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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. Oil 

recovery calculations were made for a steam drive process

iv



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 heat 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 and 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 I 

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 

to 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 boundaries 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 II 

LITERATURE SURVEY

In the year 1899, Slichter^ used the concept of

steady state streamlines in his theoretical investigation
2of the motion of ground waters. In 1962, Ferris et al 

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
n e e r s . 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.^'^ The streamtubes act as the channels, in

side which oil 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 

theory, the image well method can be applied to heterogene

ous media^ as well as to arbitrary boundary shapes, in



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
8systems. This problem was partially addressed by Chan, 

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 still prohibits its use in all but the sim

plest geometrical shapes. Secondly, the improved method

does not account for heterogeneous media. The limitation
g

to simple geometrical shapes was removed by Leblanc and 

Lin.^^ Leblanc used the image-well technique to bound the 

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 

elastostatics.^^'^^ During the last decade, the BEM has 

been extended to solve linear parabolic equations as well.^^’̂ ^ 

The extension of the method to piece-wise non-homogeneous
17bodies of arbitrary shape has been attempted by Banerjee, 

and Jaworski^^ while Butterfield and Tomlin^^ have used 

the method for solving zoned anisotropic continuum prob

lems. The literature on the BEM is large 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,^^ and



in the 1920's and 1930's, steam was used to remove paraffin
22from the wellbore. Since Shell Oil Company's success

ful stimulation of a California oil 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
2 2methods combined.

Even before Shell Oil Company's successful stimu

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

published describing the transport of injected heat in
2 3porous media. One of these papers was by Lauwerier, whose 

model for the injection of hot water into an oil bearing 

formation was published in 1955. He assumed a linear homo

geneous reservoir of constant thickness, sandwiched between 

two oil 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, Rubenstein^^ 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.
2 5In 1959, Marx and Langenheim 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 oil re

covery. In 1961, Willman, et al^^ 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 oil recovery 

for a radial system. Both the Marx and Langenheim, and the

Willman, et al models have been further explained and ex-
2 7 - 3 1panded by several authors. Baker reported on an

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, Handle and 
32Volek 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 t^. t^ 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 = t^. They presented approximate equations to describe 

the steam zone growth after t = t^.
33In 1970, Shutler and Boberg presented a graphi

cal method for calculating oil 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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Neuman^^ presented a theoretical analysis for a steam flood

model that included the effects of gravity override. Van 
35Lookeren derived equations to estimate the approximate

shape of the steam/liquid interface. Huygen^^ who fitted

curves to recovery and sweep data for a three dimensional
37model of a five-spot pattern. Gomaa used a numerical 

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 oil recovery if injection

rate per unit reservoir volume was fixed and well produc-
38tivity was not a limiting factor. Chu 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 pattern produced more oil, 

the production getting progressively less in the inverted

7-spot, the inverted 13-spot and the inverted 9-spot, re-
39spectively. Atkinson and Ramey 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 

Doscher^^ presented a semi-analytical method for calculat

ing oil recovery by steamflooding that combined the effects 

of steam distillation and gravity override. Myhill and
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Stegemeier^^ published correlations for the effects, of 

thermal, reservoir petrophysical, and steam properties on 

the equivalent oil/steam ratio.



CHAPTER III 

RESEARCH OBJECTIVE AND PROPOSED MODEL

The objective of this research work is to develop 

a streamline model to predict oil 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 streamtube 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 Handle 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 IV 

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, for i = 1,..., number of sub-domains (Figure 1).

Thus, D = + D2 + ''' + D^. 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 S^, S , and . Each specifies a different kind of $’ n $,n ^
boundary condition. S = + S + . Over S^, the po- ̂ $ n $ ,n A j r
tentials are specified. Over S^, the gradients ff- are3n
specified; and over a mixed boundary condition is

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
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S1

FIGURE 1; Piecewise-Homogeneous Domain

PRODUCERINJECTOR

FIGURE 2

Linear one-dimensional model of piecewise-homogeneous 

reservoir
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a. The Dirichlet condition prescribes the potential 

on the boundary. That is,

0 = *(x,y) on S = (1)

b. The Neumann condition prescribes the normal deriva

tive of the potential on the boundary. That is,

M  (2)

c . The mixed boundary condition prescribes a relation

between 0 and on the boundary. That is,9n $,n ^

$ = f [fsj on S . S _  (3)$ ,n

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 oil 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-D

RADIAL SPHERICAL

FIGURE 3. Elemental volumes 45
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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. In 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 
in standard texts _ 44,45,46 rphe result is called the con

tinuity equation and can be expressed in general form as:

v*(pu) = - |-̂  (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

where

(V.1.2)

k = permeability 

$ = potential 

y = fluid viscosity

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

92 7(k$) at (P4) (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



21

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 :

P k — + P 1 _ k 9$'
y 9x X 9X y 9y y 3y. 9t (V.1.4)

Making the further assumption of steady state flow. Equa

tion (V.1.4) reduces to:

9 fk lil k 90'
9X X 9X 9y . y 3y.

=  0

For a homogeneous reservoir, k^ - - k.
tion (V.1.5) becomes:

= 0
9X 3y'̂

(V.1.5) 

Therefore, Equa-

(V.1.6)

Equation (V.1.6) is known as Laplace's equation. It applies 

everywhere in the domain except where sources and sinks 

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

Equation (V.1.6) changes to:

2 9 0
9x

+ vlLi <5(x - X., y - y.) = 0 (V.1.7)9y^ K 1 1 1 3 3

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 

6 = 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

9 X  By

subject to:

Ij=l qj 6(x - Xj, y - y^) (V.2.1)

CV.2.2)

(V.2.3)

where L is the differential operator 4 * 43x 9y

N is the number of sources and sinks
ôg is the specified potential on the boundary

is the specified normal gradinet |^J on the 

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 denoted <W,L4> By definition.

W{L$} dD
D

L is the linear differential operator
',9x“ 9y‘,

W is an arbitrary function which is sufficiently differen-

(V.2.4)

on $.

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

D
W{L$} dD = {boundary terms} +

D
${L*W} dD (V.2.5)

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

<L$,W> = J
D

7  2
i_i + l_i 
ax? ayZj

W dD (V.2.6)

where D represents the domain of integration. Integration 

of (V.2.6) by parts is done by first rewriting it as a 
double integral:

r̂ 2
<L$,W> =

y iJ

23 $
x^(y) 9x

W dx dy

y 2

y i J

Xi(y)
9 $

X ^ ( y )  9 y
2 W dx dy (V.2.7)

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

x?(y)
9^$

%i(y) 3x'

y  2
W dx dy = W M

yi . 9X

fX,(y)

X, (y) ^  ^

^2

%1

dy (V.2.8)
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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

W dx dy =
yi 3Ci(y) 3x

■>̂2

y i

XjCy)

3W
3x ($)

XjCy)

X. (y)

fY'.
W

Yl
3 X

XgCy)

xi(y).
dy -

XgCy)

x^(y) 3x 

XgCy)

yi
3 X x^(y)

Y l

x?(y)

x^(y) 3x
$ dx dy

dy

dy

(V.2.9)

Now

and

dy = ds cos 0

cos e = i • n 

dy = Î • n ds (V.2.10)

where h 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

y: x,(y) 23 $
yi^Xj^(y) 3x W dx dy = [w 4^ 

)x̂  ■’Sl dx Î" h ds -
3X

i.n ds

(V.2.11)
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By a similar procedure

yi

XzCy) 2
£ W dx dy =

Xĵ (y) Sx
[will

s j *n ds - sw 1. J 
97 *|]-n ds

9^W 
D SyZ

dD (V.Z.IZ)

Combining (V.Z.ll) and (V.Z.IZ) gives

W dx dy =
■yi XgCy)

Xĵ (y)
'ŝ $ 3̂ $'
sx^ syZ,

W s$ : 3$ :
H   ̂ 97 ■n ds

If d s .
D

9^W  ̂ 9 ^
3x 9y ,

dD

(V.Z.13)

where j is the unit vector in the y-direction.

Therefore, the inner product of the left hand side of Equa

tion (V.Z.l) gives:

<L$,W> =
D

2 29nv . 9^W
2 Zax': sŷ Ĵ

dD

(V.Z.14)

The inner product of the right hand side of Equation (V.Z.l) 

is :

,N(%j = l qj 6 (x - Xj,y - Tj), W> 

(•Yz
- f

.N

^1 "1Xn (y)
Ij=i Aj a(x

(V.Z.15)

Xj,y - y .) W dx dy
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which is simply.

k IjLl W (x.,Yj) (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:
3$

* lïï * $ V^W dD
D

(V.2.17)

where 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

Thus,

y2 = y. =
3 X ay

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

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

D
.3W , 
i  In ■

-  # ïj-1 SjCXj-yj) '* (V.2.18)

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

(V.2.18), that is, the domain integral, can be reduced to
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the potential 0 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

v^w = - 6[x - x^,y - y^) (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 (x^,y^), 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 V^W in Equation 

(V.2.18) gives:

$ 6(x - X . ,y - y .) dD = 
D " ^

+ f Ij=l qj(x.,y.) W (x.,y.) (V.2.20)

The left side of Equation (V.2.20) is simply -0(x^,y^); thus

S

S * ds

+ = i qj(Xj,yj)W(Xj,yj) (V.2.21)

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

point (x^,y^) 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 

48given as,

W = -^ In i (V.2.22)

where r is the distance between an observation point (x,y) 

and the point of application of the unit charge (x^,y^).

If the observation point is anywhere within the domain 

(except at the source/sink locations),

= r^ = /(x - x_)2 + (y - y^) (V.2.23)

and

W = -s—  In2tt /(x - x^)4+ (y - y^)2
(V.2.24)

Let
(V.2.25)

be the distance between the unit charge point (x^,y^) and

the source point (Xj,y^); then

/(Xj - Xj)2 + (Xj -
(V.2.26)

Equation (V.2.21) can be rewritten as:

oCXi'^i) = À [in J-1 ds - •5̂ [ $ -
f 1 ) In —jg an : ^iJ 27T S an

ds

1 > J
(V.2.27)
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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
1 2(V.1.7), or by the method of weighted residuals.

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 $(x^,y^) 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 (%y,yy), then the fundamental 

solution is, then:

■ À  1" ^  (V.3.1)

where r^ is the distance from any point (x,y) to the bound

ary unit charge point (x^'^b^ is given as

r^ = /(x - x^)2 + (y - y^)2 (V.3.2)

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

boundary unit charge point is:
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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:

3W
3n ds

+ £ y j q-i (x. ,y.)W(x. ,y.]Aj=l J J J J J
(V.3.4)

Substituting for WCx^,y^) and W(Xj,y.) using Equations 

(V.3.2) and (V.3.3) gives:

= i 3 $ In ds [ $ 1- fin J-12ir s ^ ^b 2tt S ^b-
ds

(V.3.5)

where r^ and r^  ̂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'fb)'

V.3.1 EVALUATION OF THE IMPROPER INTEGRALS
■ 1

All the integrals involve the term In —  which 

has a singularity at the point r^ = 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-
1o w s :12.48
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For a two-dimensional problem, take a small circle 

or semi-circle of radius e 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).

Evaluate both integrals and take the limit as e 

tends to zero. The result is the required value 

of the integral.

semicircle of

FIGURE 4. Method of evaluating improper integral.

On the part of the boundary S - 2e, In —  is continuous. 

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
2tt ds =

S-S 9n In — 1 ds

2i r s
G

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.

9
9n In —  

fb
9
9r,

1
e

(V.3.7)

The last term of Equation (V.3.6) now becomes:

11
2ir 0 ^ In —s ^ b̂-

ds = - 2ir e ds (V.3.8)

For the case where the surface is a semi-circle. Equa

tion (V.3.8) becomes:

11
27T G 9n In ds = -

2 ttg
ds = -

2ttg
2

1
ITT h i .  A*

= -2 $* (V.3.9)

where 0* is an average value of $(x,y) on S^, and in the 

limit as g tends to zero

lim
E^O -I** ■ - 2 (V.3.10)
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The first integral on the right of Equation (V.3.5) 
is split into two integrals as:

2ir In -
S-S

3n

9n

ds

ds

(V.3.11)

Following the procedure leading to Equation (V.3.9) gives

*
2tt

3 $

3n ds =
2 i r e

2i r
2

3$
9n

2 an (V.3.12)

where is an average value of ~  on S anddn ° 3n E

lim
E->-0

1 3$*
2 3n =  0 (V.3.13)

From (V.3.6)

*  LS-S k k  J,
3_
3n In ds (V.3.14)

From (V.3.11)

lim
E^O 2 tt

in 2- 3$) ds = f In —— 3$' ds
S-S ^b [3nj 2i r S ^b [3nJ

(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

(Xb.y^) as:
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$ J—  an In ds - 2ïï

+ 1  ̂ qjCXj'/j] À  7~  cv.3.15)

Ins ^bJ
_1_ In 12 IT ^b.

an ds

Therefore,

I "(Xb'Tb) - À
1 (3$ dsr,_ On] 2IT an in A j  as

CV.3.16)

Equation (V.3.16) is the boundary integral formulation of 

the problem. The boundary S is made up of two parts, 

and such that S = + 82- On S^, $ is prescribed and

•|̂  is unknown. On S2 , 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

36
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The unknown values of $ and ~  are evaluated atoil
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
12of the boundary elements are treated in Brebbia. Of 

the M boundary segments, belong to the type boundary 

where $ is specified as constant (i) on each segment while

3n is unknown. The remaining #2 segments belong to the

type boundary where is specified as constant 

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

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

9n on

2 JL A
2tt ^L=l

(3*1
3n L-

In
^b,L

dS,

2 tt ^ L = 1
3$'
3n L-

In
b,L

dS,

M,

M,1 V 2 ^
2 it ^ L = 1  L

3 In ■  ̂ 1
^b,hJ

3 In 1 1
S, ?b,L'

ds.

dS,

+ k %j = l r^ j (VI. 0.1)



which can be combined as:
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L-
In ^  as 

SL b,L L

_L ^
2i r  6 L = 1

9
9n In

•b,LJ
as.

