensation front respectively. (See Figure 9.)
The region behind the condensation front is com-
pletely covered by steam. In this work, the terms conden-

sation front and steam front will be used interchangeably.

Stedm invadefd zone

1 2 M

Injector Producer

Steam front

FIGURE 9. Reservoir cross section showing location of
steam front.
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The objective is to determine the velocity of the steam or
condensation front as it moves within any arbitrary region
of a multi-region heterogeneous linear porous medium. To
achieve this, an elemental volume is taken on the steam
front such that one half of it is behind the steam front
and the other half is ahead of the steam front. The law of
conservation of energy is applied in the form of a heat
balance to the eiemental volume enclosed by the two fixed

Cross sections at Zn and Zy. The upstream plane of the
a b

condensation front is denoted z , while the downstream plane
. +
is denoted z .

A heat balance in the fixed elemental area between

the two fixed cross sections z and z is:
Na Nb

Rate of rate of loss
gsa:tfiux - Ezitaflgx = |accumulation| + |of heat from
N Nb of heat the volume

a

Following Mandle and Volek,32 the heat balance can be ex-

pressed mathematically as:

LA
QN(ZNa’t) - QN(sz’t) = at JZN HN(ZNa,t) dZN
a
Z
+ & " Hy, ( t) dz, + t (IX.1.1)
at |, Hnley ot dzy Qg (B 1.
zy (1)

where, for the steam front in the N'th region,

HN(zN ,t) denotes the heat content per unit volume
a
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of fluid/solid system between zy and z&.
a
HN(zN ,t) denotes the heat content per unit volume
b

of fluid/solid system between z+ and ZN

b

QN(ZN st) = the heat flux in at zy Pper unit cross
a a

sectional area
Q. (z,, »t) = the heat flux out at z per unit cross
N Nb Nb

sectional area

The application of the Leibnitz rule to Equation (IX.1.1)

and considering that Zy andzN are fixed values, gives

a b
2y (1) .
QN(ZNa’t) - QN(ZNb,t) =Jz it HN(ZNa,t) dz
N
a
d N |
+ Hy (2 (1),1) J5 zq(t) + I +b gTHN(sz,t) dz
2y (1)
- Hy(zg(0),1) S5 2y () + Q (0 (IX.1.2)

Equation (IX.1.2) is the heat balance across two fixed cross
sections containing the steam front in the N'th region. 1In
the limit as z tends to z_(t) and z tends to z+(t),

N N Nb N

a
the heat balance equation becomes:

Q25 (£),8) - Qlzy(t),1) = Hy(zg(t),t) Fg 25 (1)

- Hy (2 (£),1) §3 2y (t) + Q ()

Making the assumption that %{ z&(t) = %f z;(t) = %f zN(t)

and no heat is lost within the thin condensation front,
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and dropping the_ fime function of z and z  for

convenience, the heat balance equation becomes the heat
balance across a moving condensation front which is instan-

taneously frozen in time.

Qy(zyst) = Qulzgst) = [Hy(zg,t) - Hy(zg,t)1vy(t)  (IX.1.3)

’/\_/\__'/_2\___”_\_——_\
Cap Rock 2, (1)
/ol J',
1 2 N-1 N
I -
Xl Xz / )\N-l XN
Base Rock Steam Front

Injector oo Producer

FIGURE 10. Reservoir cross section for heat balance.

That is, the instantaneous heat balance across a moving

condensation front is described as:

Heat flux] _ [Heat flux] _ [Rate of change of heat
in at z, out at zy content between z, and 2y

(IX.1.4)
where, since there are no heat sources or sinks in the steam

zone,
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QN(ZN’t) - [in at z& injection in N - 1 regions

Heat flux] - [Rate of heat] 3 [Rate of heat loss

Rate of heat loss| _ [Rate of change of heat
in N'th region content in N -1 regions

i [Rate of change of heat] (IX.1.5)

content in N'th region

Q (z+ £) [Heat flu}} - E;a§o§é2§t?g§ [Heat flux out]
* ’ -
N'°N out at zy of the fluids by conduction

(IX.1.6)
and

the steam

Rate of change Heat Heat
of heat content ,| = |content| - |content
front

between z and z at z at z

[Velocity of}
%

(IX.1.7)

Equations (IX.1.4) through (IX.1.7) apply to mass balances
as well as to heat balances. When making mass balances
"heat" is replaced by 'mass'. Furthermore, for mass ba-
lances, the second and third terms on the right hand side
of Equation (IX.1.5) disappear because there are no mass
losses behind the steam front as is the case with heat.
Also, Equation (IX.1.5) shows that the regions behind the
steam front are handled in two parts. The first part is
made up of all the N - 1 regions behind the steam front.
The second part is the part of the N'th region behind the

steam front.

l
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IX.2 HEAT BALANCE

For a condensation front at any arbitrary location
zN(t) in the N'th region of a multi-region composite medium,
the heat balance for an elemental area taken across the
condensation front (Figure 10) has been shown by Equation

(IX.1.3) to be
Qlzyst) - Qulzyst) = vy (1) [Hy(zg,t) - Hy(zg, )] (IX.2.1)

for a unit reservoir cross section area. Following Equation

(IX.1.5) the rate of heat input QN(z&,t) per unit cross

section area at Zy is:

Qulzy,t) = QO,t) - I3 (Q (1)) - (Q(£))y

1 X5 4
KT IR R CHLES

- N-
- pst(Lst + chT(z ))[zj= ;

j-1

ij(t)d
- ¢
N Jx "?[sst-(zN’t)]dZN}
n-1 j
-, N-1 X500d
< o, (Tg)e,8T(2) 11T o5 J bl (25,0142,
x_;"l ]

() g
oy (Tepee(z) | V7 &els, (ayat)1dzy
*N-1
N-1 ij d

- pO(TSt)COAT(Z-) Zj=1 ¢J E[SO.(Zj’t)]dzj

Xj"l 3
(D)
- 0 (T )e AT(2 Yoy J 1S, (zy»t) 1dzy (IX.2.2)



where:

Qy (zy» 1)

Qy(zy»t)

Q(0,1t)

Q. ()

P, (T

st
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= the rate of flow of heat per unit cross

sectional area through the vertical cross

sectional area at zﬁ into the elemental

volume in the N'th region

= the rate of flow of heat per unit cross

sectional area out of the elementzal
volume through the vertical cross sec-
ti at z.
ion Zy
the velocity of the steam front in the

in the N'th region

N'th region

heat content per unit volume of reservoir
rock/fluid system at the upstream face

of the steam front in the N'th region
heat content per unit volume of reservoir
rock/fluid system at the downstream face
of the steam front in the N'th region
rate of injection of heat per unit cross
sectional area

rate of loss of heat per unit cross sec-
tionalvarea to overburden and underburden
from the j'th region

density of m at temperature T, where m
can be 0il, water, or steam

latent heat of steam

specific heat of m, where m = o0il, water,

steam
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AT(z ) = change in temperature at the upstream
face of the steam front

AT(z+) = change in temperature at the downstream
face of the steam front

¢j = porosity of the rock in the j'th region

Sm(zj,t) = saturation distribution of m in the j'th

region, where m = o0il, water, steam

The rate of heat injection per unit cross sectional area
Q(0,t) is obtained as the sum of the rate of heat injection
in the form of water and the rate of heat injection in the

form of steam.

Q(0,t) = M_ (0,8)[L_, + ¢ T .1 + M (0,t)c T . (IX.2.3)

The heat flux out of the condensation front

QN(Z;,t) = the heat flux out by horizontal conduction
+ convective heat flux associated with mass

flux of fluids out of the front

Mathematically, the heat flux out of the condensation front

is written as:

QN(z;,t) = Mw(zg,t)chT(zg) (IX.2.4)

o

N

aT

+ + g
+ MO(ZN,t)coAT(zN) + [-K X

The mass rates Mw(z;,t) and Mo(zﬁ,t) are obtained from mass

balances across the condensation front.
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IX.3 MASS BALANCES

A mass balance for any fluid on an elemental volume
taken across the condensation front from z& to z& in the

N'th region is given as:

mass flux in at z& - mass flux out at z;

= rate of change of mass content in the elemental

area

The rate of change of mass content is expressed in terms
of the velocity of the condensation front. The mass flux
in at z& is the difference between the mass rate of injec-
tion, and the rate of accumulation of mass in the swept

portion.

IX.3.1 0il
For o0il, the mass rate of injection = 0, and the

expression for the mass balance is:

X. .
N-1 ] 4
= pO(TSt) z]'—'l ¢J JX 'd_f [So(zj,t)] dz]
i-1
z..(t)
Nt o
*oo(Tepty | N e (5500007 Az -1 (2,0
N-1

= oy (D) [eg (T,)8g (2, 1) - pocng)sochg,t)]
(IX.3.1)

from which,
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+ N-1 *5 4
Mo layst) = weo(Te) Tt o5 [ 1 G5 15,025,001 azg
j-1

z..(t)
“eg(Tepty | N 18,0001 dzy
N-1

- oV (8) [P (T _-)S_ (zyst) - o (T +)S (z+,t)]
NN o'z oN N 0' z oN N
(IX.3.2)

IX.3.2 Water
The mass flux of water into the elemental area at

z& is from a combination of sources:

(a) The mass fraction of steam that was injected as
water.

(b) The mass of water that condensed out of the in-
jected steam.

(c) Displaced connate water.
The mass flux of water that condensed from the injected
steam is the difference between the mass rate of injection
of steam and the rate of change of steam saturation in the
steam zone. Mathematically, the mass balance for water is:

N-

’ 1 X.
q(o’t)[X95t+1-xow(Tst)1'°W(Tst323=1¢jfx3 dets, (z;,0)] dz,
j-1

r2n(t)g N-1. (%5 a
] 4 . Y54
PulTsedey| = FelSyloy 1) dzy pstdj=1%5] * aErlSse(z5,t)dzy
N-1 X5-1
ZN(t)d \ + -
-pst¢NJx Jt [Sst (2o ) dzy - M, (2, 0) = oV (0 Lo (T, )5, (zy, 1)
N-1

* PseSse(mpt) - oy (1,08, (2, t)] (IX.3.3)
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from which, the mass flux of water out of the elemental area

+ .
at zy can be derived as:

[a N

+ _ _ N-1 Xj
Mw(stt)_Q(oat) [Xp5t+l-XpW] pw(Tst)Zj___l‘i’ij H[sw(zjat)]dzj
j-1

fzw(t) d

- o (T )by GeI8, (2, 1) dx

N-1

- ¢NVN(t)[pW(TZI:])SW(ZN’t) * pgeSse(zyst)

pw(Tzﬁ)Sw(zg,t)] (IX.3.4)

All the component terms that make up the heat balance have
now been defined. Equations (IX.3.4) and (IX.3.2) can be
substituted into Equation (IX.2.4). The resulting expres-
sion, as well as Equation (IX.Z2.2) can be substituted into
Equation (IX.2.1) to give a general heat balance equation.
But first, the integrals in the heat and mass balance equa-
tions are evaluated so as to simplify those equations.
Applying the result of Appendix B, we observe that,
for the N - 1 regions behind the steam front, their limits

of integration are constants. Therefore,

(X d

J ’ %?[Sm(zj’t)]dzj = (xj-lhxi) re Sm_(t) (IX.3.6)

xj-l il J
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For the N'th region (which contains the steam front), the
lower 1limit of integration, xN_l,is a constant, but the

upper limit, ZN(t), varies with time. Therefore,

ZN(t) d - -
jx T (80 0102y = W08, (9 - 8, (20,0
N-1
+ & SmN(t)[zN(t) - xgq] (IX.3.7)

Combining (IX.3.6) and (IX.3.7) gives:

N-1 (%5 4 2y(t) 4
Zj=1 jJX dt[sm(zj’t)]dzj + ¢N JX —?[Sm(ZN’t)dZN
j-1 N-1
N-1 d = =
+ Zj=1 ¢j[(xj - xj-l) It Smj(t)] + ¢NVN('C)[SmN(t)
- d =
i RCIDNERNE O ENO I (IX.3.8)
where m = o0il, water, or steam. Smj = (So + Sw + st)j
Making the assumption that %f Sm(z,t) = 0 for each
region
N X5 g 2y(t) ¢
Ber 0y |0 sy oz« o[V Qs G0an
j-1 ) N-1 !
- ¢NVN(t)[SmN - s (z3,0)] (IX.3.9)

Introducing fquation (IX.3.9) into Equation (IX.2.2) gives
the heat flux per unit cross section at the inlet of the

steam front as:
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Q2o = Q0 E) - I}, O (9 - pgpllye * ey (Tyy - 1]
x ¢NVN(t)[SStN - SSt(Z&;t)] - pW(TSt)CW(TSt - Ti)¢NVN(t)

-wN - SwN(Zﬁ’t)] - pO(TSt)CO(TSt - Ti)¢NVN(t)
x [SON - SON(ZQ,t)] (IX.3.10)

Note that this equation still contains the unknown heat

lost rates per unit cross sectional area QL (t) for j =1,

J
2, ..., number of regions.

Noting that TZ_ =T Equation (IX.3.9) is substi-

st’
tuted into the equations describing the mass fluxes out

of the condensation front as:

MON(z;,t) oy () [oo (Tg)Sg - po(Tz+>SoN(Z§’t>]

(IX.3.10a)

MWN<zg,t) Q0,1 [xe gt 1-xey (Toe)] - (B [y (Ts)S,

= +
*ogeSep (T, 48, (24,1)] (IX.3.11)
N N
Equations (IX.3.10) and (IX.3.11) are substituted into
Equation (IX.2.4) to give the heat flux out of the conden-

sation front as:

Q (2 t) = o2 oV (D) [0 (Tg) S, =0, (1,418, (2y, )]

» (e (2y) (1-X)0,+x0 3 L 00, 2) - T (2y) dyvy Loy, (T3 )8,

+
" PstSsty ‘pw(Tst)SwN(ZN,t)] (IX.3.12)
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IX.3.3 Enthalpy
The enthalpy of the rock and associated fluids at

the inlet and outlet faces of the elemental area are:

Hy(zy,t) = prNCrN(l - o) (Tge - T3) °st¢NLst55tN(ZN’t)

*rgeCy(Tge - Ti)¢NSwN(ZN’t) oS (Tge - Ti)¢NSwN(ZN’t)

* 0 Co (T ) (Tey - Ti)¢NsON(z§,t) (IX.3.13)

+ + + +
H(2"0) = ppey (1o e eTly) + o, (T e aTeS, (2y,0)

+ po(Tzﬁ)coAT(z;)¢NSON(z§,t) (IX.3.14)

Recall that the heat balance equation 1is:
- + - +
Qulzyt) - Qulzy,t) = vy (t) [Hy(zy,t) - Hylzx,t)]  (IX.3.15)

where:
QN(zﬁ,t) is given by Equation (IX.3.10) but contains
the still unknown rates of heat loss QL.(t) for j = 1,...,N
QN(zﬁ,t) is given by Equation (%X.S.lZ)
HN(zﬁ,t) is given by Equation (IX.3.11)
HN(z;,t) is given by Equation (IX.3.12)

The assumption is made that there is no convective heat

flux across the steam front. This means that all the heat
arriving at the steam front is used up in heating the rock
and fluids. The condensate leaves at zg having the original

reservoir temperature Ti' Thus AT(Z;) = 0.
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. . + +
This assumption makes QN(zN,t) = 0, and HN(ZN,t) =

Therefore, the heat balance equation becomes:

Qy(zyst) = vy (E)Hy (zy,t) (IX.3.16)

The unknown heat loss rates contained in the equation for

QN(Z&,t) is calculated next.

IX.4 RATE OF HEAT LOSS TO CAP AND BASE ROCK IN A PIECE-
WISE HOMOGENEOUS LINEAR POROUS MEDIUM

The properties of the cap and base rock are assumed
to be identical and constant even though those of the po-
rous medium vary in regions (Figure 11). The cap and base
rock are assumed to extend to infinity in either direction.
The objective here becomes the calculation of the rate of
heat loss to semi-infinite siabs on each side that repre-
sent the cap and base rocks.

Since the cap and base rock are assumed identical,
the heat loss derivations will be made using only the cap
rock, but the result is simply doubled to account for the
base rock as well.

The steam front is assumed to be located in the
N'th region of a piece-wise homogeneous linear porous medi-
um. Each of the N steam-invaded regions behind the front
are divided into equal elemental areas (Figure 11). Let
there be Pj such elemental areas in each j'th region where

j =1, 2, ..., N.
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Region 1 Regiecn 2
Porous Medium

Y,
4

Steam Front

FIGURE 11. Schematic of linear porous medium for heat

loss calculations.

Distance

“1 Time
FIGURE 12. Distance as a function of time in each region

of the linear piece-wise homogeneous porous
medium.
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The rate of heat loss per unit cross sectional area
to the cap and base rock from an elemental area in an ar-

bitrary j'th region is:

dT
Q (t)i = -2kaA. (IX.4.1)
L bAS j dz)
which, after substituting for %% 0 from Appendix D, be-
z=
comes:
2kaA. T, - T,
Q. (1) = - - (IX.4.1a)
j AA . VYma(t - 1)
J J

Summing for all Pj such elemental areas in the j'th region
gives:

P. 2kaA,
]

Q (t) = -I 1) —p"
j

(IX.4.2)

T, - T, ]
Vra (t - ij)

Since Aj =W zj, in the limit as Aj tends to zero,

2k(T_ - T.) (L.
lin Q (t) = - s f j 1

dz.(t.)
AA-O j J ]

0 /?ETE‘Tfﬁ;T
(IX.4.3)
where Lj is the length of the j'th region.
Summing for all N regions behind the steam front
gives the rate of heat loss per unit cross sectional area

to cap and base rock from all N regions behind the steam

front as:
tj dZ.(T.)
2k(T_-T.) a—%——l— dr.
Q () =3V, Q (t)=- —s i gN T j
] tj_1 /na(t-Tj)

(IX.4.4)



87

where Aj(r ) = sz(r )

W = width of the porous medium
o = —X
PcbSch
Pep = density of cap and base rock
Cep = heat capacity of cap and base rock
k = thermal conductivity of cap and base rock
h = thickness of porous medium

In Equation(IX.4.4), each zj(rj) is only defined

and continuous in the region 1:J 1 < T < tj. Since a func-

tion can have a differential quotient only at points where

the function is continuous, the differential quotient
23—5111 can only be taken at points within the region
tjil < T < tj and not outside the region because Zj(Tj)
is not defined there. However, if zi(rj) is expressed in
terms of the Heaviside unit step function H(t), then each
szTj) can be defined for all v > 0 with discontinuities

. and t = tj. A "generalized derivative" can

be taken by product differentiation where generalization

at T = t.
J

means a definition of the derivative at the points of dis-
continuity as well. Thus, introducing the Heaviside unit
step function H(t) into Equation (IX.4.4) gives:

Q (t)

R(TeT) oy [F S G ) HG ) T ()

L z':l — dt
] /na(t —

™

(IX.4.%)
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The summation can be taken inside the integral and QL(t)

can be expressed as:

t
- - d (¢N .- i .
QL(t) = Zk(Ti Ti) dr{zj=l[H( Tj_l) H(x j)]ﬁj(T)} i
0 Vro(t - 1)

(IX.4.6)

Let

2() = [y G-ty ) - H(e-15)065(0)  (IX.4.7)

where each gj(t) is continuous and defined for all t > 0.

t
Q, (t) 0T %? 2 (o) d (IX.4.8)
3 T - .
L A 0 Yra(t - 1)

%%Lll is obtained by the product differentiation of Equation
@X.4.7) to give

de.

%%Lll = Z?:l{[H(T’Tj_l) - H(T'Tj)] a?l
+ V(T)[a(T'Tj_l) - a(r-Tj)]gj(T)} (IX.4.9)
dgN
= {[H(T-TN_]) - H(T-TN)] aT:[_
+ [5(T'TN_1) - G(T-TN)]EN(T)} (IX.4.10)

where H(t) is the Heaviside unit step function

8§(1) is the Dirac delta function
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Equation (IX.4.8) is substituted into Equation (IX.3.10).

The result is QN(zﬁ,t) which is substituted into the left
side of Equation (IX.3.16). When the expression for HN(z&,t)
is substituted into the right side of Equation (IX.3.16),

the result is:

2k (T T.) o (7)
- N - Z(T
Q(0,t) + sh i dt dr

0 vra(t - 1)

pst[Lst * Cw(Tst ) Ti)]¢NvN(t)[sstN ) Sst(ZN’t)]

- oy (T e, (Ty, - Ti)¢NVN(t)[3wN - SwN(Zﬁ’t)]
- pO(TSt}CO(TSt)(TSt - Ti)¢NvN(t)[SON - SON(Z&:t)]

= V(D)o c

(L -9 )(Tey - T.) + p L o 9yS (2, t)
N YN N st 1 st st"N stN N

* pstcs(Tst ) Ti)¢Nsz(zN’t)
* pwcw(Tst B Ti)¢NSwN(ZN’t)

+ pO(TZ§)CO(TSt)(TSt = Ti)¢NSON(Z&,t)]

(IX.4.10)
Considering that

QO,t) = Mgy (0,8) [Lyy + ¢ (T -T;)1 + M (0,)c, (T, -T,)

(IX.4.11)

where

Mst(O,t) o Xq(0,t) (IX.4.12)
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M (0,8) = o, (T ) (1-X)q(0,1) (1X.4.13)

then Equation (IX.4.10) simplifies to:

(0,t) [XLypogy *0,C(Top - T) (1 - X)]

tq
(T, - T.) | & z(1)
+ dr = VN(t) [p c (1 - ¢N)
h'/'n_a- ’ O Vt - T rN rN )

- T pstht¢NSstN * pw(Tst)Cw(Tst ) Ti)q)NSw

X(Tst 1

N

* o (Tg)eg (T ) (Tgy - Ti)¢NSON] (IX.4.13)

Let

} pc=p_c_ (1 - o) * pw(Tst)Cwsz¢N

™N N
* po(Tst)Co(Tst)SoN¢N ¥ pstcwsstN¢N (IX.4.14)
Also let
dz (1) _
o - v (IX.4.15)

Then, introducing (1X.4.14) and (IX4.15) into (IX4.13) gives

2k(T t T.) ,t (
q(0,t) [xo_,L_.+p c_(1-x)(T_, -T.)]+ ——2" J vit) 4¢
stvst "w st st "1 h/ra 0 VIt

e psthtsstN¢N
= VN(t) pc + T T
st "1

(Tst-Ti) (IX.4.16)
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where
\ de. (1)
- ¢N . - .
v(t) = Zj=1{[H(t tj_l) H(t tj)]a?}""‘

# [8(tmty 1) - 8(t-t;)]E; (1) (IX.4.17)

Equation (IX.4.16) is a generalization of the equa-

32 de-

tion of Marxand Langenheim,25 and Mandle and Volek
rived for a piece-wise homogeneous linear porous medium.
If the steam front is within the first region of a piece-

wise homogeneous linear porous medium, the N = 1, and

V(1) = V(1)

A continuous

f11 1 3
V(1) = Vl(T) function of time

Then Equation (IX.4.16) becomes

Q(0,t) [ogpxLyy + ¢ (T - T (A - X (Tg,)]

2k(T., - T.) (Y v,(0)
st i J 1\t dr = vl(t) ¥ oc

* hvna 0 Yt - 1
p LS ¢
st st st )
¥ —ng—r—T;—}(Tst T.) (IX.4.18)

which is the same as the equation of Mandle and Volek.
However, for a piece-wise homogeneous linear porous medium,
V(T) is a sectionally continuous function as given by
(IX.4.17). After transformation to dimensionless form and

simplification, Equation (IX.4.16) can be solved to give
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the velocity and distance of the steam front in any region

of a piece-wise homogeneous porous medium.

Since a = k , Equation (IX.4.16) can be expressed

pcbccb

as

q(0,t) [p XLy * cu(Tge - TP - x)p, (T )]

, Ry
_ ///;chbccb(Tst T3 Jt v(r) 4.
ﬁhz 0 vt - =

p..L_.S_ ¢
- . — st”st"st"'N
= V(8 (T Ti)[zpc PT - Ti]

(IX.4.19)

Define dimensionless variables.

Dimensionless time:

tp = [———55——7 t  or 1= [-—ﬁk--— 1 (IX.4.20)
p ,.C . h
l cb cb

Dimensionless distance:

_ t
2p(t) = E%Tl (IX.4.21)

where L is the length of the entire porous medium.

Dimensionless velocity:

vo(t) = dzD(t) i dzD(t) dt
D dtD dt dtD

2
1 dz(t) PcbCeb
L dt 7X

2
_ PcbCepl
‘{"‘ZEE"‘ v(t)  (IX.4.22)
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Introducing the dimensionless variables into Equation (IX.4.19)

gives:

q(0,t) [egexLge * € (Tor - T)(1 - x)p, (T )]

2
2 [ dz(rp) fe pCeph
4kp 1, AKL drp 4k
dr
h* [ocbccbth pcbccbh2 2 >
0 ! 7K "tp © Tp
AKL dzN(t ) psthtsst ¢N
B Y (Tse - T1) a8, Pe T T T
cbchb
(IX.4.23)
which is expressed as
a(0,t) [pstXLst+prw(Tst ) Ti)(l "X)]pcbccbhz
__ psthtSstN¢N
LT, - 1) |17+ .
st i
tD dzD(TD)
PcbCeb drp
- T 5 % ———— d7p
Pst st sty 'N vt - T
— N D D
G ch + T - T . 0
L st i
=4z (1) (IX.4.24)
D D
Let
: 2
=[psthst+prw(Tst - T - x)Jo b (1x.4.25)
N e psthtSstN¢N
4KL(T - T.)!|)pc + —
st i Tst Ti
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Let

= (IX.4.26)

Introducing (IX.4.25) and (IX.4.26) into (IX.4.24) gives:

. k
AN [ ? vpltp)

F,q(0,t) - —
N ’ ves 0 VtD - TD

drp = vyp(tp)  (IX.4.27)

Equation (IX.4.27) is the dimensionless form of Equation

(IX.4.16) describing the velocity of the steam front in the

Nth region of a piece-wise homogeneous linear porous medium.
_ ol

Note that vp(tp) = Zj=1 ij(tD). Therefore, when the steam

front is within the first region, N = 1, Equation (IX.4.27)

becomes:
t
F.q_.(0,t) M () d (tn) (IX.4.28)
195¢(95t) - —= ————= 97y T Vipitp -4
VT 0 VtD )

where Vip is a sectionally continuous function. If the
reservoir is homogeneous, then Vip becomes the continuous
ous function ﬁlD' Dropping the subscripts, we have, for a
homogeneous reservoir,

t -
D VD(TD)

0o Yp " Tp

Fq(0,t) = - [ dty = Vp(tp) (IX.4.29)
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The solution to Equation (IX.4.29) is obtained by Laplace

transform method and is given in several references.zs’32

For the case of constant injection rate [q(0,t) = q],

[ A2t 2V/x%t
= F . D 2 D -
£p(tp) -—;12— e erfc /A%ty + — 1{(IX.4.30
\
( )\ZtD
VD(tD) = . Fq-ke erfc /AZtD (IX.4.31)

The solution to Equation (IX.4.28) for the case where the
steam front is within the first region of a piece-wise
homogeneous linear system can also be obtained by the La-
place transform method as well.

Consider the case of a linear piece-wise homogene-
ous porous medium having only two regions (N = 2). When

the steam front is in the second region, Equation (IX.4.27)

becomes:
t
Ay D VD(TD) _
TJo "'p " 'p
where
v (tp) = (IH(y - tnl31‘7zn(tn) r L8ty - tp )
- d(td - tDZ)]EZD(tD)} (IX.4.33)

and
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dep(tpy)
vD(tD) = HTD__ = Zj=1 {[H(tD - tDj-l) - H(tD - tDj)]
x i'ij(tD) + [8(ty - tDj-l) - d(tD - tDj)]ajD}
= VlD(tD) + VZD(tD) (IX.4.34)

The expressions for le(tD) and le(tD) are known and given
by Equations (IX.4.30) and (IX.4.31), respectively. Substi-

tuting for VD(tD) from Equation (IX.4.34) into (IX.4.32)

gives:
t t
D D
M vip(rp) 22 V,p(Tp)
F,q(0,t) —— - = 22D 4y
Tl Yty T Ty Yt T T
= v,p(tp) (IX.4.35)

The second term on the left of Equation (IX.4.34) gives
the rate of heat loss from the first region while the front
is in the second region. In order to obtain an analytical
solution to Equation (IX.4.35), the assumption is made that
no heat is lost from the first region after the steam front
clears it. Equation (IX.4.35) simplifies to:

A2 " 20("p)

= tp = Vop(tp) (IX.2.36)
o D D

In general, the assumption is made that if the steam front
is moving within the Nth region, the rate of heat loss from

the N-1 regions behind the steam front is negligible. 1In
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other wordsy only the region containing the steam front
is losing heat at any given time. With this assumption,

Equation (X.0.27) becomes:

p
A Van (Th)
N ND*'D
F q(0,t) - — — 2 47 = v (t.) (IX.4.37)
*a = 0 D ND'tD

T Jo D D

IX.5 SOLUTION BY LAPLACE TRANSFORM METHOD

The Laplace transform of each of the terms of Equa-

tion (IX.4.37) gives

£{FNqst(0,t)} = FNq(s) (IX.5.1)

Vnp(Tp)

is a convolution integral. Therefore,

t
D
-2 Van (Tn) -2
c{—N _ND" D dryb = N vy (ty))eL L4 x.5.2)
e 0 VtD - TD Vr /fa
Since
Unp(tp) = (HH(tp - tp ) IVyp(tp)

+ [d(tD - tDN-l) - 6(tD - th)]END(tD)}(IX.S.S)
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- denp(tp)
Llvp(tp)} = L{[H(t, - tDN-l)] a____...._tD
+ [6(ty - t ) - §(t, - t Ean(tn)}  (IX.5.3
[ D DN-l D DN)] ND( D) ( a)

From Appendix D,

£{VD(tD)} = Sgp(s) + gD(o') (IX.5.4)

where
Eyp(0 ) =0

t
DN ST
END(S) = END(TD)e dTD
t
Dy-1
From standard tables of Laplace transforms,49

Ty /s

£{ 1 } [ (IX.5.5)
D |

Introducing (IX.5.4) and (IX.5.5) into the left of Equation

(IX.4.28) gives:

t
D
-\ vi(tn) -A
I T L U . SR
v 0 VtD " T ey Vs

Considering Equations (IX.5.4), (IX.5.5) and (IX.5.6) the

Laplace transform of Equation (IX.4.28) becomes:

Fya(s) - AN/E gND(s) = stp(s) (IX.5.7)
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FNQ(S)
Vs (/s + 2

gD(s) = (IX.5.8)

N)
In order to take the inverse transform of Equation (IX.5.8)
it is rewritten as:
2
Fy o ayals)

Ean(s) = (IX.5.9)
ND Xﬁ Vs(V/s + Ay)

The inverse transform of Equation (IX.5.9) is:

q(0,t) e

ty Ay (tp = Tp)
erfc /ig(ty - 1p) drp

(IX.5.10)

where

_ ¢oN
ZD(tD) = Zj=1 [H(tD = tDj-l) - H(tD - tDj)]EDj(tD)

(IX.5.11)
IX.6 CONSTANT INJECTION RATE

In the case that the injection rate is constant,
qst(O,t) = constant = q
Therefore, the Laplace transform of Equation (IX.4.28) is:

Fya —
- AN/S gD(s) = sgD(s) (IX.6.1)

from which,

F

q
N (IX.6.3)

En(s) =
D /5(s) (/5 + ay)
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The inverse transform of which is:

Fya AztD 2/A§tD
zy(ty) = —=le erfc /A2t + ——mM= - 1 (IX.6.4)
ND D )\N ND J

For the case of constant injection rates, the velocity is:

dzn{tp) AZt
- D7 N"D
ngtD) = HEB———~ = FNq[e erfc /AﬁtD ] (IX.6.5)
where
den. (th)
= N } Dj ‘"D
vp(tp) = 1j-p [H(ty - tDj_l) - Hitp tDj)] T

*LaCey -ty ) - 8Cep - tp ) Tep; (tp))
j- j

IX.7 OIL RECOVERY CALCULATION

0il recovery calculations are made based on the knowl-

edge of the steam invaded volume and the residual oil satu-
ration. This is a very simplified approach which ignores

the o0il recovery by the other mechanisms such as recovery

by the hot and cold water zones ahead of the steam front;
recovery by steam distillation; recovery by viscosity re-
duction; recovery by thermal expansion; and recovery by the
gas drive mechanism of the steam. If it is assumed that

the o0il saturation is reduced from the initial saturation
(Soi) to the residual saturation (Sor) for each of N per-

meability zones in a streamtube swept by steam, and the

steam front is at position zN(t) in the Nth zone at time
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t, then the oil recovered up to time t in a streamtube is:

- 1 [feN-1. .. _ _
Rec = 5.61[Zj=l{XLh¢(soi Sor)}j + ZNth¢N(Soi Sor)N]

(barrels) (IX.7.1)

If steam has broken through in a streamtube at time tys
Equation IX.7.1 becomes:

Rec = £t I3 (xWhe(S_, - S_)}. (barrels) (IX.7.2)

. j o, 0]

After the breakthrough time (tb) for any streamtube, no
more o0il is recovered from that streamtube. Thus, the
breakthrough times for each of the zones in a streamtube
are required for the recovery calculation. Since the length
of each permeability zone in a streamtube is known, by
starting from time t = 0, the time for the steam front to
clear each zone in sequence is calculated through the knowl-
edge of the steamfront velocity with time. Equation IX.7.1
is applied to each streamtube in a producer and summed for
all streamtubes in the producer. The results are added
for all wells to give the recovery from the field at the
specified time. For any streamtube where steam has broken
through, Equation IX.7.2 is applied.

A computer program was written in FORTRAN to perform
the 0il recovery calculations with time. Appendix F gives
a short description of the program, a listing of the flow
chart. - A listing of the program itself is given in Ap-

pendix O.



CHAPTER X

TEST FOR THE VALIDITY OF BOUNDARY ELEMENT
METHOD OF SOLUTION

The validity of the boundary element technique and
the correctness of the solution algorithm were verified by
applying the method to a simple problem where the analyti-
cal solution is known. The example is taken from Street>®
and involves the steady two-dimensional irrotational flow
of an ideal fluid in a corner (Figure 13).

The mathematical model is:

V2¢=__2.ax+__2-ay=0,O<X<ﬂ’0<y<'n

c, = ¢ = 10

/]

/

y

/

/]
39 = 7 = =
'5}1—- =0 y Cl o] 5

1 a0

7 — =

A on 0

/1

VAV A

FIGURE 13. Steady flow of an ideal fluid in a corner.
102
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with boundary conditions:

%%LQ;XL =0 0<y<m
¢(m,y) = 5 0 <y <m
%%LE;QJ.: 0 0 < x < 7
o(x,7) = 10 0 < x <71

58

The solution to this problem is given as:

n-1

4(C,-Cp) . (-1)™ tcosh[(n-F)ylcos[(n-F)x]

T n=1

e(x,y) = Cy + T
(Zn-l)cosh[(n-z)w]

where C1 = 5 and C, = 10.
The boundary element method of solution is obtained
by dividing each side into three equal segments. The nodes

are taken at the mid-points of the segments as shown in

Figure 14.
9 8 7
10 ¢ )
‘k\\‘~, Nodes at mid-points
T of boundary elements
11 ¢ 5
4 4
12 ¢ 14
1 2 3

FIGURE 14. Division of square domain into segments and
numbering scheme.
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The results from the boundary element solution method are
shown below. Table 1 lists thé‘input data. Table 2 shows
the calculated potentials at the boundary nodes and the po-
tentials calculated at selected interior points. Table 3
compares the solutions obtained by the boundary element
method at the interior points to that obtained analytically.
The distribution of the absolute values of the errors |e|

at the interior points are calculated and plotted in Figure

15 where |e| is defined as:

| = ® (BEM) ; Q(Analytical)l
(Analytical)
It can be seen from Table 3 that at points farther than half
an element length away from any boundary, the maximum error
was less than 0.4 percent. Figure 15 shows that the error
gets very large on and near the boundaries up to half an

element length away from the boundaries.
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TABLE 1. Input Data for Test Program

TEST FOR THE VALIDITY OF THE BUUNDARY ELEMENT METHOD(BEM)
CALCULATION OF POTENTIALS IN A SQUARE USING THE (BEM)
RESULTS COMPARED WITH ANALYTICAL SOLUTION GIVEN BY STREET

INPUT DATA

NUMBER OF BOUNDARY ELEMENTS=12
NUMBER OF INTERNAL POINTS WHERE THE FUNCTION IS CALCULATED=1S5
NOMBER OF SODURCES AND SINKS= 0

THE CORDINATES OF THE EXTREME POINTS OF THE BOUNDARY ELEMENTS

PO INT X Y
1 0.0000E 00 0.0000E 00
2 0.1047E 01 Qe«J0D00E 00
3 0.2094E 01 0.0000C 00
4 03142E 01 0.0000E 00
S5 0e3142E 01 0e1047C 01
€ 0e3142E 01 0e2094E 01
7 0+3142E 01 0e3142F 01
8 0.2094E 01 0e3142E 01
9 041047E O1 03142C 01
10 Q50000£ 00 Ce3142E C1
11 0.0000E 00 0e2094FE 01
12 0.C000E 00 0.1047E O1

BOUNDARY CONDITIONS

NODE CODE PRESCRIBED VALUE
1 0.0000E 00
0.0000E 00
0.0000E 0O
0«.5000E 01}
C«S000E D1
0.5000E 01
01000E 02
0.1000C 02
0.1000E 02
0.0000E 0O
0.0000E 00
0.0000E 00

VONON P WN -

-
(o]

[
-
e 3OO QO s e

-
N



TABLE 2 RESULTS

BOUNDARY NODES

X

0.5235E
0« 1570E
0. 2618E
0e3142E
0e3142E
Qe 3142E
0« 2618E
0«1S70E
0« 5235C
0. 0000E
0. 0000E
0« 0000OE

POTENTIALS AT

X

0«1 000E
0.15S00E
0.2000E
0.2500E
03000E
0.1 000E
0«1500E
0.2000E
0.2500E
0.3000E

00
01
01
01
o1
0l
01
01
00
00
0o
00

01
01
01
01
01
01
01
01
01
01

0.1000E 01

0.1500E
0.2000E
0s2S00E
0.3000E

o1
01
01
01

Y

0. 0000E
0. 0000
0+ 0000E
0. S23SE
Oe 1STOE
0« 2618E
0« 3142E
0e3142E
Oe 3142E
0.2618C
041570FE
O« 5235E

AT BOUNCARY NODES

00
00
00
00
01
01
¢)]
01
01
o1
o1
00

POTENTIAL

07431629
0.6809022E
0e5646283E
050000002
05000000%
0.5000000E
0¢1000000E
041000000
0«1000000E
009354136
0.8193880E
067569907E

SELECTED INTERNAL PCINTS

Y

0« 1000E
Oe 1500E
0.2000E
Qe 2500F
0.3000F
0.1571E
0.1571E
04 1571E
Oe 1571E
06 1571E
045000E
0. 5000C
0«5000E
0+5000E
0«S000E

01
01
01
01
o1
o1
01
01
o1
01
00
00
00
00
00

POTENTIA

0.7501E
0. 7501E
0.7500E
0e7500E
0,7033=
0«7927E
0+ 7S66E
0+7013E
0.6232E
0e4a877E
De7282C
0.€928E
Oe 644 6C
0.5841E
0¢4825E

01
01
01
c1
01
01
02
02
02
01
01
01

L

01
o1
Ci
o1
o1
01
01
01
01
o1
01
01
01
01
01

106

DERIVATIVE

0.0000000E
0.0000000E
0. 0000000CE

-0.1448967E
-0.1798650E
~0+7014348€E

047014794E
0« 1794951E
0e1448620E
0.0000000E
0.000000CE
0.0000000E

(43¢
oc
o¢
01
01
01
01
01
01
00
00
oe
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CHAPTER XI

APPLICATIONS AND RESULTS

XI.1 SAMPLE FIELD PROBLEM: SHIELLS CANYON FIELD50

A steam-distillation drive pilot project in zone
203 of the Shiells Canyon field, Ventura County, Califor-
nia, has been reported by Konopnicki, et al.50 from which
this example is taken. Zone 203 is described as part of
the Sespe formation of Oligocene age located in the Shiells
Canyon field. The average sand thickness is 48.8 m (160
ft). The reservoir is bordered on all sides by faults
that are assumed to be fluid sealing at the flood pres-
sure (Fig. 16) The reservoir has a 35° dip, but for pur-

poses of this application, it is assumed to be horizontal.

%
I
T34 RI9W »))«k %
0 \\
4 ORIGINAL ))))‘\\ 0206 ~400:
2.22 ha ~~
ZI% S 2|3A. ~

M PILOT e
203" =00 “ag,
| ))%{3_7 A\, \\{239 0\\
FIGURE 16. Shiells S A TN
750,

\
23\ o7 JLTT 7T
5;\'(\22533_1_1 aoﬁ\fLI'tzb;r-rr -\:ﬁ'\'
(After Konopnicki, et / /ﬂﬁﬁ?a<ﬁﬂfﬂ ol

50 418 i
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The primary producing mechanism has been solution-
gas drive. The cumulative production befofe steam injec-
tion was 42,500 m> (267,000 bbl) which is 9.5% of the esti-
mated 449,175 m> (2,825,000 bbl) of oil originally in place.
The pilot is an inverted type pattern originally consist-
ing of four producing wells (217A, 293, 237 and 225A) down-
dip from the injection well, one producing well (238) up-
dip from the injection well, and one thermal observation
well (150). Two additional producers (241 and 15) were
drilled during the flood (Fig. 16).

XI.1.1 Boundary Conditions

Konopnicki et al. report that the reservoir is
bordered on all sides by faults that are assumed to be
fluid sealing. However, their figure (Fig. 16) shows the
west boundary to be undefined. 1In the present analysis,
two kinds of conditions are assigned at the west boundary
for comparative analysis. The two types of boundary con-
ditions are:

(a) The west boundary is assumed to be an oil-water
contact; thus, it is a constant-pressure boundary.
(b) The west boundary is assumed to be fluid sealing,
therefore making all the boundaries fiuid sealing.
Inwhat follows, the boundary element method of generating
streamtubes and the steamflood calculation method are ap-
plied to the Shiells Canyon reservoir by considering it

as.:
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1. A homogeneous reservoir with
a. sealed outer boundary
b. the west boundary assumed to be an oil/water
contact and therefore at original reservoir
pressure, the rest of the boundary sealed.
2. A piece-wise homogeneous reservoir consisting of
two regions that have unequal permeabilities with
a. sealed outer boundary
b. the west boundary at constant pressure, the

remainder of the boundary sealed.