(VI.0.2)

where

M = + #2

S -  S ,  + Sn

= given boundary condition of 0 on of the Lth segment
9$
3n = given boundary condition of on of the Lth segment

Let

"b,L 2it In ds.
"b,L

(VI.0.3)

H
b , L  2 tt

9
9n In

'b,L
as, (VI. 0.4)

Equation (VI.0.2) then becomes:

* 7 ~ .
3

(VI. 0.5)
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^ and ^ are evaluated for all the segments all around 

the boundary, including the setment containing the charge 

point 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 (x^,y^). 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 :

"b,L
^ when L  ̂b 

Gb ^ when L = b

Hb,L
^ when L  ^  h  

iHb ^ when L = b

Equation (VI.0.5) now becomes:

2 *(*b'yb) ~

'a$'
an

9$
an 'b,L

M
[3>(Xb»y^Hb,b + Il=1 (*)l^bHb,L]

D ? J

(VI.0.6)
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wh ich can be rearranged to give (where *(x^,y^) =

1
;L=b b,b  ̂ I ^L=l ^b,L

3$'
3n L=b =b,b * i l - i

3$
9n "b,L

(VI.0.7)

V.l EVALUATION OF THE INTEGRALS

Equation (VI.0.7) requires the evaluation of the 

following integrals:

'b,L 2tt
, [for all L  ̂b , denoted as G, .

In ^  dS
S^ b,L (for all L = b, denoted as Ĝ  ̂ ^

Hb,L Ztt
for all L  ̂b, denoted as ^

In dS,
b,L (for L = b, denoted as Hy ^

These integrals can easily be evaluated analytically for 

the present case where the segments S^ 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:

rl

-1
f(a) da = + En (VI.1.1)
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where

= weighting factor

= coordinate of the k'th integration point

n = total number of integration points [n = 4)
E = error term n

In order to apply the quadrature formula to ^ and 
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:

2
1

I Boundary node

define a dimensionless variable S as:

\  1 = — -—  , then dS, = i|S,| dS,L 2' LI LD

where

and

0 when = 0

-1 when = - ylSĵ

1 when = ||SlI

Sl = ■ *l)^ + (72 - Yi)



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

"b,L = 2^ In
^b,L

ds
( V I . 1.2)

_1_
4ti

-1

Uj, - - y p  * - y,,) (>̂ 3 - x p
(Xj_-xp2 + (yj_-yp2

dSD

From Equation (A.1.11) of Appendix A

S,L = 27 In
'b,L

ds
(VI.1.3)

/(x^-x^2 + (72- y p  
8n

rl

-1

In dS
L b̂-

D

For the element where L = b:

For this case, the vector r̂  ̂ is along the length of the 

segment and is equal to one-half the length of the segment. 

Therefore, ds = dr.

Boundary node
• /

(^2’̂ 2^
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Since ^ is along the segment,

3 ^  9

9r
="b a^b.b ®"b

b u t
b .b.

3ni. because y is perpendicular to n^. Define the

dimensionless variable

= ir
b ,b
b , b l ' l^b,bl%

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

dsy = 0 (VI.1.4)H
b  , b  2 tt

3 In — ^
"b,b.

'b,b 2 it In
^b,bl

-  1

(VI.1.5)

"b,b 2tt In -  1.0
/(%2 ■ %l)^ (^2 ' fl)^

(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:

Hb,L À  %k=l \
(x^^ - Xy)(yg - Xi) + (XL^ - Xy)(Xg - X^)

T
xw) + (Xt - y J

(VI.1.7)



44

/(Xz - + (72 - 7i)^
"b,L 4it i— 6k=l W, In

'k

(VI.1.8)

where (x, ,y, ) are the quadrature points. The values of

Hy ^ and Gĵ ^ for all the boundary segments can now be 

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

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

i  ‘ b ■ ÎL=i  ( f k . L  ■ lU  * À  ï j = i

X In
b.j

(VI.1.9)

which is put in the form

'8< 'yM J, yM
^L=l ^L^b,L ■ ^L=l an 'b,L

(VI.1.10)

Note that when L = b, the first term on the left of Equa

tion (VI.1.10) is $^(Y + ^). But, since ^ = 0 when

L = b, the first term on the left of Equation (VI.1.10)

becomes ^ .



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 = l,2,...,m (number of nodes).

This will result in m equations in m unknowns which can
12be put in matrix notation (Brebbia ) as:

[H]$ = [G]$^ + B (VII.0.1)

where $ = |-̂  = the derivative normal to the boundaryn 3n ^

J

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

Let m = m̂  ̂ + m2 where m = number of elements. In
the L.H.S. of (VII.0.1), m^ values of $ are specified

as boundary conditions, leaving m2 unknown values of 0.
8*1
3ÏÏWithin the R.H.S. of (VII.0.1), m2 values of 

fied in the boundary conditions, leaving m^ unknown values 

All the values of the B vector are known. There,3n
fore, Equation (VII.0.1) has m equations and a total of 

m unknowns which can be rearranged as:

4S
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Ax = F (VII.0.2)

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

which are the unknown |^'s and m2 of which are the unknown 

O's on the boundaries, m^ + m2 = m. The matrix system of 

Equation (VII.0.2) can be solved by Gauss elimination method 

to give the m^ values of and m2 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-Oil
tials and velocities at any desired interior point.

Interior points where the potentials are desired 

are denoted with the coordinates (Xj,ŷ |̂ ). Therefore, in 

this case,

T j j  ■ /(Xj - f (Xj - X j P  (VII.1.2)

The potential at any interior point can be determined by 

Equation (V.2.27) which in discrete form is:

«(Xj.yj) = 1̂ =1 Gl,L ■ h=l *L"i,L

* 2ÆÎ)=I 7 ^  (VI 1.1. 3)

where :



G.i,L

H.i,L 2tt

3
3n

In

In r.i,L
dS

dS
i,L
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(VU.1.4) 

CVII.1.5)

^ is the distance from the interior point (x̂ ,,ŷ ) to

the mid-point of the L ’th boundary point (x.,y ). r. t and
L ' L 1  ) ^

r.. are given by Equations (VII.1.1) and (VII.1.2) respec- 

tively.

After the application of the quadrature formula,

H. . and G. -, can be evaluated as:1 J 1j 1 , L

H
/(%2 -  + ( y ,  -  Y i ) ^

i,L 4 t t

1 1 1  ",

«1,L ■ Zk.l "k 1"

(VII.1.6)

1

(VII.1.7)

VII.2 VELOCITY

The velocities in the x and y directions at any 

point in the interior of the domain are obtained by Darcy's 

law:

V (VII.2.1)
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utilizing (VII.1.4) and (VII.1.5), the potential 

at an interior point (x^,y^) can be written as:

'9 $
9nj L •

In
S t

(VII.2.2)

9
9n In 2. ^j-1 ’j

From Appendix A,

(VII.2.3)

9
9n In

i,L «
(VII.2.4)

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

with respect to x and y gives:

. l_ rm
9xi 2IT L̂=

9$1 9
1 S, 3XÜ

In

1 ym 
&L=12 tt

9
i . L  .

(VII.2.5)

Similarly,

3$(Xi,y^) _ 2
9 y . 2 tt

ym
6L=1

9$
9n In

''i,L
dS,

' 1 1 1  »i2tt
9 M i . L l

is, ’>'1. r L  .
In

1,1
(VII.2.6)
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where :

'i,L ' * (^i - y û

= /(%! - Xj)2 + (7i - Yj):

d.i,L

? 2  -  f l l y 2  -

T

[ x ,  -  x ^ j ^ i  -  7 i  + Y i [ x 2  - ^ ' 1
(VII.2.7)

^2 - ?!
*2 - =1

+ 1

The sign is chosen so that d. . is always positive,1 , L
terms

The

^i.L

i,L
, and ^i.L'

are given in Appendix A as:

3 f. 2(%1 - =L)di.L 1 A 1

3 (-

4 . L

_ 2(y. - y^)dj

k . J

r 1 1

[±/A^ + ij

A 1
2 t±/A/ + ij

(VII.2.8)

(VII.2.9)

where

A = ^2 - ^1 
%2 -

Since

9
9Xifin 1 1 In r. , = _ 1

^i,hJ ■  ' 3%i i,Lj ^i,L
dfi,L
dXi

^i
1?i,L

(VII.2.10)
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9ay In
^i,L

-  >̂ L (VII.2.11)

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

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

2 it ^ L = lax.1
111 
anj^ J

^i ■

-  *  C l  h

2wk^j=l

"■i,L

dS,
i,L

"i,L
dS,

(VII.2.12)

_ 1 ym
2tt %L=19y

9$
[3nj L •

>̂ i
— 2—  
""i,!

dS,

X rin 
2tt ^L=1

r 1 1 1 1

4 . L [±/A^ -t- IJ -
dS.

+ _lL.yn Q  

2irk̂ j = l "] f r a . (VII.2.13)

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 (VI1.2.12) 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:

3«>(x^,y^)
9x^ - -" l l - l  - IÎ-1 m i . 2.14)

3*(Xj,yj)

After applying the quadrature formula,

i,L = i h  \

di,L(=i-=L Jl

(VII.2.16)

^y i,L = i:=i *k
4i,L(yi-yL%)

(VII.2.17)

i,L ^k=l
%i

"’i,L
(VII.2.18)

^y i,L = -Ik=l ri,L,
(VII.2.19)

where (x, ,y, ) are the coordinates of the kth quadrature 

point on the Lth boundary segment.

r. T = the distance from an interior point (x.,y.)l,Lĵ  1 1
to the kth quadrature point (x, ,y, ) on the

^k ^k
Lth boundary segment



52

|S^J= the length of the Lth segment

= - X + (y - y

d. , = the perpendicular distance from an interior1 , L
point (x^,y^) 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. sP boundary where values of potentials are speci-$

fied.

2. sP boundary where values of the normal derivatives 

of potential are specified.

3. sP boundary is the interface with the adjacent

sub-domain. On sÇ both $ and ^  are unknown.1 0 n
where p = 1, 2,..., number of sub-domains.

53
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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 )
n

: ( 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:

+ Bn" (VIII.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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-T,
( 1 )

=  - T „■3^7 [*"il
(2)

(VIII.1.2)

The compatibility condition on the common boundary is:

$(1) = @(2) (VIII.1.3)

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 is made

up of the unknown $'s from the boundary (where is 

specified) and from the common boundary Sj (where both $

and "II- are unknown)Oil Therefore :

(P) = .

cp)
n

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

[Hq H H ] 
^n ^I

(P)
n

(P)

where indicates known (specified) values of $. Similar
$ ^3$)CP)

—  y gives the followingtreatment of the
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=Sjl n( V s .

(Vs,
(Vs,

(p)

where denotes known (specified) values of ^*9n"
Equation (VIII.1.1) then becomes, for a single sub- 

region (the p'th subregion),

[Hq H H ] 
^n

(P) (p). (Vsl + {B}

■ ■‘Vs, •

(Vs,
(VIII.I.4)

The system of matrices represented by Equation (VIII.I.4) 

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

using Equations (VIII.I.2) and (VIII.I.3). (consider the 

case where the number of sub-domains = 2, i.e., p = 2).

For the first sub-domain, p = I, putting all unknowns in 

the G-matrix gives:

n ( V s " ^$

( » n ) ™

= [HCD .
n

- {B('‘b

$
$CD
n

(VIII/I.5)
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For the second sub-domain, p

[G

f*C2)l

P )  g ( 2 )  -  h ( 2 )  -  «(2)]
n

n.