XI1.2 CASE 1:

XI.2.1 Shiells Canyon Field Analysed as a Single

Region Homogeneous Reservoir

The discretization of the boundary and the scheme
of numbering are shown in Figure 17. The numbering scheme
was such that the domain under consideration was always
on the left hand side. This scheme ensures that the di-
rection of the normal gradient at any point of the boundary
(or boundaries) is always away from the domain. There are
a total of sixty elements taken on the boundary, but only
a select few of them are indicated in Figure 17. The co-
ordinates of the extreme points of all the boundary ele-
ments are shown in Table 4, while Table 5 gives the coor-

dinates and strengths of the injectors and producers.
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# Injector

¢ Producer

Considered separately as:
a. constant pressure boundary
b. sealed outer boundary

Scale: 1 irch = 738.46 ft

FIGURE 17. Discretization and numbering scheme for

Shiells Canyon Field as a homogeneous

... 50
reservoir.
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TABLE 4. The Coordinates of the End Points of the Boundary
Elements for Shiells Canyon Reservoir Analysed
as a Single Homogeneous Region

PUINT X{ INCH) Y(INCH)
1 01000 041500
2 00 2500 042000
3 044000 042500
4 05500 042800
) 06500 003000
6 047000 0e 2250
7 047500 063300
8 08000 043400
9 08500 003500

10 09000 04000
11 10000 04500
12 11000 005250
13 1 2500 06000
14 14000 0646500
15 15500 006800
16 1 6500 046900
17 17000 0. 7000
18 147500 07100
19 18000 07200
20 18500 07250
21 19000 07300
22 149500 047350
&3 241000 Oe 7450
24 22500 0e¢7500
25 204000 0.7500
26 206000 0.7400
27 27500 07300
28 209000 07250
29 341600 1.0000
30 340600 12500
31 209500 15500
32 247500 146500
33 244000 18200
34 242500 148000
35 2¢1000 147500
36 240500 17450
37 240000 17250
38 19500 147100
39 1 48500 16900
40 17500 16500
&1 16500 2:.6100
42 145000 15500
43 1.3500 14800
44 142500 1.4400
45 142000 14000
46 11500 13800
a7 140500 103250
48 09500 12600
49 09000 12500
S0 0 +8500 12000
S1 0.,8000 141700
52 067500 11500
53 06500 ] 1. 0800
S4 0 5500 10200
55 05000 0. 9900
56 044500 0. 9500
57 04000 049200
58 063000 0 8500
59 01000 0e 7300

60 01000 05000
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TABLE 5. Coordinates of Sources and Sinks for Shiells Canyon
Field Analysed as a Single Homogeneous Region

XCINCH) Y( INCH) RATE(BBL/D)
004500 0.5500 -691000
065000 ° 08000 -6961600
07500 " 04000 -69 ¢1000
09000 11500 -£9+1000
140000 08000 560, 0000
12500 12000 -6901000
13500 10000 ~69.1000
149000 09500 20060000
1.8000 1 3500 -69 ¢1000
20500 15500 -69,1000
241500 12500 -69+1000
203500 1 0500 -69¢1000
245750 13000 -69+1000

THE AVERAGE RADIUS OF THE WELLS(INCH) IS= 00500
THE CHARACTERISTIC PRESSURE(PSI) 1IS= 85.0000
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XI.3 RESULTS FOR CASE 1: SHIELLS CANYON FIELD MODELLED AS
A HOMOGENEOUS RESERVOIR

XI.3.1 Sealed Outer Boundary

Table 6 1ists the prescribed boundary conditions
according to a preassigned code. If the potential is pre-
scribed on the boundary segment, the code = 0. If the po-
tential gradient is prescribed, the code = 1.

A plot of the streamlines generated is shown in
Figure 18, while Table 7 gives the dimensions of the stream-
tubes generated which are read as input to the steamflood
recovery calculation program. The input data to the steam-
flood program are given in Table 8. Figure 19 gives a plot
of the oil recovery as a function of time. A complete list-
ing of the outputs from the streamline modelling program
is presented in Appendix G while the detailed output from

the steamflood program is listed in Appendix H.

XI.3.2 Part of the Boundary at Constant Pressure, the

Remainder Sealed

The only difference between the data for this case
and that of the sealed boundary is the constant potential
specified to boundary segments numbered 59 and 60. These
two segments are assigned the initial pressure of 85 psi.
Figure 20 shows a plot of the streamlines generated. Table
9 gives the dimensions of the streamtubes generated and

Figure 21 gives a plot of the oil recovery as a function
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TABLE 6. The Prescribed Boundary Conditions for Shiells

Canyon Reservoir Analysed as a Homogeneous Reservoir
with Sealed Boundary

BOUNDARY CONDIT 1ONS

NODE CODE PRESCRIBED VALUE
1 1 040
2 1 0.0
3 1 0.0
4 1 0.0
S 1 0.0
[ 1 0.0
7 1 Oe 0
8 1 0.0
9 1 0e0

10 1 0.0
11 1 0.0
12 1 0.0
13 1 0.0
14 1 0.0
18 1 0.0
16 1 0.0
17 1 0.0
18 1 0.0
19 1 040
20 1 040
21 1 060
2z 1 0.0
23 1 040
24 1 0.0
25 1 0.0
26 1 040
27 1 0.0
28 1 0.0
29 1 0.0
30 1 040
a1 1 0.0
32 1 0.0
33 1 0.0
34 1 0.0
35 1 0.0
36 1 040
37 1 0.0
38 1 0.0
39 1 0.0
4C 1 0.0
41 1 00
42 1 0.0
43 1 0.0
44 1 00
45 1 040
46 1 0.0
&7 1 060
48 1 040
a5 1 0.0
S0 1 0.0
51 1 0.0
82 1 0e¢0
53 1 040
$4 i 0.0
§5 1 0.0
56 1 040
s7 1 040
1] 1 000
59 1 0e0
60 1 040
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FIGURE 18. Boundary element modelling of Shiells Canyon

Field as a single homogeneous reservoir with

sealed boundary.



117

TABLE 7. Calculated Streamtube Dimensicns for Shiells Canyon

Field Analysed as a Homogeneous Reservoir with
Sealed Outer Boundary

WELL NOe S/L NOe. CUDE LENGTH WIDTH RATE
(ft) (ft) (bbl/d)

S38¢10 45,18 28,00
425000 23.75 28,00
686610 79.51 28,00
881640 2776 28400
344070 19,18 28,00
334.8C 18408 28400
38480 21476 28,00
26970 13,51 28.00
269670 148.88 28,00
359.80 15.89 28,00
338610 184,26 28,00
29570 1265 28600
288610 1196 28400
80980 29,41 28,00
759680 2863 28,00
11200 38,76 28,00
95000 34,384 28,00
S88¢10 15,61 10,00
E69e70 12631 10600
59800 13,78 10600
2666480 6627 10600
291440 6784 10.00
37830 8690 10,00
286610 Ge46 10,00

VECCOVLOOODNNCOOULEWULUNNNS =™

VPULUNVPLUNPUNRDUNENSN®NN NN -
S0 s Bt oo oo et o Jus 0 (o Db pub D0 Pub pus $20 00 s fus 0 00 s Pt Qo B0 (o B0 DO gus o et o b Do

10 463¢10 10618 10600
10 36970 822 10600
10 331460 7¢53 10600
10 334,80 Te3S 10600
10 403¢30 1092 10600
11 T16.40 22,42 1000
11 90330 34,43 10,00
13 71310 19¢76 104,00
11 538610 15660 10000
1l 60660 2223 10600
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TABLE 8. Input Data to Steamflood Recovery Prediction

Program

TOTAL NUMBER OF PRCDUCERS= 11
STEAM TEMPERATURE (DEGe Fi= 430.0000
STEAM QUALITY= 0.7000
CONVERGENCE LIMIT= 040010
RESERVCIR THICKNESS (FT)= 160. 0000
STLAM PRES3SURE (PSI)= 344 ,0000
INITIAL RESERVOIR TEMPERATURE(DEG F)= 1050000

FLUID FROPERTIES

WATER olL STEAM
DENSITY(LB/CU FT) AY STDe TEMP. 6244000 55.0000
CENSITY(LB/CU FT) AT STEAM TEMPe. 5243200 4847000 0.7431
SPECIF IC HEAT(BTU/LB *F) 10000 0. 4880 1.0000
LATENT HEAT(ETU/LB) ‘789.5100
PROPERTIES OF THE CAP AND BASE ROCK

LDENSITY(LEB/CU. FT) 146.C000
SPECIF IC HEAT(BTU/LB~-%*F) 0.2130

THERMe COND+(BTU/HR-FT=%F) 11000
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RESERVCIR RUCK PROPERTIES

REGION 1 REGIDN 2
POROSITY 02050 0.1800
DEN«(LB/CU FT) 165,0000 165.0000
SPECes HEAT(BTU/LB*F) 02000 0.2000
PERMEABILITY{(MD) 1400000 70,0000

INITIAL FLUID SATURATIONS

REGION 1 REGICN 2

WATER 05500 05500
oIL 044500 044500
STEAM 0.0 0.0

AVERAGE RESIDUAL SATURATIUNS BEHIND THE FRONT

REGION 1 REGICN 2

WATER 0.5800 05800
oIL 0.1800 0.1800
STEAM 02400 042400
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Constant Pressure
Boundary

FIGURE 20. Boundary element modelling of Shiells Canyon

Field as a homogeneous reservoir. Part of the

boundary at constant pressure, part sealed.
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TABLE 9. Calculated Streamtube Dimensions for Shiells Canyon
Field Analysed as a Homogeneous Reservoir. Part
of the Boundary at Constant Pressure, the Remainder
Sealed.

wELL NOe. S/L NO. CODE LENGTH WIDTH RATE
(ft) (ft) (bbl1l/d)

S41.40 45.84 2B.00
425,00 2367 28.00
678630 73.69 284,00
441,40 27.62 28.00
344,70 1914 284,00
338410 18.06 28.00
384080 21.62 28400
269,70 13,51 28.00
269.70 14,91 28.00
359.80 1591 28,00
338410 14,26 28600
294470 12670 28600
288010 11696 28600
809,80 2943 284,00
759680 28667 28400
112000 3865 284,00
950,00 34,38 2B.00
S588¢10 15655 10600
569.70 12.31 10,00
598600 13e79 10600
26640 6627 10600
291440 6e75 10400
37830 8692 1000
288.10 646 10.00

{

GO OVODODDODOONNOCTCOUWUEELEWWNIN -
P got B o Do peb fuo Puo o Pus Dot fus Dt Du Gut B0 Dut (us fuo gt et put fus D0 D0 o 00 e fuo b P8 uo fue P

10 46310 1017 10,00
10 369.70 8.22 10600
10 331 +60 753 10600
10 334,80 739 10,00
10 403-,30 10497 10.00
11 716680 22,47 10600
11 903¢30 34684 106,00
11 T13.30 19.81 10,00
11 538610 15461 10600

NEUNQLUNSPUNYRDPUNSRNENENN NN WN -

[ ]
[

60660 22034 106,00
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of time. The detailed output from the streamline modelling
program is listed in Appendix I, while Appendix J presents

the detailed output of the steamflood recovery program.

XI.4 CASE 2:

XI.4.1 Shiells Canyon Field Analysed as a Piecewise

Homogeneous Reservoir

The Shiells Canyon field has been modified to con-
sist of two regions with different permeabilities (Figure
22). Region 1 has an average permeability of 0.138 umz
(140 md) while the second region is assigned a permeability

half as much, 0.69 umz

(70 md). Figure 23 shows the num-
bering scheme employed. The scheme was such that the domain
of interest was always on the left as the numbering pro-
gressed. It is to be observed that the numbering of the
second region starts where that for the first ends on the
interface between the two regions. This was done purely
for convenience in assembling the two matrices into one.
The reservoir is analysed assuming first that the entire
reservoir is enclosed by sealing faults, and then by as-
suming that the west boundary is at constant pressure.

The coordinates of the end points of the boundary
elements for both regions are listed in Table 10. The co-

ordinates and strengths of the injectors and producers are

listed in Table 11.



125

Region 2
Permeability
Region 1 = 70 md
Permeability ’
= 140 md

. Producer

; Injector

Scale: 1" = 738.46 ft

FIGURE 22. Shiells Canyon Field (Zone 203) arbitrarily
divided into two regions with different ma-

terial properties.
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Scale: 1" = 738.46 ft

FIGURE 23. Shiells Canyon Field (Zone 203) as a piecewise-
homogeneous.field showing discretization and

numbering scheme.
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TABLE 10. Case 2:

THE CUOORDINATES OF THE EXTREME PQINTS OF THE BOUNDARY ELEMENTS

Region 1 Region 2
PUINT X{ INCH) Y(INCH)  POINT X{ INCH) Y{ INCH)
1 15000 1.5500 1 15000 15500
2 143500 1.4800 2 1. 5000 1.5000
3 12500 1. 4400 3 1 44800 1. 4500
4 142000 1.4000 4 14600 13500
s 11500 1.3800 5 144600 12500
6 140500 1¢ 3250 6 14800 1.1500
7 049500 1.2600 k4 145000 1.0500
8 04 9000 1.2500 8 1.5060 0.9500
9 048500 1. 2000 ) 15400 0+ 8500
10 048000 1.1700 10 15500 0.7500
12 07500 1+1500 11 1.5500 06800
12 0 «6500 140800 12 1 +6500 066900
13 05500 1.0200 13 17000 07000
14 045000 009900 14 1.7500 0.7100
15 044500 0e 6500 15 1 .8000 0. 7200
16 044000 09200 16 1.8500 0.7250
17 043000 0. 8500 17 19000 0. 7300
i8 001000 0.7300 18 149500 0.7350
19 043000 045000 19 241000 0De7450
20 041000 01500 20 242500 0. 7500
21 042500 042000 21 244000 0e7500
2 004000 042500 2 246000 07400
23 045500 0,2800 4 247500 07300
24 06500 043000 24 249000 0.7250
25 047000 03250 25 3.1600 1.0000
26 047500 043300 26 3.,0600 12500
£7 048000 0.3400 27 2 «9500 15500
z8 08500 043500 28 247500 1.6500
29 009000 0.4000 29 244000 148200
30 10000 0.4500 30 242500 148000
a 1,1000 045250 31 241000 147500
32 1.2500 06000 32 240500 17450
33 144000 046500 33 2 40000 147250
34 15500 0.6800 34 149500 1.7100
35 1.5500 047500 35 1.2550 1.6900
36 145400 0.8500 36 17500 146500
37 15000 049500 37 1.6500 146100
38 145000 1.0500
39 14800 1.1500
40 1e¢4600 12500
41 142600 1.3500
42 1 4800 14500

43 1.5000 15000
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TABLE 11. Case 2:

COCRDINATES OF SOURCES AND SINKS AND THEIR STRENGTHS

Region 1
X({INCH) Y( INCH) RATE(BEBL/D)
04500 05500 -69 1000
05000 0.8000 =69 01000
047500 044000 -69¢ 1000
09000 11500 =69 ¢1000
1.,0000 0.8000 56040000
12500 12000 -6941000
143500 1.0000 ~69 1000

THE AVERAGE RADIUS OF THE WELLS(INCH) IS= 0.500
THE CHARACTERIST IC PRESSURE(PSI) 1IS= 85,0000

Region 2

COORDINATES OF SOURCES AND SINKS AND THEIR STRENGTHS

X{INCH) Y{INCH) RATE(BBL/D)
19000 09500 20040000
18000 13500 ~-69.1000
20500 15500 -69¢1000
201500 12500 -69 1000
203500 10500 ~6901000
25750 13000 =69 ¢1000

THE AVERAGE RADIUS OF THE WELLS(INCH) IS= 0,500
THE CHARACTERIST IC PRESSURE(PSL1) 1S= 8S.0000
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XI.5 RESULTS FOR CASE 2: SHIELLS CANYON RESERVOIR ANALYSED
AS A PIECEWISE HOMOGENEOUS RESERVOIR
XI.5.1 Sealed Boundary

The prescribed boundary conditions are assigned on
each boundary segment according to the code described earlier
- under Case 1. For the interface boundary, a code of 2 is
assigned implying that the potential and the normal deriva-
tive of the potential are unknown at the interface. A list-
ing of the boundary conditions for both regions is given in
Table 12. A plot of the streamlines obtained are shown in
Figure 24. Table 13 gives the dimensions of the streamtubes
associated with the streamlines. These dimensions are read
into the steamflood program to calculate recovery as a func-

tion of time which is plotted in Figure 25.

XI.5.2 Part of the Boundary at Constant Pressure, the

Remainder Sealed

The coordinates of the end points of the boundary
segments are the same as in Table 10. Also, the coordinates
and strengths of the injectors and producers are the same
as given in Table 11. The left boundary of region 1 is
assumed to be at the initial reservoir pressure of 85 psi.
Thus, segment numbers 18 and 19 are assigned this constant
pressure. The result from the streamline simulation pro-
gram is plotted in Figure 26. The dimensions of the stream-

tubes obtained are listed under Table 14. The petrophysical
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TABLE 12. Boundary Conditions for Shiells Canyon Reservoir
Analysed as a 2-Region Piecewise Homogeneous

Reservoir
Region 1 Region 2
BOUNDARY CONDIT IONS BOUNDARY CONDITIONS
NODE CODE PRESCRIBED VALUE NODE CODE PRESCRIBED VALUE
1 1 040 1 2 060
2 1 0.0 2 2 00
3 1 0.0 3 2 0.0
4 1 0.0 4 2 0.0
S 1 040 5 2 00
6 1 0.0 6 2 0e0
7 1 0.0 7 2 000
8 1 0.0 8 2 00
3 1 0.0 9 2 Oe 0
10 1 0.0 10 2 Oe0
i1 1 0.0 11 1 0.0
12 1 0.0 12 1 0.0
13 1 0.0 13 1 Oe0
14 1 0.0 14 1 00
15 1 000 15 1 00
16 1 0.0 16 1 0e0
17 1 Ce0 17 1 040
18 1 Ce 0 18 1 0e0
13 1 0.0 19 1 00
20 1 060 20 1 0.0
21 1 040 21 1 0.0
22 1 0.0 22 1 0.0
23 1 040 23 1 0.0
24 1 0.0 24 1 0.0
25 1 0.0 25 1 0e0
26 1 0.0 26 1 0.0
27 1 0.0 27 1 Oe0
28 1 0.0 28 1 060
29 1 0.0 29 1 040
30 1 0.0 30 1 0.0
K} 1 0.0 kF 1 0.0
32 1 0.0 32 1 0.0
33 1 0.0 a3 1 0.0
34 2 0. 0 34 1 0.0
35 4 0.0 35 1 Oe0
36 2 040 36 1 040
37 2 Q.0 3z 1 0o 0
38 2 Qe0
39 2 0.0
40 2 000
4% 2 0.0
42 2 040
43 2 0.0
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FIGURE 24. Boundary element modelling of Shiells Canyon
Field as two-region piecewise homogeneous

reservoir. Sealed outer boundary.
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TABLE 13. Calculated Streamtube Dimensions for Shiells Canyon
Reservoir Analysed as a Piecewise Homogeneous
Reservoir with Sealed Boundary

RCGICN 1 REGION 2
WLLL NOe S/L NOe CCDE LENGTH WIDTH RATE LENGTH WIDTH RATE
1 1 1 53480 45.44 28,00 0.0 Oe 0 0.0
1 2 1 425,00 23.89 28.00 0.0 0.0 0.0
1 3 1 70000 854,96 284,00 Q.0 0.0 CeO
2l 1 1 44140 2795 28.00 060 0.0 Oe0
2 a 1 344e70 1924 28.00 0.0 0.0 0.0
3 1 1 334480 18.07 284,00 0.0 0.0 0.0
3 2 1 39140 21.94 28,00 0.0 0.0 0.0
4 1 1 269470 13.51 28400 0.0 0.0 0.0
4 2 1 26970 14.84 284,00 0e0 0«0 060
5 1 1 359.80 1S5.86 28,00 0.0 0.0 0«0
S 2 1 33810 14,26 28,00 060 060 Q0.0
6 1 1 29470 1269 28,00 0.0 0.0 0.0
6 2 1 28E¢10 1195 284,00 0.0 0.0 0.0
7 1 e 376,90 Sl1.38 28,00 403.30 42,31 28.00
7 2 b4 41161C 79631 28,00 31310 32617 28400
8 1 2 60200 5892 28400 31970 38.38 28.00
8 2 Z 427410 58681 28,00 486,80 46.20 28,00
8 3 i 58160 1481 10,00 060 0.0 00
8 4 1 S6€e40 1223 10400 D.0 0.0 0«0
a8 5 1 594,70 1371 10.,0C 0.0 0.0 0.0
G 1 1 26¢ 440 6e2C 10400 040 040 0.0
= 2 1 291440 674 10,00 0.0 0.0 0.0
9 3 1 27t e 30 G601 10,00 00 0.0 0.0
9 4 1 2886410 H6e44 10400 00 060 Oe0
10 1 1 463410 1012 10400 0.0 0.0 0.0
10 2 1 369.70 8e¢20 104,00 0.0 060 0. C
10 3 1 332160 752 10,00 0.0 0.0 0.0
10 4 1 334480 73S 1000 Oe0 0.0 0.0
10 5 1 403¢30 1119 10400 0.0 Oe O 0.0
11 1 1 71970 22668 10600 0e0 060 0.0
11 2 1 913610 36620 10,00 Oe0 (¢ ] 0.0
11 3 1 71210 19,91 10600 De0 0.0 0.0
11 4 1 S38.10 1562 1000 060 0«0 00
11 S 1 609.8C 22474 10,00 0.0 00 0.0
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FIGURE 26. Boundary element modelling of Shiells Canyon
Field as two-region piecewise homogeneous reser-
voir. Part of the boundary at constant pres-

sure, part sealed.
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TABLE 14. Calculated Streamtube Dimensions for Shiells
Canyon Field Analysed as a Piecewise Homogeneous
Reservoir. Part of the Boundary at Constant
Pressure, the Remainder Sealed

REGICN |} REGICN 2
WELL NUe S/L NOe CODE LENGTH WNWIDTH RATE LENGTH %IDTH RATE
1 1 1 553630 49.91 28,00 0.0 0.0 060
1 2 1 42500 2340 28.00 0.0 OO 0.0
1 3 1 656060 66611 28400 0.0 0.0 0.0
2 1 1 444,70 2795 2800 060 0.0 0.0
2 2 1 344,70 19.06 28.00 0.0 Oe0 0.0
3 1 1 338410 1795 28,00 De0 0.0 0.0
3 2 1 38160 21011 28,00 00 0.0 0.0
4 1 1 26570 13e31 28400 Oe0 0.0 Oe0
4 4 1 269¢70 14,75 284,00 0«0 0.0 0.0
5 1 1 366440 1548€ 28600 O0e0 0«0 0.0
S 2 1 33169 1379 28,00 0«0 0.0 0.0
€ 1 1 29140 120,62 28,00 0.0 De0 0.0
6 2 1 29470 12012 28600 000 0.0 Oe0
7 1 2 45130 6006 28.00 216440 30,08 28.00
7 2 2 478640 58¢33 28400 24800 31.38 28.00
8 1 2 37640 0l1.82 28,00 541,40 43.88 28.00
8 2 1 591¢40 1337 10600 0.0 0.0 0.0
8 3 1 61970 1481 10,00 00 0.0 0.0
9 1 1 266440 6440 1000 De0 0.0 0e0
9 2 1 288.10 6.87 10.00 0.0 0.0 D00
9 3 1 36310 B8e27 10600 OO0 0.0 0.0
9 4 1 28810 6.64 1000 Oe0 0.0 0.0
10 1 1 47830 11.11 10,00 0«0 0.0 00
10 2 1 384.80 851 1000 Oe0 0.0 0e0
10 3 1 33480 Te71 1000 060 0.0 Oe0
10 & 1 33160 Tea7 1000 0.0 0.0 00
10 S 1 384080 9.71 10,00 0.0 0.0 D60
11 1 1 T03¢30 2165 10600 00 000 0.0
11 2 1 83480 2773 1000 0«0 0.0 0.0
11 3 1 71970 1985 1000 0.0 OO0 0.0
11 4 1 538410 1601 10600 0.0 0.0 0.0
11 S 1 591.40 2086 1000 00 Oe0 0.0
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data input to the steamflood program are the same as those
given under Table 8. The calculated recovery of oil as a

function of time is presented in Figure 27.
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FIGURE 27. Steamflood recovery prediction for Shiells Canyon
Field as a two-region piecewise homogeneous reser-
voir. Part of the boundary at constant pressure,

part sealed.
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FIGURE 23.  Boundary element streamline modelling of
Shiells Canyon Field as a homogeneous
reservoir with sealed outer boundary.
Unequal production rates.
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XI.6 DISCUSSION OF RESULTS

The pattern of streamlines obtained by Konopnicki
et al, is shown in Figure 28. This pattern differs consid-
erably from those obtained in this study using the Boundary
Element Method for a homogeneous reservoir (Figures 18 and
20). However, a direct comparison between the two studies
is inappropriate for the following reasons:

a. The production rates assigned to each producer by
Konopnicki et al. in their streamline model is unknown. In
this study, equal rates, determined as the sum of all the
injection rates divided by the number of producers were as-
signed to each producer. This is important because the
rates assigned to the producers significantly affect the
pattern of streamlines developed. This effect can be ob-
served in Figure 28 where the producers surrounding each
injector have been assigned rates equal to the injection
rate divided by the number of producers around the injector.

b. There is one fewer producer: in this study than
that published by Konopnicki et al.

c. Even though Konopnicki et al. state that the bound-
ary of the reservoir is assumed to be fluid sealing all

around, it is evident from Figure 29 that the boundary on
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the west was certainly not a no-flow boundary. In this
study, the west boundary is first assumed to be fluid seal-
ing and then assumed to be at constant pressure (initial
pressure of 85 psi). Considering the level of accuracy
obtained for the test case (Section X.1), this author feels
that the streamlines obtained in this study are representa-
tive of the true streamlines under the assumed boundary
conditions.

Comparing the results of the sealed outer boundary
and that where the west boundary is kept at constant pres-
sure, it was observed that the values of potentials (¢) and
the normal gradients of potentials [%%J obtained on the
boundary ''nodes'" are markedly different for the two cases.
However, given such differences, the streamline patterns
look identical to each other. Small differences are ob-
served in the widths of the streamtubes generated. To in-
vestigate further, more of the boundary segments were changed
to the constant pressure conditions. It was observed that
the streamlines deviated more from the sealed boundary case
as more of the boundary segments were changed to constant
boundary segments. Further testing led this author to con-
clude that changes in the boundary conditions affected the
pattern of the streamlines generated. The magnitude of the
effect depended on (a) the proportion of the entire boundary
that had been changed, (b) the strengths of the sources and

sinks present, (c) the proximity to any boundary.
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FIGURE 29. Streamlines for Shiells Canyon Steamflood

(After Konopnicki, et al.30)

km3 ] M bbI

BOTH PATTERNS /

/)
" j

ACTUAL
80TH PATTERNS \

/
/

w
o
1

150

CUMULATIVE OIL PRODUCTION
n
o
{

100

- /

/

/

40250 cncuurso—-—{

CALCULATED
-0 /2224 PATTERN-y
/ s
/ _ e
4/ [l | 1 1
3 74 P gs 1 76 | 77 T 18
TIME, YEARS

FIGURE 30. Comparison with Fiecld Performance

Predicted
Recovery in
This Study

=)



141

It was observed that the reason for the streamlines looking
nearly identical to each other for the different boundary
conditions was because the effects of the sources and sinks
was so large in comparison to the boundary effects that the
boundary effects were masked. Only near boundaries that
are far from sources and sinks were the boundary effects
felt.

The results from the analysis of the reservoir as
a 2-region piecewise homogneous reservoir showed the same
similarity in streamline patterns for the two kinds of
boundary conditions (Figures 24 and 26) as observed earlier
for the same reasons. Figure 31 gives a comparison of the
0il recovery versus time for the two systems under the two
kinds of boundary conditions. It can be observed that the
recovery from the single homogeneous reservoir was higher
than the recovery from the 2-region piecewise homogeneous
reservoir for the two kinds of boundary conditions applied.
This agreed with expectations since one of the regions of
the 2-region reservoir has a permeability that is half the
homogeneous reservoir. For the homogeneous reservoir, the
summulative o0il recovered was higher when part of the bound-
ary was at constant pressure, the remainder sealed, than
that when all the boundary was sealed. The reverse was the
case in the 2-region piecewise ﬂbmogeneous reservoir where

the recovery from the sealed boundary condition was higher.
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The cause of this is the loss of one streamline (Figure 26)
in the case when part of the boundary was at constant pres-
sure. Figure 30 shows a comparison between the predicted
performance from this study and the actual field perform-
ance. The figure shows a high rate of recovery at early
times in this study. This is consistent with the fact that
the steam front velocity is relatively high at early times
and declines exponentially with time. The recovery pre-
diction by this study does not match the field performance.
However, this was expected for several reasons: (a) The
actual injection rates were neither steady nor continuous
(Figure 32) whereas a constant injection rate was assumed
for this study. (b) The prediction model used in this study
assumes that the oil saturation reduces to irreducible in
the steam swept area. (c) The production rates used to
generate the streamlines for this study was assumed. Since
the streamlines are very sensitive to the injection and

production rates, this could introduce substantial errors.
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CUMMULATIVE RECOVERY(BBLS*10E5) VS TIME(DAYS)
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XI.7 COMPUTATIONAL EFFICIENCY OF THE BOUNDARY ELEMENT

METHOD

In practical terms, the most important question
that any numerical method must answer is: ''How does it
compare with the commonly used methods with regard to ac-
curacy and computational effort?'" A comparison with the
"method of images' is not appropriate here because the image
method is only applicable to homogeneous reservoirs. Fur-
thermore, it is not a numerical method. However, it can

be said that the Boundary Element Method is superior
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to the image method in terms of accuracy. In fact, it is claimed
to be superior to both the finite difference and finite
element methods in terms of accuracy and finer resolution

:I
in the interior.lz"'4’56

Part of the reason for this

is because the error of discretization is confined to
points on and near boundaries since only the boundary is
discretized as opposed to discretizing the entire domain.
Brebbia12 reports that finite element results are usually
accurate for the original variables under consideration
(potentials) in this case, but when these variables are
differentiated (to obtain fluxes), the results are much
less accurate and are usually discontinuous between ele-
ments.

Several author521’54’55

have reported on the com-
parative computational efforts associated with the solu-
tion of the coefficient matrix arising in the Boundary
Element Method. For a homogeneous medium, the coefficient
matrix arising from the Boundary Element Method (Equation
VII.0.1) is generally non-symetric, fully populated, non-
singular, well conditioned but not diagonally dominant
even though the largest terms are the diagonal terms.
He5521 compared the computing effort involved in a direct
Gauss elimination procedure to that of the Gauss-Siedel
iterative method for both the interior and exterior prob-
lem. As reported by Hess, the computing effort involved

3

in a direct elimination is proportional to N”, where N is
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the number of unknowns. The computing effort for an it-
erative solution is proportional to IFNZ, where I is the
number of iterations required for convergence, and F is
the number of solutions being obtained. Thus, if I was
independent of N, the iterative method would require less
computing effort than the direct method for sufficiently
large N. He further reported that for the exterior flow
problem, the Gauss-Siedel procedure converged in a number
of iterations that was indepedent of N but dependent on
the body shape. Thus, he found that the iterative pro-
cedure required less effort if N was as large as 10C-300
depending on F, but had the considerable disadvantage
that the required computing time was less predictable than
was the case when a direct elimination was used. For the
interior flow problem, I increases linearly with N, so
that the iterative procedure is usually not competitive
with direct elimination.

Bettes54

compared the computational work involved
in the Boundary Integral Element Method with that of the
finite element method. He found that for a square n x n
two-dimensional problem, the finite element method required
fewer storage locations for all meshes smaller than n = 11,
and fewer arithmetic operations for all meshes smaller

than n = 35. For three dimensional problems (n by n by n
cube), the finite element method required fewer storage

locations if n is less than 30, and fewer arithmetic op-

erations if n is less than 135. Bettes made the conclusion
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that problems have to be very large before the Boundary
Integral Element method is computationally cheaper than
the finite element method.

Mukherjee and Morjaria55 have also compared the
accuracy and computational efficiency of the boundary
element and finite element methods for problems of time-
dependent inelastic torsion of prismatic shafts. After
making the comparisons for solid shafts with circular,
square, elliptical, and triangular cross sections, they
concluded that (a) the CPU times on an IBM 370/168 are
of the same order for both BEM and FEM methods but with
the BEM program generally running somewhat faster than
the FEM program with the same internal mesh; (b) the dis-
cretization and input data preparation is much easier

for the BEM than for the FEM.



CHAPTER XII
CONCLUSIONS AND RECOMMENDATIONS
XIT1.1 CONCLUSIONS

1. A streamline simulation model has been developed
that is applicable to homogeneous as well as piecewise homo-
geneous porous media having arbitrarily shaped boundaries
and under different kinds of boundary conditions. Such a
general capability was not previously possible.

2. The model has successfully been used to predict
steamflood recovery in both homogeneous and piecewise homo-
geneous porous media assuming streamtubes that are thermally
isolated from each other.

3. The modél can be used to predict oil recovery from
any other form of secondary or tertiary recovery.

4., Interpretation of the results from this model should
be done with thé limitations in mind. It is recommended
that the model be used primarily as a diagnostic tool prior

to full scale simulation.
XII.2 LIMITATIONS OF THE MODEL

1. Streamlines are invariant with time.

148
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2. Assumption of single phase flow is incorrect.

3. Assumption of zero heat transfer between streamtubes
does not represent the physical condition.

4. The boundary element model can only be applied to
systems described by linear differential equations.

5. Any region less than half an element size away from
the boundary gives wrong results.

6. Cannot be used on domains with rapidly changing
heterogeneities.

7. Cannot exploit existing sparse-matrix techniques.
XII.3 SUGGESTIONS FOR FURTHER STUDY

There are several areas in this research work that
can be extended, improved upon. Some of the areas where
further work is needed are:

1. The application of the Boundary Element Method to
other equations such as parabolic equations.
2. Application to anisotropic porous media. This can
very easily be done by making the appropriate transformation.
3. The search for a suitable analytical solution to
the equation describing the velocity of the steam front in
the second region without ignoring the heat losses in the
first region.

4. The extension of the Boundary Element Method to

handle reservoirs with part of their boundaries at infinity.
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(x;,¥4)
(xp5¥p)
(x5574)
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n

NOMENCLATURE

coordinate axis

coordinates of interior points
coordinates of boundary points

coordinates of sources and sinks

porosity
permeability

thermal conductivity
doméin

boundary

potential

boundary where potential is specified

boundary where potential gradient

fied

is speci-
n p

boundary where mixed boundary conditions are

specified

density

volume flux
divergence operator
time

gradient operator

viscosity
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number of sources and sinks
Dirac delta function

volumetric rate of flow of the jth source or

sink
. . dd
potential gradient Ty
2 2
two-dimensional difference operator, 3—7 + 3—7
9X ay

potential distribution due to a unit charge
in an infinite system
unit vector in the x direction

unit vector in the y direction

unit vector normal to a surface

radius
distance between an observation point (x,y)

and an internal charge point (xi,yi)

. Z . Z
(x - x5y - )
distance between a source or sink point (xj,yj)
and an internal charge point (xi,yi)

Z Z z 7
‘/ij Xi) + (YJ yi)

distance between a source or sink point (xj,yj)

and a boundary charge point (xb,yb)

. Z - Z
x5 - xp)2 o+ (yy - vp)
distance between a boundary node point (xL,yL)

and a boundary charge point (xb,yb)

z 7 n )
Y(xp - xg)P ot (v - vy
radius of a small circle on the surface (Fig-

ure 4)
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the surface of the semicircle of radius ¢ (Fig-
ure 4)

average value of & on SE

coordinates of Gaussian quadrature points
known value of potential specified as a bound-
ary condition

known value of potential gradient specified

as a boundary condition

number of boundary segments in which potentials
are specified and potential gradients are un-
known

number of boundary segments in which potential
derivatives are specified and potentials are
unknowns

defined by Equation (VI.0.3)

defined by Equation (VI.0.4)

G when L # b

b,L

G when L = b

b,L
defined by Equation (VII.1.4)
defined by Equation (VII.1.5)
velocity in the x-direction
velocity in the y-direction

the surface of the Lth line segment

dimensionless form of SL

the rate of flow of heat per unit cross sectional

area through the vertical cross sectional area
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at £ into the elemental volume in the Nth

region

+
QN(E »t) the rate of flow of heat per unit cross sec-
tional area out of the elemental volume through
the vertical cross section at £+ in the Nth

region

VN(t) the velocity of the steam front in the Nth

region

HN(g-,t) heat content per unit volume of reservoir
rock/fluid system at the upstream face of the

steam front in the Nth region

+
HN(g ,t) heat content per unit volume of reservoir
rock/fluid system at the downstream face of

the steam front in the Nth region

Q(o0,t) rate of injection of heat per unit cross sec-
tional area

rate of loss of heat per unit cross sectional

Q t .
[ I( )]J
area to overburden and underburden from the

jth region

pm(T) density of m at temperature T, where m can
be o0il, water, or steam

Lst = latent heat of steam

[#]
|

= specific heat of m, where m = o0il, water,

steam

AT(g-) change in temperature at the upstream face of

the steam front



AT (E")

Sm(x,t)

Mg, (0,1)

st

~
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change in temperature at the downstream face
of the steam front

porosity of the rock in the jth region
saturation distribution of m, where m = oil,
water, steam

mass rate of injection of steam per unit cross
sectional area

mass rate of injection of water per unit cross

sectional area

(TSt - Ti) where Ti = 0 and Tst is the tem-
perature of steam
AT(g)

thermal conductivity of overburden and under-
burden

the location of the steam front in the jth
region at time t

the temperature at the downstream face of the
steam front

the temperature at the upstream face of the
steam front

rate of injection of steam per unit cross
sectional area

permeability of the jth region

thickness of the jth region

average saturation of phase m, where m = oil,

water, steam
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specific heat of reservoir rock of the Nth region
rate of heat loss per unit cross section area
from an elemental area of size AA
thermal diffusivity of the overburden or under-
burden (k/pcbccb)
number of elemental areas (or number of time
steps in the jth region)
time
variable of time
time step
width of the jth region of the porous medium
dimensionless time
gimensional distance

£

D _ .. . .
3?5 = dimensionless velocity

length of the jth region of the porous medium
fraction of injected steam that is water

ratio of heat capacity of cap and base rock to
that of the jth region of the reservoir
discontinuous distance function defined only
for the period tj-l <t< tj and not defined
outside this interval

step-wise continuous distance function defined
for all time t > 0, but equal to zero outside
the time interval tj-l <t< tj.
zj(t) = {H(t - tj—l) - H(t - tj)}gj(t)



Ej(t)
z(t)

L}

Subscripts

4 =

AA =
cb =
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continuous distance function with time

N
Zj=1{H(t - tj_l) - H(t - ts) e, (t)

downstream face of the condensation front
upstream face of the condensation front

water

steam

oil

denotes the region

elemental area

cap and base rock (overburden and underburden)

dimensionless
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AND G}

DERIVATIONS OF Hy |, G b,L

1
b,L* Bp,1

Hb,L is defined as

Since

then

-d
L(lnr1]=_rl cos o = —2al (A-1)

Lth boundary
segment

Ty,L

(x1,¥1)
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Therefore,

d

b,L

ds (A-2)

= - L
AL 2 JS L

2
L Tb,L
where db L is the perpendicular distance from a point
b4

(xb,yb) to the line Ax + By + C = 0 and is given as:

Axb + Byb + C

= - (A-3)
b,L +/AZ + B2

where the appropriate sign is chosen so as to make db,L
always positive.
The equation of the line joining the points

(x1,¥1) and (x,,y,) is:

Y2 TN Y2 ° N
roaer L A T T
2 1 2 1

Therefore,

Yo =Y
A= xz - xl
2 1
B = -1
Yo ° N1
C=y, -X -
1 1[x2 XI]

= (A-4)
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In order that db,L is always positive, the following con-
vention is used:

If the numerator,(Axb + Byb + C>< 0, then use
-/AZ + B? as the denominator.

If the numerator,(Axb + Byb + C>> 0, then use
+/AZ + B? as the denominator.

Gb,L is defined as

1 J 1
- 1n ds (A-5)
2m SL rb,L L

{Hi}b,L is defined as

9 |9 1
JS ﬁ[gﬁ[ln rb,L}] dSL

- d \
3 [a 1 R SAR 3 (1 1 9
H[Eﬁ[ln T L]. R 2 R WS A5 vt ex(db,L)}
; b,L b,L b,L
2(X,. - X;)
= |9, 2 = 7 :
7T T, T, VAT
Therefore,
-d *2(x. - x;)
(Hl}, | = b b L ., A ds, (A-6)
XD S Ty L ry ot VAT ¥ 1

L

Similarly,
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( -d 20y, - yp)
’ SL rb,L Ty * A + 1

{G)'(}b’L is defined as

=—|1n ds
JsL oXU Ty, L

and is given as follows:

d [ 1 ] . .
—|1n is given
X rb,L
-(xy, - xg)
—_—
rb,L
. _ (Xb - XL)
{Gx}b,L = - ——;7————— dSL (A-8)
JS b,L
L
Similarly,
6y o= - 2 Loy (A-9)
y°b,L r? L
SL b,L

The integrals in Equations (A-2) through (A-9) are evaluated
by applying the quadrature formula given in Section IX.1

Equation (IX.1.1).
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APPENDIX B

EVALUATION OF THE TERMS UNDER THE
INTEGRAL SIGNS

The average saturation within any arbitrary region
from x, to x, 1is:
- 1 b
S(t) = e J S(x,t) dx (b-1)
a ’'x

X -
b a

Since S(x,t) is continuous within each region behind the
steam front but discontinuous at the interfaces between

the regions, the average saturation in all regions behind

Steam Front

Region 1 Region 2

Injector Xq X, Producer

FIGURE B-1
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the steam front can be obtained by applying Equation (B-1)
to every region behind the front and taking the average

of these averages.