,C2)
n.
’I

4 2 )
n

[h (2) gP^]
n

$
$(2)n

(VIII.1.6)

The continuity condition on the common boundary is:

(VIII.1.7)4 1 ) . 4 2 )bj bj

The compatibility condition is:

,C2)
?2*n.

I

•s;
(VIII.1.8)

The assembled system matrix is:

-H(l) -h (1’ G(l)
n

h (1)
0

0

■ gU) 
n

0 H

0

(2) -G(2)
n I

$(2)

- {B}

(1)
^n

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

boundary values of $ and These values are used to cal

culate the interior values of $(x,y), and withinox dy
any of the sub-domains of interest by applying Equations 
(VII.1.3), (VII.2.14).and (VII.2.15).

The matrix system given by (VIII.1.9) can be ex
pressed schematically as:

X X X X 0 o' Mi - H.0 0 X X X x_1 . w
This can be generalized for other kinds of systems, 

example, for a system having n regions, we have

For

N-1

X X X X
0 0 X X X X 

O O O O X X X X

X X X X

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

X X X X X X 0 0 0 0 0 o'

0 0 X X 0 D X X X X 0 0 . —

.0 0 0 0 X X X X 0 0 X x_

(a) (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 HOMOGENEOUS SYSTEM WITH IMPERMEABLE 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.
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Impermeable Shale 
Inclusions

FIGURE 7. Homogeneous porous medium with impermeable 
shale inclusions.

18

11

21

Î

FIGURE 8. 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 to an

injector with rate , the injection rate into each stream- 

tube emanating from it is:

q = ÿi (VIII.3.1)

The injection rate into the streamtubes emanating from any 

other injector with injection rate q^ becomes:

q = ^ x q  (VIII.3.2)Si q^ s

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 v^ 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 (v^) is the vectorial sum of v^ and

Vy. Since v^ and v^ and thus v^ are assumed constant over

As, the time of travel can be calculated as:

At = (VIII.3.3)

Hence, from any starting point denoted by (x̂ ,ŷ |̂ ), the 

particle would move to a new point given by:

= x^ + At (VIII.3.4)

Yi+l = yj + Vy.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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qg = ^ (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

qg = Vt.A. (VIII.3.7)

where v is the resultant velocity at position i 
i
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

(x.,y.) can be determined as:<- 1 1-”

W. = (VIII.3.7)
^i

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 stream

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 is 

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 In — —  as i approaches j. Therefore, the method 

adopted here was 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:

f'̂ i - yi^)=i ■ =2*1^ + ^1l ■ ^i
c ^1 ■ 2̂

Yr = CiCXi - X,) + y,

where ;

(x^,y^) = coordinates of the point where the stream

line crosses the interface boundary

2 X ,  -
Co =

(Xi,yi) = coordinates of last position of streamline

(x, ,y-| ) , (x- ,y_ ) = coordinates of the extreme 
■̂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 0.

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
39from mass balance equations.

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 
within a given vol
ume at any time

heat _ heat 1 
injected produced/

 ̂ f heat 1 _ fheatl 
(generated/ ' (lost/

Mathematically, it can be expressed in integral form as42

'V
pcT dV =

0
Q ( t ) d x  -

0
dA dt

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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pcT dV = Q(x)
V

E  " VfPfCfTjdt

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:^^

H(t) = Q(t) e®^^ erfc /e(t-T) d%
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 z,, and z_ on the upstream and downstream sides of
Na "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.

Steam invadei zone

ProducerInj ector

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 elemental volume enclosed by the two fixed

cross sections at and z^ . 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., isN,

Heat flux 
in at

Heat flux 
out at Zjj

Rate of 
accumulation 
of heat

rate of loss 
of heat from 
the volume

32Following Handle and Volek, the heat balance can be ex

pressed mathematically as:

dt Hm C-Zm dz„ + Q, (t) (IX.1.1)iN

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

Hĵ (Zn ,t) denotes the heat content per unit volume
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of fluid/solid system between and z’,.

H^(z^ ,t) denotes the heat content per unit volume 

of fluid/solid system between z^ and Zĵ
b

Qĵ (Zĵ  ,t) = the heat flux in at z^ per unit cross 
a a
sectional area

Q^(z^ ,t) = the heat flux out at z^ per unit cross 
b b
sectional area

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

and considering that z^ and z^ are fixed values, gives

a b dt

+ Hĵ (zj;j(t),t) ^  z^(t) + . dt

- Hj^(zJj(t),t) ^  zj(t) + (t) (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. In

the limit as z^ tends to ẑ (̂t) and z^ tends to zĵ (t) , 
a b

the heat balance equation becomes:

dt z%(t) +

Making the assumption that ^  z^^t) = ^  z^^t) = ^  z^^t) 

and no heat is lost within the thin condensation front,
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and dropping■the. time 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.

~ ^ ( I X . 1.3)
oo

Cap Rock

N-1

Steam FrontBase Rock

ProducerInj ector oo

FIGURE 10. Reservoir cross section for heat balance.

That is, the instantaneous heat balance across a moving 

condensation front is described as:

Heat flux 
in at Zĵ

Heat flux' 
out at Zjj

Rate of change of heat + 
content between ẑ  ̂and ẑ^

(IX.1.4)

where, since there are no heat sources or sinks in the steam 

zone,
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Heat flux 
in at z‘

Rate of heat 
injection

'Rate of heat loss' 
in N - 1 regions

Rate of heat loss 
in N'th region

Rate of change of heat 
content in M - 1 regions

Rate of change of heat 
content in N'th region (IX.1.5)

Heat flu^ 
out at Zpj

Heat flux out 
by convection 
of the fluids

and

Heat flux out 
by conduction

(IX.1.6)

Rate of change Heat Heat Velocity of
of heat content = content - content * the steam
between z and z at z" at z front

(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.
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IX.2 HEAT BALANCE

For a condensation front at any arbitrary location 

Zĵ (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

^N^^N’̂  ̂ ' ^N^^N’̂  ̂ ~ ^^N’ (IX.2.1)

for a unit reservoir cross section area. Following Equation 

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

section area at z^ is:

N-1Qj^(z^,t) = Q(0,t) - (Q^(t))j - (Q^Ct)) N

('st^Lst + c^^T(z-))
X .

(z.,t)]dz
X d t i  S t .  j
Xj-1 J

1

n -1 j

- Pw(Tst)CwVT(:')
=NCt) d

"N-1
N

Xj-l ^

-  Po(Tst)CoAT(:")*N
d [s„ (z.,,t)]dz

"N-1
dt ̂ Oj N N (IX.2.2)
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Q^(z^,t) = the rate of flow of heat per unit cross

sectional area through the vertical cross 

sectional area at z., into the elemental 

volume in the N ’th region 

Qjj(zjJj,t) = the rate of flow of heat per unit cross 

sectional area out of the elemental

volume through the vertical cross sec

tion at zjjj in the N'th region 

Vĵ (t) = the velocity of the steam front in the

N ’th region

H^(z ,t) = heat content per unit volume of reservoir

rock/fluid system at the upstream face

of the steam front in the N ’th region

H^(z*,t) = heat content per unit volume of reservoir

rock/fluid system at the downstream face

of the steam front in the N ’th region

Q(0,t) = rate of injection of heat per unit cross

sectional area

(QiCt))- = rate of loss of heat per unit cross sec- ^ J
tional area to overburden and underburden 

from the j ’th region 

p^(T) = density of m at temperature T, where m

can be oil, water, or steam 

= latent heat of steam 
c^ = specific heat of ra, where m = oil, water,

steam



77

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

Sj^(Zj,t) = saturation distribution of m in the j'th 

region, where m = oil, 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) = * \ f O . O c J 3, (IX.2.3)

The heat flux out of the condensation front

Q^(z*,tj = 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 :

(IX.2.4)

+ MoCz^.tKoATCzj^j +

The mass rates M^(z*,t) and M^(zj^,t) are obtained from mass 

balances across the condensation front.

ax +
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IX.3 MASS BALANCES

A mass balance for any fluid on an elemental volume 

ross the condens;

N'th region is given as:

taken across the condensation front from z,, to z^ in theN N

mass flux in at z., - mass flux out at z^N N

= 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 Oil

For oil, the mass rate of injection = 0, and the 

expression for the mass balance is:

Xj-1

*N-1
3t dzN

(IX.3.1)

from which.



79

ĵ = l
Xj-1

■  Po(Tst)*N
=N(t) d̂  [S^Cx,t)] dzN
"N-1

‘Î’N^N ■ Pn(T? + )S^ (ẑ ,̂t)]O' z"' 0^1 N o' z"'"0N

(IX.3.2)

IX.3.2 Water

The mass flux of water into the elemental area at 

Zĵ 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;

X .

' dz.

N-1
dt^^st^Zj 't)dZj

-Pst*N
2 ( t )

%N-1 ^

(IX.3.3)
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from which, the mass flux of water out of the elemental area

at can be derived as:

Q(O.t) [xpg^+l-xp^^]-  ̂ 't)]dZj

f Z , , ( t )  ,

"N-1

X .

^st*N

*j-l
J

dt[^st<^^N'^) d=N
*N-1

[PwCT^-)S^(zN,t) + Pst^st*-^N’̂ ^

(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.2.2) 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,

d ro .X -, . .. X d

'3
j '  3 t  = m .J x  J  J  J  . ]

(t) (IX.3.6)
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For the N'th region (which contains the steam front), the 

lower limit of integration, is a constant, but the

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

z .(t) j
ît = v^(t) [S (t)

%N-1 ^

dt [Zjj(t) - x%_i] (IX.3.7)

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

yN-1
ĵ = l j

X .
[S (z.,t)]dz. +dt*- m^ j

z,.(t) , 

*N-1

j-I/ dt m.
1 N

(IX.3.8)

where m = oil, water, or steam. S = (S + S + S.).’ ’ m .  ̂0 w t-' J
Making the assumption that ^  S^(z,t) = 0 for each

region

Xj-1  ̂ %N-1 ^
d ,t) ]dz.

(IX.3.9)

Introducing Equation (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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Q(o»t) - Ij=i - pgtf^st Cgt(?st ■

^N^N(t)[Sst^ ■ ' Pw(?st)Cw(?5t ■

* " Sŵ CzN't)] - Po(Tst)Co(Tst - Ti)+NVN(t)
X [S - S (z‘,t)] (IX.3.10)

°N °N

Note that this equation still contains the unknown heat 

lost rates per unit cross sectional area Q. (t) for j = 1 ,
j2, ..., number of regions.

Noting that T^_ = Equation (IX.3.9) is substi

tuted into the equations describing the mass fluxes out 

of the condensation front as:

(IX.3.10a)

' Q(0,t)[xP;;+l-xOw(Tst)] -

* - s A t ^  ■ '«(7z+)S^^(z;.t)] (IX.3.11)

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:

- ( V ’’t"N^(l-x)p„-xp^^^^)Q(0,i)-c„4T(z^)p^v^[p^(T^^)S
N

+ ̂ stSst^-^w(Tst)\(4,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:

- Tj) • Pst^N^st^st^C^N'^)

* "st'^wC^st ■ - Tj)»jjS^^(Zfj>t)

* ‘>oS(TstHTst - (IX.3.13)

H(z*,t) - Pr^r^d - *N)AT(ZN) * Pw^zj)

* P o d ' z 5 ) V ’' t 4 ) p N \ d ; . t )  (IX.3.14)

Recall that the heat balance equation is:

~ (IX,3.15)

where :

Q^(z^,t) is given by Equation (IX.3.10) but contains

the still unknown rates of heat loss Q. (t) for j = 1,...,N
 ̂ j

Qj^(zN»t) is given by Equation (IX.3.12)

H^(z^,t) is given by Equation (IX.3.11)

H^(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 zĵ having the original 

reservoir temperature T^. Thus AT(z^) = 0.
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This assumption makes = 0, and H^(z^,t) = 0,

Therefore, the heat balance equation becomes:

= Vj^(t)Hj^(z',t) (IX.3.16)

The unknown heat loss rates contained in the equation for 

Q^(z^,t) is calculated next.

IX.4 RATE OF HEAT LOSS TO CAP A N D  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 slabs 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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oo

Cap Rock

Region 1 Region 2

Porous

f
Steam Front

FIGURE 11. Schematic of linear porous medium for heat 

loss calculations.

FIGURE 12,

Distance

T/'1 Time
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:

Qt (t) 
1 .A, ‘ ^

dll

z=0
(IX.4.1)

which, after substituting for from Appendix D, be

comes :

Qt (t) 
1

2kAA^

AAj Wh / n a ( t - tTT r  ̂
(IX.4.la)

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

gives :

P. 2kAA.
= -Im=l Wh^’ /na(t -

(IX.4.2)

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

lim Q, (t) = - 
AA+0 ^ j

2k(Tc - T.) L. ,
I 1 . dz ( t  )

0 /iTa(t-Tj)

(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 :

QfCt) =Ij = i QL.(t) =
2k(T -T.)s "i-' rNY  IN

A-j = l
t. -, /na(t-T-)
1 -i J

(IX.4.4)
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where A^(t ) = Wz^(t )

W = width of the porous medium

Pcb^cb

= density of cap and base rock 

c^^ = 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 is only defined

and continuous in the region ty  ̂ ij < tj. Since a func

tion can have a differential quotient only at points where

the function is continuous, the differential quotient 
dz.(t .)

— "L- can only be taken at points within the region 

tj_^ < T < tj and not outside the region because Zj(xj) 

is not defined there. However, if z^Ct^) is expressed in 

terms of the Heaviside unit step function H(t), then each 

z.(t.) can be defined for all x > 0 with discontinuities
J r

at X = t . , and x = t.. A "generalized derivative" can J -1 J
be taken by product differentiation where generalization 

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:

=

-2k(Tg-T.)
Aj=l

[H(x-x._^)-H(x-xJ]ç.(x)} 
------------------------ J------------------------- J--------- J------------  d x

/ïïa(t - x)

(IX.4.5)
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The summation can be taken inside the integral and Q^(t) 

can be expressed as:

-2kCT^-T.) g 7 { I j = l [ H ( T - T j . j ) - H ( T - T j ) ( t ) } 

/tia(t - tX
di

(IX.4.6)

Let

z(T) = (IX.4.7)

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

-2k(T^-Xp

/xa (t - V )
dt (IX.4.8)

is obtained by the product differentiation of Equation 

(IX. 4. 7} to give

3 7 ^ =

+ v(x)[6(x-Xj _^) - 6(x-Tj)]Cj(x)} (IX. 4.9)

dçN

+ [5 (t -'Tjj. ĵ ) - 6 (t -T ĵ ) ] Çj^(x) } (IX. 4.10)

where H(x) is the Heaviside unit step function 

ô (t) is the Dirac delta function
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Equation (IX.4.8) is substituted into Equation (IX.3.10).
The result is Qĵ (Zĵ ,t) which is substituted into the left 

side of Equation (IX.3.16). When the expression for H^(z^,t) 

is substituted into the right side of Equation (IX.3.16), 

the result is:

r t
2k(T - T ) 

QCO,t) + ----^ --- —
Q /na(t - t)

P s t ^ ^ s t  c ^ f T s t  ' "̂ î  ^^stj j  ■ S ^ t C ^ N ' t ) ]

N N

^0 *-'̂ st̂ 0̂ '̂̂ st̂  *-’̂st ■ ^^0^ ■

= Vĵ (t) [p^^c^^(l - <()ĵ) (Tg^ - T^) + Pst^st*N^st^(^N'^^

Pst^s^Tst ' T'i^^NSw^CzN't)

Pw^w^^st ■

(IX.4.10)
Considering that

Q(0 ,t) - Mst(0 .t)[Lst * c„(T^j-Tpi * M„CO,t)c„(T^,-Tj)

(IX.4.11]

where

M s t ( 0 , t )  = x q ( 0 , t )  ( I X . 4.12)



90

w '- S t

then Equation (IX.4.10) simplifies to:

q(0 ,t)[xLstPst +PwCw(?st - ?i)(l -

f t  d2k(Tg - T.)

h/ïTâ
d x z(x)

/t
dt - v^(t)

* Po(Tst)c.(?st)(Ts, - (IX.4.13)

Let

Also let

(IX.4.15)

Then, introducing (IX.414) and (1X4.15) into (1X4.13) gives

qC0,t)txP5^Ljt<-p„c^(l-x) (Tjt-Tj)]* 2k(?st-Ti) ft ^
h / i r a

d x

= v^(t) P C  + (Tst-Ti)

0  / t - x

(IX.4.16)
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where

v(-r) =
d ç .  ( t )- H(t-t ] QT

(IX.4.17)

Equation (IX.4.16) is a generalization of the equa-
25 32tion of Marx and Langenheim, and Handle and Volek de

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

Vĵ (t ) = V^(t) 

V(t ) = V ĵ (t )
A continuous 
function of time

Then Equation (IX.4.16) becomes

rt Vi(T)2k(T,t - T.)

h/na
0

v t
dt = V, (t)

^st^st^st^
^st - Ti

(Tst Ti) (IX.4.18)

which is the same as the equation of Handle 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 =  ^— , Equation (IX. 4 .16) can be expressed

^cb^cb
as

q(0,t) [PstXLst + CwCTgt - T\)(l - x)Pw(T;t)]

4kPcbCcb(?st T J
irh

v (t)
0 / t ~ ~

Pst^st^st^N
"st - ?i

(IX.4.19)

Define dimensionless variables 

Dimensionless time:

^D =
4k f or f

/cbCcbh',
L ^D

'cbCcbh^,
T(IX.4.20)

Dimensionless distance:

(IX.4.21)

where L is the length of the entire porous medium. 

Dimensionless velocity :

d Z p C t )  d Z p ( t )
dtD dt

1 dz(t) Pcb^cb^ 
L dt 4k

Pcb^cb^
4kL

2^
v(t) (IX.4.22)
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Introducing the dimensionless variables into Equation (IX.4.19) 

gives :

q(0 ,t) [PstXL;; ♦ - T.)(l - x)p„(T^^))

l^k'cbCcb
1/2 'D dz(Tg)

4kL

PcbCcbh'

ÏÏTD

'"cb^cb’'

4F
2 T̂ TT" d i

4k

D

4kL

PcbCcbh'
-T.)S t  i-' d t D

^st^st^st^*N

^st - Ti

which is expressed as

(IX.4.23)

q(0,t) [Pgt^Lgt+p^c^CTg^ - T.)(l -x)]p^yC^yh'

4kL(T^^ - T.)
Pst^st^st^^N

Tst - Ti

^cb^cb

/¥ Ip~
Pst^st^st^*N

Tst ■ Ti

ÏÏTD d x D

(IX.4.24)

Let

F„ - ^j)0 : f ^'^ebjçbh_
N

4kL(Tgt - Ti)
^st^st^st^^N

Tst - Ti
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^cb^cb

?st - ?i

(IX.4.26)

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

NF^qfO.tJ -
/  TT 0 ■ '̂D

^ND (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. 

Note that v^(tp) = ' Therefore, when the steam

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

becomes :

Fiqst(0 ,t) - --
/  7T 0

dTg = V,n(tn) (IX.4.28)ID" D

where v^^ is a sectionally continuous function. If the 

reservoir is homogeneous, then v^^ becomes the continuous 

ous function v^p. Dropping the subscripts, we have, for a 

homogeneous reservoir.

Fq(0,t) = -A.
/tT

D VQ(TQ)

0 ’̂^D ■ ■̂D
dxD = Vo(tg) (IX.4.29)
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The solution to Equation (IX.4.29) is obtained by Laplace
2 5 32transform method and is given in several references. ’ 

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

D   2/I?t
erfc /x^t- + ----- D -  1 (IX.4.30

V p C V  = Fq D erfc /A^tD (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 :

F2q(0 ,t) -
VTT

'D
dxo = V2g(tg) (IX.4.32)

where

(IX.4.33)

and
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 ̂  ̂ ^j=l ) - H(tg - tp )]3-1 3'D

X VjD(tg) + [5(tg - tg_^) - 5(tg - tg_)]Cjg}

'*' ^ZD^^o) (IX.4.34)

The expressions for and are known and given

by Equations (IX.4.30) and (IX.4.31), respectively. Substi

tuting for Vp(tĵ ) from Equation (IX. 4. 34) into (IX.'4.32) 

gives :

FoqCOjt) - —
 ̂ /7

'D

0
dtD D

(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:

Fzqst(0 ,t) =
/tT

'D

0
dTg = v,n(tn) (IX.4.36)2ET"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. In
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other wordsJ only the region containing the steam front 

is losing heat at any given time. With this assumption, 

Equation (X.0.27) becomes:

Fnq(0,t) - -=
VTT

^^P ^NP^^P^ (IX.4.37)

IX.5 SOLUTION BY LAPLACE TRANSFORM METHOP

The Laplace transform of each of the terms of Equa

tion (IX.4.37) gives

(IX.5.1)

-P
di.

is a convolution integral. Therefore,

- X N
'P

^Np(^p)
P

-XN (IX.5.2)

Since

^NP^tp) UH(tj^ - tg 3]^n P^^P^N-1

+ [G(tp ■ t p ^ ■ G(tg - tp^) ] Çĵ p(tp) } (IX. 5. 3)
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) ]  nd  d

N-1 I"D

+ [G(to ■ tp ) - ô(tjj - ■tj) ) ] Çĵ ijCtp) } (IX. 5. 3a) 
IN- i N

From Appendix D,

■CIVüCtD)} = SGn(s) + Cn(O')D’ ’D' (IX.5.4)

where

DN - S T ,

'DN-1

From standard tables of Laplace transforms, 

«f I
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Æ
(IX.5.5)

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

(IX.4.28) gives:

N
Æ

'D

0 '̂ P̂ ' '̂P
dxP

(IX.5.6)

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

Laplace transform of Equation (IX. 4. 28) becomes :

N ^NP P' (IX.5.7)
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ç (s) = -----------  (IX.5.8)
/s(/s + Xĵ)

In order to take the inverse transform of Equation (IX.5.8) 

it is rewritten as:

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

t
q(0,t) e erfc /x^(t^ - t )̂ di^

0

(IX.5.10)

where

= Ij = l [HCto ■ tgu ■ H(tg - ■t£)̂) ] Çj)j (tj))

(IX.5.11)

IX.6 CONSTANT INJECTION RATE

In the case that the injection rate is constant, 

qst(0,t) = constant = q 

Therefore, the Laplace transform of Equation (IX. 4.28) is: 

F»q _
—  - Sg(s) = sÇp(s) (IX.6.1)

from which,

En(s) = ------ --------  (IX.6.3)
/s(s) (/s + X̂ )
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The inverse transform of which is:

e'N‘D / n c  * - 1
N ° /7

(IX.6.4)

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

dZTvjJt̂ ) X^t ____
■ at-- - ■ ■ erfc 1 (IX.6.5)

where

" ^ j = l  t [ H ( t j  - - H ( t p  - t p ^)]

+  [ 5 ( t j ^  -  -  6 ( t p  -  t g y j j C g j C t g ) }

IX.7 OIL RECOVERY CALCULATION

Oil 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 oil 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 oil saturation is reduced from the initial saturation

(S ) to the residual saturation (S ) for each of N per- 
°i °r

meability zones in a streamtube swept by steam, and the

steam front is at position Zĵ (t) in the Nth zone at time
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t, then the oil recovered up to time t in a streamtube is: 
,N-1Rec 5.61 - So )} » - So >N1 r i r * '

(barrels) (IX.7.1)

If steam has broken through in a streamtube at time t̂ ,̂ 

Equation IX.7.1 becomes:

Rec - e - S )}. (barrels) (IX.7.2)D . 01 J o ̂ J

After the breakthrough time (t^) for any streamtube, no 

more oil 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 oil 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 0.