Let

(B-2)

Rewrite B-1 as

X
S(t) (x, - x,) = J b s(x,t) dx

Xa

and differentiate both sides to obtain

S() 2 (x, - Cx) s =2 [P
3T Xy, xa) + (xb xa) 3T S(t) = =T . S(x,t) dx
a

(B-3)

Apply Leibnitz's theorem to the RHS of Equation (B-3) to

obtain

X rX X
3 b 9 b
3% J b S(x,t) dx = J 3T S(x,t) dx + S(xb,t) T

X X

a a
Bxa
- S(x,,t) 55 (B-4)

Equation B-4 is substituted into B-4 to give

Xy

X
a

S(t) %f (xb-xa) + (xb-xa) %f S(t) = J %f S(x,t) dx

+ S(xp,t) e - S(x,,t) 352 (B-5)
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Now if both Xy and X, are constants, Equation B-5 reduces

to:

3 = _xba.
(xb - xa) 3T S(t) = iy 3T S(x,t) dx (B-6)
a

For all regions behind the steam front except the region
containing the steam front, the limits X, and X, are con-
stants. Therefore, Equation B-6 is applied to as many

such regions. For the region containing the condensation

front, the 1imit x_ is a constant, but Xy is the location

a
of the condensation front £(t) which is a function of time.

Therefore, Equation B-5 becomes:

S()V(E) + [6(t) - x,] g5 5(t) - S(e,0)V(¢)

a

£(t)
j 7% S(x,t) dx (B-7)

Xa
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TEMPERATURE DISTRIBUTION IN THE CAP AND
BASE ROCK

A general heat balance on any medium is (Van

Poolen, Spillete):

(MT) + V- (pgcTIV = v.kvT (C-1)

] e
+

For the cap or base rock, there are no fluids,

L M= p g Cey

]
©
0

+
ke
0

L e L wow
for an oil water system

V = 0 = velocity of the fluids

Thus, Equation (C-1) becomes:
3T _ .1 -

For a one-dimensional medium in the z-direction

: 2
T
%I = ;_J%__ 2_7 (C-3)
cb cb 3z
s _ k
Defining o = = then
cb cb
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Q
—3
Q|
m!o)
ct{—3

(C-4)

Q
N
N

The equation describing the temperature distribution in

the overburden or underburden is:

2
3°T _ 1 3T
—_—F = = = (C-5)
aZZ a at
Subject to:
T(z,0) = T, when t = 0 (C-6)
T(0,t) = st at z 0, t>0 (C-7)
T(»,t) = T, at z = », t > 0 (C-8)
Define 68(z,t) as
T(z,t) - Ti
Tse = T4
Thus, the differential equation becomes:
2
378 1 36
—_— = (C-9)
aZZ a 3t
subject to:
8(z,0) =0 (C-10)
8(0,t) =1 (C-11)
8(~,t) =0 (C-12)

The solution to Equation (C-4) with its boundary conditions

(Equations C-5 to C-6) are obtainable from standard texts

58

such as Carslaw and Jaeger. It is given as:
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8(z,t) = erfc[ z ] (C-13)
Viot

Differentiating (C-13) with respect to z gives

d _d T z
T3 6(z,t) = T erfc[ 4at)}
Z T 2
‘4at 2 = Z
_d 2 -t a _ 2 Vot 1
=l = e tj = - =|-e
e 0 T vdat
[z ]2
4 6(z,t) = - L V40t (C-14)
VYTat
Since
dT(z,t) _ (T T.) de(z,t)
z t i’ dz
dT(z,t) - Tse = Ty (C-15)
Z z=0 vrat

For an area that received heat initially at time T,

T

T - T.
dT(z,t - _ st i -
a,____lz ’ - .8t i (C-16)
z=0

/o (t - 1)
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LAPLACE TRANSFORM OF A SECTIONALLY
CONTINUOUS FUNCTION

For a function gD(tD) which is sectionally con-
tinuous and continuously differentiable in the domain

t > 0:

N
epltp) = 15-1 £p (7p)s» tp < 1 < tp
J j-1 ]

where the functions ED‘(TD) are continuous in the domain

J

t < t At the points tj for j = 1,...,N, gD(fD)

Ds_y <D Dy
has finite steps. Incorporating the Heaviside unit step

function,

_ N
tplrp) = L=y Wty - tp

3-1) - H(tp - tDj)}ED.(TD)

J

The generalized derivative of this function is:

Uplrp) = @ 7 Jj-1 ([HCtp - tp, ) "t tp )]
dep (rp)
ot [8(t, -t - 8(ty -t }
a7y D Dj_l) (tp Dj?] EDj(TD)

= N {[H(th -ty ) - H(tp -ty )1V (op)
j=1 D" 'Ds 4 D" *py’ DD

*ep. (g, ) - ey (ipn )}
DJ DJ_1 Dj Dj
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where H is the Heaviside unit step function
§ is the Dirac delta function.
The Laplace transform of any function VD(tD) is

defined as

-st

® D
£{VD(tD)} = JO vp(ty) e dtp,
that is,
t
N %3 “STp
LV} = Xj=1 . ij(rD) e drp
Dj_1
-ST -ST
D. D.
j-1 j
+ £y (1 ) e tp,(tp.) ¢
P5" Pj-1 i D
- £,(0)
Integrate by parts. Let
-ST
u = e D
dv = Vp (1p)
J t tp.
Evplip)} = Topfe Tep ()¢ ts tp, (p)
J Dy.1 tp, ., J
J j-1
-ST -ST
-ST D. D.
D j-1 3
xe di, + £ (1 Je -tn (14 e - ¢_(0)
D .~ D. D. Y D. o
Dj" Dy i I
-STD -ST
N j j-1
= Yio1le tn (1n ) - e en (tp. ) *ep (rp. )
j=1 D; Dj Dj Dj_l D; "Dy
) "Stp,

e IThog) (rpde T esi(s)| - £y (0)
J J
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Since
tp.
J -st
N D
Lj=1 J tp,(1p) & 7 drp = Ip(s) = Ligp (rp)d
t J J
Dy
Thus,
LVH(p) Y = sZp(s) - £,(0)
where
t
D.
_ ¢N J "5
ZD(S) = Zj=1 gD.(rD) e dTD
ty J
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APPENDIX E

COMPUTER IMPLEMENTATION OF BOUNDARY ELEMENT
METHOD OF STREAMLINE SIMULATION

A package of computer programs has been written in

FORTRAN to perform all the calculations necessary to gen-
erate the streamlines and calculate the dimensions of the
"streamtubes using the Boundary Element Method. The program
can handle:

1. Single homogeneous porous medium with or without
sources and sinks,

2. A two-region piecewise homogeneous porous medium
with or without sources and sinks.
The boundary conditions can be either:

1. sealed

2. constant pressure

3. combination of (1) and (2)
and consists of a main program that calls the following 15

subroutines.

1. INPUT
2. CONVRS
3. MATRIX
4., INTE

175
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5. INLO
6. SOURCE
7. LOWVEL
8. ASEMBL
9. SLNPD
10. SPLIT
11. INTER
12. OUTPUT
13. BDRY
14. STRM
15. COMPAT

Subroutines INPUT, INTE, SLNPD, INTER and INLO are modifi-
cations of the subroutines INPUT, INTE, SLNPD, INTER, and
INLO published in reference 12.

Subroutine INPUT reads all the input data required,
such as the coordinates of the ends of the boundary segments,
the coordinates and strengths of the sources and sinks, the
boundary conditions, etc.

Subroutine MATRIX performs the integrations to de-
termine the values of Hb,L and Gb,L which make up the ele-
ments of the [H] and [G] matrices. It does this by calling
two other subroutines, INTE and INLO. Subroutine INTE cal-
culates the values ﬁb,L and én,L (that 1is, Hb,L and Gb,L
when L # b), while subroutine INLO calculates Hb,b and Gb,b'
ﬁb,L and éb,L form the off-diagonal elements of the [H] and

[G] matrices while H and G form the diagonal elements.
b,b b,b
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Both subroutines are modified from reference 12. Subroutine
MATRIX also calls the subroutine SOURCE to calculate the con-
tributions ofhthe sources and sinks, and rearranges the [H]
and [G] matrices according to the prescribed boundary condi-
tions such that all the elements of [H] and [G] corresponding
to unknown boundary conditions are put in the matrix [G].
Finally, it calculates the [Hé], [G*], [H;] and [G;] matrices
required to calculate the velocities in the x and y direc-
tions at interior points.

Subroutine ASEMBL is called for a piecewise homo-
geneous reservoir having two regions. It arranges the new
[G] matrices for both regions (obtained from routine MATRIX)
into a single matrix [A]. The arrangement is such that
continuity and compatibility conditions at the common in-
terface between the two regions are accounted for.

Subroutine SLNPD solves the resulting [A] matrix
in double precision using a Gaussian elimination procedure
that allows for row interchange in case of zero pivot ele-
ments. After solution, subroutine SPLIT divides the solu-
tion vector into the two vectors representing the boundary
potentials and gradients for each region.

Subroutine INTER uses these vectors to determine
the potentiai at internal points. It calls both subroutine
INTE and subroutine INLO to supply the [H] and [G] matrices
needed.

Subroutine OUTPUT is called to give a printed out-

put of the calculated values.
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Subroutine BDRY plots the boundaries of the reser-
voir system.

Subroutine STRM generates the streamlines and plots
them. It also calculates the lengths and widths of the
streamtubes. It calls the following subroutines: (a) sub-
routine LOWVEL to calculate the veloctiy near the lowest
producer; (b) subroutine INTE and subroutine INLO. The
steps of operations used by subroutine STRM can be summa-
rized as follows:

a. Define a capture radius (say 20 times the wellbore
radius) and calculate the velocity at this radius for the
lowest producer.

b. For each injector, calculate the number of stream-
lines emanating from it. The starting points for each
streamline are spaced evenly on the wellbore radius.

c. Calculate the velocity vectors and the next posi-
tion. Check to see if the new position is less than a half
element length away from any boundary. If the boundary is
not an interface, stop the streamline. If it is an inter-
face, calculate the point where the streamline is assumed
to cross the interface. This point is obtained as the
point of intersection of the normal from the last stream-
line point to the nearest boundary segment. If the point
is not near any boundary, the length and width of the stream-
line at this point are calculated.  The point is plotted
and the next position calculated and step (c) repeated for

all streamlines and all wells.
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Subroutine COMPAT continues the generation of the
streamlines after they cross into adjacent regions. The
procedure followed by subroutine COMPAT is similar to that
of subroutine STRM except that the starting point is on the
interface boundary. The next streamline position away from
the interface boundary was calculated using the procedure
outlined in Section VIII.4.

In what follows, a listing of the flow charts for

all the important subroutines is given.
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FLOW CHART FOR MAIN PROGRAM OF ELEMENT

METHOD OF STREAMLINE SIMULATION

(v

Y

INITIALIZE PARAMETERS,
ARRAYS, AND COUNTERS

SET SCALING AND CONVERSION FACTORS

SET NUMBER OF REGIONS (NTR)

SET THE REGION COUNTER (COUNT)

COUNT = 1.0

|

4

1

{ READ ALL THE INPUT DATA
PERTAINING TO
REGION (COUNT)

CONVERT TO SI UNITS

INCREMENT REGION
COUNTER

COUNT = COUNT + 1.0| |cALCULATE THE ELEMENTS

OF THE H AND G MATRICES
AND ARRANGE ALL UNKNOWNS
IN G. THE RHS IN DFI

SUBROUTINE
INPUT
SUBROUTINE
CONVRS
SUBROUTINE
MATRIX
R N A

80

<

SUBROUTINE
INTE

SUBROUTINE
SOURCE

)

SUBROUTINE
INLOW
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REGION
COUNTER

FORM THE SYSTEM
[A]X = B

COMBINE THE H AND G
MATRICES OF THE TWO
REGIONS TO FORM THE
SYSTEM [A]X = B

[ . ]

SUBROUTINE
SLNPD

SUBROUTINE
ASEMBL

SOLVE THE SYSTEM
[A]X = B

NO

NO. OF REGIONS

SPLIT THE SOLUTION VECTOR
INTO ITS COMPONENT REGIONAL |
VALUES

SUBROUTINE
SPLIT
SUBROUTINE
“\  INTE
CALCULATE THE POTENTIAL -
AND THE POTENTIAL GRADIENT ‘UgﬁggglNE —{(SUBigggINE:>
AT INTERNAL POINTS

SUBROUTINE
SOURCE




LIST ALL INPUT DATA, THE
POTENTIALS AND DERIVATIVES
ON ALL BOUNDARY ELEMENTS,
POTENTIALS AND DERIVATIVES

SUBROUTINE
OUTPUT
AT INTERNAL POINTS

PLOT THE EXTERNAL BCUNDARIES SUBROUTINE
OF THE PROBLEM DOMAIN BDRY

STREAMLINES AND STREAM- |
TUBES FOR EACH REGION
IF THERE ARE TWO

CALCULATE AND PLOT THE
SUBROUTINE
STRM

ARE
THERE TWO
REGIONS

NO
- STOP

CALL SUBROUTINE COMPAT TWICE
(ONCE FOR EACH REGION) TO
CONTINUE CALCULATING THE
STREAMLINES AND STREAMTUBES
THAT HAVE CROSSED INTO AD~-
JACENT REGIONS

INLO

< STé;j)
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SUBROUTINE
LOWVEL

SUBROUTINE
INTE

SUBROUTINE
INLO

SUBROUTINE
INTE

SUBROUTINE

SUBROUTINE
SOURCE

SUBROUTINE
SOURCE




FLOW CHART FOR SUBROUTINE INPUT

‘START)

READ INITIAL VALUES
AND CONSTANTS

READ ROCK
PROPERTIES

READ THE COORDINATES OF THE
END POINTS OF THE
BOUNDARY ELEMENTS

3

READ THE BOUNDARY
CONDITION AT
EACH ELEMENT

Y

READ THE COORDINATES
AND STRENGTHS OF THE
SOURCES AND SINKS

"

‘ STOP >
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FLOW CHART FOR SUBROUTINE MATRIX

'START'

R

FOR EACH

COMPUTE MID-POINT COORDINATES

ELEMENT

y

COMPUTE THE [H] AND [G] MATRICES

PRINT THE [H] AND [G] MATRICES

ARRANGE THE [H] AND [G]

UNKNOWNS ARE IN [G] AND

MATRICES SUCH THAT ALL
ALL KNOWNS ARE IN [H]

PRINT THE REARRANGED [H] AND [G] MATRICES .

COMPUTE THE EFFECTS
SINKS INTO THE

OF THE SOURCES AND
VECTOR {SUM}

Y

USE THE MATRIX [H] AND THE VECTOR {SUM} TO FORM

THE R.H.S. VECTOR {DFI}.

THE MATRIX OF UNKNOWNS

TO BE SOLVED FOR IS NOW IN [G]

N

‘ STOP ’
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FLOW

CHART FOR SUBROUTINE ASEMBL

< START)

ASSEMBLE [G] OF FIRST REGION
INTO [A]. ASSEMBLE {DFI} OF
PIRST REGION INTO {B}

Y

ASSEMBLE [G] OF SECOND REGION
INTO [A] AND {DFI} OF SECOND
REGION INTO {B} IN SUCH A WAY
AS TO SATISFY THE CONTINUITY
AND COMPATIBILITY CONDITIONS

PRINT THE ASSEMBLED
MATRIX [A] AND RHS {B}

p

‘ STOP ’

135
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FLOW CHART FOR SUBROUTINE STRM

‘START’

CALCULATE THE VELOCITY NEAR
THE LOWEST PRODUCING WELL

SUBROUTINE
LOWVEL

CALCULATE THE STARTING POSITIONS OF THE
STREAMLINES NEAR THE INJECTION WELLS

J =1, NO. OF ELEMENTS

¢

CALCULATE THE DISTANCES FROM THE
POINT TO THE MID-POINTS OF THE
ELEMENTS (DISMID(J))

Y

CALCULATE THE LENGTH OF SUBROUTINE
THE ELEMENTS (ELMNT(J)) INTE

POSITION
NEAR A
BOUNDARY




h §

CALCULATE THE
POTENTIAL,
VELOCITY AND
THE NEW POSI-
TIONS OF STREAM
PARTICLE

SUBROUTINE
INTE

SUBROUTINE
SOURCE

POSITION
NEAR A
PRODUCER

YES

¥

IDENTIFY THE
PRODUCER

PLOT POSITION.
CALCULATE LENGTH
AND WIDTH OF
STREAMTUBE AT
POSITION.

COUNTER > 100

CONTINUE
STREAMLINE

187

FIRST
POSITION ON
THE STREAM-

LINE?

WELL TOO CLOSE
TO BOUNDARY.
START NEW WELL

START NEW WELL

YES
S
YES

YES

¥

START NEW STREAMLINE




NO

VERTICAL
NTERFACE?

HORIZONTAL
INTERFACE?

Y

CALCULATE STREAMLINE
YES _ CUT-OFF POINT ON THE
INTERFACE

9

CALCULATE STREAM-
LINE CUT-OFF POINT
ON INTERFACE

CALCULATE STREAMLINE
CUT-OFF POINT ON THE
INTERFACE

CALCULATE THE LENGTH,
WIDTH OF STREAMTUBE.
PLOT POSITION.

<

STORE THE LOCATION, INJECTOR,
NUMBER OF STREAMLINES, BOUND-
ARY CONDITION, ANGLE OF ELE-
MENT, FOR USE IN CONTINUING
THE STREAMLINE IN ADJACENT
REGION.

r

EVALUATE FOR ALL
STREAMLINES IN
AN INJECTOR

188



EVALUATE FOR ALL WELLS
IN THE REGION

OUTPUT FOR ALL PRODUCERS,
THE NUMBER OF STREAMLINES
TERMINATING THERE, THEIR
LENGTHS AND WIDTHS.

{ STOP )

189



FLOW CHART FOR SUBROUTINE COMPAT

‘ START )

Y

190

INITIALIZE ARRAYS, PARAMETERS, ETC.

Y

CALCULATE THE VELOCITY NEAR
THE LOWEST PRODUCER

"INCREMENT STREAMLINE COUNTER

SUBROUTINE
LOWVEL

CALCULATE THE VELOCITY NORMAL
TO THE INTERFACE BOUNDARY.
RESOLVE TO OBTAIN v AND vy

4

CALCULATE A NEW POSITION FOR
THE STREAM PARTICLE AND ITS
DISTANCE FROM THE NEAREST
NODE BDIST

BDIST > LENGTH

OF ELEMENT?

INCREMENT TIME

YES @
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START NEW STREAMLINE

SUBROUTINE

COMPUTE VELOCITIES Vi AND
INTE

(:E:) vy, AND DIMENSIONS OF THE

STREAMTUBE

SUBROUTINE
SOURCE

POSITION
YES NEAR A
PRODUCER
IDENTIFY THE PLOT POSITION
PRODUCER
LAST
START NEW NO J,//////
STREAMLINE | STREAMLINE
2

PRINT FOR ALL PRODUCERS,
THE LENGTHS AND AVERAGE

WIDTHS OF STREAMTUBES
THAT TERMINATE IN THEM

STOP
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APPENDIX F

COMPUTER PROGRAM FOR STEAMFLOOD
RECOVERY CALCULATION

The steamflood recovery program requires as part
of its input data, the dimensions of the streamtubes which
are obtained from the output of the streamline/streamtube
program. Briefly, it performs the following operations:

1. Reads the input data under the following format:

a. initial and fixed values

b. fluid properties

c. properties of the cap and base rock

d. reservoir rock properties

e. initial and residual fluid saturations

f. streamtube dimensions from streamline program

2. Calculates the sweep out time for each of the per-
meability zones in the streamtube.

3. Calculates the recovery from each streamtube, well,
and field for any time period. It prints out the results
and plots them.

A listing of the flow chart follows.

193
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FLOW CHART FOR STEAMFLOOD RECOVERY CALCULATION

‘ START >

4

DEFINE ALL STATEMENT FUNCTIONS
AND SUBROUTINE FUNCTIONS TO BE
USED IN CALCULATIONS

J

READ AND WRITE ALL
INITIAL DATA AND
FIXED VALUES

_—

FLUID PROPERTIES

/

Y

READ AND WRITE THE
PROPERTIES OF THE
CAP AND BASE ROCK

READ AND WRITE THE//

PROPERTIES OF THE
RESERVOIR ROCK

/ /

READ AND WRITE THE//

Y

READ THE STREAMTUBE
DATA FROM THE
STREAMTUBE PROGRAM

®
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INITIALIZE ALL ARRAYS,
COUNTERS, ETC.

L

CALCULATE THE DIMENSIONLESS
VARIABLES AND CONSTANTS

R

FOR EACH STREAMIUBE, CALCULATE THE
BREAKTHROUGH TIMES FOR THE FIRST
(AND SECOND REGION, IF ANY) AND
ARRAY ENDTM1 AND ENDTM2 RESPECTIVELY

o

INCREMENT TIME t = t + At

NO

CALCULATE ADDITIONAL RE-
COVERY AND ADD TO TOTAL

NO

4

STEAM BREAKTHROUGH IN
A STREAMTUBE WITH ONLY
ONE REGION. NO ADDI-
TIONAL RECOVERY
CALCULATED




STEAMFRONT IS ADVANCING
WITHIN THE SECOND REGION

OF A 2-REGION STREAMTUBE.

CALCULATE ADDITIONAL RE-
COVERY AND ADD TO TOTAL.

THERE IS STEAM BREAK-
THROUGH IN THE SECOND
REGION OF A 2-REGION
STREAMTUBE. NO ADDI-
TIONAL RECOVERY.

l

@

START NEW STREAMLINE

LAST STREAM-
LINE?

START NEW WELL.
START NEW

LAST WELL?

STREAMLINE lYES
NO LAST TIME?
START NEW TIME
START NEW WELL
START NEW
STREAMLINE YES
PRINT AND PLOT THE

COMPUTED RECOVERY
VERSUS TIME

196



APPENDIX G

RESULTS OF STREAMLINE MODELLING OF SHIELLS CANYON
FIELD AS A SINGLE HOMOGENEOUS RESERVOIR



NUMBER
NUMBER
NUMBER
NUMBER
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BOUNDARY ELEMENT MCDELLING CF SHIELLS CANYON{203) FIELD
ANALYSIS AS A SINGLE KOMOGENECUS RESERVOIR
SEALED OUTER BOUNDARY

BY: De Te NUMBEREs UNIVERSITY OF OKLAKCMA, JANes» 1982

REGICN 1.0

DATA
OF BOUNDARY ELEMENTS= 60
OF INTERNAL POINTS WHERE THE FUNCTION IS CALCULATED= O
OF SOURCES AND SINKS= 13
OF INTERFACE NODES= 0
PERMEABILITY(MD)= 140.0000
THICKNESS(FT )= 160.0000

PORCSITY= 02050

SCALE: 1 INCH = 738.46FEET
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THE COORDINATES OF THE EXTREME POINTS OF THE BOUNDARY ELEMENTS

POINT X{ INCH) Y(INCH)
1 01000 041500
2 0.2500 02000
3 04000 0.2500
4 045500 0.2800
3 0.6500 0.3000
6 07000 0+ 3250
7 07500 0.3300
8 08000 043400
9 0 +8500 0. 3500

10 049000 044000
ii 1.0000 04500
12 1.1000 0+ 5250
13 1..2500 06000
14 1.4000 0«6500
15 15500 0. 6800
16 1 .6500 046900
17 1.7000 Oe 7000
18 1.,7500 047100
19 1.8000 047200
20 1.8500 0« 7250
21 149000 07300
22 1.9500 07350
23 241000 0s 7450
24 242500 07500
25 244000 0.7500
26 26000 0e7400
27 27500 047300
28 249000 047250
29 361600 10000
30 340600 1.2500
31 29500 15500
32 247500 16500
33 2 4000 1.8200
34 22500 18000
35 201000 17500
36 20500 147450
37 240000 1.7250
38 1,9500 17100
39 18500 1.6900
40 147500 16500
41 146500 16100
42 1 45000 1.5500

43 1.3500 14800
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44 1 «2500 14400
45 12000 14000
46 1¢1500 1.380¢0
47 10500 13250
48 09500 162600
49 09000 12500
50 0 «8500 12000
51 0 8000 11700
52 067500 11500
53 0 +6500 1. 0800
54 0 5500 10200
59 05000 009900
56 0 4500 06 5500
57 044000 09200
_______ S8 T T T T T T T TTTTT0L3000 T T T T T T T T T T To.8500 T T T
59 01000 0e 7300

60 01000 045000



BOUNDARY CONDIT IONS

CODE
1

G S puk s P Gt s P pus e Pt fus G Pod et pus Db et s B D et Dt P s Pt el pes P Pl pd e P o s et pat et P s b

PRESCRIBED VALUE
0.0
0.0
0.0
0.0
0.0
0.0
0e0
00
0.0
0,0
040
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
040
Oe0
Ce 0
040
0.0
Oe0
0«0
060
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
060
060
0.0
00
060
00

201
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44 1 060
45 1 00
46 1 060
47 1 Ce0
48 1 0.0
49 1 Oe 0
S50 1 00
51 1 00
g2 1 0.0
53 1 040
54 1 060
85 1 0.0
56 1 0.0
57 1 060
58 1 0.0
59 1 ¢ Y
60 1 060

COOURDINATES OF SUOURCES AND S INKS AND THEIR STRENGTHS

X{INCH) Y{INCH) RATE(BBL/D)
04500 0.5500 ~69.1000
0.5000 08000 -69.,1000
07500 0.4000 -69 41000
09000 1.1500 -691000
1.0000 0.8000 560, C000
1.2500 1.,2000 ~-69 41000
13500 1.0000 -6941000
1.9000 09500 20040000
1.8000 13500 <69 ¢ 1000
20500 15500 ~6961000
241500 1.22500 ~69.,1000
23500 105090 —6941000
25750 1.3000 -69.1000

THE AVERAGE RADIUS OF THE WELLS({INCH) IS= 0500
THE CHARACTERISTIC PRESSURE(PSI) 1IS= 8560000



X{INCH)

061750E400
0e 32S0E+ 00
0+4750E+400
0s 6000E+00
Qe 67S0E+00
0.7250E+00
0e 7750E+ 00
O« 8B250E+ 00
0+8750E400
0e 9S00E+00
041050E+01
0e1175£401
0a 1325E+01
0+ 1475E+401
O0¢1600E+01
Oe 1675E+01
0el172SE+01
0e 177SE+01
0s1825E+01
Ce1B75E+01
0e 1925E+401
0.2025€E+401
0.2175E+01
0, 23256+ 01
042500£+401
0+2675E+01
Oe 2825E+01
0+3030E+01
043110E+01
0¢3005E+01
0+2850E+401
0e25752+01
0e2325E+01
0e21 75E+01
0e2075E+01
002025E£+401
De1975E401
0e¢ 1900E+01
0« 1800E+02
0« 1T700E+01
04 1575E+01
0e1425E+01
0¢1300E+01
0e1225E+01
0e1175E+01
0+1100E+01
001000E+01
e 9250E+00
0« B7SOE+ 00
0+8250E+400
0e 7750E+ 00
0e7000E+00
046000E+00
0¢ S250E+00
0e4750E+00
044250E+00

RESULTS

BOUNDARY NODES

Y{INCH)

0.1750E400
0+2250€E4+00
04 2650E+400
0+2900E+00
0+312SE+00
0e327SE+00
0433S0E+400
0434S0E+00
0+3750E+00
044250E+00
0.4875E+400
0.5625E4C0
0. 6250E+400
0.6650E+400
0+6850E+400
0+ 6950E+00
0470S0E+00
0.7150E400
0+7225E400
0e7275E+400
0.7325E+00
0.7400E4+00
0«7475E+400
0.7500E+00
0«7450E+00
0+7350E400
0.7275E+400
0.8625E400
0+1125E+01}
0+1400E+01
0.1600E+01
041735E401
0. 1810E+01
0«177SE+Q)
0e1747E+01
041735SE+01
01717E+401}
0+.1700E+01
041670E+401
0.1630E+01
0e 1580E+01
0e1515E4012
0« 1460E+02
0+ 1420E£+401
0¢1390E+01
0+ 13S2E+401
Ce1292E+01
0e1255E+01
0+1225E+01
0«1185E+01
0«1160E+401
0.1115E+01
0+1050E+01
0+1005E+401
0«97 00E+00
0+.9350E+00

PRESSURE(PSI)

Oe¢ BAGIE+02
0.8510E+02
O BS24E+02
0+8547E+02
0.8556E+02
0¢ BS6SE+02
0:8588E402
0+8643E+402
O+ BESTE®+ 02
0.8830E+02
0e 8540E+02
0.8961E402
048772E+02
0e 8565E+02
0+ B446E+02
O« 83398E+02
O« B270E+ 02
0« 8244E+02
0 8315E+02
0. 8283E+02
0+8243E402
0. 8129E+02
0e7S40E402
0«7791E402
O« 7689E+ 02
0e7642E402
00 7623E+02
0. 7619E+02
0+7601E¢+02
0. 7582E+02
0« 7S79E+02
0«7598E+02
0. 7614E+02
0.7E3TE+02
047668E402
0s TETIE+ 02
0e7699E4+02
0e7748E+02
Oe¢ TE16E+ 02
0+7900E+02
0« BO13E+02
0. 8143E+402
0+8246E+402
D« 8296E+ 02
0.8350E+02
0.8418E+02
0+ 8510E+ 02
0+ B565E+02
0.8572E+02
0o BE26E+ 02
Qe 867TE+02
Oe 8714E+02
0« 8E€SSE+02
0.8648E+02
0e 8610E+02
0+ 8569E+02

203

NORMAL GRADIENT

00
00
0.0
060
0.0
00 ~
0.0
0.0
0e0
040
0.0
0.0
040
040
0,0
040
0.0
0«0
040
0s0
0.0
00
0.0
00
0.0
De 0
040
0.0
0.0
040
0.0
040
De0
0e0
040
0e0
0.0
040
0.0
0.0
00
060
0«0
00
0.0
0.0
0.0
0¢0
00
0.0
0.0
00
0.0
0.0
0e0
0.0



03500E+00
02000E400
0. 1 000E+00
0+.1000E+00

0.8850E+00
0«7900E+00
0.6150E+0C
0.3250E+00

0+ 4501E+02
06 4476E+ 02
0+4469E+02
0e 4464E+02

204

0.0
0.0
o.o
0.0

XXX XEE SRR ER SRR AR R LR R RN IR RS X BE X R EE R AR FEE R R KX KX SR RN XX SR XL XX RS KR K E X S R EK X E X
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PRODUCER NUMBER 1

NUMBER OF STREAML INES= 3

STREAML INE NUMBER TOTAL LENGTH AVERAGE WICTH INJe RATE
: 0¢53B81E+03 0+4518E+02 0.2800E+02
2 04250E+403 0.2375£+02 02800E402
3 0 .6881E+03 0«7951E+402 0.2B00E+02

PRODUCER NUMBER 2

NUMBER OF STREAMLINES= 2

STREAMLINE NUMEBER TOTAL LENGTH AVERAGE WIDTH INJe RATE
1 0e4414E403 0 +2776E+02 0.2800E+02
2 0+3447E+03 0.1918E+02 0«.2800E+02

PRODBUCER NUMBER 3

NUMBER OF STREAMLINES= 2

STREAML INE NUMBER TOTAL LENGTH AVERAGE WIDTH INJo RATE

1 0¢3348E+03 0+.1806E+402 0.2800E+02
Q«384BE+03 042176E+02 0.2800E+02



PRODUCER NUMBER 4

NUMBER OF STREAMLINES= 2
STREAMLINE NUMBER TOTAL LENGTH

1 0«2697E+03
2 0e2697E+03

PRODUCER NUMBER 6

NUMBER OF STREAMLINES= 2
STREAMLINE NUMBER TOTAL LENGTH

1 0 43598E+03
0+ 338B1E+03

PRODUCER NUMBER 7

NUMBER OF STREAML INES= 2
STREAML INE NUMBER TOTAL LENGTH

1 062947E+03
2 0.2881E+403

AVERAGE WIDTH

0.1351E+02
0.1488E+02

AVERAGE WIDTH

0+1589E+02
O0¢1426E+02

AVERAGE WIDTH

041269E+02
0.1196E+02
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INJe RATE

0.2800E+02
02800E+02

INJe RATE

0.2800E+02
0.2800E+02

INJe RATE

0.2800E+02
0.2800z+02



PRCDUCER NUMBER 9

NUMBER OF STREAMLINES=

STREAMLINE NUMBER TOTAL LENGTH

1 08098E+03

2 0«7598E+03

PRODUCER NUMBER 10

NUMBER OF STREAMLINES=

STREAMLINE NUMBER

1 0¢1120E+04
2 0e 9500E +03
3 0.5881E+403
4 06 S697E+03
5 0.5980E+03

PRODUCER NUMBER 11

NUMBER OF STREAMLINES=

STREAML INE NUMBER TOTAL LENGTH

0:s 2864 +03
0«2914E 403
0 3783E+03
0.28B81E+03

P WUN -

TOTAL LENGTH AVERAGE

AVERAGE WIDTH

0.2941E+C2

0 +2863E402

03876E+02
063434E+402
0e1S61E+C2
0.1231E402
0e¢1378E+02

AVERAGE WIDTH

0.6268BE+401
06742E+01
0.8902E+01
0e645S9E+ 01

WICTH

207

INJe RATE

0.2800z+02
0«2800E+02

INJe RATE

02800E+02
0.2800E+02
0e¢1000E+02
0.1000E+02
0«1000E+02

INJe RATE

0.1000E+02
0.1000E+02
0.1000E+02
0«1000E+02



PRODUCER NUMBER 12

NUMBER OF STREAMLINES=

STREAML INE NUMBER

& U -

0¢4631E+03
0¢3697E+403
03316E+03
003348E+03
0+4033E+403

PRODUCER NUMBER i3

NUMBER OF STREAMLINES=

STREAMLINE NUMBER

300 S O O VI g

O0«7164E+03
049033E+03
0¢7131E+03
0+5381E+403
0.6066E+03

5

TOTAL LENGTH

5

TOTAL LENGTH

AVERAGE WIDTH

0.1018E+02
0+8221E+01
047526E+01
0«7388E+4+01
0+1092E+02

AVERAGE WIDTH

0e2242E+0C2
03443E+02
0e1976E+02
0+1560E+402
02223E402
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INJe RATE

061000E+02
0.1000E+02
0.1000E+02
0.1000E+02
0.1000E+02

INJe RATE

Ce1000E+02
0.1000E+02
01000E+02
0.1000E+02
0.1000E+02



APPENDIX H

RESULTS OF STEAMFLOOD PREDICTION OF SHIELLS
CANYON FIELD AS A HOMOGENEOUS RESERVOIR
WITH SEALED OUTER BOUNDARY



APPENDIX H

STEAMFLCOCD PREDICTIGN OF SERIELLS CANYCHN(203) FIELD

METHOD: STREAMLINE/STREAMTUEE METHOD USING {BEM)TECHNIQUE

ANALYSIS AS A SINGLE HOMOGENCUS RESERVOIR

SB8OUNDARY CONDITIGN: SEALED CUTER BGUNDARY

PRODUCT ICN RATES: EQUAL RATES ASSIGNED Tu ALL

PRODUCERS IN ENTIRE REGICN

BY: De Te NUMBEREs UNIVERS ITY GOF OKLAHOMA, 1582

DATA

TOTAL NUMBER OF PRCDUCERS= 11

STEAM TEMPERATURE (DEGe Fi= 43040000
STEAM QUALITY= 07000
CONVERGENCE LIMIT= 0.0010
RESERVUIR THICKNESS (FT)= 1600000
STEAM PRESSURE (PSI)= 344 .C000
INITIAL RESERVOIR TEMPERATURE(DEG F)= 1050000

FLUID FROPERTIES

WATER OIL
DENSITY(LB/CU FT) AT STDe. TEMPo 62 «4000 S50000
DENSITY(LB/CU FT) AT STEAM TEMP. 5243800 487000
SPECIFIC HEAT(BTU/LB *F) 10000 0.4880

LATENT HEAT(BTU/LB)

PROPERTIES OF THE CAP AND BASE ROCK

210

DENSITY(LB/CUe FT) 146.0000
SPECIFIC HEAT(BTU/LB-%F) 02130
THERMe COND# (BTU/HR-FT-%*F) 11000

STFAM

De7431
10000
789.51CC
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RESERVCIP ROCK PROPERTIES

REGION 1 REGION 2
POROSITY 02050 01800
DENe(LB/7CU FT) 165.00C0 1650000
SPEC. HEAT(BTU/LB*F) 0.2000 0e2000
PERMEABILITY(MD) 140.0000 70,0000

INITIAL FLUID SATURATIONS

REGION 1 REGIGN 2

WATER 05500 05500
oIL 04500 04500
STEAM 0.0 0.0

AVERAGE RESIDUAL SATURATIUNS BEHIND THE FRONT

i — 0 > s s e - W -~ -— -—— - -

REGION 1 REGICN 2

T s ——————— ——— — ————— —

WATER 05800 05800
OiL 001800 01800
STEAM 02400 0.2400



wELL NO.

VEC OO NN R PEULUWNDNP -

INPUT DATA FROM STREAMLINE PROGRANM

S/7L NQe.