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-
c ocal 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;

= + l y r  = 0 »  0 < x < T T , 0 < y < i T

9#
9n

10

0 = $ = 5

FIGURE 13. Steady flow of an ideal fluid in a corner,

102
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with boundary conditions:

3$(0,y) = nax
4>(ir,y) = 5

a$(x,0) _ nay
$ ( x , tt) =  1 0

0 < y < TT

0 < y < IT

0 < X  < TT

0 < X  < TT

58The solution to this problem is given as:

4(C2-C,) (-l)’̂ '^cosh[(n-|)y]cos [(n-i)x]
Kx,y) = C, + — -

(2n-l) cosh [ (n-j) ir]

where = 5 and C2 = 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
. Nodes at mid-points 
of boundary elements

11

12

21 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 the 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 lei is defined as:

e = ^(BEM) *(Analytical) 
^(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 I. Input Data for Test Program

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

INPUT DATA

NUMBER OF BOUNDARY ELEMENTS=12
NUMBER OF INTERNAL POINTS WHERE THE FUNCTION IS CALCULATED=15 
NUMBER OF SOURCES AND S1NKS= 0

THE CORDINATES OF THE EXTREME POINTS OF THE BOUNDARY ELEMENTS

POINT X Y
1 O.OOOOE 00 O.OOOOE 00
2 0.1047E 01 O.OOOOE 00
3 0 .2094E 0 1 O.OOOOE 00
4 0.3142E 01 O.OOOOE 00
5 0.3142E 01 0.1047L 01
6 0.3142E 01 0.2094E 01
7 0-3142E 0 1 0.3142E 01
8 0.2094E 01 0. 3142E 01
9 0.1047E 0 1 0.3142E 01
1 0 O.OOOOE 00 0.3142E Cl
1 1 O.OOOOE 00 0.2094F 01
12 O.OOOOE 00 0.1047E 01

BOUNDARY CONDITIONS

NODE CODE PRESCRIBED VALUE
1 1 O.OOOOE 00
2 1 O.OOOOE 00
3 1 0.OOOOE 00
4 0 0.50 00E 01
5 0 0.5000E 01
6 0 0.50 00E 01
7 0 0.lOOOE 02
8 0 O.IOOOE 02
9 0 O.IOOOE 02

10 1 O.OOOOE 00
11 1 O.OOOOE 00
12 1 0. OOOOE 00



TABLE 2 RESULTS AT BOUNDARY NODES
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BOUNDARY NODES 
X Y POTENTIAL DERIVATIVE

0.5235E 00 0.OOOOE DO 0.7431629E 01 O.OOOOOOOE 00
0.1570E 01 0.OOOOE 00 0.6809022E 01 O.OOOOOOOE 00
0.2618E 01 0.OOOOE 00 0.5646283E 01 0.OOOOOOOE 00
0.3142E 01 0.5235E 00 0.5000000E 01 -0.1448967E 01
0.3142E 01 ' 0.1570E 01 0.5000000E 01 -0.1798650E 01
0.3142E 01 0.2618E 01 0.5000000E 01 -C.7014348E 01
0.2618E 01 0.3142E 01 OclOOOOOOE 02 0.7014794E 01
0.1570E 01 0.3142E 01 O.IOOOOOOE 02 0. 1794951E 01
0.5235C 00 0.3142E 01 0.lOOOOOOE 02 0.1448620E 01
Oo OOOOE 00 0.2618C 01 0.9354136E 01 0.OOOOOOOE 00
O.OOODE 00 0.1570E 01 0.8193880E 01 0.OOOOOOOE 00
0. OOOOE 00 0. 5235E 00 0.7569907E 01 O.OOOOOOOE 00

POTENTIALS AT SELECTED INTERNAL POINTS

POTENTIAL

O.IOOOE 01 0.lOOOE 01 0.750 IE 01
0.1 500E 01 0.1500E 01 0.750 IE 01
0.2000E 01 0.2000E 01 0.7500E C Ï
0.2500E 01 0.2500E 01 0.7500E 01
0.3000E 01 0.3000E 01 0.7033E 01
O.IOOOE 01 0.1571E 01 0.7927E 01
0.1500E 01 0.1571E 01 0.7566E 01
0.2000E 01 0.1571E 01 0.701 3E 01
0.2500E 01 0.1571E 01 0.6232E 01
0.3000E 01 0.1571E 01 0.4877E 01
0. lOOOE 01 0.5000E oo 0 .7282E 01
0.1500E 01 0.5000E 00 0.6928E 01
0.2000E 01 0.5000E 00 0.6446E 01
0.2500E 01 0.5000E 00 0.584 IE 01
0.3000E 01 0.5000E 00 0.4825E 01
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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.^^ 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.

FIGURE 16. Shiells 
Canyon Field--Zone 203

(After Konopnicki, et 
al50)

ORIGINAL 
2.22 ha 
PILOT

'«%218

222A

300 600fI-1—-1--
75 150 m

TTTT FAULT
• PRODUCER 
p INJECTOR
'#) OBSERVATION WELL
♦  SHUT-IN
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The primary producing mechanism has been solution- 

gas drive. The cumulative production before 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, 203, 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. In 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 fluid sealing.

In what 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.

XI.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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f  Injector 

• Producer

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

Scale: 1 ircli = 738.46 ft

FIGURE 17. Discretization and numbering scheme for

Shiells Canyon Field as a homogeneous
. 50reservoir.
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TABLE 4. The Coordinates of the End Points of the Boundary

as a Single Homogeneous Region

P J I N T X(INCH) Y(INCH)

1 0 . 1 0 0 0 0 . 1 5 0 0
2 0 . 2 5 0 0 0 . 2 0 0 0
3 0 . 4 0 0 0 0 . 2 5 0 0
4 0 . 5 5 0 0 0 . 2 8 0 0
S 0 . 6 5 0 0 0 . 3 0 0 0
6 0 . 7 0 0 0 0 . 3 2 5 0
7 0 . 7 5 0 0 0 . 3 3 0 0
S 0 . 8 0 0 0 0 . 3 4 0 0
9 0 . 8 5 0 0 0 . 3 5 0 0
to 0 . 9 0 0 0 0 . 4 0 0 0
11 1 . 0 0 0 0 0 . 4 5 0 0
12 1 . 1 0 0 0 0 . 5 2 5 0
13 1 . 2 5 0 0 0 . 6 0 0 0
14 1 . 4 0 0 0 0 . 6 5 0 0
15 1 . 5 5 0 0 0 . 6 8 0 0
16 1 . 6 5 0 0 0 . 6 9 0 0
17 1 . 7 0 0 0 0. 7 0 0 0
IS 1 . 7 5 0 0 0 . 7 1 0 0
19 1 . 8 0 0 0 0 . 7 2 0 0
20 1 . 8 5 0 0 0 . 7 2 5 0
21 1 . 9 0 0 0 0 . 7 3 0 0
22 1 . 9 5 0 0 0 . 7 3 5 0
23 2 . 1 0 0 0 0 . 7 4 5 0
24 2 . 2 5 0 0 0 . 7 5 0 0
2 5 2 . 4 0 0 0 0 . 7 5 0 0
26 2 . 6 0 0 0 0 . 7 4 0 0
27 2 . 7 5 0 0 0 . 7 3 0 0
2 8 2 . 9 0 0 0 0 . 7 2 5 0
29 3 . 1 6 0 0 1 . 0 0 0 0
30 3 . 0 6 0 0 1 . 2 5 0 0
31 2 . 9 5 0 0 1 . 5 5 0 0
32 2 . 7 5 0 0 1 . 6 5 0 0
33 2 . 4 0 0 0 1 . 8 2 0 0
34 2 . 2 5 0 0 1 . 8 0 0 0
3 5 2 . 1 0 0 0 1 . 7 5 0 0
3 6 2 . 0 5 0 0 1 . 7 4 5 0
3 7 2 . 0 0 0 0 1 . 7 2 5 0
3 8 1 . 9 5 0 0 1 . 7 1 0 0
3 9 1 . 8 5 0 0 1 . 6 9 0 0
40 1 . 7 5 0 0 1 . 6 5 0 0
41 1 . 6 5 0 0 1 . 6 1 0 0
42 1 . 5 0 0 0 1 . 5 5 0 0
43 1 . 3 5 0 0 1 . 4 8 0 0
44 1 . 2 5 0 0 1 . 4 4 0 0
4 5 1 . 2 0 0 0 1 . 4 0 0 0
46 1 . 1 5 0 0 1 . 3 8 0 0
47 1 . 0 5 0 0 1 . 3 2 5 0
4 8 0 . 9 5 0 0 1 . 2 6 0 0
4 9 0 . 9 0 0 0 1 . 2 5 0 0
50 0 . 8 5 0 0 1 . 2 0 0 0
51 0 . 8 0 0 0 1 . 1 7 0 0
52 0 . 7 5 0 0 1 . 1 5 0 0
53 0 . 6 5 0 0 1 . 0 8 0 0
54 0 . 5 5 0 0 1 . 0 2 0 0
55 0 . 5 0 0 0 0. 9 9 0 0
5 6 0 . 4 5 0 0 0 . 9 5 0 0
57 0 . 4 0 0 0 0 . 9 2 0 0
58 0 . 3 0 0 0 0. 8 5 0 0
5 9 0 . 1 0 0 0 0 . 7 3 0 0
60 0 . 1 0 0 0 0 . 5 0 0 0
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TABLE 5. Coordinates of Sources and Sinks for Shiells Canyon 
Field Analysed as a Single Homogeneous Region

XUNCH) YC INCH) RATE(BBL/D)
0*4500 0*5500 -69*1000
0*5000 ' 0*8000 -69*1000
0*7500 0*4000 -69*1000
0*9000 1*1500 -69*1000
1 *0000 0*8000 560*0000
1*2500 1 *2000 -69*1000
1*3500 1*0000 -69*1000
1*9000 0*9500 200*0000
1*8000 1 ,3500 -69*1000
2*0500 1*5500 -69*1000
2*1500 1*2500 -69*1000
2*3500 1 *0500 -69*1000
2*5750 1*3000 -69*1000

THE AVERAGE RADIUS OF THE WELLS(INCH) 
THE CHARACTERISTIC PRESSURE (PSD 15=

IS= 0*500 
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 lists 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



115

TABLE 6. The Prescribed Boundary Conditions for Shiells
Canyon Reservoir Analysed as a Homogeneous Reservoir 
with Sealed Boundary

BOUNDARY CONDITIONS

NODE CODE PRESCRIBED VALUE
1 I 0 . 0
2 1 0.0
3  1 0 . 0
4 1 0.0
5  1 0 . 0
6 1 0.0
7 1 0 . 0
8 1 0.0
9 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 0.0
1 6 1 0 . 0
1 7  1 0 . 0
18 1 0.0
19 1 0 . 0
20 1 0.0
21 1 0 .0
22 1 0.0
2 3  1 0 . 0
24 1 0.0
2 5  1 0.0
2 6  1 0.0
2 7  1 0.0
2 8  1 0 . 0
2 9  1 0 . 0
3 0  1 0.0
31 1 0 . 0
32 1 0 . 0
33 1 0.0
34 1 0 . 0
35 1 0 . 0
36 1 0 . 0
3 7  1 0 . 0
3 8  1 0 . 0
3 9  1 0 . 0
40 1 0 . 0
41 1 0 . 0
4 2  1 0 . 0
4 3  1 0 . 0
4 4  1 0 . 0
4 5  1 0 . 0
4 6  1 0 . 0
4 ?  1 0.0
4 8  1 0 . 0
4 9  1 0 . 0
5 0  1 0 . 0
51 1 0 . 0
5 2 1 0 . 0
5 3  1 0.0
54 1 0 . 0
5 5 1 0 . 0
5 6  1 0 . 0
5 7  1 0 . 0
5 8  1 0 . 0
5 9  1 0 . 0
6 0  1 0 . 0
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FIGURE 18. Boundary element modelling of Shiells Canyon 

Field as a single homogeneous reservoir with 

sealed boundary.
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TABLE 7. Calculated Streamtube Dimensions for Shiells Canyon 
Field Analysed as a Homogeneous Reservoir with 
Sealed Outer Boundary

WELL NO. S/L NO. CODE LENGTH
(ft)

WIDTH
(ft)

RATE
(bbl/d)

1 1 1 538.10 45.18 28.00
I 2 1 425.00 23.75 28.00
I 3 1 686.10 79.51 28.00
Z 1 1 441.40 27.76 28.00
Z 2 1 344.70 19.18 28.00
3 1 1 334.80 18.06 28.00
3 2 1 384.80 21.76 28.00
4 1 1 269.70 13.51 28.00
4 2 1 269.70 14.88 28.00
5 1 1 359.80 15.89 28.00
5 2 1 338.10 14.26 28.00
6 1 1 294.70 12.69 28.00
ii 2 1 288.10 11.96 28.00
7 1 1 809.80 29.41 28.00
7 2 1 759.80 28.63 28.00
e 1 1 112.00 38.76 28.00
8 2 1 950.00 34.34 28.00
a 3 1 588.10 15.61 10.00
a 4 1 569.70 12.31 1 0.00
a 5 1 598.00 13.78 10.00
9 1 1 266.40 6.27 10.00
9 2 1 291.40 6.74 10.00
9 3 1 378.30 8.90 10.00
9 4 1 286.10 6.46 10.00

10 1 1 463.10 10.18 10.00
10 2 1 369.70 8.22 1 0.00
10 3 1 331.60 7.53 10.00
10 4 1 334.go 7.39 10.00
10 5 1 403.30 10.92 10.00
11 1 1 716.40 22.42 1 0.00
11 2 1 903.30 34.43 10.00
Ih 3 1 713.10 19.76 10.00
111 4 1 538.10 15.60 10.00
111 5 1 606.60 22.23 10.00
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TABLE 8. Input Data to Steamflood Recovery Prediction 
Program

TOTAL NUMBER OF PRCDUCER&= 11
STEAM TEMPERATURE (DEC. FJ- 430.0000
STEAM QUALITY: 0.7000
CONVERGENCE LIMIT: 0.0010
RESERVOIR THICKNESS (FT)= 160.0000
STLAM PRESSURE (PSI)= 344.0000
INITIAL RESERVOIR TEMPERATURE(DEO FJ: 105.0000

FLUID PROPERTIES

WATER OIL STEAM

OLNSlTY(LB/CU FT) AT 
DENSITY(LB/CU FT) AT 
SPECIFIC HEATCBTU/LB 
LATENT HEAT(ETU/LB)

STD. TEMP. 
STEAM TEMP.
*F)

62.4000
52.3600
1.0000

55.0000
48.7000
0.4880

0.7431
1.0000
789.5100

PROPERTIES OF THE CAP AND BASE ROCK

UENS1TY(LB/CU. FT) 149.0000
SPECIFIC HEATCBTU/LB-4F) 0.2130
THERM. C0ND.(BTU/HR-FT=4F) 1.1000
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RESERVOIR ROCK PROPERTIES

REGION 1 REGION 2

POROSITY 0.2050
DEN.(LB/CU FT) 165.0000
SPEC. HEATtBTU/UB*F) 0.2000
PERMEABILITY(MD) 140.0000

0.1800
165.0000

0.2000
70.0000

INITIAL FLUID SATURATIONS

REGION I REGION 2

WATER
OIL
STEAM

0.5500
0.4500
0.0

0.5500 
0 .4500 
0 .0

AVERAGE RESIDUAL SATURATIONS BEHIND THE FRONT

REGION 1 REGION 2

WATER
OIL
STEAM

0.5800
0.1800
0.2400

0.5800
0.1800
0.2400
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FIGURE 19. Steamflood recovery prediction for Shiells 
Canyon Field as a homogeneous reservoir 
with sealed outer boundary.
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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 NO. S/L NO. CODE LENGTH WIDTH RATE
(ft) (ft) (bbl/d)

1 1 1 541.40 45.84 28.00
1 2 1 425.00 23.67 28.00
I 3 1 678.30 73.69 28.00
2 1 1 441.40 27.62 28.00
2 2 1 344.70 19.14 28.00
3 1 1 338.10 18.06 28.00
3 2 1 384.80 21.62 28.00
4 1 '1 269.70 13.51 26.00
4 2 1 269.70 14.91 28.00
5 1 1 359.80 15.91 28.00
5 2 1 338.10 14.26 28.00
6 1 1 294.70 12.70 28.00
6 2 1 288.10 11.96 28.00
7 1 1 809.80 29.43 28.00
7 2 1 759.80 28.67 28.00
8 1 1 1120.00 38.69 28.00
a 2 1 950.00 34.38 28.00
6 3 1 588.10 15.5S 10.00
a 4 1 569.70 12.31 10.00
a 5 1 598.00 13.79 10.00
9 1 1 266.40 6.27 10.00
9 2 1 291.40 6.75 1 0.00
9 3 1 378.30 8.92 10.00
9 4 1 288.10 6.46 10.00

10 1 1 463.10 10.17 10.00
10 2 1 369.70 8.22 10.00
10 3 1 331.60 7.53 10.00
10 4 1 334.80 7.39 10.00
10 5 1 403.30 10.97 10.00
11 1 1 716.40 22.4 7 10.00
11 2 1 903.30 34.84 1 0.00
11 3 1 713.10 19.81 10.00
11 4 1 538.10 15.61 10.00
11 5 1 606.60 22.34 1 0.00
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FIGURE 21. Steamflood recovery prediction for Shiells Can

yon Field as a homogeneous reservoir with part 

of the boundary at constant pressure, part 

sealed.
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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 ym

(140 md) while the second region is assigned a permeability
2half as much, 0.69 ym (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.
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Region 2 
Permeability

70 mdRegion 1
Permeability 

= 140 rid

• 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:

T H E  C O O R D I N A T E S  OF T H E  E X T R E M E  P O I N T S  O F  T H E  B O U N D A R Y  E L E M E N T S

Region 1 Region 2
P O I N T X( INCH) Y { I N C H ) P O I N T X( INCH) Y ( I N C H )

1 1 . 5 0 0 0 1 . 5 5 0 0 1 1 . 5 0 0 0 1 . 5 5 0 0
2 1 . 3 5 0 0 1 . 4 8 0 0 2 1 . 5 0 0 0 1 . 5 0 0  0
3 1 . 2 5 0 0 1 . 4 4 0 0 3 1 . 4 8 0 0 1 . 4 5 0 0
4 1 .2000 1 . 4 0 0 0 4 1 . 4 6 0 0 1 . 3 5 0 0
5 1 . 1 5 0 0 1 . 3 8 0 0 5 1 . 4 6 0 0 1 . 2 5 0 0
6 1 . 0 5 0 0 1 . 3 2 5 0 6 1 . 4 8 0 0 1 . 1 5 0 0
7 0 . 9 5 0 0 1 . 2 6 0 0 7 1 . 5 0 0 0 1 . 0 5 0 0
8 0 . 9 0 0 0 1 . 2 5 0 0 8 1 . 5 0 0 0 0 . 9 5 0 0
9 0 . 8 5 0 0 1 . 2 0 0 0 9 1 . 5 4 0 0 0 . 8 5 0 0

10 0 . 8 0 0 0 1 . 1 7 0 0 10 1 .5500 0 . 7 5 0 0
11 0 . 7 5 0 0 1 . 1 5 0 0 11 1 . 5 5 0 0 0 . 6 8 0 0
12 0 . 6 5 0 0 1 . 0 8 0 0 12 1 . 6 5 0 0 0 . 6 9 0 0
13 0 . 5 5 0 0 1 . 0 2 0 0 13 1 . 7 0 0 0 0 . 7 0 0 0
14 0 . 5 0 0 0 0 . 9 9 0 0 14 1 . 7 5 0 0 0 . 7 1 0 0
15 0 . 4 5 0 0 0 . 9 5 0 0 15 1 . 8 0 0 0 0 . 7 2 0 0
16 0 . 4 0 0 0 0 . 9 2 0 0 16 1 . 8 5 0 0 0 . 7 2 5 0
17 0 . 3 0 0 0 0 . 8 5 0 0 17 1 . 9 0 0 0 0. 7 3 0 0
16 0 . 1 0 0 0 0 . 7 3 0 0 18 1 .9500 0 . 7 3 5 0
19 0 . 1 0 0 0 0 . 5 0 0 0 19 2 . 1 0 0 0 0 . 7 4 5 0
2 0 0 . 1 0 0 0 0 . 1 5 0 0 2 0 2 . 2 5 0 0 0 . 7 5 0 0
21 0 . 2 5 0 0 0 . 2 0 0 0 21 2 . 4 0 0 0 0 . 7 5 0 0
22 0 . 4 0 0 0 0 . 2 5 0 0 22 2 . 6 0 0 0 0 . 7 4 0 0
23 0 . 5 5 0 0 0 . 2 8 0 0 23 2 . 7 5 0 0 0 . 7 3 0 0
24 0 . 6 5 0 0 0 . 3 0 0 0 24 2 . 9 0 0 0 0 . 7 2 5 0
2 5 0 . 7 0 0 0 0 . 3 2 5 0 2 5 3.  1600 1 . 0 0 0 0
26 0 . 7 5 0 0 0 . 3 3 0 0 26 3 . 0 6 0 0 1 . 2 5 0  0
27 0 . 8 0 0 0 0 . 3 4 0 0 27 2 . 9 5 0 0 1 . 5 5 0 0
2 8 0 . 8 5 0 0 0 . 3 5 0 0 28 2 . 7 5 0 0 1 . 6 5 0 0
29 0 . 9 0 0 0 0 . 4 0 0 0 29 2 . 4 0 0 0 1 . 8 2 0 0
30 1 . 0 0 0 0 0 . 4 5 0 0 30 2 . 2 5 0 0 1 . 8 0 0 0
31 1 . 1 0 0 0 0 . 5 2 5 0 31 2 . 1 0 0 0 1 . 7 5 0 0
32 1 . 2 5 0 0 0 . 6 0 0 0 32 2 . 0 5 0 0 1 . 7 4 5 0
33 1 . 4 0 0 0 0 . 6 5 0 0 33 2 .0000 1 . 7 2 5 0
34 1 . 5 5 0 0 0 . 6 8 0 0 34 1 . 9 5 0 0 1 . 7 1 0 0
35 1 . 5 5 0 0 0 . 7 5 0 0 35 J rS E O O 1 . 6 9 0 0
36 1 . 5 4 0 0 0 . 8 5 0 0 36 1 . 7 5 0 0 1 . 6 5 0 0
37 1 . 5 0 0 0 0 . 9 5 0 0 37 1 . 6 5 0 0 1 . 6 1 0 0
38 1 . 5 0 0 0 1 . 0 5 0 0
3 9 1 . 4 8 0 0 1 . 1 5 0 0
40 1 . 4 6 0 0 1 . 2 5 0 0
41 1 . 4 6 0 0 1 . 3 5 0 0
42 1 . 4 8 0 0 1 . 4 5 0 0
43 1 . 5 0 0 0 1 . 5 0 0 0
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TABLE 11. Case 2:

OF SOURCES AND SINKS AND t h e i r STRENGTHS

X(INCH)
Region 1 

Y(INCH) RATE(B8L/D)

0*4500 0*5500 -69 *1000
0*5000 0*8000 -69*1000
0*7500 0*4000 -69*1000
0*9000 1*1500 -69*1000
1*0000 0*8000 560*0000
1*2500 1*2000 -69.1000
1 *3500 1*0000 -69*1000

THE AVERAGE RADIUS OF THE WELLS!INCH) IS=
THE CHARACTERISTIC PRESSUREIPSI) IS- 85

Region 2 

OF SOURCES AND SINKS AND THEIR STRENGTHS

X(INCH) Y(INCH) RATE!BBL/D)

1*9000 0*9500 200*0000
1*8000 1.3500 -69*1000
2*0500 1*5500 -69.1000
2*1500 1.2500 -69.1000
2*3500 1*0500 -69.1000
2*5750 1.3000 -69.1000

THE AVERAGE RADIUS OF THE: WELLS! INCH) 1S=

0*500

THE CHARACTER 1ST 1C PRESSUREtPSI ) 1S=
0.500 

85*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 I. 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 II. The left boundary of region I is 

assumed to be at the initial reservoir pressure of 85 psi. 

Thus, segment numbers IS 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
B O U N D A R Y C O N D I T I O N S B O U N D A R Y C O N D I T I O N S

N O D E C O D E P R E S C R I B E D  V A L U E N O D E C O D E P R E S C R I B E D
1 1 0 . 0 1 2 0 . 0
2 1 0 . 0 2 2 0 . 0
2 1 0. 0 3 2 0. 0
4 1 0 . 0 4 2 0 . 0
& 1 0 . 0  ' 5 2 0 . 0
6 1 0 . 0 6 2 0 . 0
7 1 0.0 7 2 0 . 0
8 1 0 . 0 8 2 0 . 0
9 1 0 . 0 9 2 0. 0

10 1 0 . 0 10 2 0 . 0
11 1 0 . 0 11 1 0 . 0
12 1 0.0 12 1 0 . 0
13 1 0 . 0 13 1 0 . 0
14 1 0 . 0 14 1 0 . 0
IS 1 0 . 0 15 1 0 . 0
16 1 0 . 0 16 1 0 . 0
17 1 0 . 0 17 1 0 . 0
18 1 0 . 0 18 1 0 . 0
19 1 0.0 19 1 0 . 0
20 1 0 . 0 2 0 1 0 . 0
21 1 0 . 0 21 1 0 . 0
22 1 0.0 22 1 0 . 0
2 3 1 0.0 2 3 1 0 . 0
2 4 1 0 . 0 24 1 0 . 0
25 1 0 . 0 2 5 1 0 . 0
2 6 1 0 . 0 2 6 1 0 . 0
27 1 0 .0 2 7 1 0 . 0
28 1 0 . 0 28 1 0 . 0
2 9 1 0 . 0 2 9 1 0 . 0
30 1 0 . 0 30 1 0 . 0
21 1 0 . 0 31 1 0 . 0
32 1 0 . 0 32 1 0 . 0
33 1 0 . 0 33 1 0 . 0
34 2 0 . 0 34 1 0 . 0
35 2 0 . 0 3 5 1 0 . 0
36 2 0 . 0 36 1 0 . 0
3 7 2 0 . 0 3 7 1 0 . 0
3 8 2 0 . 0
39 2 0 . 0
40 2 0 . 0
41 2 0 . 0
4 2 2 0 . 0
43 2 0 . 0
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f  1 i