N EWN O L WN WK =D 0N 0 = NN =N e N N =GN

CODE

ot e o gt pus St e s b fus P e et s s el P g fa et et et D P S et s P gk e pd e el e

REGICN 1

LENGTH WIDTH

538410
425400
6886410
4414+40
344470
334 .80
384 .80
26G¢ 70
26970
359.80
338.10
294,70
288.10
809.80
759.80
112.00
950,00
588.10
569,70
598400
266440
291 .40
378430
288410
463.10
36970
33160
334480
403,30
71640
90330
71310
538.10
606 460

45.18
2375
79451
27«76
19.18
1806
21476
13.51
14.88
15.89
14.26
12+6%
1196
29641
2863
38476
34434
15.61
1231
13.78

627

GCe74

890

6Ge46
10.18

8622

Te53

736
1092
22442
34043
19476
15660
22623

RATE

28400
28400
28.00
28400
28.00
28600
28,00
28000
28600
28600
28400
2800
28.00
28,00
28400
284,00
28400
1000
10,00
1000
10,00
1000
10,00
10.00
10.00
1000
1000
1000
10.00
1C.00
1000
10,00
1000
1000

LENGT

0.0
0.0
0.0
Oe0
0«0
040
0.0
00
Oe0
0e0
0.0
0.0
00
O0e0
O0e0
00
00
Ce0
Q0.0
Oe0
0.0
Qe0
0e0
00
0.0
Oe0
0.0
0«0
0.0
Qe
Oe0
0e0
Oe0
0«0
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REGION 2

H WIDTH

Ne 0
0.0
0.0
0.0
0.0
0«0

0.0

0.0
0.0
0.0

RATE

L]

OO0 D0DO0DOO0OO0DODOOO0COODLOLOO0DOOCO0ODOODOODOODO0OO OO
o o
OO0 OO0 O0ODODODOVOODOO0ODVOO0OCDOODOO0DODOO0OODO0OOOLOOCOO
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CALCULATED BREAKTHROUGH TIMES({HOURS) FOR EACH STREAMTUBE

PRCDe NOo STREAMLINE NO. CCDE ENDTIME(1) ENDTIME(2)
1 1 1 15868,5625 0.0
1 e 1 61446992 0«0
1 3 1 36442.2148 0.0
2 1 1 7555.3711 Oe0
2 2 1 392947900 0«0
3 1 1 357842664 0«0
3 2 1 504046680 0.0
4 1 1 211043652 0«0
4 2 1 23329001 0.0
S 1 1 33743901 00
5 2 1 28239495 0eC
6 1 1 216341919 0.0
€ 2 1 1991.6033 0.0
7 1 i i5514.1211 040
7 2 1 140482070 0.0
8 1 1 2531 45093 Ce0
8 2 1 219711758 0.0
8 3 1 1687148437 O0e 0
8 4 1 12564.0469 0«0
8 S 1 1498440547 00
9 1 1 2734 .8716 0.0
9 2 1 324048657 0.0
9 3 1 571641836 0.0
9 4 1 30€22073 0.0

10 1 1 818242500 00
10 2 1 5127.8672 0.0
10 3 1 4165.2852 00
10 4 1 412645156 0.0
10 S 1 760649062 00
11 1 i 3152746133 00
11 2 1 6792846875 0.0
11 3 1 271885703 0.0
11 4 1 152911250 Oe0
11 5 1 2587601133 00
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REAL TIME(HCURS)= 6000.,0000

DIMENSJUNLESS TIME= 040325
WELL STR/L NO. OF REGIONS RECOVERY WELL TOTAL RESERVOIR TCTAL
1 1 1 0.1557E405
1 2 1 01557E405
1 3 1 0+1557E+405
0+4670E+05
2 i 1 0¢1557E+05
2 2 1 0+1043E+05
Ce25S9E+05
3 1 1 0+S537E+04
3 1 0«1321E+405
0+2274E+05
4 1 1 0+5747E404
4 2 1 0+6330E+04
0+1208E+05
5 1 1 0.9017E+04
5 2 1 0.7604E+04
Oe1662E+05
6 1 1 0 «5398E+04
6 2 1 0+5435E+404
Oe1133E+0S
7 1 1 0 +1557E+05
7 2 1 0+1557E+405
0e¢3113E+405
3 1 1 0 .6847E+04
8 2 1 0.1557E+05
8 3 1 0.5560C+04
8 4 1 0 +5560E+04
8 5 1 0 +5560E+04
0.3909E+05
9 1 1 0 «2634E+04
9 2 1 0+3099E+04
y 3 1 0+S311E+404
9 4 1 0 ¢2935E+04
0.1398E+05
10 | 1 0 «5560E+04
10 2 1 0 «4794E+04
10 3 1 0 +3936E+04
10 4 1 0+.3901E+04
10 5 1 0 +S560E+04
0.23 75E+05
11 1 1 0 +S560E+04
11 2 1 0.5560C+04
il 3 1 0 +S560E+04
11 4 1 0 +5560E+04
11 5 1 0+5560E+04
0.2780E+05

0.2712E+406
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REAL TIME(HCURS)= 120000000

DIMENSIONLESS TIME= 040650
WELL STR/L NOe. OF REGIONS RECUVERY WELL TOTAL RESERVOIR TOTAL
1 1 1 0 «2969E+405
1 2 1 0¢1592E+4+05
1 3 1 02969C+05
075 30E+0S
2 1 1 01933E+405
] 2 1 0.1043E+05
0«29 7SE+05
3 1 1 09537E+04
3 2 1 0e1321E405
0e2274E4 05
4 1 1 05747E+04
4% 2 1 0E330E+04
0e12C8E+0S
S 1 1 09017E404
S 2 1 07604E+04
0+16€ZE+05
& 1 1 0«5898E+04
s} 2 1 0«E435E+04
Oel133E+05
7 1 1 02969E+405
7 2 1 02969E+0S
0059 28E+0S5
8 1 1 0«6847E+04
8 -l 1 0 «2969E+405
8 3 1 01060E+05S
8 4 1 01060E+405
8 S 1 0¢1060E+05
0.6B3EE+405
9 1 1 02634E+04
9 2 1 03099E+04
9 3 1 05311E+04
Y 4 1 02935E+04
0e13GEE+0YH
10 1 1 0¢7436E+04
10 2 1 0¢4794E+04
i0 3 1 03936E+04
10 4 1 03501E+04
10 S 1 06940E+04
0270 1E+05
11 1 1 0«1060E+405
11 2 1 0+«1060E+405
11 3 1 0«1060C+05
11 4 1 0.1060E+05
11 5] 1 0¢1060E+405

0+5302E+05
0.3896L+06
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REAL TIME(HCURS)= 18000.000¢C

DIMENSIONLESS TIME= C«0978
¥ELL STR/L NOe UF REGIONS RECOVERY WELL TOTAL RESERVOIR TOTAL
1 1 1 043834E405
1 2 1 0 «1592E+05
3 1 0+4299E40S
0e9726E+05
2 1 1 0¢1933Z+05
2 2 1 0¢1043E405
06297EE+05
3 1 1 0«9537E+404
3 2 1 0«1321E+05
0422 74E+ 05
4 1 1 0 «5747E404
4 2 0633 0E+04
0120EE+05
] 1 1 09017404
S 2 1 0e7004E+04
Oe16€2E+05
) 1 1 0 +«5898E+04
€ 2 1 0«5435E+04
0e1123E+05
7 i 1 0 «3756E+05
7 2 1 03431E+405
0.7187E+05
8 i 1 0 «6847E+04
8 2 1 04299E+405
8 3 1 01448E+05
8 4 1 0«1106E+405
8 S 1 0¢1300E+05
0«883EE+05
9 1 1 0 «2634E+04
9 2 1 03099E+04
G 3 1 05311E404
3 4 1 02935E404
0+13GEE+05
10 1 1 0«7436E404
10 2 1 0 +4794E+04
10 3 1 03636E+04
10 4 1 0¢3901E+04
10 S 1 069406E+04
0¢2701E+0S
11 1 1 0 «1535E+405
11 2 1 0+1535E+05
11 3 1 0.1535E+05
11 4 1 0 ¢1324E+05
11 =2 1 041538E+405
Oe T4GEE+ 05

0.4657E+4+06
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REAL TIME(HCURS)= 240000000

DIMENSIONLESS TIME= 01300
WELL STR/L NUe. OF REGIONS RECOVERY WELL TOTAL RESERVOIR TOTAL
1 1 1 0+3834E+405
1 2 1 0+1592E+405
1 3 1 0 «5569E+405
0¢10S9E+06
2 1 1 041933E+405
2 2 1 0¢1043E+05
0429 78E+0S
3 1 1 0e9537E 404
3 2 1 0+1321E+405
0e2274E+05
4 1 1 0+S747E+04
4 2 1 0 .6330E+04
0e1208E+0S
5] 1 1 0.S017E+04
S5 2 1 047604E 404
0«1662E+05S
5] 1 1 0.5898BE+04
& 2 1 0 «54335E+404
0«1133E+0S
7 1 1 03756405
7 2 03431C405
0+7187E+05
8 1 1 0.6847E+04
8 2 1 05145E+405
8 3 1 0¢1448E405
a8 4 1 0.11065405
3 5 1 0.1300E+05
0+9684E+05
9 1 1 0+2634E+04
9 2 1 0.3099E+404
9 3 1 0.5311E+04
9 4 1 0 «29535E+04
0+1398E+0%S
10 1 1 0e7436E+04
10 2 1 0¢4794E+04
10 3 1 0+3936E+04
10 4 1 0¢3901E+04
i0 5 1 069465404
02701E+05
11 1 1 0.1989E+05
i1 2 1 0.1989E+405
11 3 1 0+1989E+05
11 4 1 041324E+4+05
11 S 1 0+1989E+05S
0.9279E+05

0.5050E+0€
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REAL TIME(HCURS)= 30000.0000

DIMENS IONLESS TIME= 0e162E
WELL STR/L NUe GF REGIONS RECUVERY WELL TOTAL RESERVOIR TCTAL
1 1 1 0 +3834E+05
1 2 0+1592E+405
1 3 1 0 «6789E405
0e1222E+06
2 1 1 0.1933E+405
2 2 1 0.1043E405
0429 75E+05
3 1 1 0.9537E+04
3 2 1 0.1321E405
0e22 74E+05
4 1 1 0 +5747E+04
4 2 1 0+6330E+04
0.1208E+05
5 1 1 0.9017E+04
5 2 1 0+7604E+04
0+16E2E+0S
6 1 1 0 .589BE+04
& 2 1 0.5435E+04
0e1133E+05
7 1 1 0e3756E+05
7 2 1 0+3431C+405
0e7187E4+05
8 1 1 0684 7E+04
8 2 1 0+5145E+05
8 3 1 0.144B8E405
8 4 1 0.1106E+05
) 5 1 0.1300E405
0+9684E+05
9 1 1 0426345404
9 2 1 0 +3099E+04
9 3 1 0.5311E+04
S 4 1 0.293SE+04
0+13SEE+05
10 1 1 0+7436E+04
10 2 1 0.4794E+04
10 3 1 0 +3936E+04
10 4 1 0.3901E+04
10 5 1 0e6946E+04
0.2701E+05
11 1 1 0+2425E+05
11 2 1 0 +2425E+05
11 3 1 0.2222E405
11 4 1 0.1324E+405
11 5 1 0.2127E405

0+.10E2E+06
05296E+060



PREDICTED RECOVERY

TIME(DAYS)

6245000
125.0000
187 .5000
250.0000
312.50C0
37540000
43745000
500.0000
5625000
625.0000
687.5000
750:0000
812.5000
875 .0000
937.5000
1000.000¢C

1062 «5000
1125.0000
11875000
1250.,000¢

RECUOVERY(BBLS)

016S7E+05
0e3120E+05
0e4079C+05
0.4830E+05
0eS5458E4+05
0+59€7L+05
Da€456E+05
0.6938C+05
0e73S9E+05
0.78CBE+05
0+.8089E+0S
0482930 +05
084S0C+05
0.8685C+05
0.8858E+05
Qe 89G3E+05
09127C+05
0e39245E+05
069340E+0S
09422c+05
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APPENDIX I

RBSULTS OF STREAMLINE MODELLING OF SHIELLS
CANYON FIELD AS A HOMOGENEOUS RESERVOIR
HAVING A PART OF THE BOUNDARY AT
CONSTANT PRESSURE WHILE THE
REMAINDER IS SEALED
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BOUNDARY ELEMENT MODELL ING OF SHIELLS CANYON(203) FIELD
ANALYSIS AS A SINGLE HOMOGENEOQOUS RESERVOIR
PART OF THE BOUNDARY AT CONST ANT PRESSUREs. THE REMAINDER SEALED

BY: De Te NUMBERE, UN IVERSITY OF OKLAHOMA, JAN., 1982

REGION 1.0

DATA
NUMBER OF BOUNDARY ELEMENTS= 60
NUMBER OF INTERNAL POINTS WHERE THE FUNCTICON IS CALCULATED= 0
NUMBER OF SOURCES AND SINKS= 13
NUMBER OF INTERFACE NODEsS= O
PERMEABILITY{(MD)= 140.0000
THICKNESS(FT)= 1600000

POROSITY= 02050

SCALE: 1 INCH = 738e46FEET
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THE COORDINATES OF THE EXTREME POINTS OF THE EGUNDARY ELEMENTS

PCINT X(INCH} Y{( INCH)
1 01000 01500
2 025060 02000
3 04000 02500
4 05500 0e2800
5 0 6500 0e 3000
6 07000 03250
7 07500 0e 3300
8 048C00 06 3400
9 08500 03500

10 09000 004000
11 1.0000 064500
12 11000 05250
13 12500 06000
14 144000 06500
15 15500 06800
i6 16500 0¢ 6900
17 167000 047000
18 17500 067100
19 18000 067200
20 1 48500 047250
21 19000 07300
e2 18500 0« 7350
23 21000 07450

24 2¢2500 07500

25 2¢4000 Qe 7500

26 26000 07400

27 2¢7500 e 7300
28 29000 0e 7250
29 3 1600 10000
20 3.0600 12500
31 249500 15500
32 247500 16500
33 24000 18200
34 2 «2500 18000
35 21000 17500
36 240500 17450
37 2 0000 1. 7250
38 19500 147100
39 148500 16900
40 17500 16500
41 1.6500 16100
42 15000 15500

43 1 «3500 1.4800



12500
12000
11500
1.0500
09500
049000
08500
0.8000
07500
046500
05500
0 5000
Cv 4500
04000
0.3000
041000
01000

14400
14000
1.3800
13250
1.2600
12500
1.2000
11700
1.1500
1.0800
1.0200
09900
09500
0. 5200
TT 77 0.8500
0.7300
05000
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BOUNDARY CONDITIONS

CODE

Db pus Bt et ped Dt Pt pd PO s s Pt D Pad i P ed pus Pt o et P et (s M i s B ps hut RS Pt el DS b ps P i il P et ps e

PRESCRIBEL VALUE
Oe O
0.0
0.0
0.0
0.0
0.0
0«0
0.0
0.0
0.0
Oe0
0«0
0.0
Oe O
0.0
0«0
e O
0«0
0.0
Oe O
0.0
0.0
Qe 0
0.0
00
Oe O
00
0.0
0.0
CeO
Q00
Oe 0
0.0
0.0
Oe0
Ce0
0«0
0.0
0e0
0.0
Oe0
Oe0
0.0
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44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

a5~
60

O ot et e bt e e Db p v b g b R st s

0

00
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0«0

“0.8500000E+02
0.8500000E+02
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COCRDINATES OF SOURCES AND SINKS AND THEIR STRENGTHS

X{INCH)

04500
05000
0.7500
09000
1. 0000
1.2500
13500
1.9000
1.8000
20500
201500
243500
25750

THE AVERAGE RADIUS OF

Y(INCH)

05500
08000
044000
11500
0.,8000
12000
1.0000
0e9500
1.3500
1,5500
1.2500
1.0500
1+3000

RATE(BEL/D)

-6941000
-69¢1000
-69¢ 1000
-69+1000
56000000
-69.1000
-69 41000
2000000
-69. 1000
-6901000
-691000
-69¢ 1000
-69 41000

THE WELLS(INCH) IS=

THE CHARACTERISTIC PRESSURE(PSI) IS=

0500
85.0000



0*0
0°0
0*0
[+ R}
[ 3d:]
0°*0
[ Rd+]
0°0
0°0
0°0
o°o0
0°0
0°0
(3 +]
[« R+ ]
0°0
o*0
0°0
00
00
0°0
0*0
0°0
o*o0
00
0°90
0°o0
g0
0°0
[l ]
g*Q
0°0
0°0
0°0
o°o
[ 2]
0°0
0*0
00
[ 3d}
0*0
0°*0
[ 2]
0*0
0°0
0°0
0°0
o°o
Q°0
0°0
o°o
0*o0
0°*0
0°0
0°0
0°0

LNITQVYD TYWHON

977

20+43vESY°0
20+30L5¥°0
20431199 °0
20 +3659v°0
20+3L49v°0
20+31v9¥°0
20 +38085v°0
20+3SESY °0
20+43S2Sv°0
2O +3ELVY 0
20+318E¥ °0
20+3€TIEY°0
20 +3652v *0
20+3602v°0
20+43001I¥v*0
20 +39L5€ 0
20+43298€°0
20+3BLLE O
2043602 °0
20+3659E°0
20 +3¥E3E °0
20+4¢35822T*0
20+3665E°0
20 +36LSE 0
20+309S€°0
20+30vSE*O
20+3€vSE®0
20+3195€°0
20+3145€E°0
20+3v8S£°0
Z20+3€092°0
20 +3053E *0
20+32sLE°0
20+3106£°0
20+3060¥%°0
20+3¢02¢°0
20 +3vv2Vv 0
‘20+3222¥°0
20+3S0€v*0
20 +32EEV O
20+309E% °0
c0+380vv°0
20 +3225¢°0
Co+3vELY°O
20+3£26v°0
20+3£06¢v*0
C0+3E6L%°0
20+3093¥°0
2043S09v °0
20+3155%°0
20 +3425v°0
20+4302S% °0
C0+501Sv°0
20 438%v°0
20+32L%v°0
20+38v¥v°0

(1Sd) RNSSIUd

0043 0S£6°0
00+300L6°0
10435001 °0
T0+430S01°0
T0+3SIT1°0
10+430911°0
10+35811°0
10+3s221°0
104355210
104326210
104328€T1°0
104306E£1°0
10430201°0
104309¥%1°0
T0+43S5151°0
10+430851°0
10430€91°0
¥0+30L91°0
104320021°0
10+34T21°0
10+35£L1°0
10432v21°0
10+3G6L221°0
10+30181°0
10+438€21°0
104300910
10+300%1°0
10435211°0
00435298°0
00+435422°0
00+305€£L°0
004305¥2°0
004300540
00+3GLvL°0
00+4300%L°0
0043G2€L°0
00+#3SL23L°0
00+43G622L4°0
00+30514°0
00+43050.°0
00430569°0
00+430589°0
00430599°0
00+30529°0
00435295°0
00+35.8¥%°0
00+43052%°0
00+30G4€°0
00+305vE°0
GO+30GEE*0
0043G22€°0
00+43521€°0
00+30062°0
0043059270
00+30522°0
00+430S5L4t°0

(HONIDA

S3AON A¥vYaNNO8a

sSLIns3y

00+30S52v 0
00+30G4%°0
00 +30525 *0
00+30009°0
00+30002°0
00+3052L°0
00+430528°0
00+30548°0
00+30S526 *0
10+30001°0
10430071 °0
10+352 110
10+35221°0
10+300€T *0
10+352vT 0
10+3G451°0
10+300L41°0
10+30081°0
10+30061°0
10+3SL61°0
10+35202°0
T0+35L02°0
10+3G6212°%0
10+352€2°*0
104364620
10+30G682°0
10+3S00£°0
10430110
T0+30£0€°0
10+36282°0
10+3SL92°0
104300620
10+352€2°0
10+3SL¥2°0
10+35202°0
10+3626Y°0
10+3SL481°0
10435281°0
TO+3SLLT %0
1043S221°0
104354910
10+430091°0
T1043SL 010
10+3S2ET 0
10+3G215°0
10+30501°0
00+300S6*0
00+30548°0
00+30s2R°*0
00+30S4L 0
00430G24°0
00+305.9°C
00430009
00430S4v°0
00 +30S2€ *0
00430S541°0

(HONTI )X
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PRODUCER NUMBER 1

NUMBER OF STREAMLINES= 3

STREAML INE NUMBER TOTAL LENGTH

05414E+03
0 4250E+03
0 «6783E+403

W N -

PRUODUCER NUMBER 2

NUMBER OF STREAMLINES= 2
STREAMLINE NUMBER TOTAL LENGTH

i 0¢4414E+403
2 0+3447E+03

PRODUCER NUMBER 3

NUMBER OF STREAMLINES= 2
STREAML INE NUMBER TOTAL LENGTH

1 03381E+03
2 03848E+03

AVERAGE WIDTH

0+4584E+02
0e2367E+02
0.7369E+02

AVERAGE WIDTH

0 +2762E 402
0+1914E402

AVERAGE WILCTH

" D«1806E+02
0e2162E+02

228

INJe RATE

0.2800E+02
0.28Q0E+02
062800E+02

INJe RATE

0.2800E+02
0+2B00E+02

INJ« RATE

0.2800E+02
0.2800E+02



PRODUCER NUMBER 4

NUMBER OF STREAMLINES= 2
STREAML INE NUMEBER TOTAL LENGTH

1 062697E+03
0e2697E+03

PRODUCER NUMBER 6

NUMBER OF STREAMLINES= 2

STREAMLINE NUMBER TOTAL LENGTH

—

0 3598E 403
2 0e3381E+03

PRODUCER NUMBER 7

NUMBER OF STREAML INES= 2

STREAML INE NUMBER TOTAL LENGTH

—

0e2947E+03
0.2881E+03

5]

AVERAGE WIDTH

0e1351E+C2
0.1491E+402

AVERAGE WILTH

0.1591E+402
0.1426E+402

AVERAGE WICTH

061270E+02
0s1196E+02

229

INJe RATE

0.2800E+02
0.2800E+02

INJe RATE

0.2800E+02
0.2800E+02

INJes RATE

02800E+02
0.28002+02



PRODUCER NUMBER ¢

NUMBER OF STREAMLINES=

STREAMLINE NUMBER TOTAL LENGTH

1 0« 80GBE+03
2 0e7598E+403

PRODUCER NUMBER 10

NUMBER OF STREAMLINES=

STREAMLINE NUMBER TOTAL LENGTH

1 0.1120E +04
2 0« 9500E+03
3 0.5881E+403
4 0 «S697E+03
5 05980E+03

PRODUCER NUMBER 11

NUMBER OF STREAML INES=

STREAML INE NUMBER

062664E+03
0+2914E+403
063783E403
0.2881E+03

& W

TOTAL LENGTH

AVERAGE WIDTH

02943E+02
0.2867E+02

AVERAGE W ILCTH

0 «3869E+02
0+343BE+402
0+1555E+C2
041231E+402
0e137SE+02

AVERAGE WIDTH

0«6270E+01
0e6746E+01
0«8922E+01
06459E+C1

230

INJe RATE

0.2800E+02
0.2800E+02

INJ« RATE

0.2800E+02
C«2800E+02
0e¢1000E+02
0e1000E+02
0.,1000E+402

INJe RATE

0.1000E+02
0« 10002402
01000E+02
0.1000E+02



PRGDUCER NUMBER 12

NUMBER OF STREAML INES=

STREAML INE NUMBER

O p W

0¢4631E+403
0e3697E+03
0 «3316E+403
0 3348E+403
044033E+403

PRODUCER NUMBER 13

NUMBER OF STREAMLINES=

STREAMLINE NUMBER

1 R N

Oe7164E+03
0¢9033E+403
0e7131E+403
0+5381E+03
0e 6066E+03

=
~

TOTAL LENGTH

5

TCTAL LENGTH

AVERAGE WIDTH

0.1017E+02
0e8223E+01
07528E+01
0.7392E+401
061097E+402

AVERAGE WIDTH

042247E4C2
Q0¢3484E+402
0.198l1E+02
0.1561£+402
062234E+402

231

INJe RATE

0.1000E+02
001000=402
0«1000E+02
0.1000E+02
01000=+402

INJe RATE

0.1000z+02
041000E4+02
0«1000E+02
0010002402
0.1000E+02



APPENDIX J

RESULTS OF STEAMFLOOD PREDICTION OF SHIELLS
CANYON FIELD AS A HOMOGENEOUS RESERVOIR.
PART OF ITS BOUNDARY AT CONSTANT
PRéSSURE, THE REMAINDER SEALED
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APPENDIX J

STEAMFLOCD PREDICTIUN UOF SHIELLS CANYON(203) FIELD

METHOD: STREAMLINE/STREAMTUBEZ METHOD USING (BEM) TECHNIQUE

ANALYSIS AS A SINGLLC HOMCGENLUS RESERVOIR

BOUNDARY CONDITION: PART OF THE BOUNDARY AT CONSTANT
PRESSUREs THE REMAINDER 1S SEALED.

PRUDUCTICGN RATES:I ASSIGNED EWUAL IN ENTIRE REGIUN

BY: De Te NUMBEREs, UNIVERSITY UF OKLAHUMA, 1682

DATA

TOTAL NUMBER OF PRODUCERS= 11

STEAM TEMPERATURE (DEGe F)= 43040000
STEAM QUALITY= i 0«7000
CONVERGENCE LIMIT= 0.0C0C10
RESERVOIR THICKNESS (FT)= 1600000
STEAM PRESSURE (PSI)= 344 40000
INITIAL RESERVUIR TEMPERATURE(CEG F)= 10540000

FLUID PROPERTIES

- - — - o ot e

WATER OIL
DENSITY(LB/CU FT) AT STD., TEMP. €244000 $540000
DENSITY{LB/CU FT) AT STEAM TEMF. 52 «3800 48 7000
SPECIFIC HEAT(BTU/LB *F) 1.0000 004880
LATENT HEAT(EBTU/LB)

PROPERTILS OF THE CAP AND B3ASE ROCK

DENSITY(LB/CU. FT) 14540000
SPECIFIC HEAT(BTU/LB-%F) 02130

THERMe CUND(BTU/HR-FT-%F) 141000

0e7431
10000
789,5100
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RESERVCIR ROCK PROPERTIES

REGION 1t REGION 2
POROSITY 0.2050 0.18CC
DENe(LB/CU FT) 165.0000 165.0000
SPEC. HEAT(BTU/LB*F) 02000 0.20¢C0
PERMEABILITY (MD) 140.0000 70.0000

INITIAL FLUID SATURATIONS

REGION 1 REGICN 2

WATER 05500 045500
JIL 0.4500 04500
STEAM 0.0 00

AVERAGE RESIDUAL SATURATIONS BEHIND THE FRONT

REGION 1 RECGICN 2

WATER 0.5800 045800
OIL 041800 01800
STEAM 02400 042400



WELL NO.

VOO0 NNOCOOUELWWNIND MM

INPUT DATA FROM STREAMLINE PRUGRANM

S/L NQ.

NFEFWUNN=0LUNRNPUN=NPLOUNDS N0 =N e~ WN -

CODE

I I I S T el R I I R e R S o S S S S T = " i Y PRy

REGICN 1
LENGTH WIDTH
S41440 45.84
425400 23.67
678630 734665
44140 27462
344 670 19.14
33810 18.06
38480 21.62
26970 13.51
26970 14.91
35980 15,91
338.10 14,26
294670 12.7C
288410 1196
80980 29043
75980 28,67

1120400 384,66
950400 34,38
58810 1555
569470 12,31
598600 13.79
266 640 6,27
291 ¢« 40 Ge75
37830 Be 92
288410 6e46
463.10 10.17
36970 8.22
331 .60 753
334480 739
403¢30 10497
716,40 224,47
90330 24.84
71310 19.81
538410 15461
60660 22.34

RATE

2800
2800
28400
28000
28400
28600
28400
28400
28600
284,00
28600
28600
2800
28600
2800
28400
28400
10600
10,00
1000
1000
10,00
1000
1000
10,00
10.00
1000
10,00
10.00
1000
1000
10,00
1000
1000

LENGT

0.0
00
De0
Oe0
O0e0
De0
Oe0
Oe0
OeD
00
060
0.0
0.0
0.0
Oe0
0e0
Oe0
O0e0
Oe0
0«0
Oe0
00
00
Oe0
0«0
0e0
00
Ce0

0e0
0.0
Oe0
000
0.0

235

REGICN 2

H WICTH

Oe0
De 0O
Oe0
Oe O
Oe O
Ce0
0.0
Qe 0
0.0
O0eO
0.0
CeO
0.0
0.0
Oe0
0«0
0.0
0.0
00
0.0
0«0
0.0
0«0
0.0
0.0
00
060
O0e0
O 0
OO0
0.0
0.0
Oe0
0.0

RATE

O 00000000000 O0OO0O0DOOOO

(=} NelleNoleNeolNolNoNolloNololNo e lNoNe o)
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CALCULATED BREAKTHROUGH TIMES{HOURS) FOR EACH STREAMTUBE

PROD »

CCLCOTEONNCOOONWLE®EDWWNN =~

P bt s s P pa Bt B o e
e OO0CO OO

NOe.

STREAMLINE NOe.

NH&EUN NP URNSDWN RN RN N N m e e o W

CChE

b b ua e e g P B et bt e B e pu B e il e gl e et e e B gk N e e e e B P (e

ENDTIME(1)

1€6232.,3555
61226797
3556042891
751446562
3921 .2864
3615.,21€6
500064922
2110630652
23377622
337849150
282369495
216948333
1991.6033
1552565352
14069.,72606
30226.8555
219997695
1680064453
125640469
1499548437
27357625
32430010
5729.8828
3062.2073
81734727
5129.1250
416644844
412348320
764440664
31607.5586
688935000
2726641172
1530169453
2602040859

ENDTIME(2)

0.0
0.0
0.0
040
0.0
0.0
0«0
0.0
0.0
0.0
Oe0
00
Oe0
00
Oe0
0.0
0«0
0.0
0.0
0.0
0e0
0.0
0.0
0«0
0.0
Ce0
0.0
0.0
0.0
Qe O
0.0
060
0.0
040



WELL STR/L

R - -

(ST W]

Lo

o o [ 4]

~N N

oo

C ¢ Y

11
11
11
11
11

N »e

UG wn - S U~ au s unN -

e wn -

NO.

REAL TIME(HCURS3)=

DIMENSIONLESS TIME=

OF REGICNS RECQVERY

-

- g

e b pd e b s e e b b g b g

. e ps e e

01557E+05
0el1LSTE+05
041557E405

0¢1557E+405
01041405

0.9631E+404
0.1312E+405

0¢5747E+04
06342E4+04

0.9029E404
0e7604E+404

0¢5903E+04
0.5435E+404

0.1557C+05
0+1557E+40S

0«1557E+05
01557E+05
0.SE560E+04
05560E+404
0 «5560E+04

0+2634E+04
Ce3100E+04
0eS323E+04
0.2935E+404

05560E+04
0+4795E+04
043937E+04
03903E+404
05560E+04

0S560E+04
0«S560E+04
0«5560E+04
0 .S560E+04
0.5S560E+04

©000.,0000

0.,03ZE

WELL TOTAL

0¢4670E+05

042597E+05

0«2275E+05

01208E+05

O0«1lEE€3E+05

Oell 34E+05

031 13E+05

0+.4781E+05

0«¢13S9E+05

0.237SE+05

0.27E80E+05

237

FESERVOIR

02800E+06

TCTAL



WELL

Qo owom N~

COCVw

11
11
11
11
11

STR/L

N -

D& Wn = S WN e [0 0 S YR VI

LN -

NO.

REAL T IME{HCURS)=

DIMENSIONLE SS TIME=

OF REGIONS

™

e R s ™ ke b gt e

[ ™

RECOVERY

0+2969E+4+05S
0+1587E+05
042969E+05

0¢1923E+405
0.1041E+405

049631C+04
041312E+405S

0.5747E4+04
066342E+04

0.9029E+4+04
O0s7004E404

0.5503C+04
05435E+04

02969E+05
042969E+05

02969E+405
02369E+0S
0 «1060E+405
0«1060E+05
0¢1060E+05S

02034E+04
0+2100E+04
0.5323E+404
02935E+04

0«7428E+04
0e4795E+04
0 «3937E+04
0.3903E+04
0+6978E+04

0.1060E+05
041060E£+405
0.1060E+05
01060E+405
0¢1060E405

12000.000¢0C

00650

WELL TOTAL

0e752SE+05

0 29€32E+05

0e2275E+05

0612CSE+05

01662E+05

0¢1134E+05

05938BE+05

0«91 1GE+05

013G6SE+05

02704E£+405

065302E+05

238

RESERVUIR

De4123E+4+06

TOTAL
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REAL TIME(HCUKS)= 18000.0000

DIMENSICNLESS TIME= 0.0975
WELL STR/L NOe. CF REGIONS RECOVERY WELL TOTAL RESERVOIR TOTAL

1 1 1 0e3914E+05

1 2 1 041587E405

1 3 1 044299E405
098 00E+05

2 1 1 0¢1323E405

2 2 1 0«1041E+4+05
0. 29€2E+ 05

3 1 1 049631E+404

3 2 1 0e1312E+05
04 227CE+ 05

4 1 1 0 45747E404

4 2 1 06342E404
0e12CSE+05

5 1 1 0.9029E+04

5 2 i Q.7604E+04
0e1663E+05

5] 1 1 05903E+04

9] 2 1 05435E+04
Oel134E+0S5

1 1 0 «3759E+40S

7 2 1 0e3436E+405
0e71SSE+0S

8 1 1 0 44299E 405

8 2 1 04299E+05

8 3 1 041442E+405

8 4 1 0e1106E+05

8 S 1 0¢1301E+05
0e¢124SE+06

S 1 1 026340404

3 2 1 0.3100E+04

9 3 1 0.5323E+04

9 4 1 0 .2935E+04
04139SE+05

10 1 1 0 «7428E+404

10 2 1 0.4795E+04

10 3 1 039375404

10 4 1 043903E+04

10 5 1 06978E+04
027 04E+05

11 1 1 041535E4+05

11 2 1 0¢1535E+05

1l 3 1 0 +1538E+05

11 4 1 01325E405

11 S 1 0¢1535E+05
Oe746EE+05

050205406
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REAL TIME(HCURS)= 24000.0000

DIMENSIUNLESS TIME= 0e.13C0O
KELL STR/L NUe OF REGIONS RECOVERY WELL TOTAL RESERVOIR TOTAL
1 1 0 «3914E+4+05
1 2 1 0+15S87E+05
3 1 05569405
0«1107E+06
2 1 1 01923E+05
2 2 1 01041405
029€3E+05
3 1 1 0.90315+04
3 2 1 041312E+405
0e2275E+05
4 1 1 0e5747C4+04
4 2 1 046342404
0+1209E+05
s 1 1 0.38029£+04
5 2 1 C«7604E 404
0+1€63E+05
6 1 1 05903E+04
6 2 1 045435404
0«1134E+05
7 1 1 0+3759E+05
7 2 1 03436 +05
0«71GSE+05
8 1 1 0.5569E+05
8 2 1 05151 +05
8 3 1 0¢1442E+405
8 4 1 01106E+0S
8 S 1 0«1301E405S
0+1457E+06
9 1 1 0+2634E+04
9 2 1 043100E+04
9 3 1 0.5323E+04
9 4 1 0.2935E+04
O0«13SSE+0S
10 1 1 De7428E+04
10 2 1 0e4795E+04
19 3 1 03937E+04
10 4 1 03903E+04
10 5 1 0«6378E+04
0«27 04E+05
11 1 1 041989E+405
11 2 1 019839E+05
11 3 1 0«1989E405
11 4 1 0¢1325E+0S
11 S 1 0+1989E+405

0«9280E+05
0e 5546E+06
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REAL TIME(HCURS)= 30000.0000

DIMENSIONLESS TIME= 0e1628
WELL STR/L NOe OF REGICNS RECOVERY WELL TOTAL RESERVOIR TOTAL
1 1 1 0 «3514E+05

2 i 01587£+405

1 3 1 0 «6789E+05
061229C+06

2 1 1 001923405

2 2 1 01041E405
029 63E+05

3 1 1 056315404

3 2 1 01312E405
CeZ27EE+405

4 1 1 05747E+04

4 2 1 0=£342E+404
0«1209E+05

S 1 1 0.5029E+04

5 2 1 0 e7604E+04 d

O+ 1663E+05

6 1 1 0.85903E+04

6 2 i 0 «5435E+404
Oel134E+05

7 1 0e3759E+4+05

7 2 1 0 +3436E+405
0e71GEE+05

8 1 1 0 +6789E+405

& 2 1 0.5151E+05

3 3 1 001442405

8 4 1 0+1100E+4+05

8 5 1 Oe1301E+05
0.157SE+06

9 1 1 0 «2634E+04

9 2 1 03100E+04

9 3 1 0 5323C+04

9 4 1 0+2935E+04
0e13GSE+05S

10 1 1 07428E404

10 2 1 0 «4795C+04

10 3 1 0e3937E+04

10 4 1 03903E+04

190 S 1 0.6578E+04
0«27 04E+ 05

11 1 1 0 «2425E405

11 2 1 0 «2425LE 405

i1 3 1 0 +2228BE+05

11 4 1 01325405

11 S 1 062137405

0e10E4E+06
059165406



PREDICTED RECOVERY

TIME(DAYS)

62 5000
1250000
1875000
250,0000
312.500¢C
375.0000
4375000
500,0000
562 5000
625.0000
£87.5C00
7504,0000
812.5000
875.,0000
937 .5000

1000.,0000
1062,5000
1125.0000
1187.5000
1250,0000

RECOVERY(BBLS)

0e1697E+405
0e3142E+05
0e4171E+05
0s4986E+05
056 74E+405
0.6249C+05
0.5800E+05
0e7343E+05
0. 78B€SE+05
08334E+05
0+ B6ESE+ 0S5
0+8950E+05
0692 C5E+05
0e94S6E+0S
0«9Q6E7E+05
09877405
0.1007E+06
0e¢1024E+4+06
061039E+006
0De10E4E 406

242



APPENDIX K

RESULTS OF STREAMLINE MODELLING OF SHIELLS
CANYON FIELD AS A PIECEWISE HOMOGENEOUS
RESERVOIR WITH SEALED OUTER BOUNDARY



NUMBER
NUMBER
NUMBER
NUMB ER

244

BGUNDARY ELEMENT MODELLING CF SHIELLS CANYON(203) FIELD
ANALYSIS AS A PIECEWISE-HOMUGENEQUS RESERVIOR
SEALED OUTER BCUNDARY

BY: De Te NUMBERE, UNIVERSITY OF OKLAHCMA, 1981

REGICN 1.0

DATA
OF BOUNDARY ELEMENTS= 43
OF INTERNAL POINTS WHERE THE FUNCTION IS CALCULATED= O
OF SUOURCES AND SINKS= 7
OF INTERFACE NODES= 10
PERMEABILITY(MD)= 1400000
THICKNESS{FT )= 16040000

PURCSITY= 02050

SCALE: 1 INCH = T73B.46FEET
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THE COORDINATES OF THE EXTREME POINTS OF THE EBLONDARY ELEMENTS

PUINT X{ INCH) Y{INCH)
1 15000 1.5500
2 1¢3500 14800
3 142500 14400
4 162000 1.4000
S 11500 13800
6 10500 13250
7 069500 12600
8 0. G000 1.2500
9 08500 1. 2000
10 0.8000 1.,1700
11 Oe 7500 1.1500

12 0 +6500 1.0800
13 0 ¢S500 1.0200
14 045000 0. $900
15 04500 06 G500
16 04000 049200
17 043000 08500
18 041000 07300
19 01000 045000
20 01000 0.1500
21 042500 042000
22 044000 02500
23 065500 0.2800
24 046500 043000
25 07000 03250
26 067500 0¢ 3300
27 0 8000 043400
8 0.8500 03500
29 09000 04000
30 1..0000 04500
31 11000 045250
32 1.2500 06000
33 14000 06500
34 1.5500 06800
35 15500 067500
36 1 45400 048500
37 1.5000 0.9500
38 1.5000 10500
39 1 .4800 1.1500
40 14600 1.2500
41 144600 1.3500
42 1.4800 14500

43 1.5000 15000
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BOUNDARY CONDITIONS

NODE CUDE PRESCRIBED VALUE
1 1 040
2 -1 0.0
3 1 00
4 1 0«0
5 1 00
& 1 Oe O
7 1 OeO
8 1 00
g 1 0.0

10 1 0.0
11 1 0.0
12 1 0.0
13 1 0.0
14 1 0.0
15 1 00
16 1 00
17 1 0«0
13 1 0«0
19 1 Oe0
20 1 0.0
21 1 0e0
22 1 0e 0
23 1 00
24 1 0.0
2S5 1 Oe0
26 1 0.0
27 1 0.0
28 1 0.0
29 1 0«0
30 1 0.0
31 1 0.0
32 1 00
33 1 0.0
34 2 Oe O
35 2 D0
36 2 Ce0
37 2 0.0
38 2 Qe0
39 2 0.0
40 2 0.0
41 2 00
42 2 0.0
43 2 Oe 0O
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COORDINATES OF SOURCES AND SINKS AND THEIR STRENGTHS

X{INCH) YO INCH) RATE(BEL/D)
04500 0.5500 -69 1000
05000 0.8000 -69.1000
047500 044000 —-69. 1000
09000 11500 -69.1000
10000 08000 5604 C000
12500 12000 -69.1000
1.3500 10000 -69 21000

THE AVERAGE RADIUS OF THE WELLS({INCH) IS= 0500
THE CHARACTERIST IC PRESSURE(PSI) 1S= 85,0000
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REGION 2.0

DATA

NUMBER OF BOUNDARY ELEMENTS= 37

INTERNAL POINTS WHERE THE FUNCTION 1S CALCULATED=
SOURCES AND SINKS= ]

INTERFACE NODES=

NUMBER OF
NUMBER OF
NUMBER DF

10

PERMEABILITY(MD)= 70,0000

THICKNESS(FT)=

POROSITY=

SCALE:

1 INCH

16040000

0 «2050

7384 6FEET
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THE COORDINATES UF THE EXTREME POINTS OF THE BOUNDARY ELEMENTS

POINT X{ INCH) Y{ INCH)
1 1 45000 15500
2 1.5000 15000
3 144800 14500
4 144600 1.3500
S 1.4600 12500
6 14800 1.1500
7 1 .5000 1.0500
8 15000 09500
9 15400 0.8500

10 1 ,5500 0e7500
11 15500 0.6800
12 i «6500 06900
13 1.,7000 0.7000
14 17500 0.7100
15 1.,8000 067200
16 1.8500 047250
17 1.9000 0.7300
18 1 9500 0.7350
19 241000 07450
20 242500 0.7500
21 24000 067500
ol 246000 047400
2 247500 0.7300
24 249000 07250
25 31600 1.0000
26 3.0600 12500
27 2 «9500 1.5500
28 2¢7500 16500
29 204000 18200
30 242500 18000
31 21000 17500
32 240500 17450
33 2 .,0000 17250
34 19500 1.7100
35 18500 16900
36 17500 1.6500

37 16500 1.6100
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BOUNCARY CONDITIONS

NODE CODE PRESCRIBED VALUE
1 2 0«0
2 2 0.0
3 2 0.0
4 2 Oe0
) 2 0.0
6 2 Oe O
7 2 0.0
8 2 0.0
9 2 O 0

10 2 Oe0
11 1 0.0
12 1 Oe0
13 1 Oe O
14 1 0«0
15 1 0«0
16 1 Oe0
17 1 0.0
18 1 0.0
19 1 00
20 1 0.0
21 1 0.0
22 1 Oe0
23 1 0.0
24 1 040
25 1 0.0
26 1 0.0
27 1 0.0
28 1 Oe0
29 1 0«0
30 1 0.0
31 1 060
32 1 0.0
33 1 00
34 1 Oe 0
35 1 0e0
36 1 0.0
37 1 Ce 0
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COCRDINATES OF SCURCES AND SINKS AND THEIR STRENGTHS

X{INCH) Y{ INCH) RATE(BBL/D)
1.9000 0.9500 200 .,0000
18000 13500 -69.,1000
240500 15500 -69.1000
21500 12500 -69 1000
243500 1.0500 -=6941000
245750 13000 -69+41000

THE AVERAGE RADIUS OF THE WELLS{INCH) IS= 0500
THE CHARACTERIST IC PRESSURE(PSI) 1Is= 850000
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X (INCH)

0« 1S00E+01
Oe 1490E+01
Oe1470E+01
Ue1460E+01
Oe 14 70E+01
Oe 1490E+01
0«1500E+01
0e 1520E+01
015452 +01
0e1550E+401
Oe 1600E+01
0e1675E+01
0e1725E+01
Oe 1 775E+0C1
Oe1825E+01
0s 1875E+01
0s1925E+01
02025E+401
021 75E+01
02325E+01
02500E+01
De2675E+01
0¢2825E+01
03030E+01
0e3110E+01
03005E+401
042850E+01
062575E+01
062325E+01
0e 21 75E+01
0.2075E+01
Ue 2025E+01
0e1975E+01
0¢1900E+01
0« 1800E+01
0+1700E+01
Oe 1575E+01

RESULTS

BOUNDARY NODES

Y (INCH)

Oe 1525E+401
0147SE+01
0+1400E+01
0«1300E+01
0¢1200E+01
O«1100E+401
0.1000E+01
0¢9000E+00
0+ 8000E+00
0e7150E+400
Oe 6850E+00
0+ 6950E+00
0.7050E+400
0.7150E+400
067225E4+00
07275E+00
0e7325E+00
0e7400E+00
0¢7475E+00
0e 7500E+400
0s7450E400
073S0E+00
0.7275E+00
0.8625E+00
0e1125E401
0.1400E+01
0+1600E+01
Ue 1735E+01
0«1810E+01
0+1775E+401
0e¢1747E401
0«1735E+401
0¢1717E+01
0¢1700E+01
0+1670E+01
0¢ 1630E+01
0« 1580E+01

PRESSURE(PSI)

-=0e 5741E%02
-0¢5652E+02
—=0+5580E+02
=0e¢ SE03E+ 02

. =0+5434E+02

~0e 5365E+02
~0e¢ S283E+ 02
-0+5197E+02
=06 5147E+02
-0:-5120E+02
—0.5169E+02
~0e¢ 5239E+02
-0.5283E+02
~0¢S326E+02
=06 5374E+ 02
-0«5431E+02
-~0.5507E402
-065723E+02
~0+6092E+02
=06 6386E+ 02
-0+6587E+4+02
~0+6679E+02
-0, 6714E+02
~0+6741E4+02
-0+ 6763£+02
~0e 6795E+ 02
-0.6800E+402
-0e 6759E+02
-0e 6705E+02
-046675E+02
~0e 6637E+ 02
~0,6€02E+02
-0e¢ 6551 E+02
~0e €445E+02
~0e6301E+02
—=066123E+02
=0.5877E+02
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NORMAL GRADIENT

0«2760E-01
0e2121E-01
0e1955E-01
0.1808£~01
0+1844E-01
0+1659E-01
0+9972E~02
0.1778E-01
041597E-01
0. 1682E-01
0.0
0.0
0.0
0.0
0.0
Oe0
0.0
0.0
0.0
060
0e O
0.0
0.0
O0e0
0.0
060
0.0
0e¢0
0.0
060
0.0
Oe O
0.0
0.0
Oe0
0.0
0.0

Y Y T 2T IR S S EL R 2222332222 2222 22 22 22 2SSl R it R L R syl



PRODUCER NUMBER 1

NUMBER OF STREAMLINES= 3

STREAMLINE NUMBER TOTAL LENGTH

1 0 +5533E+403
2 0+4250E+03
3 0+66S7E+03

PRODUCER NUMBER 2

NUMBER OF STREAMLINES= 2

STREAMLINE NUMBER TOTAL LENGTH

1 0¢4447E+03
0+3447E+403

PRODUCER NUMBER 3

NUMBER OF STREAMLINES= 2

STREAMLINE NUMBER TOTAL LENGTH

0e3381E402
0«38E1E+03

o -

AVERAGE W ICTH

05142E402
0e2374E+02
0+75SS54E+02

AVERAGE WIDTH

0.2874E+C2
0.1926E+4+02

AVERAGE W IDTH

254

INJ. RATE

0,2800E+02
0.2800E+02
02800E+02

INJe RATE

0.2800E+02
0.2800E402

IND. RATE

0,2800E4+02

0.2800E+02



'PRODUCER NUMBER 4

NUMBER OF STREAML INES= 2
STREAML INE NUMBER TOTAL LENGTH

1 0.2730E+03
02664E 403

PRODUCER NUMBER 6

NUMBER OF STREAMLINES= 2
STREAMLINE NUMBER TOTAL LENGTH

1 0e3664E+(3
2 0¢3348BE+03

PRUODUCEKR NUMBER 7

NUMBER OF STREAMLINES= 2

STREAMLINE NUMBER TOTAL LENGTH

-

02881E+403
2 0e2947E+03

AVERAGE WIDTH

0.1335E+02
0.1458BE+02

AVERAGE WIDTH

0.1561E+4+02
0.1371E+02

AVERAGE W IDTH

0.1253E402
0.1203E+02

255

INJe RATE

0«2800E+02
02800E+02

INJe RATE

0.2800E+02
0.2800E+02

INJe RATE

0.2800E+02
02800E+02



PRODUCER NUMBER 2

NUMBER OF STREAMLINES 2

STREAML INE NUMBER

NN - -

TOTAL LENGTH

044523E4+03
0.2164E+03
044779E+02
0e2816E+03

PRODUCER NUMBER 3

NUMBER OF STREAMLINES=

STREAML INE NUMBER

- e LN e

3

TJOTAL LENGTH

06544 TE+03
045881E+03
Oe6164E 403

0e3765E+403
0+5348E+03

PRODUCER NUMBER 4

NUMBER OF STREAMLINES=

STREAMLINE NUMBER

LU -

4

TOTAL LENMNGTH

0«2664E 403
0.2881E+03
0e3664E403
0 «2881E+03

AVERAGE WIDTH

0.5838E+02
0.2901E+02
0.5484E+C2
0¢4460E402

AVERAGE WICTH

0+2909E+402
Q0e1317E+C2
O0e1461E+402

065957+ 02
0 424 1E402

AVERAGE WIDTH

0+6362E+01
0.6823E+401
0.8241E+01
06602E401
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INJ. RATE

0.2800E+02
0.2800E+02
0+ 2800E+ 02
0.2800=+02

INJe RATE

0.1000E+02
0«1000E402
01000E+02

0.2800E+02
0+2800E+02

INJ« RATE

0+1000E+02
U«1000E+02
0.1000E+02
O«1000E+02



PRODUCER NUMBER 5

NUMBER OF STREAMLINES=

STREAMLINE NUMBER

g P unpe-

Ce4750E 403
O+ 3848E+03
0+3348E+403
0e3316E+03
0438BIE+03

PRODUCER NUMBER 6

NUMBER OF STREAML INES=

STREAML INE NUMBER

0P WK -

TOTAL LENGT

Oe7033E+403
08447E+403
07197E+403
0.5381E+403
0e5914E+403

S

TOTAL LENGTH

5

H

NO STREAMLINE FROM REGION 2 CROSSES INTO

AVERAGE WIDTH

0+41096E+02
0+8447E+01
0.7668E+01
0e7443E401
09796E+01

AVERAGE WIDTH

0.2170E402
062877E4+02
0.1975E+02
0+1590E+02
02104E+4+02

REGION 1

257

INJe RATE

041000z+02
0«1000E+02
041000E+02
01000E+02
Cs1000E+02

INJe RATE

0.1000E+02
0e1000E+02
0,1000E+02
01000E+02
0,1000E402



APPENDIX L

STEAMFLOOD PREDICTION OF SHIELLS CANYON FIELD
ANALYSED AS A PIECEWISE HOMOGENEOUS
RESERVOIR HAVING SEALED BOUNDARY



APPENDIX L

STEAMFLUCD PREDICTIUN OF SHIELLS CANYON(203) FIELD
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METHOD? STREAMLINE/STREAMTUEE METHQOD USING (BEM) TECHNIQUE

ANALYSIS AS A PIECE-WISE HCMIGENEUUS RESERVCIR
HAVING TwO REGIONS CF UNEQUAL PERMEABILITY

DOUNDARY CONDITION: SEALLD QOUTER CCQUNDARY

PRUDUCTION RATES: ASSIGNED EQUAL IN ENTIRE REGIONM

BY: De Te NUMBERESs MARCH 1582

DATA

TOTAL NUMGER QOF PRODUCERS= 11

STEAM TEMPE RATURE (DEGe Fi= 43040000
STLAIM QUALITY= 0«7000
CONVEIRGENCE LIMIT= Ce 0010
FOCSERVOI R THICKNESS (FT)= 10040000
STUAN PRESSURE (PSI)= 344 40000
INITIAL RESERVLIR TEMPERATURE(DEG F)= 15,3000

FLUID PROPERTIES

SATER OiL
CENSITY(LB/CU FT) AT STD, TEMPe €2 44000 5540000
CERSITYILB/CU FT) AT STEAM TOCMF. 5243800 48 « 7000
SPECIF IC HEAT{BTU/LB *F) 1,0000 Oe 4860

LATENT HEAT(ETU/LB)

PRUOPLCRTIES OF THE CAP AND BASE KUOCK

LDENSITY(LB/CUe FT) ' 14G,0000
SPECIFIC HEAT(3TU/LB-%F) 062130
THERMe COND« (BTU/HR=FT~%T) 1.1000

——— —

0e7431
1.0000
78945100
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PESFHEVCIR RUCK PRGPERTIES

REGION 1 REGIUN 2
POFCSITY 02050 De18CC
LENS(LLE/CU FT) 16%.00230 1650000
SPEC. HEAT(BTU/LB%F) 0.200C0 042C00
PEFMEASTILITY{MD) 140.00090 70.0000

INITIAL FLUID SATUZATICONS

FEGIUGN 1 PEGIGN 2

e s s s e o oy o s - — o ————

WATER 05500 C 5300
OIL 04500 04000
STEAM C «C 00

AVERAGE PESIDUAL SATURATIUNS OCHRIND THE FRUONT

 — — ———— . . ——— — ———— — — — ——————— ——— . " " —— ——— . —————

REGION 1 REGIGN 2

—— -—

wATER 0.5800 0«S800
JIc 01800 0¢1320
STEAM 02400 042400
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INPUT DATA TROM STRECAMLINE PRUGEANM

REGICN 1 REGION 2

vell NUe S/L NO. CCDE LENGTH W®wILTH RATE LENGTH WwIDTH PRATL

1 1 1 553430 5l1le42 28400 C.0 0.0 Qe 0
1 2 1 425400 23e74 28400 OeC De0 0.0
1 3 1 66C.70 75454 28400 Oe0 0.0 00
2 i 1 444470 25e74 28400 0e0 Oe0 Jel
Pt 2 i 344470 1962 28400 Cel 0.2 O C
2 1 1 338610 1E404 28400 Ce0 00 0.0
3 2 1 388410 21464 28400 De0 0.0 0.0
4 1 1 273400 13,35 28.0C 00 Oe0 0eC
4 2 1 260440 14458 224,00 Qa0 0.0 Oe0
5 1 1 366640 15401 28,00 Oe0 Ce0 De0
5 2 1 334480 13471 28.00 040 0.0 0.0
& 1 1 28810 12403 2C400 Q.0 N0s0 Qe0C
6 2 i 294470 12,03 28600 0.0 Ce0 0.0
7 1 2 352430 5Be3B8 23.00 16440 29,01 28.00
7 2 M 47790 54284 28600 281660 44,603 28,00
3 1 et 276450 £9457 28.0C 534 «8D 42041 28400
N 2 1 G44470 29405 10600 O 00 0eC
3 3 1 588e¢10 13417 10600 0.0 0e¢0 0.C
3 4 1 01640 14461 10,00 00 0.0 OeC
¥ 1 1 2664490 6436 10600 D0 0«9 Qel
E) 2 1 2886410 Ge82 106400 OeD 0.0 DeC
3 3 1 366440 5¢24 10400 Cal De0 0.0
2 4 1 288410 6460 10,00 Cel 0.0 0eC
10 1 1 475400 10496 10600 De0 CeC CeC
10 2 1 384480 Be45 10,00 0.0 0.0 00
19 3 1 334480 7¢67 10600 0«0 0.0 0.0
10 4 1 33160 Te44 104,00 040 0.0 D.0
10 5 1 338410 980 10,00 OeC De0 JeC
11 1 1 703630 2170 10600 Oe0 0.0 0.0
11 2 1 844470 28477 104C0 00 00 0«0
i1 3 1 719470 19475 10.00 0.0 0.0 0.0
11 4 1 538410 15490 106,00 CeO De¢0 0.0
11 5 1 59140 21404 106,00 De0 Ce0 0.0
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CALCULATLD BREAKTHRCUGH TIMES(HUURS) FUR EACH STREAMTUGRF

PRODe NCo

XN NGCU WO P U W N -

Pt peo Pt et s b s s A e
e ke e OO OO LN LY W

STREAMLINDC NOo

GO P e G LR e DG D) e 0P e P b Ny v DY ke A e ) e Ry e G N e

cobe

1
1
1
1
1
1
1
1
1
1
1
1
1
4
2
2
1
1
1
1
1
1
1
1
i
1
1
1
1
1
1
1
1

ENDTIME(Y)

18872.6953
614240391
36053.1523
7903.7891
3947.063%
3611.0315
50568008
211049402
2255413060
337547742
268249524
209001030
205143933
1737344336
17236.3633
14525.8516
37€27.2305
14001 44336
165187578
277767727
3242.8152
5032e4102
3133.0645
G10148555
550545273
429135106
4117.0391
6502.,2969
2975340977
50784.7969
2745646445
15614641445
23645.6953

ENDTIME(2)

COODOODOOO0O OO
- * o @
SO0 OO0 O0

- - L] [ ]

(]
.

0.0
21095.75C0
26932 .4414
2921008290

0l.0

¢« 8 o o
>

OO0 OCOoOO0OO0DOC
.

<
¢ e

)
DT OO0 0OV OCOQODOoCC

OO0 00
.
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RECAL TIME(HCURS)= 6000.0000

DIMENSIONLESS TIME= C.032%
WELL STR/L NOe CF RLGIONS RECOVERY wELL TOTAL RESERVOIR TOTAL
1 1 1 041557405
1 2 1 061557E405
1 3 1 0415572405

O+4€67CE+ 05

b 1 1 01557E 405

Z2 Pz 1 013047E£E+405
026 04E+05

3 1 1 09620E404

3 2 1 061325E+05
022870405

4 1 1 05748E+404

4 2 1 Ge6126404
Del1137E+4+05

o 1 1 0.9021E404

3 2 1 0e7240E+04
0.162€£4+05

£ 1 1 0 «5694C 404

& 2 1 05592404
0e1126E405

7 1 2 0¢1H557E405

2 2 Qe13CTC+05
03113E+05

& 1 2 Cel5H57240%

3 2 1 0+5560E+04

3 3 1 05300 +04

5 4 1 0 «SE60E+04
De3225E405

G 1 1 0.2673E404

g 2 1 0«3100E+04

9 3 1 044762E404

9 4 1 0.3000r+04
Cel3S4E+0S

10 1 1 0¢5560E+04

10 2 1 0.5127E404

10 3 1 CedD49=404

10 4 1 0.3393E+04

10 5 1 0 «5560E+04
0.2419C+05

11 1 1 C«S3060E+04

11 2 1 0e5560E+404

11 3 1 0.5560E404

11 4 1 055600404

11 5 1 C 55602404

0e278HCE+ 05
062639406
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REAL TIME(HCURSY= 1200060000

DIMENSIONLESS TIMgE= 0.06%5C
Wi Ll sSTR/L NOe. OF REGIUNS RECOVERY WELL TOTAL FESCRVOIR TCTAL
1 1 1 0 «2969E+05
1 2 CelHI1E40S5
3 1 0« 2969E+05
0.7529F+05
o 1 1 0.,20165405
2 2 1 0610472405
Ce30E3C+05
1 09020E+04
o 2 ! 041325E+05
0.2287F+05
4 1 1 057432404
4 2 1 0.6126E+04

Del11E7FE405

—
-

050211404
0«7240E+04

[
[

0e1€26E+05

© 1 1 05094C+04
2 1 0655928404
0 ellZ29E+05
7 1 2 062969E+405
7 e z 04296YLE+05
0E928I+05
I 1 2 0« 2F09E4CS
e s 1 041060405
3 3 1 0 «100G0F+05
B 4 1 04.1060E405
Ne61S0L+05
G 1 1 0e2073C404
J a2 1 043100E+04
2 3 1 047620404
el 4 1 0 +3000L+04
C=13%S4F+ 05
10 1 1 082110404
10 2 1 0.5127E+04
10 3 1 040495404
19 4 1 Ce3393C+04
10 5 1 0659962404
0e2728E+05
11 1 1 0e10LOE+05
11 2 1 010602405
11 3 1 041060C+05
11 4 1 0 «1060E+4CS
11 5 1 01060405

045302405
0. 3829 +0¢
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PEAL TIME(HCURS)= 18000.,0000

DIMENSIOKLE SS TIME= 00975
wiblL STR/L NOe 0F RUGICNS  RECOVERY WOLL TOTAL RESERVOIR TCTAL
1 1 1 0 «4299E4+05
1 2 1 041591405
1 2 0 «4299E 405
0e1016C40e
& 1 1 0 «201B8E+05
2 < 1 C«1047E+4+05
0e3063E+05
3 1 1 09620E+04
3 2 1 0 «1325E+05
0:2287E+05
4 1 1 057485404
4 2 1 040126E+404
Gel1187E405
) 1 1 068021L+04
& 2 1 0e724CE+04
0.1626E+405
0 «S6I4E+04
L 2 1 0 «5092E404
NellZUGE+0E
7 1 by 04283E+05
7 2 z 04279405
Ce85€2E+05
& 1 2 064207 +05
&t 2 1 0«1535E405
N 3 1 06122254065
o 4 1 0e1420E+05
0.838B4L+05
3 1 1 020673404
'3 2 1 03100404
G 3 1 0 :4762E+4+04
§ 4 1 030005404
ODel3C4L+ 05
10 1 1 08211E404
10 2 1 0eB127E+404
10 3 1 0 «4049E404
19 4 1 0 «3393E+04
10 ) 1 0 «5Q996E+04
062728E+05
11 1 1 0e1535E405
11 2 1 0615355405
11 3 1 0+1535E405
11 4 1 0+1349E405
il S 1 0.1535E+05

Ce74G1C+05
Ced48BODE+06E



wiLL

vt

W W

4

(4

G

f¢)

o

10
19
19
10
13

11
11
11
11
11

STR/L

[y

—

N o— n

o

N

ny e

I PR &

N & W N e

W -

@

NC»

RCAL TIME(HCURS )=

DIMENSIONMLE S5 TIML=

b

[ L)

—_ e s b P et P s e e N

o pd e s

RECUVERY

0 44872405
0+1591F+05
0 «5569E+405

02016E+05
041047405

0 «9H20E+C4
01325C+05

057485404
0«612CE+04

0.,9021E+04
De7240C+04

O eb6I34C+04
0« ZS592E+04

0 «50240405
0 «5395E+405

0453230405
04193835405
012220405
01420E4C5S

02673404
O0e3100E+04
0«4762E+04
0+3000C+04

0e8211E404
091275 +04
0e40495+04
0.3893C+C4
0 «5996E4C4

0619389405
0+1989E+05
0419835405
0e1348E+05
0.1963C+05

24300.0C00

0.1300

wELL TOTAL

Os11€EE+0Q0

0.,30€3C+05

0e2287L+05

Dell B7E+05

Oe162€EE+05

0e112GE+4+05

041642E+006

0e 9SS S4EF 05

0413S4E+05

0,92 78+ 05

266

FESCRVAIR

0e 54687406

TCTAL



267

FEAL TIME(HCURS)= 300000000

DIMONSICNLESS TIME=S Celb2S
WELL  STF/ZL NOe UF REGIONS RECOVERY VLLL TOTAL ROSERVOIF TOTAL
1 1 0e4487£405
1 2 1 0e15F91E+405
i 3 1 06789405
0.1287E+06
z 1 1 0+2010E405
2 2 1 0e1047E+05
0e32063L 405
3 1 1 0 «Q620E+04
3 2 1 0413252405
0e2287CL+ 05
4 1 1 0 «5748E+04
4 2 1 Ce€126E+04
Del187£+405
5 1 1 03021E+04
5 2 1 0e7240E404
Cel62€L+05
¢ 1 0 «5694E404
& 2 1 0e3353257404
Cell25E+05
7 1 2 0 e5034E405
7 2 2 05873405
0.10G1E+0b6
5 1 2 0e6678E+05
< 2 1 024255405
& 3 1 Oell2288405
$] 4 1 01420E+05
O¢l11 74E+ 006
2 1 1 0267 3E+04
G 2 1 031000404
9 3 1 0.4T7T6G2E+04
o 4 1 0«2000E+04
0413S45+0C
10 1 1 0«8211E404
10 2 1 051275404
190 3 1 De4049T+04
10 4 1 0+3893E+04
19 5 1 0 «5990E+04
0e2T728L+05
11 1 1 0 42407E405
11 2 1 0624252405
11 3 1 022420405
11 4 1 0 «1349E+05
11 5 1 0+1363C+05

0410 3GE+06
D.5928Z+4+06



PFEDICTED

TIME(DAYS)

5245000
125.0000
187.5000
2500000
312.5000
37540000
437.5009
5000000
5625000
6250000
08745000
750,00090
812.5000
8§75.0000
337.500C

1000.0000
1062 45000
1125.0000
1127.5000
12500000

RECQVERY

FLCUVERY(BBLS)

016245+053
0e2988C+05
Ce3953L+05
0«47 002405
0eD309E+05
05847 +05
0e 63285 +05
0¢6819E+05
0e72G4E+C5
0e7746C+05
0«81 €E7E+05
Ce85480+05
Oe 88G3LI+05
049201t +05
0e¢94G0L+05
0eC728 +05
0e¢1001E+06
0101935 +00
010352408
Cell SEL +0u
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APPENDIX M

RESULTS OF STREAMLINE MODELLING OF SHIELLS
CANYON FIELD AS A PIECEWISE HOMOGENEOUS
RESERVOIR. PART OF ITS BOUNDARY AT
CONSTANT PRESSURE, THE REMAINDER
SEALED
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APPENDIX M

BOUNDARY ELEMENT MODELLING OF SHIELLS CANYON(203) FIELD
ANALYSIS AS A PIECEWI SE~-HOMOGENEOUS RESERVIOR
PART OF THE BOUNDARY AT COUNSTANT PRESSUREs THE REMAINDER SEALED

BY: De Te NUMBERE, UNIVERSITY OF ODKLAHOMA, 1982
REGION 1.0

DATA
NUMBER OF BOUNDARY ELEMENTS= 43
NUMBER OF INTERNAL POINTS WHERE THE FUNCTION IS CALCULATED= 0
NUMBER OF SOURCES AND SINKS= 7
NUMBER 0OF INTERFACE NODES= 10
PERMEABILITY(MD)= 1400000
THICKNESS(FT)= 1600000

POROSITY= 02050

SCALE: 1 INCH = 738 .46FEET
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THE CDORDINATES OF THE EXTREME POIN'S OF THE BOUNDARY ELEMENTS

POINT X ( INCH) Y ( INCH)
1 1.5000 15500
2 13500 14800
3 12500 1+4400
4 1,2000 14000
5 11500 143800
6 140500 13250
7 09500 12600
8 049000 12500
9 048500 1.2000

10 048000 161700
11 . D«7500 1.1500
12 0. 6500 1.0800
13 , 0.5500 10200
14 05000 049900
15 064500 009500
16 044000 0e 9200
17 043000 0.8500
18 041000 07300
19 01000 065000
20 01000 01500
21 02500 02000
22 044000 02500
23 045500 0.2800
24 006500 063000
25 07000 0e 3250
26 07500 03300
27 08000 03400
28 0.8500 0. 3500
29 09000 04000
30 1.0000 0.4500
31 11000 0.5250
32 12500 0.6000
33 14000 06500
34 1 5500 0. 6800
35 15500 0.7500
36 15400 0. 8500
37 145000 0e 9500
38 15000 10500
39 14800 11500
40 1 4600 16 2500
41 14600 13500
42 144800 14500

43 15000 15000
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BOUNDARY CONDITIONS

NODE CODE PRESCRIBEL VALUE
1 1 00
2 1 0«0
3 1 0.0
4 1 0.0
S 1 0e0
6 1 0.0
7 1 0 0
8 1 Oe0
9 1 040

10 1 00
11 1 O0eO
12 1 0.0
13 1 D0
14 1 0.0
15 1 OeC
16 1 00
17 1 [+PY¢)
18 0 085000C0E+02
19 0 08500000E+402
20 1 Oe0
21 1 0«0
22 1 Oe0
23 1 Oe 0
24 1 Oe0
25 1 00
26 1 Oe 0
27 1 Oe 0
28 1 0«0
29 1 Qe 0
30 1 Oe0
31 1 Qe
32 1 Oe 0
33 1 Qe 0
34 2 Oe0
395 2 0«0
36 2 Qe0
37 2 00
38 2 Oe0
39 2 Oe0
40 2 00
41 2 Oe0
42 2 0«0
43 2 0.0
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COCRDINATES OF SOURCES AND SINKS AND THEIR STRENGTHS

X{INCH) Y{INCH) RATE(BBL/D)
044500 065500 ~691000
05000 08000 -6941000
07500 0¢4000 =69 1000
0.9000 1.1£00 ~6941000
10000 08000 560 .,0000
1.2500 1.2000 -69.1000
13500 10000 =-69¢1000

THE AVERAGE RADIUS OF THE WELLS({INCH) IS= 0500
THE CHARACTERIST IC PRESSURE(PSI) Is= 85. 0000



NUMBER OF
NUMBER OF
NUMBER OF
NUMBER OF

REGICN 2.0

DATA

BOUNDARY ELEMENTS= 37
INTERNAL FOINTS WHERE THE FUNCT ION IS CALCULATED=
SOURCES AND SINKS= 6
INTERFACE NODES=

10

PERMEABILITY(MD) = 700000

THICKNESS(FT)=

FPORDSITY=

SCALE:?

1 INCH

160.0000

02050

738e46FEET

274
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THE COORDINATES OF THE EXTREME POINTS CF THE BOUNDARY ELEMENTS

PCINT X { INCH) ¥{ INCH)
1 15000 15500
2 1 «5000 15000
3 144800 14500
4 14600 13500
S 144600 142500
6 14800 1.1500
7 15000 10500
8 1.5000 Ge95C0
9 145400 08500
10 15500 0647500

11 15500 06800
12 16500 06900
13 17000 0e 7000
14 17500 07100
15 1.8000 07200
16 18500 0e 7250
17 19000 07300
18 19500 07350
19 21000 Qe 7450
20 242500 07500
21 2440600 07500
22 26000 0e¢ 7400
23 2¢7500 07300
24 29000 07250
5 31600 1.0000
26 3 0600 12500
27 29500 15500
28 27500 16500
29 2 «4000 18200
30 202500 18000
31 21000 1¢ 7500
32 240500 17450
33 20000 17250
34 1 «9500 167100
35 18500 16900
36 1e¢7500 16500

37 16500 1,6100
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BOUNDARY CONDITIONS

NODE CODE PRESCRIBELD VALUE
1 2 0.0
2 2 0.0
3 2 0.0
4 2 0.0
5 2 0.0
6 2 060
7 2 0.0
8 2 0.0
] 2 0.0

10 2 0.0
11 1 Ce0
12 1 0.0
13 1 0.0
14 1 0.0
15 1 0.0
16 1 040
17 1 C.0
18 1 Q.0
19 1 0.0
20 1 0.0
21 1 0.0
22 1 0.0
23 1 0.0
24 i 0.0
25 1 0.0
26 1 0.0
27 1 0.0
28 1 0.0
29 1 0.0
3¢ 1 0.0
31 1 0.0
32 1 0.0
33 1 0.0
34 1 Q.0
35 i 0.0
36 1 0.0
37 1 0.0
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COURDINATES OF SOURCES AND SINKS AND THEIR STRENGTHS

X (INCH) Y{INCH) RATE(BEL/D)
19000 Ce9500 200. 0000
1.8000 13500 -69 1000
2.0500 15500 -6941000
21500 12500 -69.1000
243500 1.,0500 -69.1000
245750 13000 -69.1000

THE AVERAGE RADIUS OF THE WELLS(INCH) IS= 04500
THE CHARACTERISTIC PRESSURE{(PSI) IS= 85.0000



X (INCH)

0e1425E+01
0e¢1300E+01
Oe 1225E+01
OCell 75E401
0.1100E+01
Ce 1000E+01
09250E+400
Qe B7S0E+ 00
Oe B2S0E+ 00
0e7750E400
Oe 7000E+00
0+ 60 00E+00
VeS250E+00
0+ 4750E+00
004250E+400
0e 35 00E+00
0e 2000E+00
0+1000E+00
0«1000E+00
Oe 17S0E+ 00
0¢3250E£400
Oe 4750E400
Oe 6000E+00
0e6750E+400
0e 7250E+ 00
07750E+00
0O« 8250E400
Oe 8750E+00
0e¢9500E+00
Oe 1050E+01
0el1175E+01
0.i325E+01
0e 1475E+01
041550E+01
0e¢ 1545E+401
Oe 1520E+01
0« 1500E+4+01
Oe 14 90E+01
0«1470E+01
0e¢1460E+01
0e1470E+01
0¢1490E+401
0e1500E+01

RESULTS

BOUNDARY NODES

Y (INCH)

0.1515E+01
0+1460E+01
0e1420E+401
Oe 1390E+01
0.1352E401
0.1292E+01
0.1255E+01
0e1225E+401
Oe 1185E+401
0¢1160E+01
0+1115E+01
0e 1050E+01
0+1005E401
049700E400
0e9350E+00
0.8850E+00
0.7900E+00
06150E+00
0 03250E+400
0e1750E400
0+2250E+400
0+26S0E+00
0¢2900E+00
0+3125E400
0e3275E400
0e3350E+400
0+3450E400
0e3750E+00
04250E+400
0.4875E+00
0eSE25E+400
0+6250E 400
0e 6650E+00
0.7150E+00
0+8000E+00
0.9000E+00
0+1000E+01
0.1100E+01
0« 1200E4+01
0+1300E+01
0+ 1400E+01
0e1475E+01
0.1525E+401

PRESSURE(PSI)

Oe 8O0T76E+ 02
0. B205E+02
0¢8266E+02
00 8327402
Oe 8402E+02
0+.8501E+02
0. 8560E+02
048568BE+02
008623E+02
O« EE7SE+ 02
0.8713E+02
O« 8695E+02
0. 8€48E+02
0.8610E+02
O¢ 8569E+ 02
0. 8537E+02
0+85S09E+02
O« 8500E¢+ 02
0. 8500E+02
0« 8468E+02
O« 8510E+ 02
O« 8524E4+02
O« 8548E+02
0+ BSSTE+ 02
0.£565E+02
O+ EE90E+ 02
0+8645E+02
Ce 8700E+02
Qe BE34E+ 02
0« 8946E+02
0. 8S72E+02
Ue E794E+02
0.8608E+02
0« 8560E+02
0«8S519E+02
0e 65469E+02
0. £383E+ 02
0.8302E+02
0e 8234E+02
08167E+02
0.8094E+02
O« 8047E+02
0.8102E+02

278

NORMAL GRADIENT

0.0

0.0

0.0

0e0

0.0

0.0

0.0

0.0

0«0

0.0

0.0

00

Oe0

0.0

0e0

Oe0

0.0
~0+3533E-03

0¢3379E—-03

00

060

0.0

0.0

000

0.0

Oe0

0.0

0.0

0.0

0.0

Oe0

0¢0

0.0
-~0e1048E~D1
~0e64SEE-02
=0 e8446E-02
~044565E-02
-0e7717E~02
-0 «8584E£~02
-0eB2E3E-02
-0 e7529E-02
-0e6497E-02
-0e2877E-01
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X CINCH)

0e¢1500E+01
0¢1490E+01
0e1470E+01
0+1460E+01
0e1470E+401
00 1450E+01
0¢1500E+01
0e 1520E+01
Oe 1545E+01
0«1550E+01
0« 1600E+01
0e1675E+01
061725E+401
0e1775E+01
0«1825E+01
0s1875E+401
041925E+01
0 «2025E+01
0e2175E+01
Ve 2325E+ 01
042500E£+401
0e 26752+ 01
0«2825E+01
0+3030E+01
0+3110E+01
0+3005E+01
0+2850E+01
0e2575E+ 01
0e2325E+01
Ce2175E+01
0.2075E+01
02025E+0Q1
0e1975E+01
Ce1900E+01
Qe1800E+01
0.1700E401
0e1575E+01

RESULTE

BCUNDARY NODES

Y (INCH)

0. 1525E4+01
0e1475E+401
0«1400E+01
0«1300E+01
0+1200E+01
0.1100E+01
0.1000E+01
0«9000E+00
0.8000E+00
0.7150E+00
0 .6850E+00
0+ 6950E+00
0«7050E+00
O0«7150E+00
0+ 7225E+00
Q0e7275E+00
06 7325E+00
047400E+00
O +7T4T7SE400
07500E+00
0.7450E+00
0.7350E+00
0 7275E+00
O .8625E+00
0.1125E+01
0.1400E+01
0.1600E+01
0.1735E+01
0¢18i0E+01
041775401
0e1747E+01
0.1735E+01
0«1717E+01
0«1700E+01
0e1670E+01
0.1630E+01
0.1580E+01

PRESSURE(PSI)

Qe 8102E+02
O, BO047E+02
0«+8094E+02
06 8167E+02
06 8234E+02
0.8302E+02
Oe 8J83E+02
0.B469E+02
0¢8S19E+4+02
O¢ 8S60E+ 02
0.8512E+402
Oe¢ 8438E+402
0. 8395E+02
0+8353E+02
0e¢ 8306E+02
0. 8251E+02
08177E+02
Oe 7562E+ 02
Oe 7595E+02
Qe 7303E+02
Oe 7103E+02
0¢7012E+02
0. 6S75E+02
Qe €SS0E+02
0e6931E+02
Oe¢ 6897E+02
Ce6892E+02
Oe 6933E+02
Coe ES7SE+ 02
Oe 7019E+4+02
0s 7075E+02
Oe 7096E+ 02
De7149E402
Oe 7255E+02
0 7403E+02
Oe¢ 75S89E+02
Oe 7864E+02

279

NORMAL GRADIENT

0 «S754E-01
0¢1299E-01
0e150€6E-01
Oel651E-01
0«1717E-01
0¢1543E-01
Ce9137E-02
Oe 168BSE-01
0¢1292E~01
0¢2096E-01
0.0
0«0
00
0.0
0.0
0e 0
060
0.0
00
00
0e0
040
00
Ne O
0.0
0e0
Oe 0
0«0
00
00
0«0
Oe0
00
060
Oe O
Ce0
DeO
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PRODUCER NUMBER 1

NUMBER OF STREAMLINES= 3

STREAMLINE NUNMBER TOT AL INJe RATE
1 0.2800E+402
2 0+2800E+02

0.2800E+02

STREAML IN RATE
o 8 00E+02
B> 200=+02
PRODUCER NUMBEN S
NUMBER OF STREAMLINES= -
STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJe RATE
1 0«3381E+03 0e1795E+02 0.28005+02

2 03816E+03 0«2111E+402 0.2800E+02



PRODUCER NUMBER 1

NUMBER OF STREAMLINES= 3

STREAMLINE NUMBER TOTAL LENGTH

1 05533E+03
2 044250E+03
3 0.6566E+03

PRODUCER NUMBER 2

NUMBER OF STREAML INES= 2
STREAML I1.E NUMBER TOTAL LENGTH

1 0e4447E+03
2 043447403

PRODUCER NUMBER 3

NUMBER OF STREAMLINES= 2
STREAMLINE NUMBER TOTAL LENGTH

1 0e3381E+403
2 0.3816E+03

AVERAGE WIDTH

0¢4991E+ 02
0 «2343E+402
066611E+02

AVERAGE WIDTH

06279SE+02
06 1906E402

AVERAGE WIDTH

0+1795E+02
02111E+02

280

INJe RATE

0.2800E+402
0.2800E+02
0.2800E+02

INJe RATE

0«.2800E+02
0.2800Z+02

INJe RATE

0.2800=+02
0.2800E+02



PRODUCER NUMBER ¢4

" NUMBER OF STREAMLINES= 2
STREAMLINE NUMBER TOTAL LENGTH

1 0 «2697E+03
2 04 26S7E+03

PRODUCER NUMBER 6

NUMBER OF STREAMLINES= 2
STKEAML INE NUMBER TOTAL LENGTH

1 0e 3664E+03
2 03316E+403

PRODUCER NUMBER 7

NUMBER OF STREAMLINES= 2
STREAMLINE NUMBER TOTAL LENGTH

1 02914E 403
2 0.2%947E+03

AVERAGE WIDTH

0.1331E402
0:147SE+C2

AVERAGE WIDTH

0.1586E+402
0.1379E+C2

AVERAGE WIDTH

0.1262E+02
0e1212E+02

281

INJe RATE

0.2800E+02
0.2800E+02

INJe RATE

0.2800E+02
0.2800z+02

INJ. RATE

0.28002+02
0.2800E+02



PRODUCER NUMBER 2

NUMBER OF STREAMLINES= l

STREAMLINE NUMBER

NN e

TOTAL LENGTH

0+4513E4+03
02164E+03
0 «478B4E+03
0¢2480E+403

PRODUCER NUMBER 3

NUMBER OF STREAML INES=

STREAML INE NUMBER

3

TOTAL LENGTH

0e¢5914E 403
046197E+403

0e3764E4+03
0eS5414E+03

PRODUCER NUMBER 4

NUMBER OF STREAMLINES=

STREAMLINE NUMBER

S UN-

TOTAL LENGTH

0 ¢ 2664E 403
0.2881E+03
0e3631E+403
0.2881E+403

AVERAGE WIDTH

06006E+402
0¢300BE+02
0.5833E+4+02
0¢3138E+02

AVERAGE WIDTH

01337E+02
0.1481E+02

0.6182E+402
0.4388E+02

AVERAGE WIDTH

066399E+01
0 .6867E+401
0.826B8E+01
06640E+01

282

INJe RATE

0.2800E+02
0.2800E+02
0« 2800E+02
0.2800E+02

INJe RATE

0.1000E+402
01000z+02

0428002402
02800E+02

INJe RATE

041000+ 02
0«1000E+02
0«1 000E+02
0+1000E+02



PRODUCER NUMBER S

NUMBER CF STREAMLINES=

STREAMLINE NUMBER

O P UN -

0¢4783E+403
0e3848E+03
06 3348E+03
0:.3316E+403
0« 3848E+03

PRODUCER NUMBER 6

NUMBER OF STREAMLINES=

STREAMLINE NUMBER

P U -

07033E+03
0.8348E+03
0e7197E+403
0¢5381E+03
0¢5914E403

5

TUTAL LENGTH

S

TOTAL LENGTH

AVERAGE WIDTH

O0«1111E+02
0 .8507E+4+01
0+ 7707E+01
0+7468E+401
0.9714E401

AVERAGE ¥ IDTH

0+2165E+02
0.2773E+02
01985E+02
041601E+02
0.2086E+02

NG STREAMLINE FRCM REGION 2 CROSSES INTQO REGION 1

INJe. RATE

0.1000z+02
0.1000E+02
0+1000E+402
0+1000E+02
0 «1000E+02

INJe RATE

0«1000E+02
0«1000E+402
0« 1000E+02
0«1000E+402
0¢1000E+02



APPENDIX N

RESULTS OF STEAMFLOOD PREDICTION FOR SHIELLS CANYON
FIELD AS A PIECEWISE HOMOGENEOUS RESERVOIR.
PART OF ITS BOUNDARY AT CONSTANT
PRESSURE, THE REMAINDER SEALED
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APPENDIX N
STEAMFLOCD PRECICTION CF SHIELLS CANYON(2032) FIELD
METHOD : STREAMLINE/STREAMTUBE METHOD USING (EEM) TECHNIQUE
ANALYSIS AS A PIECE-WISE HCOMOGENEDOUS RESERVOCIR
HAVING TWO REGIGNS OF UNEQUAL PERMEAEILITY
BOUNDARY CONDITICN: PART OF THE BOUNDARY AT CONSTANT
PRESSUREs THE REMAINDER IS SEALED,

PRCDUCT ICON RATES: ASSIGNED EGUAL IN ENTIRE REGION

DATA

TOTAL NUMBER OF PRCDUCERS= 11

STEAM TEMPERATURE (DEG. F)= 43060000
STEAM QUALITY= 0.70CO
CONVERGENCE LIMIT= 0.0010
RESERVOIR THICKNESS (FT)= 1604 0000
STLAM PRESSURE (PSI)= 3440000
INITIAL RESERVOIR TEMPERATURE(CEG F)= 1050000

FLUID PROPERTIES

— ——— -

WATER oIL STEAM
DENSITY(LB/CU FT) AT STDe. TEMP. €2.4000 550000
DEN3LITY(LB/CU FT) AT STEAM TEMP, 52 3800 487000 Oe7431
SPECIFIC HEAT(BTU/LB *F) 1.0000 0. 4880 100600
LATENT HEAT(ETU/LDB) 78945100

PRCPERTIES OF THE CAP AND BASE ROCK

DENSITY(LB/7CUe FT) 145,0000
SPECIFIC HEAT{BTU/LB-%*F) 02130
THERMe CONDo (BTU/HR-FT—%F) 11000
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RESERVCIR ROCK PROPERTIES

REGIONMN 1 REGION 2
POROSITY 042050 0.1800
LDEN.{(LB/7CU FT) 165.,0000 165.,0000
SPECe HEAT(BTU/LBX*F) 02000 0.2000
PERMEABILITY(MD) 14040000 70.0C00

INITIAL FLUID SATURATIONS

REGICN 1 RECGIUN 2

WATER 045500 045500
CIL 044500 04500
STEAM Ce0 040

AVERAGE RESIDUAL SATURATIONS BEHIND THE FRONT

REGICN 1 REGION 2

WATER 05800 05800
aIL 0.1800 041800
STEAM 042400 042400



WELL NU.

VCOOWOODaETNNOOOLULE»WWNN™ -~

INPUT DATA FRCM STREAMLINE PRUGRAN

S/7L NO.