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

RCGI CN 1 REGI ON 2

WLLL NO. S / L  NO. CODE LENGTH *  I DTH RATE LENGTH WI DTH RATE

1 1 1 5 3 4 . 8 0 4 5 . 4 4 2 8 . 0 0 0 . 0 0 .  0 0 . 0
1 2 1 4 2 5 . 0 0 2 3 . 8 9 2 8 . 0 0 0 . 0 0 . 0 0 . 0
1 3 1 7 0 0 . 0 0 8 5 . 9 6 2 8 .  00 0 . 0 0 . 0 0 . 0
2 1 1 4 4 1 . 4 0 2 7 . 9 5 2 8 . 0 0 0 . 0 0 .  0 0 . 0
2 2 1 3 4 4 . 7 0 1 9 . 2 4 2 8 . 0 0 0 . 0 0 . 0 0 . 0
3 1 1 3 3 4 . 8 0 1 8 . 0 7 2 8 . 0 0 0 . 0 0 . 0 0 . 0
3 2 1 3 9 1 . 4 0 2 1 . 9 4 2 8 . 0 0 0 . 0 0 . 0 0 .  0
4 1 1 2 6 9 . 7 0 1 3 . 5 1 2 8 .  00 0 . 0 0 . 0 0 . 0
4 2 1 2 6 9 . 7 0 1 4 . 8 4 2 8 .  00 0 . 0 0 . 0 0 . 0
5 1 1 3 5 9 . 8 0 1 5 . 8 6 2 8 . 0 0 0 . 0 0 . 0 0 . 0
5 2 1 3 3 8 . 1 0 1 4 . 2 6 2 8 .  00 0 . 0 0 . 0 0 . 0
6 1 2 2 9 4 . 7 0 1 2 . 6 9 2 8 .  00 0 . 0 0 . 0 0 .  0
6 2 1 2 8 6 . 1 0 1 1 . 9 5 2 8 . 0 0 0 . 0 0 . 0 0 . 0
7 1 2 3 7 6 . 9 0 51 . 3 8 2 8 . 0 0 4 0 3 . 3 0 4 2 . 3 1 2 8 .  00
7 2 2 4 1 1  . 1 0 7 9 . 3 1 2 8 . 0 0 3 1 3 . 1 0 3 2 .  17 2 8 .  00
a 1 2 6  0 2 . 0  0 5 8 . 9 2 2 8 . 0 0 3 1 9  . 7 0 3 8 . 3  8 2 8 . 0 0
a 2 2 4 2 7 . 1 0 5 8 . 8 1 2 8 .  00 4 0 4 . 8 0 4 6 . 2 0 2 9 .  00
8 3 I 5 8 1 . 6 0 1 4 . 3 1 1 0 . 0 0 0 . 0 0 . 0 0 , 0
a 4 1 5 6 6 . 4 0 1 2 . 2 3 1 0 .  00 0 . 0 0 . 0 0 . 0
a 5 1 5 9 4 . 7 0 1 3 . 7 1 1 0 . 0 0 0 . 0 0 .  0 0 . 0
9 1 1 2 6 6 . 4 0 6 . 2 6 1 0 . 0 0 0 . 0 0 . 0 0 .  0
9 2 1 2 9 1 . 4 0 6 .  74 1 0 .  00 0 . 0 0 . 0 0 . 0
9 3 1 3 7 6 . 3 0 9 . 0  1 1 0 . 0 0 0 . 0 0 . 0 0 .  0
9 4 1 2 8 8 . 1 0 6 . 4 4 1 0 . 0 0 0 . 0 0 . 0 0 . 0

10 1 1 4 6 3 . 1 0 1 0 . 1 2 1 0 . 0 0 0 . 0 0 . 0 0 . 0
1 0 2 1 3 6 9 . 7 0 8 . 2 0 1 0 . 0 0 0 . 0 0 . 0 0. c
10 3 1 3 3 1 . 6 0 7 . 5 2 1 0 . 0 0 0 . 0 0 . 0 0 . 0
1 0 4 1 3 3 4 . 8 0 7 . 3 9 1 0 . 0 0 0 . 0 0 . 0 0 . 0
10 5 1 4 0 3 . 3 0 1 1 . 1 9 1 0 . 0 0 0 . 0 0 .  0 0 .  0
J 1 1 1 7 1 9 . 7 0 2 2 . 6  8 1 0 . 0 0 0 . 0 0 . 0 0 . 0
11 2 1 9 1 3 . 1 0 3 6 . 2 0 1 0 . 0 0 0 . 0 0 .  0 0 . 0
11 3 1 7 1 3 . 1 0 1 9 . 9 1 1 0 . 0 0 0 . 0 0 . 0 0 . 0
11 4 1 5 3 a . 10 1 5 . 6 2 1 0 .  00 0 . 0 0 . 0 0 . 0
11 5 1 6 0 9 . 8 0 2 2 . 7 4 1 0 . 0 0 0 . 0 0 . 0 0 . 0
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FIGURE 25. Steamflood recovery prediction of Shiells Canyon 

Field as two-region piecewise homogeneous reser

voir. Sealed outer boundary.
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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

REGION 1 REGION 2

WELL NÜ. S/L NO. CODE LENGTH WIDTH RATE LENGTH WIDTH RATE

1 1 1 553 30 49.91 28.00 0 .0 0.0 0.0
1 2 1 425 00 23.40 28.00 0.0 0. 0 0.0
1 3 1 656 60 66.11 28.00 0.0 0.0 0.0
2 1 1 444 70 27.95 28.00 0.0 0.0 0.0
2 2 1 344 70 19.06 28.00 0.0 0.0 0.0
3 1 1 338 10 17.95 28.00 0.0 0.0 0.0
3 2 1 381 60 21.11 28.00 0.0 0 .0 0.0
4 1 1 269 70 13.31 28.00 0.0 0.0 0.0
4 2 1 269 70 14.75 28.00 0 .0 0.0 0.0
5 1 1 366 40 15.86 28.00 0.0 0.0 0.0
S 2 1 331 60 13.79 28.00 0.0 0.0 0.0
e 1 1 291 40 12.62 28.00 0.0 0.0 0.0
6 2 1 294 70 12.12 28.00 0.0 0.0 0.0
7 1 2 451 30 60.06 28.00 216.40 30.08 28.00
7 2 2 478 40 58.33 28.00 246.00 31 .38 28.00
8 1 2 376 40 61.82 28.00 541.40 43.88 28.00
8 2 1 591 40 13.37 10.00 0.0 0.0 0.0a 3 1 619 70 14.81 10.00 0.0 0.0 0.0
9 1 1 266 40 6.40 10.00 0.0 0.0 0.0
9 2 1 288 10 6.87 10.00 0 .0 0.0 0.0
9 3 1 363 10 8.27 1 0.00 0.0 0 .0 0.0
9 4 1 288 10 6.64 10.00 0.0 0.0 0.0
10 1 1 478 30 11.11 10.00 0 .0 0.0 0.0
10 2 1 384 80 8.51 10.00 0.0 0. 0 0.0
10 3 1 334 80 7.71 10.00 0.0 0.0 0.0
10 4 1 331 60 7.47 10.00 0.0 0.0 0.0
10 5 1 384 80 9.71 10.00 0.0 0.0 0.0
11 1 1 703 30 21.65 10.00 0.0 0.0 0.0
11 2 1 834 80 27.73 10.00 0.0 0.0 0.0
11 3 1 719 70 19.85 1 0.00 0.0 0.0 0.0
11 4 1 530 10 16.01 10.00 0 .0 0.0 0.0
11 S 1 591 40 20.86 1 0.00 0.0 0.0 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.

aa
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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.l), 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 (4>) and

the normal gradients of potentials 30 obtained on the3nJ
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.sO)
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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 

oil 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 oil 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 homogeneous 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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CUMxMULATIVE RECOVERY(BBLS*10E5) VS TIME(DAYS)
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FIGURE 31. Comparison of results
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FIGURE 32. Field injection history (50)

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

in the interior. 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.
12Brebbia 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 authors^^’ 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.
21Hess 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 

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-
2erative solution is proportional to IFN , 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 IOC-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.

Bettes^^ 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 Morjaria^^ 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

XII.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 model 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 the 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.
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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.



NOMENCLATURE

(x,y) = coordinate axis

(Xi,yi) = coordinates of interior points

(Xfajyb) = coordinates of boundary points

(Xj,yj) = coordinates of sources and sinks

(fi = porosity

k = permeability

K = thermal conductivity

D = domain

S = boundary

$ = potential

= boundary where potential is specified 

= boundary where potential gradient is speci

fied

^ = boundary where mixed boundary conditions are

specified 

p = density

u = volume flux

V* = divergence operator

t = time

V = gradient operator

p = viscosity

150
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N = number of sources and sinks

6 = Dirac delta function

q. = volumetric rate of flow of the ith source orJ
sink

0^ = potential gradient
9 ̂ 9 ̂L = two-dimensional difference operator, — ^ + — y
9 x  •èy

W = potential distribution due to a unit charge

in an infinite system 

Î = unit vector in the x direction

5 = unit vector in the y direction

f = unit vector normal to a surface

r = radius

r^ = distance between an observation point (x,y)

and an internal charge point (x^,y^)

= /(x - x^)^+ (y - y^)^

r. • = distance between a source or sink point (x.,y.) ̂> 3 3 3
and an internal charge point (x^,y^)

= /(Xj - x ^)% + (yj - y ^)^

r, . = distance between a source or sink point (x.,y.)D > 3 3 3
and a boundary charge point (x^,y^)

= /(Xj - Xy)% + (yj - ŷ )2 
r^ ^ = distance between a boundary node point (x^,y^)

and a boundary charge point (x^,y^)

= ■ >'b’"
e = radius of a small circle on the surface (Fig

ure 4)
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= the surface of the semicircle of radius t (Fig
ure 4)

= average value of $ on 

(Xr , Y r ) = 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

#2 = number of boundary segments in which potential

derivatives are specified and potentials are 

unknowns

Gy  ̂ = defined by Equation (VI.0.3)

Hy y = defined by Equation (VI.0.4)

S , L  ' °b,L "hen L ^  b

S , b  ' ‘=b,L "hen L - b
G . , = defined by Equation (VII.1.4)1, L
H . . = defined by Equation (VII.1.5)1 , L
v^ = velocity in the x-direction

Vy = velocity in the y-direction

Sy = the surface of the L'th line segment

S, = dimensionless form of S,Lp L
Qĵ (ç ,t) = the rate of flow of heat per unit cross sectional

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

region

Q^(g*,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

Vĵ (t) = the velocity of the steam front in the Nth

region

,t] = heat content per unit volume of reservoir

rock/fluid system at the upstream face of the 

steam front in the Nth region 

= heat content per unit volume of reservoir 

rock/fluid system at the downstream face of 

the steam front in the Nth region

Q(0,t) = rate of injection of heat per unit cross sec

tional area

[Qt (t)]. = rate of loss of heat per unit cross sectional
^  J

area to overburden and underburden from the 

jth region

p^(T) = density of m at temperature T, where m can

be oil, water, or steam 

= latent heat of steam

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

steam

aT(ç ) = change in temperature at the upstream face of

the steam front
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= change in temperature at the downstream face 

of the steam front 

= porosity of the rock in the jth region 

Sm(x,t) = saturation distribution of m, where m = oil, 

water, steam

Mst(0,t) = mass rate of injection of steam per unit cross 

sectional area

M^(0,tj = mass rate of injection of water per unit cross

sectional area 

T . = (T . - T.) where T. = 0 and T . is the tem-
S  V S  L 1  X  5  L

perature of steam 

= A T ( 0
g = thermal conductivity of overburden and under

burden

gj(tj = the location of the steam front in the jth

region at time t 

T^+ = the temperature at the downstream face of the

steam front

Tç_ = the temperature at the upstream face of the

steam front

qstCOjt) = rate of injection of steam per unit cross 

sectional area 

kj = permeability of the jth region

hj = thickness of the jth region

Sm(t) = average saturation of phase m, where m = oil,

water, steam
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c = 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

d = thermal diffusivity of the overburden or under

burden (k/PcbC^^)

Pj = number of elemental areas (or number of time

steps in the jth region)

t = time

T = variable of time

At = time step

Wj = width of the jth region of the porous medium

tg = dimensionless time

Sp, = dimensional distance
dç

Vg = 2Y" “ dimensionless velocity

L - = length of the jth region of the porous medium

X = fraction of injected steam that is water

Aj = ratio of heat capacity of cap and base rock to

that of the jth region of the reservoir

z•(t) = discontinuous distance function defined only
J

for the period t . , < t < t. and not defined J -1 J
outside this interval 

zj(t) = step-wise continuous distance function defined

for all time t > 0, but equal to zero outside 

the time interval tj  ̂< t < t y

z.(t) = {H(t - t..^} - H(t - t.)}ç.(t)
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5j(t) = continuous distance function with time

z(t) ■ = = - tj_i) - H(t - tj)}gj(t)

Subscripts

+ = downstream face of the condensation front

= upstream face of the condensation front 

w = water

S t  = steam

0 = oil

j = denotes the region

aA = elemental area

cb = cap and base rock (overburden and underburden)

D = dimensionless
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then

APPENDIX A

DERIVATIONS OF AND ^

^ is defined as

2tt In
'b,L

dS,

9
9n In

'b,L 9rb ,L
In

b,L
cos a

u 9n

9
9n In

b,L

-d
'b,L

cos a = b.L
'b,L

(A-1)

Lth boundary 
segment
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Therefore,

Hb ,L 2 tt
ib,L

(A-2)

where ^ is the perpendicular distance from a point 

to the line Ax + By + C = 0 and is given as:

+ Cdb ,L ±
(A-3)

where the appropriate sign is chosen so as to make d^ ^  

always positive.