QPUNSULUN =P USRS RN =N RGN -

CUDE

e bt gy B b pm s s e bt g e b e P RS ND ) e e b e e e e s P b B s g

REGICN 1
LENGTH WwWIDTH
55330 49,91
425.00 23040
65660 66011
444,70 2795
34470 19.06
338.10 17.95
381660 21i.11
26%.70 1331
26970 1475
36640 15.8¢€
33160 13675
291.40 12.62
29470 12412
45130 60406
478640 5833
37640 01,82
591 .40 1337
61970 14081
266040 640
288.10 687
363.10 B8e27
288410 664
478630 11.11
384 .80 8.51
334 80 771
33160 7¢47
384.80 9.71
703630 21465
834.80 2773
71970 19685
5358610 1601
591640 2086

RATE

28400
28400
2800
28600
2800
28400
28.00
28600
28400
2800
28600
28400
2800
28400
28600
28000
1000
10,00
1000
10600
10600
10600
10,00
10,00
1000
1000
10,00
1C.00
1000
10600
10600
10400

REGICN 2
LENGTH WIDTH
0«0 Qe0
Oe¢0 0e0
Oe0 Q60
De0 0.0
00 Oe0
Oe0 Oe0
0e0 0e0
Oe0 0.0
060 Oe0
Ce0 Oe0
060 0.0
060 Oe0
0.0 Ce0
216440 30,08
24800 31.38
54140 43.88
Oe0 0«0
00 Oe0
0e0 0.0
0«0 0.0
060 0.0
00 0.0
0«0 0.0
0.0 000
Ce0 Oe0
0«0 0.0
0.0 0.0
00 OCe0
00 040
0.0 Oe¢0
0e0 0.0
0.0 0.0

286

RATE

De0
0.0
Oe0
0.0
0.0
0.0
0.0
0.0
0.C
Q0.0
0.0
0«0
0.0
28400
28400
28.00
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0e0
0.0
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CALCULATED BREAKTHROUGH TIMES{(HOURS) FGR EACH STREAMTUBE

PRUDe« NOo

CO QOO ONNCOCCPLUWWNN ™ -

s et et et s P s s =
o e e OO O OO

STREAMLINE NGO

N G = DGR e DGR s N = N e RS b Dbt PO A e PO e (N

CCDE

e bt e e bt e e Bl g e e gt e Bt bt g PN DD e b ek bt gt Bt s s pub s e A e

ENDTIME(1)

18260,6484
604845781
30286.2461
76715547
390440466
35%92.2112
483849414
2078.,0183
23118730
343244089
267230630
213067292
206701299
17888.3867
1847267227
15123.,5234
143215000
16866.,7812
279445066
3264+70486
5061 .4687
3151 .8491
9305.1289
554740469
431442812
413146172
638540742
29675.5391
47986,7930
27613.4141
157327773
2341944766

ENDTIME(2)

Ce0
0.0
Oe0
Oe0
Oe0
0.0
0.0
0.0
00
Oe0
0e0
0e0
0.0
217488750
231315273
30573.1289
Qe0
0.0
Ce0
0«0
0«0
Oe0
0.0
0.0
0e0
000
0.0
Oe0
Qe 0
0.0
060
0.0
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REAL TIME(HOURS)= €000.0000C

DIMENSIONLESS TIME= 0.032¢€

WELL OSTR/L NOe OF REGIONS RECOVERY WELL TOTAL RESERVOIR TOTAL
1 1 1 041557E+40S
1 2 1 0.1557E+405
1 3 1 0.1557E+05
044670E+05
2 1 1 C«1557E+05
2 2 1 01036E+05
0«25G3E+05S
3 1 1 0+9572E+04
3 2 1 0.1271E405
02228E+05
4 1 1 0 ¢5662E+04
4 2 1 066274E+04
Oell G4E+0S
5 1 1 0+S165E+04
S 2 1 0.7212E4+04
O0e163EE+0S
6 1 1 0.5800E404
6 2 1 0«5633E+04
Oel143E+05
7 1 2 041557E+405
7 2 2 0415572405
03113E4+05
8 1 2 0e1557E+05
8 2 1 0 «5S560E+04
8 3 1 0 +5560E+04
0e2669E+05
g 1 1 0+2689E+04
9 2 1 0+3120E4+04
9 3 1 04735E+04
9 4 1 Ce3017E+04
0« 13EEE+OS5
10 1 1 05560E+04
10 2 1 05163=+04
10 3 1 C«4070E+04
i0 4 1 0«3906E+04
10 S 1 0 +S560E+04
042426E+05
11 1 1 0eSS60E+04 '
11 2 1 0 «5S60E+04
11 3 1 D+S560E+04
11 4 1 0+.5560E+04
11 S 1 0 «5560E404

042780E+05
0e 25S81E+06
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REAL TIME(HCURS)= 12000.0000

DIMENSIONLESS TIME= 040650
WELL STR/L NOe COF REGIONS RECOVERY WELL TOTAL RESERVOIR TOTAL

1 1 1 02969E405

1 2 1 041569E+405

1 3 1 0 +2969E405
Oe750€E+0S

2 1 1 0+1960E+405

2 2 1 0«1036E+40S
0295 7E+05

3 1 1 0«G572E404

3 2 1 01271E+405
0222BE+05

4 1 1 0 «5662E+04

4 2 1 046274E404
Oe1194E+05

5 1 1 05165404

5 2 1 0«7212E+04
0« 163EE+0S

© 1 1 0S800E+04

6 2 1 0«5633E404
Oe1143E+05

7 1 2 0:2969E+35

7 2 e 0 «2969E+0S
0e5938E+05

8 1 2 042969E£+405

8 2 1 0«1060E+0S

2] 3 1 0«1060E+05S
0e¢50S0E+05

9 1 1 0 «2089E+04

9 2 1 0:3120E+04

9 3 1 047350404

9 4 1 0.3017E+404
0¢1356E+05

10 1 1 0.8381E+04

10 2 1 0+5163E404

10 3 1 04070E+04

10 4 1 03906E+04

10 5 1 0 «5S896E+04
062742E+05

11 1 1 0«1060E+05

11 2 1 01C60E+05

11 3 1 041060E+405

11 4 1 C«1060E+05

11 S 1 0«1060£405
05302E+405

063713E+06
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REAL TIME(HOURS)= 180000000

DIMENSIUONLESS TIME= 00975
WELL STR/L NOe UF REGIGNS RECUVERY WELL TOTAL RESERVUIR TOTAL

1 1 1 0e4299E 405

1 2 1 0e1569E+05

1 3 1 0 +4299E+405
0.1017E406

2 i 1 0¢1960E+4+05

2 2 1 041036E+05
0e29S7E+0C5

3 1 1 0.9572E+04

3 2 1 0.1271E405
02228E+05

4 1 0+5062E+04

4 2 1 06274E+04
0e1194E405

€ 1 1 0eS165E+04

5 2 1 0.7212E+04
0«163E8E+05

€ 1 0.5300E+04

O 2 1 0 +5633E+04
0e1143E+05

7 1 2 064296E£+05

7 2 2 0+4299E+05
0 +.8559E+05

1 2 0¢4223E+05

8 2 1 012470405

8 3 01448E+05
0.6918E+05

9 1 1 02689E+04

9 2 1 0¢3120E+404

S 3 1 04735E+04

9 4 1 0«3017E+04
0¢1356E+05

10 1 1 0.83B1lE+04

10 2 1 0 «5163E+04

10 3 1 04070E+04

10 4 1 03906E+04

10 S5 1 0 «S896E+04
0¢2742E+05

11 1 1 01535E+40S

11 2 1 0«1535E+405

11 3 1 0.1535E+05

11 4 1 0+1359E+05

11 5 i 0«1535E+05
O« 7S 00E+05

Oe 4648E 406



REAL TIME(HCURS)= 240000000

DIMENSIONLESS TIME= 01300
WELL STR/ZL NOe OF REGIUNS RECUVERY WELL TOTAL RESERVOIR TCTAL

1 1 1 0¢4355E+05
1 2 1 041569E+05
1 3 1 0 +S569E+05

Oell4GE+06C
2 1 1 0 «1960E+05
2 2 1 01036E+05

062997E+05
3 1 1 0+9572E404
3 2 1 0«1271E+405

062228E+05
4 1 1 0 «S662E+04
4 2 1 06274E404

Oell1G4E+0S
5 1 1 0.9165E+04
5 2 1 0e7212E+04

O0el1&I8BE+0S
6 1 1 0 +5800E+04
& 2 1 0.5633E+04

0e1143E+05
7 1 2 0e5176E+05
7 2 2 0 «S5479E+4+05

Oe10€EE+0O

8 1 2 0 «5339E+405
2 2 1 041247E+05
3 3 1 0¢1448E+405
080 34E+05
9 1 1 02689E+04
9 2 1 03120E+04
9 3 1 044735E+04
g 4 1 0.3017E+04
0¢13E6E+0S
10 1 1 0.8381E+04
10 2 1 0+S163E+04
i0 3 i 0+4070E+04
10 4 1 0«3206E+04
10 S 1 0+5896E+04
0e274ZE+0S
il i 1 01989E+05
11 2 1 0.1989E+05
11 3 1 0.1989E+405
11 4 1 0.1359E+4+05
11 S 1 0¢14946E+05

0 +9271E+05
0:5275E+06
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REAL TIME(HQURS )= 30000,0000

UIMENSIONLESS TIME= Oel625
KELL STR/L NOe OF REGIONS RECOVERY WELL TOTAL RESERVO1R TQOTAL
i 1 1 0 «4355E405
1 2 1 0e1569E 4095
1 3 1 0.€E789E+0S
0e1271E+06
2 1 1 0«1960E405
2 2 1 0¢1036E+405
042997E+0S
3 H i 0SS 72E+404
3 2 1 061271E+05
0.2228E+05
4 1 1 0.5662E+04
4 2 1 0.€E274E+404
Oe11G4E+05
5 1 1 0.S165E+404
5 2 1 0e7212E+404
061638E+05
€ 1 1 0.5800E+04
6 2 b 0e5633E+04
0«1143E+05
7 1 2 0¢5176E+05
7 2 0«S5479E+40S
0+10€EE+06
8 1 2 06412E405
8 2 1 0e1247E+405
8 3 1 O ¢1448E+40S
0e9106E+0S
9 1 1 0.2689+04
g 2 1 03120404
9 3 1 0e4733E+04
9 4 1 063017E+04
0613<S6E+05
10 1 1 0.£381E+404
10 2 1 0«5163E+04
10 3 1 04070E+04
10 4 1 03906E+04
10 S 1 0 «5896E+04
0 e2742E40S
11 1 1 0.2402E40S
i1 2 1 0+2425E405
11 3 1 0.2253E+05
11 4 1 D41359E+405
11 S 1 0e1946E405

0.1038E+06
0e5616E+06



PREDICTED RECOVERY

TIME(DAYS)

6245000
125.,0000
1875000
2500000
3125000
375.0000
43745000
50040000
562.500¢C
62540000
68745000
75040000
812.5000
875.0000
9375000

1000,0000
106245000
1125.,0000
11875000
125040000

RECOVERY{(BDLS)

0el15S8L+05
042940E+05
0+38E82E+05
0+4596E+05
0eS177E405
0e5682E+05
0«61 E3E+05
0.6613C+05
0+.7066E4+05
0« 7503E+05
0e7906E405
0 8277E+05
0+ 8580E+05
0. 8868E+05
0.9160E+05
049394E405
0e95E7€+05
0+9718E+405
049866E+05
0«41000C406

203



APPENDIX O

LISTING OF COMPUTER PROGRAMS



FORTRAN IV G1 RELEASE 2.0 MA IN DATE = 82098 19/2
CHREE KR KERER K LXK E R EREXE KRR ERXR KK R R R AR R KK ERE RS ERRE R KRRk A TR kR kkk*k
C PROGRAM FOR THE SOLUTION OF TaO DIMENSIONAL POTENTIAL
C PROBLEMS BY THE BOUNDARY ELEMENT METHODe. APPLICABLE TO
C HOMOGENEOUS AS WELL AS 2-REGION PIECEWISE HOMOGENEOUS RESERVOIR
C NEUMANN AND DIRICHLET CONDITIONS SPECIFIED ON THE BOUNDARIES
22 223222222 o222 2222222232232 22 3223322232222 2222222228 F3 2 2L
C
0001 : DIMENSION X1(120)sY3{120),XM1(120),YM1{(120)
0002 DIMENSION FI1{120)+DFI1{120)sKUDE1(120),CX1(120)
0003 DIMENSION SOL1(120)sH1(12Cs120)4A(1205120)+B(120)
0004 DIMENSION G1{(1205120)sCY1(120)s5UM1(120),CX2(120)
0005 DIMENSION RO(120)+X2(120)5Y2{120)+F12(120),DFI12(120)
0006 DIMENSION CY2{120) +S0L2( 320)+XS5S1(120).YSS1(120)
0007 DIMENS ION XS52{120),YSS2(120)»QSS2(120)+SUM2(120)
0008 DIMENSIGON XM2(120) »YM2(120),X11(120),Y11(120)
0009 DIMENSION QSS1(120)+KODEZ2(120) »DYBLEL1(120)
6010 DIMENSION DGDX1(120)¢DGDY1(120)sDHDX1(120)+sDHDY1(120)
0011 DIMENSION AQSS2(120) ¢DXBLE1(120)+DXBLE2(120)+DISMID(120)
Go12 DIMENS ION DGDX2(120)»DGDY2(120),DHDX2(120) ,DHDY2(120)
0013 DIMENSION VT1(120).Y1I2(120)sDYBLE2(120)+sH2(120,120)
0014 DIMENSION VX2(120)sVY2{120)sVT2(120),VX1{120),VY1(120)
001S DIMENSION G2(120,120),X12(120)
0016 DIMENSION DPHIDX (120)DPHIDY(120)sVLCF1(120)sVLCP2(120)
0017 DIMENSION DPDX(120)DPDY(120)+X01(120),YD2{(120)+X02(120)
0018 DIMENSION ANSL1I(120)9s ANSLZ2(120)sY02(120)9A1(120+120)
0019 DIMENSION AQSS1(120)+F(120)s INFO(1B8)sDIST{120)+ELMNT1(120
oo20 DIMENSION SINK(120)sSTRML (120) s STRMW{120) JAVWIDT(120)
0021 DIMENSION MM(120)+A2(120 )sLENTH{120+120)s NIDTH(120,5120)
0022 DIMENSION ATETAL(120) sATETA2(120)»ADF11(120)sADFI2(120)
0023 DIMENS ION XIF(120)sYIF{12C)+ELMNT2(120) ,vEL1{120)
0024 DIMENSION VEL2(120)+BETA(120)+FIPLOT(120)+DFIPLT(120)
0025 DIMENSION QSS51(120),Q58S52(120)
0026 DIMENS IGN XAVE1(120)sXAVE2(120)sYAVE1(120)s YAVE2(120)
0027 DIMENSION OLDL1(120)+0LDL2(120),0LDW1(120),0LDW2(120)
coz28 COMMON /BLK1/LEC,IMPsVICSTM,PI
0029 CUGMMON /BLK2/DISFAC9VlCFACoDENFACoTRFACoRATEF.$CALE
0030 COMMON /BLK3/PRESSF 3DPRE SF+PCRFACSCLFAC
0031 INTEGER TITLE(18),TITLEL1(18)TITLE2{18)TITLE3(18)
C
Ceootld22222023233202233 2023332222333 0222222222322332z2¢3282s:e
C CONVERS ION FACTORS
C DISFAC=CONVERSION FROM (FT) TO (M)
C TRFAC=CONVERSION FROM (MD) TO (SQ M)
C RATEF=CONVERS ION FROM (BBL/DAY) TO {(CU. M/SEC)
C SCALE=SCALE FACTOR OF THE FIELD
C PRESSF=PRESSURE CONVERSION FRCOM (LBF/SQ IN) TO (NEWTON/SQ M)
C DPRESF=PRESSURE GRADIENT CONVERSION FROM ((LB/SQ IN)/FT)
C TO ({NEWTON/SQ MI/M)
C PORFAC=PORCSITY CONVERSION FACTOR=1
Cevedaisd32323232332232222322232223332232323223222sz22222z232228z22sss
C NTR=TOTAL NUMBER OF REGIONS
0032 NTR=2
0033 LEC=5
0034 IMP=0
0035 PI=3.1415926
0036 VICSTM=1 0
C

0037 DISFAC=,2048



FORTRAN 1V G1

0038
0039
0040
0041
0042
0043
0044

0045
0046

0047
0048

0049
0050
0051
0052
0053
0054
0055
0056
0057
0058

0059
00¢60
0061

o062

0063

0064

0065
0066
0067
0068

0069

RELEASE 2.0 MAIN DATE = 82098 1972

VICFAC=0.001

TRFAC=9 4B69E~106
RATEF=148401E~-6
SCALE=738.46
PRESSF=6894 «76
DPRESF=PRESSF/DISFAC
PURFAC=1.0

C

COUNT=0.

SCLFAC=D ISFAC*SCALE
<
C WRITE HEADINGS TR TITLES
C

WRITE(IMP,100)

100 FORMAT (1H1 /7 +80(* %))

C READ THE NAME OF THE JOB

READ(LEC+150)TITLE
READ{(LEC+150)TITLEL
READ(LEC+1S0)TITLE2
READ{LEC150)T ITLE3

150 FORMAT(18A4)
¥RITE(IMP+2S0)TITLE
WRITE(IMP.,250)TITLE]
WRITE(IMP,250)TiTLE2
WRITE{IMP+250)TITLE3

250 FORMAT (/15X +18A4)

C
C READ INPUT DATA FOR FIRST REGION
C
7 COUNT=CCUNT+1,
WRITE(IMP,153)COUNT
153 FORMAT (//+30X+s *REGION® sF4 els/)
C
CALL INPUT(CX1+CY1sX19Y1,KODE]sFI12XSS1,YSS1sQSS1sNSS1
E N1sNIFsL1sT1sTHICK1sPORL1»RI1TOPP1)
C
Cee e CUNVERT TO SI UNITS
Cc
CALL CONVRS{CX1sCY19X19sY1sKODEl9+FJI1l+XSS19YSS1»QSS1sNSS1,
& N1sL1sT1,THICK1,POR1sRI1sTOPP1)
C

C CALCULATE THE ELEMENTS OF THE H AND G MATRICES AND ARRANGE
C THEM SO AS TOD PUT ALL UNKNOWNS IN G AND KNOWNS IN He
C THE ELEMENTS OF H AND THE SOURCE VECTOR FORM THE RHS VECTOR DFlI
C
CALL MATRX(X1sY19XM1lyYM1sGleH]1+FI1,DFI1+KODE1,XSS1,
&€ YSS1+GSS1eNSS191J1sNIFeSUMIsT14N1,L1+sCX1sCY1)

C
CeelF THERE ARE TWO REGIONS REPEAT THE ABOVE STEPS FOR SECOND
Ce e REGION
C
IF(NTR «LTe 2)GO TO 155
COUNT=COUNT+1.
WRITE(IMP,154)COUNT
154 FORMAT (1H19//7+30Xs "REGIUN®*yF4el1,4/)
C

CALL INPUT(CX25CY24X29sY2 s KODE2sFI2+XSS2+Y552sQSS529NSS2»
€ N2sNIFsL2,T2,THICK2,POR2sR12,TOPP2)



FORTRAN IV G1

0070

co71

0072

0073

0074
0075
0076
0077
0078
0079
0080
0081
0o0&2
0083

0084
008S
0086
0067
0088
0089
0090
0091
0092

0093
0094
00SS
0096
0097
0098

G099

01 00
0101

RELEASE 240 MA IN

C

&

DATE = 82098 1972

CALL CONVRS(CXZ24CY29X2+Y2+KODE2+F129XSS2s ¥YSS250SS2+NSS2,
N2sL2,T2 sTHICK2, POR2,RI2TCPP2)

CALL MATRX(X23s Y2+ XM2sYM20G2s H2+FI2sDFI2:KMDE2y XSS2,
Y¥SS25sQSS23sNSS2 oI J2 sNIF sSUM2,T2 3N24L2,CX24CY2)

C ASSEMBLE THE G MATRICES(CONSIDERING CONTINUITY AND

C COMPATIBILITY CN THE INTERFACE) INTO THE GLOBAL MATRIX (A)

C THE RHS (B) NOW CONSISTS OF THE SUM OF THE DFI VECTOR AND THE
C VECTOR (SUM) DUE TO THE SOURCE/SINK TERMSe.

CeeeNOTE <eIF THE BOUNDARY IS COMFLETELY CLOSEDs DFI WOULD EQUAL

C ZERO
C

STORE
SOLVE
155

(sl oWl

157
158

159

161

163
162

(el oW o

156

75
76

SOLVE

a0Nn

CHECK

n oo

108

CALL ASENBL(G1sG2+sDFI1+DFI2sN1 sN2sAsBsNAAINIF s NNNy
NOMsNNIsNNM,T1,T2)
GO TO 1856

THE A MATRIX AND B VECTOR FOR FUTURE CHECK OF THE SOLUTIO
AND CHECK THE SOLUTION FOR A HOMOGENEQUS S INGLE REGIDN
DO 158 I=1,N1

A2(I)=DF1I11(1)

DO 157 J=1.N1

Al(I,J)=G1(1I,J)

CONTINUE

CONTI NUE

N2=0

CALL SLNFD(GlsDFI1sDsN1sN2sNJ)

WRITE(IMP+159)

FORMAT (1 Hl,//720Xe *CHECK ING THE SOLUTION'y//»

9Xs *RHS VECTOR' 910X s* VALUE FROM SOLUTION VECTOR's//)
DO 162 I=1,NJ

F{(1)=0.

DO 161 J=1¢NJ

FIIX=F(I)+(AL1(I,J)%DFI1(J))

CONTINUE

WRITECIMP,163)A2(1),F (1)

FORMAT (SX9E14¢3914X9E14643)

CONTINUE

GO TU 164

SOLVE AND CHECK THE SOLUTION IF A 2-REGION COMPOSITE

DO 76 1=1,NAA

CA2(I)=B(1)

DO 75 J=1,NAA
Al1(IsJ)=A(1,J)

CONTINUE

CUONTINUE

THE SYSTEM

CALL SLNPD{A:BsDsN1sN2sNJ)
THE SOLUTION

WRITE(IMF,108)
FURMAT(1H1,///720X,*CHECKING THE SOLUTION VECTOR?'//,



FORTRAN 1V Gl RELEASE 20 MA IN DATE = 82098 1972

&€ 9Xs'RHS VECTOR's1GX»*VALUE FROM SGLUTION VECTOR'.//)

0102 DG 72 I=14NAA
0103 F(1)=0.
0104 DO 73 J=1,NAA
0105 FCI)=F(I)+(A1(I,J)%B(J))
0106 73 CONTINUE
0107 WRITE(IMP,74)A2(1),,F(I1)
0108 74 FORMAT (5X4E1463513XsE1443)
0109 72 CONTINUVE
C
C SPLIT THE SOLUTION VECTOR INTO ITS COMPONENT REGIONAL VALUES
C
0110 CALL SPLIT(N1sN2sNIFoNNNsNOMsNNIsNNMaNAAs KODEL ¢ KODE2,
&€ FllsFI2:DF11sDFI2+:B+T1+72)
0111 164 CONTINUE
0112 IF(NTR «GTe 1)GO TO 168
C
C REORDER THE F1I AND DFI ARRAYS 8Y PUTTING ALL POTENTIALS IN FI
C AND ALL DERIVATIVES IN DFI
C
0113 D0 169 1I=1sN1
0114 IF{KDDE1(1))20+20,10
0115 10 CH=FI1(1)
0116 FI11(1)=DFI1(1I)
0117 DFIV(I)=CH
ci118 20 CONTINUE
C119 169 CONTINUE
0120 168 CONTINUVE
C
C PRINT OUT THE BOUNDARY VALUES AND COMPUTE THE POTENTIAL
C VALUES AT DESIGNATED INTERNAL PGINTS IF ANY FOR THE FIRST REGI
C
o121 CALL OUTPUT(X1sY19XMLIsYMLIsFI19DFI15CX1+CY14SOL1sNL,
€ XSS1+YSS1eL1isNSS1+QSS1+TOPP1+sTHICK14T1+,Q5551)
C
0122 IF(L1 oLEe 0)GO TO 173
C
C COMPUTE THE POTENTIAL VALUES AT INTERNAL POINTS FOR
C THE FIRST REGION
C
0123 CALL INTER(FI1OFI1sL1aN13sCX10CY1sX1sY1,
& XS5S1+4Y551+QSS1sNSS1,50L1)
C
0124 173 IF(NTR «LTe 2)GO TO 165
C
C PRINT OUT THE BOUNDARY VALUES FOR THE SECOND REGION AND
C COMPUTE THE POTENTIAL VALUES AT DES IGNATED INTERNAL PRPOINTS
C 1IF ANY.
C
0125 CALL OUTPUT(X2 s¥Y2 s XM2 2 YM2 sFI2oDFI2sCX2sCY2,SOL 25N2y
& XS5S2sYSS2+L2sNSS2:QSS2,TOPPZ « THICK2,T2405552)
C
0126 IF(L2 +LEes 0)GC TO 16S
C
C COMPUTE THE POTENTIAL VALUES AT INTERNAL POINTS FOR THE
C SECOND REGION
C

0127 CALL INTER(FI2+sDFI2+L2/)N2sCX2+CY23X25Y2



FORTRAN IV G1 RELEASE 2.0 MAIN DATE = 82098 1972

€ XSS29YSS2,QSS2,NSS2,50L2)
C PLOT BOUNDARIES AND WELL LOCAT ICNS

C
0128 165 CONT INVE
0129 CALL BDRY(X1sY1sXSS1sYSS19NSS1sQSSS1eN1)
90130 IF(NTR «LTe 2)GO TO 166
0131 CALL BDRY(X2sY29 XSS29YSS2eNSS2:QSSS2sN2)
C
C GENERATE THE STREAMLINES
C
0132 166 CONTINUE
0133 CALL STRM{NSS1 +QSS1sFI1+DFJl sX1sY1sXSS1+YSS1 >
& N1 sT1,KODEL1sIP2sX02sY029 XM19YM]1,AQSS2sANSL2 MM,
€ ATETA1,ADFI1+ELMNT1sTHICK1,POR1sR1I1+Q55S1,
&€ O0LDL1,0LDN1)
0134 IF(NTR «LTe 2)GO TO 873
C
0135 IF(IP2 JLEe 0)GD TO 878
Cc136 CALL COMPAT(NSS2,QSS2,FI2,DFI12,X2,Y24XS5S2:YSS2,
€ N2:T2:KODE2sIP2sX02:Y02 9 XN2,YM29 AQSS29 ANSL29 MM,
€ ATETAL1JADFI1sELMNT1,THICKZ:POR2,RIZ2+T1l»
& OLDL1,0LDW1)
0137 GO TO 872
C
0138 878 WRITE( IMP,871)
0139 871 FORMAT(/5Xs*NO STREAMLINE FROM REGION 1 CROSSES?',
[ ' INTO REGION 2',/)
0140 872 CALL PLOT(0e090e0+3)
C
0141 CALL STRM(NSSZ2+QSS2¢FI2¢DFI29X25 Y29 XSS29YSS2»
E N29sT2sKUDEZ 9 IP1e X0l YULle XM29eYM249AQSS1sANSL. 19MM,
& ATETA2,ADFI2,ELMNT2sTHICK2sPOR2+sRI2sQ55S2»
& OLDL2,0LLCW2)
C
0142 IF(IP]l JLEe 0)GUO TO 879 :
0143 CALL COMPAT(NSS19QSS1sFI14DFI1sX19Y19XSS14+YSS1
£ N1sT1sKODEl+IP1eX0O19YOLl » XM1eYM1,AQSS1sANSL 1 MM,
€ ATETAZ29sADFI2,ELMNT2sTHICK1sPORI sRI1 T2,
& OLDL2,0LCw2)
0144 GO TO 873
C
0145 879 WRITE(IMP,874)
0146 874 FORMAT (/75X +*NO STREAMLINE FROM REGION 2 CROSSES*,
€ * INTO REGION 1'/)
0147 873 CALL PLOT(0050000999)
0148 79 STOP

0149 END



FCRTRAN IV Gl RELEASE 2.0 INPUT DATE = 82098 1972

0001 SUBROUTINE INPUT (CXsCY X sYsKODEsF I3 XSS, YSSs QSS,NSSeNy
& NIFsL»ToTHICKsPORIRI»TOPP)
Chbrkkhkkkkkdhdhhyhkhkhkk kkk kR kk kR kk F Rk kdkok kEE R Rk Rk ok odok ok ko ook ook %ok %

C
00cCc2 COMMON /BLK1/LEC,IMP.VICSTM,P1
0003 CCMMON /BLK2/DISFACsVICFACIDENFACsTRFACIRATEF,SCALE
0004 DIMENSION CX(120)¢CY{(120)X{120),+Y(120)+,KODE(120)
000S : DIMENSION FI(120)sXSS(1202+YSS(120),Q55(120)
C
C THIS SUBRGCUTINE READS ALL THE INPUT DATA FOR A REGION
C
€ N=THE NUMBER CF BOUNDARY ELEMENTS=NUMBER OF NODES
C L=THE NUMBER OF INTERNAL POINTS WHERE THE FUNCTION 1S
€ CALCULATED
C NSS= TOTAL NUNMBER OF SOURCES AND SINKS
C QSS= THE STRENGHTS OF THE SOURCES AND SINKS
C NIF=NUMBER OF INTRFACE ELEMENTS OR NODES
C T=PERMEABILITY
C
C READ BASIC PARAMETERS
C
0006 READ(LEC200)NsL sNSSeNIF
0007 200 FORMAT (4 IS)
0008 WRITE(IMP+300) Ns LsNSSsNIF
0009 300 FORMAT(/+30X»*DATA*//8X s * NUMBER OF BOUNDARY ELEMENTS=!',
& 1I3/78X+'NUMBER OF INTERNAL POINTS WHERE THE FUNCTION IS °
€ S'CALCULATED=" s13/8X+* NUMBER OF SOURCES AND SINKS=?%,15
& /8X,"NUMBER OF INTERFACE NODES=',13,/)
C
Ceee ¢eREAD RESERVCIR PRCPERTIES
C
Q010 READ(LEC»109)T+THICKPOR
o011 109 FORMAT(3F10.2)
0012 - WRITE(IMP4107)Te THICK,»POR
0013 107 FORMAT (20X »* PERMEABILITY (MD)=? 4F1064+//20Xs.
& 'THICKNESS(FT)="sF10+43/7720X9* PORCSITY=?'9F10e4,4//)
0014 WRITE{IMP,498)SCALE
0015 49¢E FORMAT (/720X s*SCALE: 1 INCH = * 4F742,'FEET*s//)
C
0016 IF(L oLEe 0)GO TO 499
Cc
C READ INTERNAL POINTS CORDINATES
0017 DO 1 I=1.,L
oo18 1 READ(LEC400)CX(1)sCY (1)
0019 400 FORMAT(2F10¢4)
C

C READ AND WRITE THE CORDINATES CF THE EXTREME POINTS
C OF THE BOUNDARY ELEMENTS INTO ARRAYS X AND Y

C

0020 495 WRITE(IMF500)

0021 500 FORMAT(1H1+,///8X+*THE COORDINATES OF THE EXTREME POINTS',
€ ' OF THE BOUNDARY ELEMENTS's//9Xs 'POINT s 11Xe *X(INCH)?®,
€ 12X+s*Y(INCH)"* s/}

0022 DO 10 I=1,.N

0023 READ(LEC»6003X(I)sY (1)

0024 600 FORMAT(2F1044)

0025 10 WRITE(IMP,700)Is X{I)pY(I)

0026 700 FORMAT (9X+sI3+s2(9XeF10e4})



FORTRAN 1V Gyt

0027
0028

0029
0030
0031
0032
0033

0034
003S

0036
0057
0038
0039
0040
0041
0042
0043

0044
0045
0046
0047

0048
0049

RELEASE 240 INPUT

O06 sNaNelaNaNaNaNa)

(2N o N ]

DATE = 82098 1972

READ THE BOUNDARY CONDITIONS INTO FI(I) ACCORDING TO A
PRE-ASSIGNED CODE e« IF THE POTENTIAL(PRESSURE) IS SPECIFIED,
THE BOUNDARY IS ASSIGNED A CODE=0s 1IF THE POTENTIAL GRADIENT
1S SPECIFIEDs IT IS ASSIGNED A CODE=1. IF THE BOUNDARY IS ON
AN INTERFACE EBETWEEN TWO REGIONS(BODTH PUTENTIAL AND PCTENTIAL
GRADIENT ARE UNKNOWN) +IT IS ASSIGNED A CODE=2

WRITE(IMP,800)
800 FORMAT (1H1 /7718 Xs * BOUNDARY CONDITIONS*//B5Xs *NODE"®,6X,s
€ C*CODE'+5Xs*PRESCRIBED VALUE')
DO 20 I=1.N
READ(LEC+900)KCDE(I)SFI(1)
900 FORMAT(IS+F10+4)
20 WRITE(IMP+950) IsKODE(I)}sFI(I)
950 FORMAT(8X313+8Xs11958XsE147)

READ THE COORD INATES AND STRENGTHS OF THE SOURCES AND SINKS

WRITE(IMP,556)
556 FORMAT (1Hl +//78Xe *COORDINATES OF SOURCES AND SINKS®+1X,
&€ 'AND THE IR STRENGTHS®,//)
WRITE(IMPs557)
557 FORMAT (20Xs* XU INCH)® 4SXo* YCINCH) *s7Xs *RATE(BBL/D) /)
DO 444 JJ=19NSS
READILEC333)XSS{JJ)eYSS(JJ)+QSS(JIJ)
333 FORMAT( J3F10.4)
WRITE(IMP s666) XSS{JJ) +sYSS(JJ) +QSS(JJ)
6606 FURMAT (15X +2F1264+6XeF12e4)
444 CONTINUE
READ THE AVERAGE RADIUS OF THE WELLS AND THE CHARACTERISTIC
PRESSURE

READ(LEC 9448)R 1, TOPP
448 FORMAT(2F1004)
WRITE(IMP449)RI ,TOPP
449 FORMAT(/20Xs *THE AVERAGE RADIUS OF THE WELLS(INCH) IS=‘,
& F7e30/720X9'THE CHARACTERISTIC PRESSURE(PSI) IS='4F10.4//)
RETURN
END



F ORTRAN

0001

coc2
0003
0004
000S
0006

0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
co19
0020

0021
ooz22
0023
0024
0025
0026
0027
0028
0029
0030

0031

co0 32
0033
0034
0035

IV Gl RELEASE 2.0 CONVRS DATE = 82098 1972

SUBROUTINE CONVRS(CX»CY 9 X3sYsKODEsFI1+4XSSsYSSsQSSaNSSsNy

&€ LsToTHICK,;PORsRI »TOPP)

CHERFRREXREFEXEXEEEE R XX KR SXK KRR KR TR RR KRR RX KX XK EX KRR R R KRR KRR Rk &

C

10
15

20
C

COMMON /BLK1/LEC»IMP,,VICSTMyPI

COMMON /BLK2/DISFAC, VICFAC,DENFACs TRFACSRATEF»s SCALE
COMMON /BLK3/PRESSF sDPRESF sPORFACsSCLFAC

DIMENSION CX{120)sCY(120)X(120),Y(120) .KODE(120)
DIMENSION FI(120)+XS5(120)+YS5(120),QS5(120)

T=T*TRFAC

RI=RI*DISFAC
THICK=THICK#*DI SFAC
PCR=PCR*PORFAC
TOPP=TOPP*PRESSF

IF{(L «LEs 0)GO TCO 15

DO 10 I=1,L
CX(I)=CX(I)*DISFAC*SCALE
CY(I)=CY(1)*DISFAC*SCALE
CONT INUE

DO 20 I=1,sN
X(1)=X{1)*DISFAC*SCALE
Y{I)=Y(I)*DISFAC*SCALE
CONTINUE

C AFTER CONVERT ING THE PRESSURE AND PRESSURE GRADIENTS TO
C SI UNITS,DIVIDE THEM BY THE CHARACTERIST IC PRESSURE

C

30
40

C

DO 40 I=1,N

IF(KODE(I) «EQ. 1)GO TO 30
FI(1)=FI(I1)*PRESSF/TOPP

GC TO 40
FI(1)=FI(1)%DPRESF/TOPP
CONTINUE

DO S0 I=1sNSS
XSS({1)=XSS(1)*DI SFAC*¥SCALE
YSS(1)=YSS(I)*DISFAC*SCALE
QSS{i)=QSS(I)*RATEF

C USE THE RATE TO DETERMINE THE STRENGTH

C

QSS(I)=QSS(I}* ((VICSTM*V ICFAC)/ (THICK*T))

C DIVIDE THE STRENGTH 8Y THE CHARACTERISTIC PRESSURE

S0

- @sS(I)=Qss(1)/TUPP

CONTINUE
RETURN
END
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0001

0002
0003
0004
0005
0006
0007
0008
0009

0010
0011
0012
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0014
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0016
0017
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Iv Gl

RELEASE 2.0 MATRX DATE = 82098

&

SUBROUT INE MATRX(X.YOXM.YM.G.H.FIoQFloKODE.XSS.YSS-
QSSeNSS»IJeNIF sSUMsTeNsL +CXsCY )

1972

CREEER AT KR XXX KRR RER IR R TR kR Rk kR Rk h kR Rk Rk kK K Rokk Rk ok Kk %

C

NOAONOHONOAOD

CcC

OO0 ANAOOOODAHAOODANDOANAD

COMMON /BLK1/LECsIMPsVICSTMsPI
DIMENSION X(120)sY(120)9s XM(120)9sYM(120)+6(120,120)
DIMENS ION H(120,120)+ DYBLEN( 120)

DIMENSION FI(120)+KODE(120)sDFI(120),A(1205120)+B(120)
DIMENSION XSS{120) »YSS(120)sQSS(120)sSUM(120)+S1G(120)

DIMENS ION SUMC(120)+CX(120)sCY{120)sDXBLEN(120)
DIMENSION DGDX(120),DGDY(120),DHDX(120),DHDY(120)
DIMENSION THETA(120)+DIST(120) +ELMNT(120)

THIS SUBROUTINE COMPUTES THE H AND G MATRIX ELEMENTS BY
THE METHOD OF GAUSSIAN QUADRATURE ALONG THE BOUNDARY
ELEMENTSe IT THEN FORMS THE SYSTEM AX=F

*INTE® CALCULATES ALL THE OFF-DIAGONAL ELEMENTS WHILE

* INLO®' CALCUL ATES ONLY THE DIAGONAL ELEMENTS

COMPUTE THE MID-PJINT COORDINATES AND STORE IN ARRAY
XM AND YM

10

X{N+1)=X(1)
Y{N+1)=Y{1)
DO 10 I=1.N
XM(I)=(X(I)+X(1+1))/2
YM(I)=(Y(I)+Y{1+1))/2

COMPUTE THE G AND H MATRICES AND THE B VECTOR

20

25

30

31

DO 31 I=1.N

DO 30 J=1,N

IF(1-J)20+25,20

CALL INTE(XM(I)sYM{I)sX{ D)oY (JI)eX{J+1)aY(U#1)5H(IsI)
9G(IsJ)sDGDX(T)eDGDY(1)+sDHDX(I) +DHDY(I1) ,DIST(J)»
ELMNT (J) sTHETA(J))

GO TO 30

CALL INLO(X(J) sY(J) s X(J+1)sY(J+1)G(Isd))
H(T1+4)=PI

CONTINUE

CONT INVE

WRITE PORTIONS OF THE MATRICES 0BTAINED

3a

102

33
32

101

36

WRITE(IMP,34)

FORMAT(1H1 91X+ THE H MATRIX IS'//)

NNA=}

NA=0

NA=NA+12

DO 32 I=1,N

WRITE(IMP33)(H(IJ)s J=NNAWINA)
FORMAT(1Xe12F10 ¢4)

CONTINUVE

IF{NA +GE«. N)GO TO 101

NNA=NNA+12

GO TO 102
CONT INVE

WRITE(IMF+36)

FORMAT(//+1Xs *THE G MATRIX 1S'//)

NNA=1
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RELEASE 2.0 MATRX DATE = 82098
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104

ww
® o

103

NA=0

NA=NA+12
DO 38 I=1,N
WRITE(IMP,,39)(G{IsJ)sJ=NNANA)
FORMAT (1X912E1062)

CONTINUE

IF(NA +GEe N)GO TO 103
NNA=NNA+12

GC TO 104

CONT INUVE

1972

ARRANGE THE SYSTEM TO PUT ALL THE UNKNOWNS IN G(I»J) ON THE LHS

50
40
41

106

47
48

105

42

110

44
43

109

134=0

NEIF=N+NIF

DO 51 J=1sN

IF(KODE( J) +EQe 1)GO TO 41
IF(KODE(J) «EQe 0)GO TO 51
10=1J+1

DO S0 I=1.N

CH=H(1+J)

G(IeN+1J )=-CH

H(I1:J)=00

CONT INVE

GO TO 51

DO S2 I=1,N

CH=G(1,4)

G{I+J)=-H(1,0)

H(IsJ)=CH

CONT INUE

CONTINUVUE

WRITE(IMP,46)

FORMAT( 1H191Xs* THE REARRANGED G MATRIX 1S*//)
NNA=1

NAA=0

NAA=NAA+12
DGO 48 I=1,N
WRITE(IMP,47)(G(IsJ) s JJ=NNASNAA)
FORMAT (1Xs12E10 ¢2)
CONTINUE

IF{NAA «GEe N)GO TO 105
NNA=NNA+12

GO TO 106

CONT INVE

" WRITE(IMF42)

FORMAT(//+1Xs*THE REARRANGED H MATRIX IS*'//)
NNA=1

NAA=0

NAA=NAA+12

DO 43 I=14N

WRITE(IMP44) (H(IsJ)9J=NNASNAA)
FORMAT(1Xs12E102)

CONT INUE

IF{NAA <GEs N)GO TO 109
NNA=NNA+12

GO TO 119

CONTINUE



FURTRAN IV G1

0042
c043
0044
0045

0046
0047
0048

0049
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RELEASE 2.0 MATRX DATE = 82098 1972

C CALCULATE THE CONTRIBUTIONS OF THE SOURCES AND SINKS

C

(2NN NeNa 2 NaNaN2 K X2 Ns!

DO S5 I=1sN
SUM(13}=0.
DO 54 JJ=1,NSS
CALL SOURCE(XM(I)eYM(I)sXSS(JJ)YSS(JJI)»sQSS(JJIsNSS,
& BLENTsDXSURSsDYSURS)
SUM(T1)=SUM(I)+BLENT
54 CONTINUE

55 CONTINUE

WRITE( IMP+56)

56 FORMAT(//+1X+*THE VALUES DUE TO SOURCES AND SINKS ARE‘'//
DO 58 I=1eN
WRITE(IMPS57)SUM(I)

57 FORMAT{30XsF124)

58 CONT INUE

COMPUTE THE ReHeSe VECTOR

WRITE(IMP,71)

71 FORMAT(1H1://710X,* THE RHS WITHOUT EFFECTS OF ¢,

€ Y'SOURCES AND SINKS'//)

DO 61 I=1sN
DFI(1)=90.
DO 60 J=1eN
DFI(I)=DFI(I)+H(1,J)%FI(J)

60 CONTINUE
WRITE(IMP,72)DFI(1)

72 FCRMAT(10XsE1447)

DFI(I)=DFI(I)-SUMI(L)

61 CONT INUE
RETURN
END
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0007
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RELEASE 2.0 INTE

DATE = 82098 1972

SUBROUT INE INTE{XPsYPeX1eY19X2,Y2sH 3G sDGDXsDGDY
DHDX ¢ DHDY s DIST sELMNT +THETA)

CheREFKAEEXERRKKKERKREERERE SREER R SR RE KK FRFER Rk REE kKRR KR RRR KRR KK ¥

C

sNaNeNaNaNalale]

DIMENSION XCO(4) sYCO(4)»GI(4)s0ME(4)
COMMON /BLK1/LEC, IMP,VICSTM,PI

ALL THE OFF-DIAGONAL ELEMENTS OF MATRICES H AND G ARE
CALCULATED BY THIS SUBROUTINE

DIST=PERPENDI CULAR DISTANCE FROM THE NCODE POINT UNDER
CONSIDERATION TO THE BOUNDARY ELEMENTS

RA=DISTANCE FROM THE PGINT UNDER CONSIDERATION TO THE
INTEGRATION PCINTS IN THE BOUNDARY ELEMENTS

10

36

20

30

31

32

GI(1)=0486113631

GI(2)=-G1(1)

GI(3)=0433998104

GI(4)==GI(3)
DME(1)=0434785485

OME (2)=0ME( 1}
OME(3)=0.65214515

OME (4)=0ME( 3)

AX=(X2=X1)/2

BX=(X24X1)/2

AY=(Y2-Y1)/2

BY=(Y24Y1)/2
ELMNT=SQRT( (X1 =X2)#%2+ (Y 1-Y2)*%2)
IF(AX)10520,10

TA=AY/AX

THE TA=ATAN(TA)
XLEN=(TA*XP=YP+Y 1~TA%X1) /SQGRT( TAX*2+140)
DIST=ABS (XLEN)

DDISTX={ TA/SQRT( TA*%2+1.0))
DDISTY=(-1.0/SART(TA%%2+140))
IF(XLEN «GTs 0.0)GO TO 30
DDISTX==DDISTX

DDISTY=-DDISTY

THETA=~THETA

GO TO 30

ALEN=XP-X1

DI ST=ABS (ALEN)

THETA=P1/240

DDISTX=1 «0

DDISTY=0.0

IF{ALEN «GTe« 0.0)GO TO 30
DDISTX==LDISTX
DDISTY=-DDISTY
THETA=-THETA
SIG=(X1-XP) %k (Y2-YP)=(X2=XP)*(Y1-YP)
IF(S1G)31,32,32
DIST=~DIST

DDISTX=-DDISTX
DD1STY=~DDISTY
THETA=-TEETA

G=0e

H=0+

DGDX=0 o

DGD Y=0s
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0048
004¢
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0051
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IV 61 RELEASE 2,0 INTE DATE = 82098 1972

40

DHDX=0.

DHDY=0.

DC 40 I=1+4

XCO(1)=AX¥GI(I )+BX

YCO(I)=AY*GI(I)+BY

RA=SQRT ( (XP=XCO(1))**2+(YP-YCO(I))*%2)
G=G+ALOG(1/RA)*OME(I )*SQRT(AX¥*¥2+AY*%2 )

DGDX=DGDX+( =10k (XP-XCD{I))/RA**2)*0OME (1) *SQRT(AX**2+
AY*%2)

DGDY=DGD Y#(—=14 0%k (YP=YCO{ 1) )/RA*%2 ) ¥OME (1) *SQART (AX* %2+
AY ¥%2)

H=H+(~1 0% (DISTEOME( I )*SQRT({ AX **2+AY%%2)}/RA%X*2)
DHOX=DHD X+{{~1 0 ) %*{{ (1s0/RA**2)*¥DDISTX)+{DIST*(~2.0)
*#{XP=-XCO(I1))/RA%*%4)))*OME( [)*SQRT {AX**2+AY*%2)
DHDY=DHD Y#{{—1 «0)* (( (1 s O/RA*¥2)%DDISTY )4(DIST*(~2.0)
*(YP-=YCO(1))/RA¥%4)) )*¥0OME(1)*SQRT{AXX*2+AY%%¥2)

CONT INUVE

RE TURN

END



FORTRAN IV G1 RELEASE 2.0 INLO DATE = 82098 19/2

0001 SUBROUTINE INLG(X1+Y1eX2+Y2+G)
(e 22 2 222222 2222222222222 2222222222222 32 222222222 22222222220
C
C TFrIS SUBROUTINE COMPUTES THE DIAGONAL ELEMENTS OF THE
C °'G'" MATRIXe THE DIAGONAL ELEMENTS OF THE *H®' MATRIX
C ARE ALL ZERQ,

C
0002 ' AX=(X2=-X1)r2
0003 AY=(Y2-Y1)/2
0004 SR=SQRT ( AXk*2+AY%%2)
0005 G=2%SR*(ALOG(1/SR) +1)
0006 ELMNT=SQART{ (X1-X2) *%2+(Y 1-Y2)*%2)
0007 RE TURN

0008 END



FORTRAN 1V Gl RELEASE 2.0 SOURCE DATE = 82098 19/2

0001 SUBROUTINE SODURCE(XMsYMs»XSSsYSS+QSS sNSS s BLENT s DXSURS

€ DYSURS)

CRERLE AKX RKRE R RERERERR UK KA KRR EE T bR E R KRR R Rk R XK KRR K kR kk ke kkk Kk &

0002 COMMON /BLK1/LECs IMPsVICSTM,PI
0003 DENT=SQRT(( XM—XSS) ®%2+( YN-YSS) ¥%2)
0004 BLENT=QSS*ALOG (1 «0/DENT)
0005 DXSURS=QSS*(~1«0)* (XM—-XSS )/DENT#%2
0006 : DYSURS=QSS#(~140)*( YM-YSS)/DENT#%2
0007 RETURN

0008 END



FORTRAN 1V Gi

0001

0002
0003
0004

0005
6006
c007
ooo08
0009
0010
0011
0012
C013
0014
0018
0016

0017
0018
G019
0020
0021
ooz2
0023
0024
0025
0026
0027
oozs

0029
0030
0031
0032
0033
0034
0038
0036
0037
0038
0039
0040
0041
0042
0043
0044

RELEASE 240 ASEMBL DATE

= 82098 19/2

SUBROUTINE ASEMBL(Gl1sG2+DFI1sDFI2sN1sN2sAsBsNAASNIF,

& NNNoNOMsNNI s NNMy T1 ,T2)

CHERFSLERRENERRRRFERKEREE LR ERR LR R SRR R KRR KR KK R X KRB R R ERRR Kk kK

C

C

COMMON /BLKL1/LEC»IMPsVICSTM,PI

DIMENS ION G1(1205120)+G2(120+120),DF11(120)sDF12(120)

DIMENSION A(120,120):,8(120)

C STORE THE MATRIX G(leJd) INTO A(I,J) AND DFI{I,J) INTO B(I,,J)

C

C INITIALIZE THE ARRAYS

C

7

6

s NaKg)

806

800
801

804
805

808

OO0

810

812

813
814

815
816

NAA=N2 +N1
NNN=N1-NIF
NDIF=N2-NIF
NOM=N1+NIF
NNI=NIF+1
NNM=N2+NIF+1
DC 6 I=1sNAA
DO 7 J=1,NAA
A(IsJ)=0.0
CONTINUE
B(I1)=0.0
CONT INUE

ASSEMBLE Gl INTC A

DO 801 J=1,.NOM
DO 800 I=1,N1
A(Isd)=6G1(1sJ)
CONTINUE
CONTINUE

DO 805 J=1,NDIF
DO 804 I=1,Nl}
A{1:NOM+J)=0.
CONT INVE
CONTINUE

DO 808 J=1,N1
B(J)=DFI1(J)

ASSEMBLE G2 INTO A

DG 812 J=1,.NNN

DO 812 I=1,N2
A{(N1+1+J)=0,

CONTINUE

DO 814 J=1,NIF

DO 813 I=1.N2

AIN1I+I sNNN+J)==GZ2(I +NNI=-J)%{T1/T2)
CONTINUE

CONTINUE

DG 816 J=14NIF

DO 815 I=1e4N2

A{NI+I oN1+J)=G2( I+ NNM—~J)
CONTINUE

CONT INVE

DO 818 J=1,.NDIF

DO 817 iI=1sN2



FORTRAN IV Gl RELEASE 2.0 AS EMBL DATE = 82098 19/2

0045 A(NI+I oNCM+J)=G2(INIF+J)
0046 817 CONT INVE
0047 818 CONTINUE
0048 D0 830 I=1eN2
0049 B{N1+1)=DFI12(1)
0050 830 CCONTINUE
C
C WRITE OUT THE FINAL RESULTING MATRIX
C
C 821 WRITE(IMP,62)
C 62 FORMAT (1H1,1Xs*THE FINAL ASSEMBLED MATRIX IS :*%//)
C NB=1
C NBB=0
C 740 NBB=NBB+12
C DO 1101 1I=1,NAA
C WRITE(IMP,1100)(A{I,J)9sJ=NBsNBB)+B(1)
C 1100 FORMAT {1Xs12F943+4X9F9e41]
C 1101 CONTINUE
C IF(NB «GE« 48)G0 TO 741
C NB=NB+12
C GG 7O 740
C 741 CONT INVE
0051 RETURN

6052 END



FGRTRAN IV G1 RELEASE 2.0 SLNPD DATE = 82098 1972

00C1 SUBROUTINE SLNPD(ABsDsNsNCsNJ)
CREEEFEEXREXREE KR K REKEEREREER KRR R AR KRR ER R R KRR R C Rk kK kR Rk xk kK&
C
0002 COMMON /BLK1/LEC, IMP.VICSTM.P]
003 DIMENSION A(120,120),8(120)
0004 DOUBLE PRECISION AA(120,120),8B(120),C
C
C THIS IS A SUBROUTINE THAT CAN SOLVE THE cEQUATIONS BY
C GAUSSIAN ELIMINATION
C
C A=THE SYSTEM MATRIX
C B=ORIGINALLY IT CONTAINS THE RHS COEFFICIENTS., AFTER
C SOLUTION 1T CONTAINS THE VALUES OF THE SCLUTION VECTOR
C N=ACTUAL NUMBER OF UNKNOWNS
C NX=ROW AND COLUMN DIMENSIUON OF MATRIX *tA?
C
0005 NJ=N+NC
0006 N1i1=NJy~-1
C
C CHANGE TO DOUBLE PRECISION VARIABLES
(o
0007 DO 11 I=1,NJ
0008 DO 12 J=1sNJ
0009 AA( I J)=A(1,4)
0010 12 CONTINUE
0011 BB(I)=B(1)
0012 11 CONT INUE
C
C INTERCHANGE ROWS TO GET NON ZERO DI AGONAL COEFFICIENT
C
0013 DO 100 K=1sN11}
0014 Ki=K+1
0015 C=A(KsK)
0016 IF(DABS(C}—=0+000001)151,+3
0017 1 DO 7 J=K1.NJ
0018 IF{DABS{AA(J2K))-0e000001)7y7+5
0019 5 DO 6 L=KsNJ
0020 C=AA(K,L)
0021 AA(KsL)=AA(J,L)
0022 6 AA(JslL)=C
0023 C=8B(K)
0024 8B(K)=8B(J)
0028 BB{J)=C
0026 C=AA(KsK)
0027 GO TO0 3
0028 7 CONTINUE
0029 8 WRITC(IMP,2)K
0030 2 FURMAT ( * *x%x%x%x SINGULARITY IN ROW',15)
0031 D=0+
0032 GU TO 300
o
C DIVIDE ROW BY DIAGONAL COEFFICIENT
C
0033 3 C=AA(K,sK)
0034 DO 4 J=K1lsNJ
0035 4 AA(Ks J)=AA(KsJ)/C
0036 BB8(K)=BB(K)/C



FCRTRAN 1v Gi

0037
0038
0039
00490
0041
0042

0043
0044

0045
C046
0047
0048
0049
0050
0051
0052
0053
0054
0055

G056
0057
0058

0059
00€0
0061
0062
00€3
0064

RELEASE 240 SLNPD DATE = 82098

C
C

C

OO0

e NaNaNaNaKe'

ELIMINATE UNKNOWN X (K) FROM ROW 1

10
100

DO 10 I=K1lsNJ

C=AA(I,K)

DO 9 J=KleNJ
AA(I»J)=AA(T+4J)-C*AA(KsJ)
8B(I1)=BB(1)~-C*BB(K)
CONTINUE

COMPUTE LAST UNKNOWN

101

IF{DABS({AA(NJyNJ))-0.000001) 14,514,101
BB(NJ)=BE(NJI )/ AA(NJsNJ)

1972

APPLY BACK SUBSTITUTION PROCESS TO COMPUTE REMAINING UNKNOWNS

200

1307

1301
1300

DO 200 L=1,N11

K=NJ-L

Ki1=K+1

DO 200 J=K1lasNJ

BB(K)=BB(K)-AA(K,J)*BB(J)

WRITE(IMP,1307)

FORMAT(1H1 47/ +2X+* THE SOLUTION VECTOR 15'//)
DC 1300 I=1sNJ

WRITE(IMP+1301)BB(I)

FORMAT(10XsE14.7)
CONT INUE

RETURN TO SINGLE PRECISSICN VARIABLES

255

13

DO 13 J=1eNJ
B( J)=BB( J)
CUNT INVUE
V4

COMPUTE VALUE OF DETERMINANT

250

14
15

300

D=1+

DO 250 I=1,NJ

D=D#*AA( I,1)

GO TO 300

WRITE(IMP15)K
FURMAT( * *¥x%%S INGULARITY IN ROW',15)
D=0+«

RETURN

END



FORTRAN IV Gi

coo1

0002
0003
0004

0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
o018
0019
0020
0021
0022
0023
0024
0025
0026
0027
00z8
0029
0030
0031
0032

RELEASE 2.0 SPLIT

DATE = 82098 19/2

SUBROUTINE SPLIT{N1I sN2sNIFsNNNsNOMsNNI, NNMsNAAJKODELS
& KODE2sF11sFI2sDF I[1sDF12sBsT1,T2)

ChREKRKERFRNXKKERGEREK R AR XK RFREEFEREF TR RR bk R Rk Rk Rkkk Rk ko kokokkkkkprkik

C

52
50
S4

60

61

70
51

COMMON /BLK1/LEC»IMP,VICSTM,PI
DIMENS ION KODE1(120),KODE2(120),FI11(120)sF12(120)
DIMENSION DFI1(120)sDF12(120)+8(120)

DO 50 I=1.N}

IF(KODE1{(I) «EGe 2)GO TO 50
IF(KODE1(I) «EQe 0)GO TO &2
CH=FI1(I)

DFI11(1)=CH

Fli{1)=B{1)

GG 70 50

DFI1(1)=B(1)

CONT INVE

DO 60 I=1sNIF
DFI1{(NNN+I)=B{NNN+1)
DFI2{1)=-B(N1+1-1)%{(T1/T2)
FI2(1)}=B{NOM+1-1)
FIL(NNN+I)=B(NL1+I)

CONT INUE

ND IF=N2-NIF

DG 70 I=1eN2

IF(KODE2 (1) +EGe 2)GO TO 70
IF(KODE2(1I) +EGe 0)GO TO 61
CH=F12(1})

FI12(1)=B(N1+I)

DFI12(1)=CH

GO TC 70

DFI2(I)=E(N1+1)

CONTINUE

CONT INUE

RETURN

END



FURTRAN IV Gl RELEASE 2.0 INTER DATE = 82098 19/2

0001 SUBRGUT INE INTER(FI+DFI sLsNsCXsCYe XY

& XSSeYSSsCSSsNSSeSOL)
CRARKKERERKKAKEF RRKEEKE KRR FRR KK kKRR kKRR Rk RE k& kR ok kRokkkgdok ki

C
0002 COMMON /ELK1/LECsIMPsVICSTMsPI
0003 COMMON /BLK2/DISFACsVICFACDENFAC»TRF ACo,RATEF, SCALE
0004 COMMON /ELK3/PRESSF,DPRESF+PORFACSCLFAC
coo0s . DIMENSION FI(120)+DFI(120),CX(120)5CY(120)sX{120)
0006 DIMENSION Y{120) +DYBLEN( 120) +ELMNT(120)
0007 DIMENSION SOL(120)sSUM(120)sDGDX(120)-DGDY(120)
oo0o8 DIMENSION DHDX(120)+DHDY (120 ),SIG(120) »DXBLEN(120)
0009 DIMENSION THETA{120)9XSS€120),YSS(120),055(120)
0010 DIMENSION XIF(120)sYIF(120)sFIPLOT(120),DIST(120)
C
C THEIS SUBROUTINE COMPUTES POTENTIAL VYALUES FOR INTERNAL PQINTS
C
0011 DO 40 K=1l,L
0012 SOL(K)=0.
0013 D8 30 J=1sN
0014 CALL INTE(CX(K)sCY(K) o XCU)sY{J)eX(I¥L)sY(J+1)sHI,
& GIoDGDX(K)eDGDY(K)+sDHDX(K)oDHDY(K) +DISTIJ)+ELMNT(JI)»
&€ THETA(J))
0015 SOL(K)=SOLIK)+DFI(J)*GI-FI{J)*HI
G016 30 CONT INUE
C CALCULATE THE VALUES DUE TO SOURCES AND SINKS AT INTERNAL POINT
0017 SUM(K )=0.
0018 DO 90 JJ=1sNSS
0019 CALL SOURCE(CX(K)sCY(K) s XSS5(JJ)sYSS(JJI)»QSS(JJIsNSS,
& BLENTsDXSURSsDYSURS)
0020 SUM(K) =SUM(K)+BLENT
0021 90 CONTINUE
0022 SOL(K)=(SOL{K)+SUMI(K) )/ {2.0%P])
0023 40 CONTINUE
0024 WRITE(IMP,300)
0025 300 FORMAT (/ /92X 9 ? INTERNAL POINTS®,//11Xe "X 18Xs'Y?,
& 14Xs'POTENTIAL? /)
0026 DO 20 K=1sbL
0027 XIF(K)=CX(K)/SCLFAC
0028 YIF(K)Y=CY{K)/SCLFAC
0029 FIPLOT (K )=SOL{K) /PRESSF
0030 20 WRITE(IMPs400) XIF(KIsYIF(K)s FIPLOT(K)
0031 400 FORMAT(3(SXsE1407))
0032 RETURN

0033 _END



FORTRAN IV Gl

0001

0002
0003
0004
0005
00GC6
00C7
0008

0009
0010

0011
0012
0013

C014
0015
00ié
0017
co1s
0G19
0020
cozl
0oz

0023
Goz24
0025
0026
0027
ooz8

RELEASE 2.0 ouUTPUT

DATE = 82098 1972

SUBROUT INE OUTPUT XY s XMsYMsFI oDF 1 sCXeCYoSOL 2Ny XSS

€ YSSsLINSSsQSSsTOPPSsTHICK +T»Q8SS)

2332222222222 22 RS2 2 2222 222222222 2222 a2 s T

C

100

COMMON ZELK1/LECs INPSsVICSTMsPI

COMMON /BLK2/D1SFACsVICFACDENFAC s TRF ACSRATEF  SCALE
CCMMON 7 BLK3/PRESSF+DPRESF +PORF ACs SCLFAC

DIMENSICN XM{120),YM(120) ,FI(120),DFI{120),CX(120)
DIMENSION SOL({120)+XSS{120):¥SS(120):XIF(120)
DIMENSION CY(120)eQSS5(120)sX{120)sY(120),Q5S(120)
DIMENS ION YIF(120),FIPLOT(120) DFIPLT(120)

WRITE(IMP,100)

FORMAT (1 H1+80( %% }//30Xs *RESULTS"//25X, *BOUNDARY NODES*
7711 X *X{INCH)* 913 Xs* Y(INCH)* 510X s *PRESSUREIPSI)*+7Xs
*NORMAL GRADIENT'/)

DO 10 I=1sN
FI(I)=FI(1j*TOPP
DFI( I)=DFI(I1)*TOPP

FOR- SAKE OF OUTPUT ONLY RETURN THE FOLLOWING TO FPS UNITS

200
10

XIF(I)=XM{I)/SQAFAC

YIF{I)=YN{Ij/SCLFAC

FIPLOT(I)=F1{1)/PRESSF

DFIPLT (I )=DFI(1)/DPRESF
WRITE(IMP,,200)}XIF(1)sYIF (1)sFIPLOT{1),DFIPLT (1)
FORMAT(4(8XsE1244))

CONTINUE

DG 30 J=1.NSS

QSS{J)=QSS(JI*TOPP

DETERMINE THE RATE FROM THE STRENGTH

30

500

@S5S (J)=QSS(JI/LVICSTM*V ICFAC/(THICK*T))
CONTINUE

WRITC(IMP,500)

FGRMAT (* *,B0('%"))

RETURN

END



FURTRAN IV G}

0001

0002
0003
00064
0005
0006

0007
0008
0009
0010
0011
o012
0013
0014
0015
0016
0017
od18
0019
0020
0021
0022
0023
0024
0025
0026
00c7
Q028
oo0cs
0030

RELEASE 260 BDRY

DATE = 82098 19r72

SUBRDOUTINE BORY{ X» Y5 XSS+ ¥YSSsNSS+QSSSsN)

CHEd KRR ERERKE SRR REREER R K SRR E KKK Kk Rk Rk ki ok Rk ko ko k ook K kok® ko

C

Cc

COMMON /BLK1/LEC,IMP,VICSTMsPI

COMMON /BLK2/DISFAC,VICFACDENFAC, TRFAC,RATEF, SCALE
CUMMON /BLK3/PRESSF +DPRESF ¢PORFACSCLFAC

DIMENSION X(120)sY(120) s XS5(120),¥55(120) ,QSS(120)
DIMENSION Q555(120)

C SUBROUTINE BDRY PLOTS THE BOUNDARY AND WELL LOCATIONS

C

741

744
742

FACPLO=2 «0

Ni=N+1

CALL FACTOR(FACPLO)

CALL PLOTIX{N1)/SCLFACsY (N1)/SCLFACs+3)
DO 741 I=1sN1

CALL. PLOT(X(I)/SCLFAC,Y{(1)/SCLFAC,2)
CONYINMUE

DD 742 I=14NSS

FACPLO=2 «0

XSSI=XSS(1)/SCLFAC
YSSI=YSS({1)/SCLFAC
QSS1=GSSS(I)/RATEF

PN1=XSSI*FACPLC

PN2=YSSI *FACPLO

FACPLO=1 «0

CALL FACTOR(FACPLO)

CALL NUMBER(PN1=0e15,PN2-0e15,0¢08+Q2551+040+2)
IF(QSS(1? «GEo. 040) GO TC 744

CALL SYMBOL(PN1sPN2s0s0841190,-1)

GO TO 742

CALL SYMBGL(PNLsPN2350¢08410505-1)
CONT INUVE

RETURN

END



FORTRAN IV Gi

0001

0002
00G3
0004
0005
0006
0007
0008
0009
0010
o011
0012
0013
0014
0015
0016
0017
0018
0019
0020

0021

00z2

0023
0024
0025
00

0027
0028
0029
0030
0031
0032

0033
00 34
0035
0036
0037
0038
0039
0040
0041
0042

RELEASE 240

C

C

[a &)

[aNele}

C

STRM DATE = 82098 1972

SUBRUUTINE STRM{NSS2QSSyFIsDFI X, Y sXSS9YSSH

& NeT.KODEsIPE+sXOE s YOEs XMs YMsAQSS+ANSLsMMSATETA

ADFI»ELMNTsTHICK +PCReRI» QSSS+ OLDL » OLDW )
CHERRREAKERRXERK REREERRRER KKK R E SRRk R R ASRR Rk R R TR AKX R X RFER ERE R Lk

COMMON /ELK1/LEC, IMP,VICSTMsPI
COMMUN /BLK2/DISFACsVICFACDENFAC, TRF ACsRATEF,SCALE
COMMON / BLK3/PRESSF,DPRESFsPORFACs SCLFAC

DIMENSIONMN
DIMENSION
DIMENS ION
DIMENSION
DIMENSION
DIMENS ION
DIMENSION
DIMENS ION
DIMENSION
DIMENSION
DIMENSION
DIMENS ION
DIMENS ION
DIMENSION

X(120)+sY(120)»FI(120)+DF1(120)9%SS5(120)
YSS(120) +6(120,120),DHDY (120) sR0D(120)
QSS(120)+XI€(120)sYI(120)+KGDE(120)

MM{120) s VX(120),VY(120)sVT(120),H(120+120)
DIST{120)eXM{120)s YM(120)+SUM(120),DISMID(120)
ANSL (120)sDGDX (120 )+ DGDY (120 )sDHDX(120)
DXBLEN{120)DPDX(120)+DPDY{120) »DYBLEN(120)
DPHIDX{120)+DPHIDY({120),VLCP(120)+X0E(120)
SINK(120) sSTRML (120) »STRMW(120)» AVWILT(120)
AQSS(120)sELMNT(120) +LENTH(120,120)
QSSS(120)+CQASS (1209 120)+NIDTH(120,120)
ADFI(120)+ATETA(120)»THETA(120),VEL{(120)
YOE(120)+ZETA{120) o+ XIF(120) 4YIF(120)
OLDL(120),0L0W(120)

INTEGER SINK
REAL LENTH

FACT=THE CONVERSION FACTGR CHANGING (ATM/CM) TO
(NEWTON/SG M)/M
FACT=1+0333E+7

CALCULATE THE VELOCITY NEAR THE LOWEST PRODUCING WELL

CALL LOWVEL(NSSsCSS»FIsDFIsXsYsXSSsYSSeNeTsVLOWSRI

& QMNI»RAD,PORsTHICK)

INITIALIZE ARRAYS

206

NST=20

DU 206 1I=14NSS
SINK(1)=0s0

CONT INUE
IPE=0

DO 220 I=1sNSS

IF{QSSS(1) «LEe 040) GO TO 220

NSL=ABS{ (-FLOAT({NST)*QSSS(I1)/QMNI)+0.5)
IF(NSL «LTe 10) NSL=10

IF{NSL «GTe 20) NSL=20

C CALCULATE THE STARTING POSITIONS ON A STREAMLINE

C

DO 210 K=1sNSL

ICANT=0

XI(K)=XSS(I)+RAD*COS (1.0 +(K*¥2.0%PJ)/NSL)
YI(K)=YSS(I2?+RAD*SIN{1.,0+(K¥k2,0%PI)/NSL)
STRML(K)=0.0

STRMW (K) ={20*%PI%RI)/NSL
AVWIDT(K)=STRML(K)

FACPLU=2 .0

CALL FACTCR(FACPLO)

CALL PLOTI(XI(K)/SCLFAC»YI{K)/SCLFAC,3)



FURTRAN 1V G}

0043
0044
0045
0046
0047
0048
0049
0050
0051
0052

0053

0054
0055
0056
0057
0058

00£9
0060
coe6l
0062
0063
0064
0065
0066

0067
0068
0069
0070

0071
o072
0073
0074
0075
0076
0077
co78
0079
0080
008l
002
0083

RELEASE 2,0 STRM DATE = 82098 1972
C
C CALCULATE THE POTENTIAL AND VELOCITY AT THIS POSITION
C .
C IPE IS THE COURTER FOR STREAMLINES THAT CROSS INTO NEW REGIONS
C ICANT IS THE COUNTER FUOR THE NUMBER OF POINTS ON A STREAMLINE
C WRITE(IMP.10)
C 10 FURMAT{EXe " X179 8Xs?'YI* 37Xs"DPDX® 45 X9 *DPDY"* 45X »
C $ SDXBLEN®*+5Xs "DYBLEN® 67X o 'VT 037X 4 DT o7Xs "DSX® 97Xe *DSY?)
171 ICANT=1ICANT+1
IF(ICANT «GTe 100} GG TD 210
VX(K)=0o.
VY{K)=0e
¥Ti{KI=0.
DPDX (K)=0e
DPDY(K)=0.
DO 172 J=1sN
DISMID(J)I=SQRT ({XI(KI=XM{(J))*%24(YI(KI=YM(J))%%2)
CALL INTECXI(K)oYI(K) oX{J)oY{J)oX(J¥1) Y (JIH+1)oH(Ked)>
€ G(KsJ)eDGDX(JIoDGDY(J)eDHDX{J) +DHDY(J) sDIST(J)»
& ELMNT(J) sTHETA(J)})

ELMNT2=0 o S*ELMNT(J)

Ceee o CHECK IF POINT IS NEAR A BDUNDARYs IF SO GO TO 347
Cees OTHERWISE FIND THE VELCCITY AT THE CURRENT POSITION

O0n0

347

259
12

258

749

748

172

IF(DISMID(J) «LT» ELMNT2)G0O TG 347

GO TO 748

IF(ICANT «GTe 1)GO TO 258

WRITE(IMP,259)1

FORMAT (/8Xs* INJECTCR NUMEER*s12s°* IS TOO CLOSE TO®,
* A BOUNDARY! /)

GO TO 220
IF[KODE{J) «GTe 1) GO TO 749
GD TO 210
IF(DFI{J) +LTe 0.0)GC TO 348
GO TO 210

DPDX{K)=DPDX{(K )#DF I{J)*DGDX(J)~FI{J)*DHDX(J)
DPDY (K )=DPDY (K)+DF I(J ) %D GDY(J)~FI(J)*DHDY(J)
CONTINUE

CALCULATE THE CONTRIBUTIONS OF THE SOURCES AND SINKS

54

DXBLEN{K }=0s

DYBLEN(K )=0 .

DO 54 JJ=1sNSS

CALL SOURCE{XI(K)»sYI(K) s XSS{JJ)sYSS(JJ)+QSS(JJ)INSS,
BLENT sDXSURSsDYSURS)
DXBLEN(K)=DXBLEN(K)+DXSURS

DYBLEN(K )=DYBLEN(K)+DYSURS

CONTINUE
DPHIDX(K)=(DPD X{ K} +DXBLERNIK) )/ (2.0*P1 )*FACT
DPHIDY(K)={DPDY(K)4DYBLEN{K} )/ {2 0%PI )*FACT
VX(K)==1 0% (T/VICSTM*VICFAC) *DPHIDX(K)
VY{K)=—1e0%(T/VICSTM*VICFAC) ¥DPHIDY(K)
VT{K)=SAQRT{VX(K)*%2+VY (K ) ¥%2)

DT=50e. 0XRIZABS(VT(K))

DSX=DT*VX(K)

DSY=DT%*VY(K)

DS=DT* VT (K)

XIF(K}=XI(K)/SCLFAC
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0084
0085

0086
0087
ooss
0089
0090
0091

0092
0093
0094
0095
0096
0097
0098
0099
0100
0101

o102

0103
0104
0105
0106
0107
0108
0109
0110
0111
o112

0113
0114
0118
0116

0117
o118
0119
0120
0121
oi1z2
0123
o124

RELEASE 2.0 STRM DATE = 82098

C
C
c 11

YIF(K)=YI{K)/SCLFAC
IF(ICANT «GTe 5)G0 TO 3005
WRITE(IMP11)IXIF(K)s YIF(K)sDPDX(K) sDPDY(K) sDXBLEN(K) »

€ DYBLEN(K)+VT(K)+DT»DSXs DSY

FORMAT(2Xs 10E10¢3)

Ceeos CHECK IF PUINT IS NEAR A PRODUCER,s IF SO BRANCH TO 333
Ceee OTHERWISE CALCULATE THE LENGTFH AND WIDTH AT THE CURRENT
Coee o POSITIONs PLOT THE CURRENT POSITION

3005

111

CONT INUE

IF{VT(K) «GTe VLOW) GO TC 333

STRML (K )=STRML {K)+(VT(K)*DT)
STRMW({K)=STRMW (K)+0SSS( 1)/ (NSLATHICK*POR*VT(K))
AVWIDT(K)=STRMW{K) ZICANT

CALL PLOT(XI(K)/SCLFAC,YI(K)/SCLFAC,2)

Ceee CALCULATE NEW POSITION

333

200

XI(KI)=XI(K)+VX{K)*DT

YI{K)=YI{(K)+VY (K )*DT

XIF(K)=XI{K)/SCLFAC

YIF(K)=YI{K)}/SCLFAC

GO TO 171

DU 200 LL=]1 4NSS

IF{QSS(LL) «GEes 040)GO TO 200

RUCLL)=SCGRT ( (X I(K)I=XSS(LL))I**%24+(YI(K)-YSS(LL})**%*2)
IF(RAD «GEe RO(LL)) GG TC 208

CONT INUE

1972

CeeePOINT IS NOT NEAR PRODUCERe BUT RATHERs IT IS NEAR INJECTOR

GO TO 111

C 1DENTIFY THE PRODUCER AT WHICH THE STREAMLINE TERMINATED

208

C

SINK(LL) =SINK(LL)+!

LAST=SQRT((XI{K)=XSS(LL) )*#2+(YI(K)=YSS{LL))*%2)
WLAST=(2 ¢ 0%P I*RI }/FLOAT { NSL)

STRMWI K) =STRMW {K) +¥LAST

AVWIDT(K }=STRMUW(K) /(FLOAT(ICANT)+140)

LENTH(LL +SINK(LL ) )}=STRML (K)+LAST
WIDTH(LL s SINK(LL) )=AV¥IDT(K)
COSS(LLISINK{LL))=QSSS({I ) /FLDAT(NSL)

CALL PLOT(XI(K)/SCLFACsY1(K)/SCLFAC,2)

GG TOo 210

Cees POINT IS NEAR AN INTERFACE BOUNDARY

C
348

o

IPE=1IPE+1
MM(IPE)=J
EX=XI1(K)
EY=YI(K)

CoeoeCHECK FOR HORIZONTAL BOUNDARY

C

243

C

IFCABS(Y {J41)-Y(J)) «GTe 04001)GD TO 244
XI(K)=XI(K)

YI(K)=Y({J)

XOE (IPE)=XI(K)

YOE(IPE) =YI{K)

AQSS({IPE )=@sSSs(1)

ANSL(IPE)=NSL

ADFI(IPE)=DFI(J)

C CALCULATE THE ANGLE THE OUTWARD NORMAL MAKES WITH THE
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C X-DIRECTION

C
0125 ATETA(IPE)=0+5%PI
o126 IF(Y(J) LT+ EY)ATETA{IPE)=-ATETA(IPE)
0127 VI(K)=~1,0%{T/VICFAC*VICSTM)*DF1(J)
o128 VEL(IPE)=VT(K)
0129 CALL PLOTI(XI(K)/ SCLFACSY I(K)/SCLFAC.2)
0130 : STRML{K)=STRML(K)+DIST(J)
0i3i STRMW(K)=STRMW(K ) +QSSS{1 ) Z/(NSL*THICK¥POR¥VT (K))
0132 AVWIDT(KJ=STRMWIK)/ ICANT
0133 OLDL(IPE)=STRML(K)
0134 OLDW( IPE )=AVNIDT(K)
0135 EX=EX/SCLFAC
0136 EY=EY/SCLFAC
0137 XiF(K)=XI(K)/SCLFAC
0138 YIF(K)=Y I{K)/SCLFAC
0139 714 GO0 T0O 2121
C
Ce s e CHECK FOR VERTICAL BOUNDARY
C
0140 244 IF(ABS(X(J+1)=-X(J)) «GTe 0.001)GO TO 245
0141 246 XI(KI=X(J)
0142 YI(K)=YI(K)
0143 XOELIPE)=XI(K)
0144 YOE(IPE)=YI(K)}
0145 AGSS{IPE)=QSSS(I1)
0146 ANSL ( IPE )=NSL
0147 ADFI(IPE)=DFI(J)
C
C THETA IS THE ANGLE THAT THE BOUNDARY ELEMENT MAKES WwITH
C THE X-AXIS
C ATETA IS THE ANGLE THE OUTWARD NORMAL MAKES WITH THE
C X-AXIS
C
0148 ATETA(IPE)=040
0149 IF(EX «GTe X{(J))GO TO 3001
0150 ATETA{ IPE)=-ATET A(1IPE)
0151 ADF I (IPE)}=—ADFI( IPE)
ois2 3001 VI(K)==1e0%{T/VICFACXVICSTM) %DF1(J)
0153 VEL({IPE)=VT(K)
0154 CALL PLOT(XI{K)/SCLFAC,YI(K)/SCLFAC,2)
0155 STRML(K)=STRML (K }+DIST(J)
0156 STRMN(K) =STRMW {K ) +QS55(1 )/ (NSL*¥THICK*POR*VT{K))
0157 CAVWIDT(K)=STRMW(K) Z/ICANT
0158 OLDLCIPE )=STRML{K)
0159 OLDW(IPE)I=AVWIDT(K)
0160 EX=EX/SCLFAC
o161 EY=EY/SCLFAC
o162 XIF(K)I=XI(K)/SCLFAC
0163 YIF(K)=YI(K)/SCLFAC
0164 GO TO 2121
01€5 245 XI(KI=({iX(II=XCI+1IIZ7LY (J41)=Y(J) DI*EX={(Y (J+1)=-Y(J))/

€ (X{S+1)=-X(JIIPIEX(I+Y(II-EVIZLUX{I)=X(J$1) ) 7{Y(J+1)-¥Y{J)
& =LY I+1)=-Y{J)I/(X(2+1)=-X(J)) D)

0166 YI{K)=S(UXCI)~X{I+1) I/ (Y (41 =Y () I IEXTLKI =L (X(J)=X(J+1))/
& (Y(J+12-Y(J)))H¥EX+EY
0167 XOECIPE) =XI1(K)

0168 YOE(IPE)=YI(K)
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0125
0126
0127
o128
G128
0130
0131
0132
0133
0134
0135
0136
0137
0138
0139

0140
0l41
0142
0143
0144
0145
0146
0147

0148
0149
0150
0151
0152
0153
0154
0155
0156
0157
o158
0159
0160
otel
o162
0163
0164
01€5

0166

0167
o168

RELEASE 2.0 STRM DATE = 82098

C
C

C

X-DIRECTION

714

ATETA(IPE)=0.5%P1

IF(Y(J) oLT e EY)ATETA(IPE)=-ATETA(IPE)
VT(K}==10% (T/VICFACXVICSTM)*DFI{J)
VEL(IPE)=VT{K)

CALL PLOTI(XI(K)/ SCLFAC,Y I(K)/SCLFAC,2)
STRML{K)=STRML(K)+DIST(J)
STRMW{K)=STRME{K ) +0SSSI(1)/(NSL¥THICK&POR*VT{K))
AVWIDT (K )=STRMW(K)/ ICANT

CLDL(IPE )=STRML(K)

OLDW(IPE )=AVWIDT(K)

EX=EX/SCLFAC

EY=EY/SCLFAC

XIF(K)=X1{K)/SCLFAC

YIF(K}=Y I{K)/SCLFAC

GO TO 2121

Cees CHECK FOR VERTICAL BOUNDARY

C

s EaNaNaNaXsl

244
246

THE X- sz.;?AnﬂunAATﬁm_A;ggﬂ

3001

245

IF(ABS(X(J*I)-XKJ))
XI(KI=X(J)
YI(K)=YI(K) g

XOE( IPE ) =X

EX=EX/SCLFN
EY=EY/SCLFAC @l
XIF(K)I=XI(K)/SGY .
YIF(K)=YI(K)/SCLFACT
GO TO 2121

1972

XI(K)=({(X(J)~- X(J+1))/(Y(J+l)~Y(J)))*EX ~{ (Y (J+1)=Y(I))/
(X(I+1)=X(IDIIEX{IIEYCII=EY) 7L UX(I)=XCI+1 D)) 7LY (J+2)=-Y{J)

)= Y (I+1)-Y(I2I/7(X(J+1)=-X(J)]))

YI(K)={OXCI)=XEIHLDI I/ AV (I+1) =Y () I IEX LK)~ ((X(J)=X(J+1))/

(Y(U+1)-Y(J)) )R EXTEY
XOE(IPE)=XI1(K)
YCE(IPE)=YI(K)
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0169 AGSS(IPE)=QSSS5(1)
0170 ANSL ( IPE )=NSL
0171 ADFI({IPE)=DFI(J)
0172 VI(K)==140%{T/VICFAC¥VICSTM) *DFI(J)
C
Ce «ACJUST FOR STREAMLINES APPRUOACHING FROM THE LEFT
0173 IF{XI(K) «GTs EX)ADFI(IPE)=—ADFI({IPE)
0174 : VEL(IPE)=VT(K)
0175 STRML (K)=STRML(K)+(VT (K) *£T)
0176 STRMW{K) =STRMWI(K)+QSSS(I ) /(NSL*THICK*POR*VT (K))
0177 AVWIDT (K )=STRMW(K) Z/ICANT
0178 OLDL(IPE)=STRML(K)
0179 OLDW(IPE })=AVE¥IDT{K)
C
€ CALCULATE THE ANGLE THE OUTWARL NORMAL MAKES WITH THE
C X=-AXIS
C
0180 ZETA(J)=—1.0/TAN(THETA{J))
0181 ATETA(IPE)=ATANZETA(J))
o182 CALL PLOT(XI(K)/SCLFAC,YI{K)/SCLFAC,2)
0183 XIFIKI=X I{K)/SCFAC
o184 YIF{K)=YI(K)/SCLFAC
0185 EX=EX/SCLFAC
0186 EY=EY/SCLFAC
0187 XIF{K)=XI(K)/SCLFAC
0188 YIF(K)=Y I(K)/SCLFAC
0189 2121 WRITE(IMPs2111 )IPEXIF(K)sYIF{K s EXEY
0150 2111 FORMAT(//8Xs * STREAMLINE INTERFACE BEGINING PUOINTS ARE?',
£ I552F9e35/8Xe "PRECEEDING INTERIOR POINT IS*s2F 1043)
0191 WRITE(IMPs€0S)VEL(IPE ) ACFI{IPE) s ATET A(IPE )+ AGSS(IPE)
€ JANSL(IPE)
0192 60S FORMAT (/2X +5F1 0e4)
0163 210 CONTINUE
0194 220 CONT INVLE
Ceses WRITE OUT THE ANSWERS
01SS DO 440 I=1¢NSS
0196 IF(QSSS(T1) oGEe O0e0) GO TGO 440
0197 WRITE(IMP+441) I1+SINK(1)
0198 441 FORMAT(1H1,/7/7/715X+*PRODUCER NUMBER®$13,//15X,
& O'NUMBER CF STREAMLINES='+13v//)
0199 WRITE(IMP+443)
0200 443 FORMAT (8 X *STREAMLINE NUMBER® s 3Xs * TOTAL LENGTH® »3X,
€ YAVERAGE WIDTH's6Xs'INJe RATE*+//)
0201  ITEMP=SINK(1)
0202 IF({ITEMP JLEe« 0) GO TO 440
0203 DO 444 J=1-ITEMP
0204 LENTH( I 9 J)=LENTH(1+J)/DISFAC
0205 WIDTH( I» J)=WIDTH(I+J)}/DISFAC
0206 CASS(I+J4)=CQSS {IsJ)/RATEF
0207 WRITE(IMP 4445) JoLENTH(I1+J)sWIDTH(I 4J)4CQSS(1,+J)
0208 445 FORMAT (14Xs I35 10X0E12¢494X9E12e495XE1264)
0209 444 CONTINUE
0210 440 CONTINUE
0211 RETURN

oz12 END



FORTRAN 1V Gl RELEASE 2.0 LOWVEL DATE = 82098 1972

0001 SUBROUTINE LOWVEL(NSSsQSSsFIDFI (XsYsXSSyY¥SSs
€ NeTeVLOV 2sRI+GMNI »RADsPOReTHICK)
C
CREERL FRFRREEERR SRR ERRERRE KR U FRE R KRR KRR RE R R kR UkE R kR E R KTk kg ok dokk
0002 COMMON 7/ BLK1/LEC, IMP,VICSTM,PI
0003 COMMON /BLK2/DISFAC,VICFACIDENFACsTRFACSRATEF» SCALE
0004 COMMON 7/ BLK3/PRESSF+DPRESF sPORFAC s SCLFAC
0005 . DIMENSION X(120)+Y{(120)sFI(120),DFI(120)9XS5S(120)
0006 DIMENSION YSS(120) oDXBLEN(120) +ELMNT{(120)
0007 DIMENS ION QSS(120)+XI(120),YI(120),DPDX(120)+DPDY(120)
0008 DIMENSION VX{120)sVY(120)sVT(120)5A(1204+120)+G(120+5120)
0009 DIMENS ION DGDX(120),DGDY( 120).DHDX(120) ,DHDY{(120)
0010 DIMENS ION DPHIDX (120)+DPHIDY (120)sVLCP(120)DYBLEN(120)
001l DIMENSION RO(120)+THETA(120) sSUM(120)sDIST(120)
C
C
0012 NST=20
0013 FACT=1,0333E+7
C DEFINE A CAPTURE RADIUS (RAD)
0014 RAD=RI*504,0
C
C CALCULATE THE VELOCITY NEAR THE LOWESY PRODUCTION WELL
C
0015 QMNI=1.0E+10
0016 D0 110 KK=14NSS
0017 IF{QSS(KK) «GTe 00) GO TO 110
0618 IF(ABS(QSS(KK)) «GTe ABS (GMNI))GO TO 110
0019 QMNI=QSS (KK}
€020 K=KK
0021 110 CONT INVE
0022 VX(K)=0.
0023 VY(K)=0e
00z4 VT(K)=0.
0025 DPOX{K)=0.
0026 DPDY(K)=0e
0027 XI(K)=XSS{K)+RAD
0028 YI{K)=YSS(K)+RAD
0029 DO 172 J=1,N
0030 CALL INTE(XICKIoYI(K)eX{JIoY(JIeX(J#1)sY(JI+1)sA(KsJ)s

€ G(KsJ)sDGDX(J)IsDGDY{(JI)sDHDX(J) s DHDY (J)4DIST(J)»
€ ELMNT(J),THETA(J))

0031 DPDX (K)=DPDX(K)+DF I(J)*DGDX{J)I~FI(JI®DHOX(J)
0032 DPDY(K)=DPDY(K)+DFI{J)*DGDY(J)~Fi(J)*DHDY (J)
0033 172 CONT INVE
C
C CALCULATE THE CONTRIBUTICONS OF THE SOURCES AND SINKS
C
0034 DXBLEN(K)=0.
0035 DYBLEN{(K)=C.
0036 SUM(K)=0.
0037 DD 54 JJU=1:NSS
0038 CALL SOURCE(XI(K)sYI(K)»XSS(JJ)»YSS(JIJ)Q55(JJ)sNSS
& +BLENT ;DXSURSs DYSURS)
0039 DXBLEN(K)=DXBLEN(K )+DXSURS
0040 DYBLEN{(K)=DYBLEN(K)+DYSURS
0041 54 CONT INVE
0042 DPHIDX(K)=(DPDX(K) +DXBLEN(K) )/ (2 40*PI ) *FACT

0043 DPHIDY(K)={DPDY(K)#DYBLEN(K) )/ (2.0%P[ ) %¥FACT
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0044 VX{K)==1e0%( T/VICSTM*VICFAC) #DPHIDX(K)

0045 VY{K)=~1 0% {T/VICSTM*VICFAC)*DPHIDY(K)

0046 VLCP(K}=SART{VX(K)*%2+VY {K)**2)

0047 VLOW=VLCP(K)

0048 QMNI=QMN I/ (VICSTM*V ICFAC/({THICK%*T))

0049 QMNI W=QMNI/RATEF

0050 VELO=VLO w/D1ISFAC

0051 : WRITE(IMP,113)QMNIW,VELO

0052 113 FORMAT(1H1,//73%X»' THE RATE OF THE LOWEST PRODUCER(BBL/D)=

£ F123/3Xs*THE VELOCITY NEAR THE LOWEST PRODUCER{(FT/SEC)=!'
& El2e39/)

0053 RETURN

0054 END
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0001

0002
0003
0004
0005
0006
0007
0008
0009
0010
0011

oci2
0013
00i4
0015
0016
G017
0018
0019
0020
0021

0022
6023
0024

0025
0026

0027
0028
0029
0030

0031
0032

0034
0035
0036

RELEASE 240

C

COMPAT DATE = 82095 19/2

SUBROQUTINE COMPAT(NSS+QSSeFIsDFIsX2YsXSSeYSSsNeT
& KUDEs IPCsXOCsYOU s XMsYMeBQSSy BNSL s MMX s BETA,,BDF I +ELT,
€ THICKsPORSRITADJ»OLDL»OLDW)

CHREE AR RERRKEERREREAEREEE XK CRR KA R AR KR E AR REER R R R ER R R R R KRR KGR R EL
COMMON /BLK1/LECs IMP,VICSTMeP1

COMMON /BLK2/DISFACIVICFAC,DENFAC,TRFAC,RATEF,SCALE
COMMON /BLK3/PRESSF +DPRE SF PORFAC » SCLFAC

-

(&

DIMENS ION
DIMENSION
DIMENS ION
DIMENSION
DIMENSION
DIMENS ION
DIMENSION
DIMENSION
DIMENS ION
DIMENSION
DIMENS ION
DIMENSION
DIMENSION
DIMENS ION
DIMENSION

X(120)+Y(120)s FIC120)sDF1{(120)s XSS(120)
XI(120),Y1(120),Q05S(120) sKODE(120)
¥S5S(120)+G(1205120)sD1ISMID(120)
VX(120)+VY(120)eVT{(220)sH(120,120)
DIST(120)+XM(120)+sYM(120) ¢SUM(120)
BNSL(120)sDGDX (120 )oDGDY( 120) DHDX{120)
DXBLEN(120),D0PDX(120)+sDPDY(120)s DYBLEN(120)
DHDY(120)5R0(120),¥Y0C(120)+AVWIDT(120)
DPHIDX (120)sDPHIDY (120)+VLCP(120),4 XOC( 120)
MMX(120) ¢SINK{120) sSTRML(120),STRMW(120)
BQSS(120)+ELMNT(120) +LENTH{(120,120)
XIF{120)sYIF{(120)e THETA(120)+BDFI(120)
WIDTH(120+120) s VEL (120)+ELT(120)+BETA(120)
OLDL(120)+0LDW{120)+CQSS(120+120)
OLENTH(120+120) W IDTH(120+120)

INTEGER SINK
REAL LENTH

CeesTHIS SUBRDUTINE CALCULATES THE STREAMLINES THAT ORIGINATED
CeeseIN THE ADJACENT REGION INTO THE REGION UNDER CONSIDERATION
Ceees o THEIR STARTING POINTS ARE ON THE INTERFACE BOUNDARY

C

(ol ol o]

NnoOn

107

64

&

63
€66

FACT=1 «0333E+7

WRITE(INP107) THICKSPOR

FORMAT(1H1+/7/720X 2 *CONTINUATION IN ADJACENT REGION?® ,//20X,
TTHICKNESS="3F10e8+//20X+ *POROSITY='eF10e4+///)

WRITE(IMP,64)

FORMAT (30X+ * INTERFACE POINTS'+//2Xe "COORDINATES?,
3Xe "VELOCITY! 32X 3* BOUNDARY CONDSe® ¢S5X 9 ANGLE" »

2X+ *FLOW RATE AND NO OF STRMLNS'//)

DO 66 1I=1,1IPC

BDFI(I)=-1.0%(TADJ/T)%*3DFI(1)
VEL{I)=~102(T/(VICSTM*V ICFAC) }*BDFI(I)*FACT
WRITE(IMP63)XCC{I)sYOCCI)sVEL(I)»BDFI(I)sBETA(I),
BQSS(I)aBNSL(IT)

FORMAT (TF10 «4)

CONTINUE

CALCULATE THE VELOCITIES NEAR THE PRODUCING WELLS

INITIALIZE

206

CALL LOWVEL{NSSsQSSsFIsDFIsXeY sXSSsYSSsNeTVLOWIRI,
&€ QMNIJRADIPORyTHICK)

ARRAYS

DO 206 I=i.NSS
SINK(I)=0.0

CONT INUE
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0037
0038
0039
0040
0041

0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
0060
0061

0062
0063
00¢€4
0065
00¢€6
0067
0068
0069
0070
0071

00272
0073
0074
0075
0076
0077
0078
0079
ooeoQ

0081
oog2
0083

00 84

RELEASE 2.0

COMPAT DATE = 82098

Cee e XOCoYOC ARE THE INTERFACE BOUNDARY STARTING COORDINATES
CeseXIsYI ARE UNSCALED INTERNAL CALCULATION COCRDINATES

CeeeXIFsYIF ARE SCALED COORDINATES USED ONLY

C

171

646
503

502

609

608

C 60
S01

CeolIF POINT IS NEAR ANY

6

&
&

FOR OUTPUT

DO 210 K=1,1IPC
ICANT=0

FACPLO=2 .0

CALL FACTOR(FACPLO)
CALL PLOT{XOC(K)/SCLFAC,YOC(K)/SCLFAC3)
STRML (K)=0.0
STRMW¥(K)=0e0
AVW IDT (K )=0 o0
ICANT=ICANT+1
IF(ICANT oGTe
VX{K)=0o.

VY( K)=0o,
VT(K)=0e
DPDX(K)=0e
DPDY(K)=0Ce
IF(ICANT oGTe
ANGLE=BETA(K)
VX(K)=VEL{K)*COS{ANGLE)

VY(K)=VEL{(K) *S IN(ANGLE)

VT(K)=SART{VX(K) **2+VY (K ) %2 )

STRML({K)=0s0
STRMW(K)=STRMW (K )+BASS(K)/Z(BNSL{K) *THICK¥POR*VT(K)})
AVWIDT(K)=STRMW{K)}/ICANT

DT=50.0*%RI/ZABS(VT(K))

DO 502 L=1,1000

DTO=DTH+{L*0005%DT)

XI(K)=XOC(K)+{VX{K)*DTD)

YI(X)=YOC(K)I+ (VY (K)*DTG)

XIF(K)=XI(K)/SCLFAC

YIF{K)=YI{K)/SCLFAC

IF{L «GTe 10)GO TOQ 503

WRITE( IMP,648)VYX(K) o VY(K) s XIF(K) s YIF(K)

FORMAT (/2X34F10e4)

CONTINUE
BDIST=SART{{XI (K)~XOC(K) )2224{ YI(K)-YOC(K) )*%2)
IF(BDIST .GTe ELT(K))GO TO 608

CONTINUE

WRITE(IMP609)XIF{K)s YIF(K)

FORMAT (/72Xs TPOSITION AFTER 100 TRIALS IS*»2F10.4,/)
GO TO 210

CONT INUE

CALL PLOTIXI{K)/SCLFAC,YI(K)/SCLFAC2)
XIF(K)=XI{K}/SCLFAC

YIF(K)=Y1{K)/SCLFAC

WRITE(IMPs606) XIF{(K Iz YVIF(K)

FORMAT(/2Xo * XNEW=" 9F 1004 sSX s "YNEW="3F 1004 +/)

DO 172 J=1,sN
DISMID(J)=SQRT({ XTI (K)=XM(J)I*¥%x2+(YI(K)-~-YM{J))*%2)
CALL INTE(XI(K)IoYI(K) oXUJ)eY{(JI)eX(JI+1) o Y(JI+1)sH(KsJI)»
G(KsJ)eDCDX(J)sDGDY{(J)eDHDX(J)+DHDY(J)eDIST(J)
ELMNT(J) »THETA(J))

ELMNT 2=0 ¢ S¥ELMNT(J )
BOUNDARY e

100) GO TO 210

1)G0 70O 501

STOP AND START NEW

CeoSTREAMLINE

1972
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0085
0086
0067
0088

o089
0090
0091
0092

0093
0094
0095
0096
0097
0098
0099
0100

0101
o102
01063
0104
0105

0100
ci07
0108
0109
0110
0111

o112
01i3
Q114
0115
0116
0117
0118
0119

0120

o121

0122
0123
0124
0125
0126
c127
0128
0129
G130
G131

0132

RELEASE 2.0 COMPAT DATE = 82098 19/2

IF(DISMID(J) «LTe ELMNT2)GO TO 210
360 DPDX{K)=DPDX(K )+DF I{J)*DGDX{ J)=FI1( J)*DHDX(J)
DPDY (K)=DPDY (K )+DFI(J)*DGDY(J)-FI(J)*DHDY{J)
172 CONTINUE
C
C CALCULATE THE CONTRIBUTIONS OF THE SOURCES AND SINKS
C
: DXBLEN(K )=0.
DYBLEN(K)=0.
DC 54 JJ=1sNSS
CALL SOURCE(XI(K)sYI(K)eXSS5(JIJ)eYSS(JJ)eQSS{IJ)sNSS,
& BLENTsDXSURSsDYSURS)
DXBLEN(K )=DXBLEN(K )+D XSURS
DYBLEN(K)=DYDLEN (K )+DYSURS
54 CONTINUE
DPHIDX(K )=(DPD X{( K)4+DXBLEN(K) )/ (2. 0%PI )*FACT
DPHIDY (K )=(DPDY(K) +DYBLEN(K) )}/ (2.0*PI) *FACT
VX(K)==1+0%(T/VICSTM VICF AC) *DPHIDX(K)
VY(K)==1o0%(T/VICSTMXVICFAC) %DPHIDY(K)
VI(K)=SQRT (VX (K)*%24VY (K }*%%2 )
CeesCHECK IF POINT 1S NEAR A PRODUCER, IF SO BRANCH TD 333
Ceee OTHERWISE CALCULATE THE LENGTH AND WIDTH AT THE CURRENT
CeeosPUSITIONe. PLOT THE CURREMNT POSITION
DT=50 +0%RI/ABS(VT(K))
IF{VT(K) +GTe VLOW) GO TC 333
111 STRML (K)=STRML (K )+(VT(K)*DT)
STRMW (K) =STRMW (K ) +BASS(IPC)/ (BNSL ( IPC)*THICK*POR*VT (K) )
AVWIDT(K)=STRMW(K) /ICANT
Cees CALCULATE NEW POUSITION
XI(RK)=XI (K)+VX (K)*DT
YI(KI=YI(KI+VY(K)*DT
CALL PLOT(XI(K)/SCLFAC,Y I1{K)/SCLFAC.2)
XIF(K)=X1(K)/SCLFAC
YIF(K)=YI(K)/SCLFAC
WRITE{IMP332)Ke XIF(K I Y IF(K)sVX(K) +VY{K):VT(K)

332 FORMAT(6X9I3+2Xs5E1063)
GO TC 1712
333 DO 200 LL=1sNSS

IF(QSS(LL) <GEe 040)GO TC 200
RO(LL)SSGRY{{ XI{K)~XSSILL j)* 42+ {YL(K)-YSS{LL))*%*2)
IF(RAD +GEe RO(LL)) GO TQ 208

200 CONTINUE
GO TO 111

Ce«IDENTIFY THE PRODUCER AT WHICH THE STREAMLINE TERMINATED

208 SINK{LL)=SINK(LL)+1
LAST=SQRT{(XI(K)~XSSILL) I*¥*24(YI(K)-YSS(LL))*%x2)
LENTH(LL »SINK(LL))=STRML (K)+LAST
WLAST=(2.0%P I%¥RI )/BNSL{IPC)
STRMW (K) =STRMW (K ) +WLAST
AVWIDT(K)=STRMUW(K)/(FLOAT(ICANT)+1.0)
WIDTH(LL »SINK(LL ))=AVHIDT(K)
OLENTH(LL»SINKILL} )=0LDL (K)
OWIDTH(LL »SINK(LL) )=0LDW(K)
CQSS (LL ¢ SINK(LL) )=BQSS(K)/BNSL(K)
CALL PLOT(XI(K)/SCLFAC,Y I(K)/SCLFAC,2)

210 CONTINUE

Cee e WRITE OUT THE ANSWERS

DO 440 1I=1,NSS
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0133
Cl34
0135

0135
0137

0138
0139
0140
0141
0142
0143
0144
0145
0146
0147
0148
0149
0150
01851
0162
0153
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441

443

445
444
440
272

IF(QSS(I) «GE. 040) GU TO 440

WRITE(IMP3441) I+SINK(I)

FORMAT (1H1,15X+s *PRODUCER NUMBER®s134+///15Xs
*NUMBER OF STREAMLINES® ¢13+7/77)

WRITE( IMP,443)

FORMAT {8 Xy *STREAML INE NUMBER * ¢ 3Xs *TOTAL LENGTH ' »3X»
*AVERAGE WIDTH! s6X+*INJe KRATE®s///)
ITEMP=SINK({I)

IF{ITEMP o LEe 0) GG TO 440

DO 444 J=1,ITENP

LENTH( I+ J)=LENTH{I,J)/DISFAC

WIDTH( 1 J)=WIDTH(1+J)/DISFAC
OLENTH(I s J)=OLENTH(I,J)/DISFAC
OWIDTH{I,4J)=0OWIDTH{IsJ)/DISFAC
CASS{1+J)=CASS{I+J)/RATEF
WRITE{(IMP3445) JoOLENTH(I sJ)+»OWIDTH(14+J)CQASS(1I,+J)
WRITE(IMP 2645 )Je LENTH( I+ JJsWIDTH(I,5J)+CQASS{1+J)
FORMAT(14X,1398XsE12e496X2E12e495X9E12e4)
CONTINUE

CONT INUE

CONTINUE

RETURN

END
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0001
0002
0003
00GC4
000S
0006
0007
0008
0009
0010
0011
0012
0013
0014
001S
0016
0017
0018

0019
00z0
6021
0022

0023
0024
0025
00zé6
0027
ogzs
0029
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039

0040
0041
0042
0043

RELEASE 2.0

DIMENSION
DIMENSION
DIMENSION
DIMENS ION
DIMENSION
DIMENSION
DIMENS ION
DIMENSION
DIMENSION
DIMENS ION
DIMENSICN
DIMENS ION
DIMENSION

MA IN DATE = 82085

RL1{(330+30)sTTD(30)sTD(10)sWR1(30+30)
RHOCR(30)sPERM{(4)e WIDTH(30)»FB(30+30)
AVSATE (4) s AVSATC(4) s AVSATGL{4)sFA(30,+30)
DENR(4)eCR(4)2POR(4) s THICKR{ 4)sLAMDA{4)
VA(30:430)sVB(30+30)s INJECA(30,+30)
DELTD(30)RTIME(30)sRL2(30s30)sWR2(30,30)
DIST1(30+30)+ CUMREL( 30)+QST{30)
INJECB(30:30) s NSTLNE(30)+0ILREC(30530)
TOTREC(30) sENDTM1I{ 30 ¢30) +ENDTM2(30,30)
TZiD1(30+30)+DIST2(30»30)+CODE(30+30)
TZTD2(30:30)»SWI(30)+S0I(30)+SGI(30)
QSTRM1(30430) ¢ GSTRM2(30+30) sEND1(30,30)
END2(30530)

INTEGER TITLE1(18)+TITLE2(18)s TITLE3(18),TITLEA(18)
INTEGER TITLES(18)sTITLEG(18)sTITLE7(18)

REAL LAMDAsLAMDAL o LAMDA2 » INJEC s INJEC1 s INJEC2s INJEC3
REAL INJEC4,INJECA,INJECH

INTEGER CODE

322322222232 222 2222 22222222222 22 2222 RS 22 22222222 2 X2

CeoeDOBJECTIVE: TO CALCULATE OIL RECOVERY BY STEAMFLOOD ING
< IN STREAMTUBES THAT CONSIST OF ONE OR T¥G
C PERMEABIL ITY REGICNS.

15/

CEERSFERXEXXEFRFBRREFERRKBERERE KRR RE KR KRR EREERE KRR KR RR KR KK &
c -
Ceoo oDEFINE STATEMENT FUNCTIONS AND SUBROUT INE FUNCTIONS USED
C
RTO{A:B)=(2.0*%SQRT{(A%%2)*B)/1.7725)~ 1.0
VELTOD{A,B)=EXP(({A*%2 )%B) ¥*ERFC(SQRT ({A*X*2)%*B))

C

ZTD(A+BsC)=C*{(VELTD(A,B)+RTD(AsB))
VID(A+BsDI=D*VELTD{AsB}

CeesREAD THE TITLES FOR THE JOB

C

C

Ceveee READ AND MWRITE

C

1005

1006
1007

READ(5+1005)TITLEL
READ(5»1605)TITLE2
READ(S+1005)TITLE3
READ(S-1005)TITLES
READ(S»1005)TITLES
READ(Ss1005)TITLES
READ(S5+1005) TITLE?
FORMAT (1 8A4)
WRITE(6:1006)TITLEL
WRITE(6,1007)TITLE2
WRITE(6+1007)TITLE3
WRITE(651007)TITLES
WRITE(&; 1007 )TITLES
WRITE(6+1007 )T ITLES
WRITE(651007)TITLE7
FORMAT(//7/7710X3s18A4)
FORMAT (/710X 28A4)

INITIAL AND FIXED VALUES

READ(S5+5 )NPROD sPST s TSTs T Lo X+EPS»THICK«NREG

S FORMAT(IS+s6F10e4,11)
WRITE(6+6)NPROD TSTsXsEPSsTHICK:PST T 1
6 FORMAT(///40Xs *DATA® 9 /39 X gV =mmmm=0 o //6 K s

&

*TOTAL NUMBER OF PRODUCERS='s15X213+/6Xs



FORTRAN 1v Gl

0044
0045
0046
0047

0048
0049
0050
0051

0052
0053

0054
0055
0056
0057

0058
0059
0060
0061
0062
0063

6064

0065

RELEASE 260 MAIN DATE = 82085 15/
& 'STEAM TEMPERATURE (DEGe F)='414XsF10e49/6Xs
€ 'STEAM QUALITY=" 425X sF10¢4+/6X s *CONVERGENCE LIMIT=1,
€ 21XsF10s4+/76X» *RESERVOIR THICKNESS (FT)='515XsF10e4/
€ 6X3s*'STEAM PRESSURE (PS1)="¢20XsF10e40/6Xe
&€ C*INITIAL RESERVOIR TEMPEFRATURE(DEG F)='54X,F10e45//)
C
Ceneeoe READ AND WRITE FLUID PROPERTIES
C
READ(S+10)DENW1,DENO1 sDENK2,DENO2
10 FORMAT (4F1044)
READ(S+12)CWsCCsCG
12 FORMAT(3F10e4)
C

C CALCULATE THE CENSITY AND LATENT HEAT OF STEAM USING
C CORRELATIONS
C
AAA=-0.9588
BBB=-0.,0E774
DENST=1+0/(363 9%(PST**AAA))
STLAT=1318+,0%(PST**BBB)

WRITE(6,20)DENW1 +DEND 1sDENWZ2:DENC2+DENSTesCW eCO +CGoe STLAT
20 FORMAT(//740Xs* FLUID PROPERTIES'»/39X,*
Z/7984Xs " WATER? 98Xs 'QIL "9 EX9? STEAM? 9 /743X 9? ===t 36 X

-t
6X9 Vmmmmem—— 0 / /26X s * DENSITY{LB/CU FT) AT STDe TEMP<'3s2X,
Fl0eo4e2X sF10e42/76X»*DENSITY(LB/CU FT) AT STEAM TEMPe's1lX
Fl0e4 32X sF10e492XeFLl0e849/6Xs

'SPECIFIC HEAT/I(BTU/LE ¥F ) "s8XsF10e8 12X 9sF106493X9F10e4s/0.
SLATENT EHEAT(BTU/LB)®+40XsF10e44+/7/7)

MO OMeOe

C
CeseeeoREAD AND ¥WRITE THE PROPERTIES OF THE CAP AND BASE ROCK
C
READ(S»70)DENCES CCE»CBK
70 FORMAT(3F1044)
WRITE(6472)IDENCB,CCB» CBK
72 FORMAT(30X,* PROPERTIES OF THE CAP AND BASE ROCK'»/29X,
. - /76X
'DENSITY(LB/CUe FTJ?,
8XsF10e4 s/6Xs*SPECIFIC HEAT(BTU/LB~%F )" 4F1044s/6Xs
*THERMe COND o (BTU/ZHR~FT-%F)"® 4sF10e4//)

DU

seeseREAD AND WRITE RESERVUIR ROCK PROPERTIES

66N

DG 43 I=1.NREG
READ(S5+4242P0R(1) +DOENR(I) s CR{1) »PERM(I)

44 FORMAT (4F1044)
43 CONTINUE
WRITE(6,50)
50 FORMAT(1H19/77/7¢30X» 'RESERVOIR ROCK PROPERTIES' /29X,
&E ¢ 9//731X s *REGION 1°%97Xs
€ 'REGION 2%,/30Xe ' —=——mw—eoe=l {5Xyt mmm—mm— S /7))

WRITE(6+60)(POR{ L)+ I=1sNREG) s (DENR{I)+»I=1sNREG)»
€ (CR{I)+I=1,NREG)+(PERM{1)+1=1sNREG)
60 FORMAT(/6X9 "PORDSI TY? 313X s2(F10e497X)9/76Xs
E "DENe(LB/CU FT)*48Xs2(F10e4s 7X)9/6Xs *SPECe HEAT(BTU/LBAF
€ 92Xe2{F10e4¢7X)s/6Xs*' PERNEABILITY(MD)®*3s6Xs2(F106437X)}s//



FORTRAN 1V Gi

0066
00¢7
0068
0069
0070

0071

0072
0073
0074
0078
0076

0077

0078
0079

0080
0081
ocse2
£CE3
0084
0088
0086
0087
0088
0089
0090
0051
0092
0093
0094
0095

0096
00%7
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C READ AND WRITE INITIAL FLUID SATURATIONS

C

C

38

3%

o™

oMM,

READ(S:385(SWI(I)sI=1,2)
READ(S,38)(SCI{(I)elI=1,2)
READ{S,38)(SGI{(1)s I=1,2)

FORMAT(2F10¢4)

NRITE(6939)(SWI{1)sI=1,NREG) {SCI(I)I=1,NREG))
(SGI(I)+1I=1+NREG)

FORMAT(//720Xs*INITIAL FLUWID SATURATIONS'9719X,

/7 923X 9* REGION 1% e3Xe"REGION 2%4/22X,y t=———vm—me— s iXs

Qv e e e §

//716Xs "WATER® 3 2(F10e8)9/16Xs *OIL *92Xs2(F10e4)9/1€EX>
*STEAM?® 4 2(F10.4)+//)

CeoceeeoeREAD AND WRITE THE AVERAGE RESIDUAL SATURATIONS AFTER

C
C

C

82

84

[

OO N¢

STEAM FLOCDING FOR EACH REGION

READ{S5+82)(AVSATW(1),1I=1,2)

READ(S5+82)(AVSATO(1)s1=1,2)

READ(S5,82)(AVSATG(1),1I=1,2)

FORMAT (2F10.4)
WRITE(6,84){AVSATW(I) (=1 ,NREG)» (AVSATO(I)»I=1+NREG)>»
(AVSATG( I)sI=1,NREG)

FORMAT (/7 920X+ *AVERAGE RESIDUAL SATURATICNS BEHIND THE

s 'FRONT® /19X, *~ - - - ~0
plmmm e, J /23Xy *REGION 19,3X,'REGION 2'9/22X,
[ [PV R Y7 " I

/716Xe *WATER® 32(F10048)3/716X9°0IL"*s2X,2(F1064),/16X,
*STEAM! 42(F10e4)+//)

CeseREAD AND WRITE INPUT VALUES FROM THE STREAMLINE PRCGRAM

C

18

13

i6

129

131

415

17
15

CO0e

WRITE(6,18)

FORMAT(1H1:/7/7720Xs *INPUT DATA FROM STREAMLINE PROGRAM',
/719X e* Ce//732Xe '"REGION 1,
20X9s *REGION 2% /31Xy ' ~—mmmermamat 3| 9X ¢! mwamm—m—mama=t o /65X,
'WELL NOe'92Xs 'S/L NOe's ZX9* CODE* 92X+ 'LENGTH ',

2X s * WIDTH® e 2X s *RATE? 9 6X» *LENGTH®* s 2X»"WIDTH?® 32X 'RATE*/ /)
DO 45 M= 1,NPROD

READ({S,13)INSTLNE(M)eQSTI{ M)

FORMAT(13+F10e4)

NTEMP=NSTLNE (M)

DO 15 K=1oNTEMP

READ(S 41 6)CODE(NsK)sRL1I {MsK) o ®WR1 (MaK) 9 QSTRMI (MoK}
FORMAT(1553F10.4)

IF(CODE(NMsK) +EQe 1)GO TO 131
READ({59129)RL2(MsK) s WR2 (M ¢K)

FORMAT (2F10.2}

QSTRM2 {MsK)=QSTRMI (MK )

GO TO 4i5

RL2(MsK)=040

WR2(MeK)=0.0

QSTRM2(M ,K)=0.0
BRITE(S5917)MsKsCODE(MsK) o RLI{M K)o WR1(MsK)s QSTRMI{MsK)
sRL2(MeK) sWR2( My K) » QSTRM2 (M, K)
FORMAT(SX91593Xe I 93X 1593X33F 7e294X43F762)

CONTINVE
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0098 45 CONT INUE
C
CoeeoesCALCULATE THE DIMENSIONLESS CONSTANTS
C
0099 ¥RITE(6+298)
0100 98 FORMAT(1HL 37/ 330X *CALCULATED RESULTS? 3/30X;: m—mmem=t
& tmmmemm———— 20 //710Xs *REGION® 4 7Xe* LAMDA * 95X
&€ *DIMENSICNLESS TIME FACTCR®e /10Xy t——=—===1,y5Xy tom—mm—=1?,
& 3Xs? -———4/7)
ol1c1 RHOCB=DENCB* CCB
o102 TOFAC=4 ¢ 0*CBK/ (DENCB*CCB*THICK*%*2)
0103 DELTST=TST-T1
0104 DO 94 1I=1,2
0105 RHOCR{I)=DENR{ I)*CR{I)*(1-POR(I))+{POR(I)*DENWN2*CWX

& AVSATW(I))I+(POR{I)#*DENO2*CO*AVSATO(1)})+(PDR(1)*DENST
€ *STLAT*AVSATG(1) /DELTSY)

01 06 LAMDA({ I )=RHOCB/RHOCRI(1)
0107 94 CONTINUE
0108 DO 99 1=1,2
0109 WRITE(6,96)I,LAMDA(1),TDFAC
0110 96 FORMAT{(12X:1206X9E10e4+7XsE1Ce4)
o111 99 CONTINUE

C

Ceees INITIALI ZE ARRAYS
o112 DO 122 M=1,NPRQD
0113 CUMREC({M )=0.0
0114 NTEMP=NSTLNE(M)
0115 DO 123 K=14.NTENP
0l16 OILREC{MsK)= (1 «0/5615) %00
0117 ENDTM1 (M 3K)=0e0
c118 ENDTM2(M 3K)=0e 0

C

C CONVERT THE INJECTIGN RATE FROM BARRELS/DAY
C (WATER EQUIVALENT) TO CUBIC FT PER HOUR

C
0119 QSTRMI(MsK)=QASTRML (MsK)*5.615%(64e5/DENST )}/24.0
0120 QSTRM2{M sK)=QSTRMZIMsK)¥5615% (64 S/DENST)I/2440
o121 123 CONT INVUE
0122 122 CONTINUE

C

CeseeeFOGR EACH STREAMTUBE+CALCULATE THE TIMES TDO TRAVERSE THE
Ceve oo oeFIRSTND SECOND REGIONS AND STORE IN ENDTM1 AND ENDTM2
Ceooee oRESPECTIVELY

Ceoo TTDI=DIMENS 1 ONLESS TIME VALUES OBTAINED DURING ITERATION
CoeseeaTDl IS AN INITIAL ARBITRARY GUESS

CeoeeeeTTDI ARE IMPROVED ITERATES.

C
CeeeASSUME AN INITIAL YIME GUESS CF T=l.0
0123 TIME=1,0
0124 TDI=TIME*TDFAC
0125 ITER=30
0126 126 DO 124 M=1,NPRGD
0127 NTEMP=NSTLNE(M)
0128 DO 12S K=1+NTEMP
0129 FA{MsK)=X#DENST#(STLAT+( CWHDELTST) ) +( 1 0-X)*DENUW2
&€ *CWkDELTST
0130 INJECA(M sK)=FA(M,K)*QSTRM1(MsKI*THICK/ (WR1(M,K)

& L AMDA(1 )#%4 ,0%CBKXDELTST)
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0131

0132
0133
0134
6135
0136

0137
0138
0139
0140
0141
0142
0143

0144
0145
0146
0147
0148
0149
0150
0151
0152
0153

0154

0155

0156

0157
0158
0159
0160
o161
o162
0163
01 64
0165
0166
0167
01¢€8
0169
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VAIMsK)I=FA(MsK)*QSTRML1{M s K)XLAMDA( 1)/ (WR1(MsK)*THICK*

&€ RHOCB*DELTST)

an0n o0

102

723

N o NaNoWaNaNa)

505

724

7285

136

117

118

324

LB I ]

SINCE FORTGCLG COMPILER DOES NOT ALLOW ARRAY NAMES IN THE
STATEMENT FUNCTION PARAMETER LISTe. REASSINGN ARRAYS TO
VARIABLES

LAMDALI=LAMDA(1)

INJECL1=INJECA(M,K)

INJEC3=VA{M,K)}

TTDI=0.0

TTDI=RL1(MsK)/VTD{LAMDAL 9 TDI I NJEC3)

00=VTD(LAMDALl,TD1s INJEC3)
WRITE(6:723)FA{M,K) sLAMDAL sQSTRML {MsK) 5 INJEC1,WR1{M,K)
s INJEC3.TTD1,00

FORMAT (/710X s *FA{MeK )= oF 12¢49/710Xe "LAMDALI="9F10e8,/10X%-
QSTRMI="9F 12e8: /710X INJECLI=?oF12:89/710Xe'WR1 (MeK)=",
F12689/710Xe *INJEC3='9F12e8s/10Xe*TTDI=?3E12e4 /710X
200="*4,F12.8/7)

TTDI=TTD I*TDFAC

DO 116 J=1,ITER

IF(TTD1 <LTe 10.0)GC TO 724

WRITE(64+505)

FORMAT (/710X *VELOCITY WILL BE ZERO BEFORE TUBE END'//)

GD TO 304

DELTD(J)=~1e0%(ZTD(LAMDAL1sTTDI 4INJECL1)~-RL1{MsK))/
VTD(LAMDAL +TTD 15 INJEC3)

DELTD( J)Y=DELTD (J)*TDFAC

TTOI=TTDI+DELTO( J)

IF(ABS(DELTD(J)/TTDI) <.Te EPS) GO TO 118

CONTINUE

WRITE(6+117)

FORMAT (/772X ¢ * NO CUNVERGERNCE'//)

GO TO 304

ENDTM1(M+K)=TTDI

TZTD1 (MeK)=ZTD(LAMDAL ¢ TTD I INJEC1)

IF(CODE{ MpK) oLEo 1)GO TO 125

Cee e CALCULATE THE TIME TO TRAVERSE THE SECOND REGICON(ENDTM2)

&

&

506

726

FBIMsKI=X¥DENST* (STLAT+ (CW*DELTST ) ) #+(1 +0-X }J*DENW2*CW %
DELTSYT
INJECB(MsK)=FB(MsKI*QSTRMZ (MK )XTHICK/(WR2{M,K ) %
LAMDA(2) ¥4+ 0%CBK¥*DELTST)
VBI{M,KI=FB{M,K )JX*QSTRM2 (M s K)*LAMDA(2)/{WR2(M,sK) *
THICK*RHCCB*DELTST)

LAMDA2=LAMDA(2)

INJEC2=INJECB(MsK)

INJEC4=VE(MsK])

TDEL=RL2(M,K) /VTD(LAMCA2 s TTDI» INJECS)

TDEL=TDEL*TDFAC

TTOI=ENDTM] (Ms K)+TDEL

TINIT=ENDTM1{MK)

DO 662 J=1,1TER

IF(TTDI «LTe 10.0)GC TO 726

WRITE(6,506)

FORMAT (/710X *VELOCITY WILL BE ZERU BEFORE TUBE END*//)
GG TO 304

DELTD(J)=-10%({ZTD(LAMDA2,TTDI ,INJEC2)
=RL2(MsK)}I/VTD(LAMDA2 s TTDISINJECS)
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0170 727 TTOI=TTDI+DELTOD(V)

0171 IF(ABS(DELTD(J)/TTDI) oLTe EPS)GO TO 663

gi7e 662 CONTINUE

0173 WRITE(6+664)

0174 664 FGRMAT(//2X+*NQ CONVERGENCE?® »/7/)

0175 G0 YO 3%e¢

0176 663 ENDTM2 (Mo K)=ENDT ML (MoK )+TTDI

0177 . TZTD2{ Ms K}=ZTD (LAMDA2 ¢ TTD1,INJEC2)

0178 125 CONT INVE

0179 124 CONTINUE

0180 YRITE(6,36)

o181 36 FORMAT (1 H1////10 X, *CALCULATED BREAKTHROUGH TIMES(HOURS)'.
& * FOR EACH STREAMTUBE‘.{)

o182 WRITE(6+ 149)

o183 149 FURMAT(//726X9* PRODe NDe® s 3Xe 'STREAMLINE NDo*93Xs*CODE"*,
€ 3X+"ENDTIME(1)*+4Xs*ENDTIME(2)'/)

0184 DO 134 M=1,NPROD

0185 NTEMP=NSTLNE{(M)

0186 DO 135 K=1,NTEMP

o187 END1(M-K )=ENDTM1 {MsK)I/TDFAC

0188 END2{M+KI=ENDT M2 (MeK)}/TDF2AC

0189 136 WRITE(69 137)MeKsCODE(MsK) sFND1 (MeK) sEND2{(M,K)

0190 137 FORMAT(4X015012Xs IS96X915+a4%Xs2(F10e4+3X))

Q191 13€ CONTINUE

oi¢2 134 CONTINUE

C

Cee o CALCULATE THE VELOCITYsDISTANCEs AND COIL RECOVERY AT
Cee e VARIDUS TIMES

0193 READ(S,14)T IME

0194 14 FORMAT(F1042)

0195 CTIME=TIME/2040

01 96 DO 923 KK=1+20

0197 TIME=C TI NE*KK

0198 TIMED=TIME*TDFAC

0199 WRITE(6+323)TIME»T IMED

0200 323 FORMAT(1H1,///25X, 'REAL TlME(HOURS%= " 3F10e4s/7/
€ 25X,'DIMENSIGNLESS TIHE='+sF10e4s//2Xe *WELL® #2Xs
€ *STREWMLINE® 52X+ *NO. OF REGIONS®s2Xs RECOVERY® s5Xs
& SWELL TOTAL®+5X, *RESERVOIR TOTAL'//)

0201 TOTREC(KK)=0 «0

0202 DO 432 M=1,NPRCD

0203 NTEMP=NSTLNE(M)

0204 CUMREC{M)=0 40

0205 DO 433 K=1,NTEMP

0206 " IF(TIMED +GT. ENDTM1(MsK))GD TO 260

6207 TDDEL=T I MED

0208 INJECI=INJECA(MsK)

0209 DIST1(MysK)=ZTD (LAMDA1+TDDELs INJEC1)

0210 DIST2(MsK)=040

0211 CILREC (M sK)=(1.0/5¢615)%DIST1 (MsK)*WRL (MsK)
€ *THICK*POR(1)*{SOI(1)-AVSATO(1))

0212 CUMREC{M)=CUMREC (M) +0ILREC(M,K )

0213 GO TO 777

Cee s CALCULATE THE BREAKT HROUGH RECOVERY IN FIRST REGION

0214 260 TDDEL=ENDTM1 {N4K)

0215 INJEC1=INJECA( MsK)

0216 DIST1 {MsK)=RL1 (MsK)

0217 OILREC(M3K)=(160/5e615)%DISTI (MsK)*UWR1(M,K)
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€ *THICK*POR(1)*(S0I(1)-AVSATO(1))

ozie IF{CODE(MsK) «GTe 140)GO TO 602
c219 DIST2(Ms K)=0,0
0220 CUMREC(M)=CUMREC (M)+0OILREC{M,K)
0221 GO TG 777
0222 602 TEMREC=0 ILREC(MsK)
0223 IF(TIMED «GTe ENDTM2(M»K})GO TGO 665
0224 : TIME2=TIHMED
0225 TINIT=ENDTM] (MsK)
0226 ‘ INJEC2=INJECB( M, K)
CeeoCAILLCULATE THE RECOVERY FROM SECOND REGION AND ADD TO
CeceFIRST
0227 DIST2(M» K)=ZTD (LAMDA2 s TIME2, INJEC2)
€ —ZTD{LAMDA2,TINIT, INJEC2)
0228 OILRECIM+KI=(1 40/54615)*%CIST2( MsKI*WR2(MsK)
€ *THICK*POR{(2)%(S0I{2)-AVSATD(2))I+TEMREC
0229 CUMREC (M )=CUMRECI{M)+U ILREC({MsK)
0230 GO TO 777

Ceee THERE 1S BREAKTHROUGH IN THE SECOND REGICN OF A TwO
Cee o PERMEABILITY REGION STREAMTUEEs, CALCULATE RECOVERY o
Ces«FROM BDOTH REGIONS

0231 665 TIME2=ENDTM2(MeK)
0232 INJEC2=I NJECB(Ms K)
0233 DIST2(Me X)=RL2 (MsK)
0234 OILREC({M+K)=(1¢0/5e615)*DIST2(1sK)%WR2{( MsK)
&€ *THICK*POR(2)*{(S0I(2)-AVSATO(2))+TEMREC
0235 CUMREC (M )=CUMREC (M)+0ILREC(M:K)
0236 777 WRITE(Sy 307 )Mo Ky CODE(MsK ) sOILREC(MsK)
0237 307 FORMAT(I'5+18 113 +6X+E13e4)
0238 433 conrxﬁbs
0239 TOTREC({KK)=TOTREC(KK)+CUMREC (M)
0240 WRITE(6, 671 )CUMREC{M)
0241 671 FORMAT (4 SXsE134)
0242 432 CONTINUE
0243 WRITE(6, 572} TOTREC(KK)
0244 672 FURMAT (60X sE13 ¢4 )
0245 923 CONTINUE
0246 WRITE(6, €75)
0247 675 FORMAT(1H19/77 17X+ *PREDICTED RECOVERY'+//510Xs
& *TIME(DAYS)'"s10X,*RECUVERY(BBLS)'"//)
0248 DO 674 KK=1,20
0249 TIME=CT I ME*KK
0250 RTIME( KK)=CTIME®KK
CesoCONVERT THE TIME TO DAYS AND RECOVERY TO BARRELLS
02851 " RTIME(KK)=RTIME(KK)}/24 .0
0252 TOTREC(KK)=TOTREC(KK)/5.615
0253 WRITE( 6y E76)RT IME(KK ) s TD TREC (KK)
0254 676 FORMAT(9XsF10e4s 10XsE13e4)
€255 674 CONTINUE
C
Ceee s PLOT THE CALCULATED RESULTS
c

0256 CALL PLCT(1405160s-3)
' C NP=NC OF INTERVALS OF THE SCALEEL PLOT
C K=EVERY K-TH DATA WILL BE USED TO GENERATE THE SCALE
02587 NP=20
o258 K=1
0259 AXLEN=4,0
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0260 CALL SCALE(RTIME ¢ AXLENsNPsK)

c261 XS=040

0262 YS5=0e¢0

0263 D=0.0

0264 CALL AXIS{XSyYSy *TIME(DAYS)*s~10+AXLENSDsRTIME(21)»
€ RTIME(22))

0265 NP=20

0266 . K=1

0267 AXLEN=4.0

0268 CALL SCALE{TOTRECsAXLENsNPsK)

0269 D=90 40

0270 CALL AXIS(XSeYSs *CUMULATIVE Oli RECOVERYI(EBLS)'23»
€ AXLENsDs TOTREC(21)TOTREC(22))

0271 CALL PLUOT(0¢0+000+3)

0272 DO 32 K=1,920

0273 CALL PLOTI(RTIME(KJ)/RTIME(22),TOTREC(K)/TOTREC(22)+2)

0274 32 CONTINUE

0275 CALL PLOT(0e090e0s599)

0276 304 STOP

0277 END
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