The equation of the line joining the points 

Cx^,y^) and is :

' ^ 2 - '^2 - ^1
^ 2

■  "IJ
X - y + Yl -

^ 2 ■

Therefore,

A = >̂2 ~ ^1 
^2 ■ *1

B = -1 

C = yi - x^
*2 - =1

= 0

'b,L
^2 - yi
=2 - =1 fb + ?1 -1-  X ,

Y2 - yi
X2 - x^

rxz - ?!
^2 ■ ^1

+ 1

(A-4)
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In order that dy  ̂is always positive, the following con

vention is used:

If the numerator,^Axy + By^ + C^< 0, then use

-/A^ + as the denominator.

If the numerator, ̂ Axy + By^ + > 0, then use

+/A^ + B2 as the denominator.

G, T is defined as
D , L

J L
2 i r

In (A-5)

y is defined as

9
9x 9.n In

■b,L
dS,

which is evaluated as follows:

9 '9 [in 1 1 9 S,ii fd 3 1 ^
9x 9n ^b,LJ 9x % , L  9x

fb.L
 ̂- f -  k^^b,L^

b,L

-db,L
2(Xb - Xy)

^b,L

A

4 . 1  *

Therefore,

(Hx)b,L A l l 2Cx,

^b,L ?b,L - 1
dSy (A-6)

Similarly,
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b,L , ± /A^ + 1b jL
d S ^  (A-7)

{G^J^ L defined as

9 [in 1Jg 9X dS.

and is given as follows: 

19
9X

In
b,L

is given

-c='b -

b.L

^b,L
dS, (A-8)

Similarly,

dS,
'b,L

(A-9)

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 to X ,  is: a D

S(t) = S(x,t) dx (b-1)

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

Steal1 Front 
1

Region 1 Region 2

Inj ector 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

S(t) =_ i L i  s„tt) (B-2)

Rewrite B-1 as

S(t)(x^ - =
X,

X.
S(x,t) dx

and differentiate both sides to obtain

at S(x,t) dx

(B-3)

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

obtain

a
at

f^b a ax.

X ,
S(x,t) dx = I ÔY S(x,t) dx + S(x^,t)

ax
(B-4Î

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

It it “
X
^ Iy  S(x,t) dx

axv
+ S(%b't) W  ■ S(x^,t) !fi

at (B-5)
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Now if both x-^ and are constants, Equation B-5 reduces 

to :

(%b - =a) it S(t) = 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 limit x^ is a constant, but x^ is the location 

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

Therefore, Equation B-5 becomes:

S(t)V(t) + [S(t) - x^] 1^ S(t) - S(ç,t)V(t)

cCt)
S(x,t) dx (B-7)

^a
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TEMPERATURE DISTRIBUTION IN THE CAP AND 

BASE ROCK

A general heat balance on any medium is (Van 

Poolen, Spillete):

^  (MT) + 9'(PfCfT)V = v-kvT (C-I)

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

^ = PcbCcb

for an oil water system

V = 0 = velocity of the fluids 

Thus, Equation (C-1) becomes:

'cbCcb H  = 9-k'T (C-2)

For a one-dimensional medium in the z-direction

AÎ = ic
“  ' ■’cb'̂ cb 8Z^

Ta
Defining a = ----— , then

^cb cb

(C-3)
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The equation describing the temperature distribution in 

the overburden or underburden is:

(C-5)3^T _ 
3Z^ "

1 3T 
a 3t

to:

T(z,0) = Ti when t

T(0,tj =  ^St at z =

T(.,t) =  ^i at z =

Define 0(z,t) as

T(z,t) - T. 
"st - Ti

Thus, the differential equation becomes

3^0 1 30

(C-6)

(C-7)

(C-8)

CC-9)

subject to:

0(z,O) = 0 (C-10)

0(0,t) = 1 (C-11)

0(-,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
5 8such as Carslaw and Jaeger. It is given as:
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0(z,t) = erfc
v4at

(C-13)

Differentiating (C-13) with respect to z gives 

erfc^  0(z,t) - ^dz

d
ÏÏI

/4atJ 
z

_2_
/ 4 a t

2
/7

-e /4at
/4at

3Y G(Z't) -
/4at

/irat
(C-14)

Since

dT(z.t)
Ez fT - T 1 d9(z,t) '■ S t  1'’ dz

dTIz_._tl
dz z = 0

^st - ?i
/ ■ n a t

(C-15)

For an area that received heat initially at time t ,

dT(z.t)
ÏÏZ

^St - ^i
Z = 0  / i r a ( t  -  t )

(C-16)



APPENDIX D

LAPLACE TRANSFORM OF A SECTIONALLY 

CONTINUOUS FUNCTION



APPENDIX D

LAPLACE TRANSFORM OF A SECTIONALLY 

CONTINUOUS FUNCTION

For a function ÇjjCtp) which is sectionally con

tinuous and continuously differentiable in the domain 

t > 0 :

 ̂ ĵ = l ^D. T   ̂  ̂ ^D.I J-1 ]

where the functions (tĵ ) are continuous in the domain

tg < Tp < tjj . At the points t. for j = 1,...,N, SpCfp) 
j -1 j

has finite steps. Incorporating the Heaviside unit step 

function,

 ̂ ĵ = l - H(tjj - (tq)

The generalized derivative of this function is:

   ) ■ H(t„ -1 S T : %j = l ■ ^D.D ■’ J - i J

d^D.CTD)
dT^ ' ^^tp - tpj)] SpjfTg)}

Ij = l nH(tjj - tp  ̂ - H(tp - tjj )̂ ]Vp̂  (xp)

+ " SDj(TPj)}
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where H is the Heaviside unit step function 

6 is the Dirac delta function.

The Laplace transform of any function v^Ct^) is 

defined as

-stg 
e dtD

that is.

' Ï?-1'

ft
-ST D

■S'^D-i 'S^D.
* %D.(^D. ® (Tp.) ®3 3-1 3 3

5,(0)

Integrate by parts. Let
-S t

u = e D

= Vp.CtD)
-ST,

+ s
^j-i

'Dj

'^3-1
-ST -ST

D D, ■ST

^6 dTjN + Çy, ( Ty. )e ' - Çyy Ĉ -n
D.

'Oj Oj
-Go(0)

-S t D. ■St ,
1 D . _ i

-StD. -S t D.
xe - So(0)
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Since

l U

•STD dTD = Z^Cs)

Thus,

£{ V p ( T j 3 ) }  = sZjj(s) - ç^ ( 0 )

where

Ij=i
- STn

?D (td  ̂ e d%Q

°j-l
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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
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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 ^ and Gy 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 Hy y and G^ y (that is, Hy y and Gy y 

when L  ̂b), while subroutine INLO calculates Hy y and Gy y. 

Hy y and Gy y form the off-diagonal elements of the [H] and 

[G] matrices while Hy y and Gy y form the diagonal elements.
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Both subroutines are modified from reference 12. Subroutine 

MATRIX also calls the subroutine SOURCE to calculate the con

tributions of the 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 [H^], [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 potential 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

START

INITIALIZE PARAMETERS, 
ARRAYS, AND COUNTERS

SET SCALING AND CONVERSION FACTORS 
SET NUMBER OF REGIONS (NTR)
SET THE REGION COUNTER (COUNT) 

COUNT =1.0

I READ ALL THE INPUT DATA 
1 PERTAINING TO H- 
1 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

NO. OF REGIONS 
=  2

SUBROUTINE
INPUT

SUBROUTINE
CONVRS

SUBROUTINE
MATRIX

SUBROUTINE \ 
INTE )

/ SUBROUTINE 
V SOURCE

SUBROUTINE
INLOW )



REGION 
COUNTER 

=  2
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FORM THE SYSTEM 
[A]X = B

COMBINE THE H AND G 
MATRICES OF THE TWO 
REGIONS TO FORM THE 
SYSTEM [A]X = B

SUBROUTINE
ASEMBL

SOLVE THE SYSTEM 
[A]X = B

SUBROUTINE
SLNPD

OF REGIONS 
=  2

SPLIT THE SOLUTION VECTOR 
INTO ITS COMPONENT REGIONAL 

VALUES
SUBROUTINE \ 
SPLIT j

CALCULATE THE POTENTIAL 
AND THE POTENTIAL GRADIENT 
AT INTERNAL POINTS

SUBROUTINE
INTER

SUBROUTINE
INTE

SUBROUTINE \ 
INLO /

SUBROUTINE \ 
SOURCE /
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0
LIST ALL INPUT DATA, THE 
POTENTIALS AND DERIVATIVES 
ON ALL BOUNDARY ELEMENTS, 
POTENTIALS AND DERIVATIVES 
AT INTERNAL POINTS

SUBROUTINE 
OUTPUT

PLOT THE EXTERNAL BOUNDARIES 
OF THE PROBLEM DOMAIN

SUBROUTINE
BDRY SUBROUTINE 

LOWVEL

CALCULATE AND PLOT THE 
STREAMLINES AND STREAM- 
TUBES FOR EACH REGION 
IF THERE ARE TWO

SUBROUTINE \
STEM

f

ARE 
THERE TWO 
REGIONS

SUBROUTINE \ 
INTE /

SUBROUTINE
INLO

SUBROUTINE
SOURCE

CALL SUBROUTINE COMPAT TWICE 
(ONCE FOR EACH REGION) TO 
CONTINUE CALCULATING THE 
STREAMLINES AND STREAMTUBES 
THAT HAVE CROSSED INTO AD
JACENT REGIONS

SUBROUTINE 
INTE

SUBROUTINE
INLO

SUBROUTINE 
SOURCE
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FLOW CHART FOR SUBROUTINE INPUT

^START^

READ INITIAL VALUES] 
AND CONSTANTS

READ ROCK I 
IPROPERTIES/

READ THE COORDINATES OF THE 
END POINTS OF THE 
BOUNDARY ELEMENTS

READ THE BOUNDARY/ 
CONDITION AT 
EACH ELEMENT

READ THE COORDINATES 
AND STRENGTHS OF THE j 
SOURCES AND SINKS



FLOW CHART FOR SUBROUTINE MATRIX
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START

PRINT THE [H] AND [G] MATRICES

PRINT THE REARRANGED [H] AND [G] MATRICES

STOP

COMPUTE THE [H] AND [G] MATRICES

COMPUTE MID-POINT COORDINATES 
FOR EACH ELEMENT

COMPUTE THE EFFECTS OF THE SOURCES AND 
SINKS INTO THE VECTOR {SUM}

ARRANGE THE [H] AND [G] MATRICES SUCH THAT ALL 
UNKNOWNS ARE IN [G] AND ALL KNOWNS ARE IN [H]

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]
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FLOW CHART FOR SUBROUTINE ASEMBL

START

STOP

PRINT THE ASSEMBLED 
MATRIX [A] AND RHS {B}

ASSEMBLE [G] OF FIRST REGION 
INTO [A], ASSEMBLE {DFI} OF 
FIRST REGION INTO {B}

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



FLOW CHART FOR SUBROUTINE STRI'l
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START

SUBROUTINE
LOWVEL

SUBROUTINE
INTE

POSITION 
NEAR A 
BOUNDARY

YES

NO

1, NO. OF ELEMENTS

CALCULATE THE LENGTH OF 
THE ELEMENTS (ELMNT(J))

CALCULATE THE VELOCITY NEAR 
THE LOWEST PRODUCING WELL

CALCULATE THE STARTING POSITIONS OF THE 
STREAMLINES NEAR THE INJECTION WELLS

CALCULATE THE DISTANCES FROM THE 
POINT TO THE MID-POINTS OF THE 
ELEMENTS (DISMID(J))
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SUBROUTINE
INTE

SUBROUTINE
SOURCE

NOINTERFACE?POSITION 
NEAR A 
PRODUCER

YES

YES

NO
NO

YES

YESCOUNTER > 100

NO

/  FIRST \  
POSITION ON 
THE STREAM- 
\  LINE? /

START NEW WELL

CONTINUE
STREAMLINE

IDENTIFY THE 
PRODUCER

START NEW STREAMLINE

WELL TOO CLOSE 
TO BOUNDARY. 
START NEW WELL

PLOT POSITION. 
CALCULATE LENGTH 
AND WIDTH OF 
STREAMTUBE AT 
POSITION.

CALCULATE THE 
POTENTIAL, 
VELOCITY AND 
THE NEW POSI
TIONS OF STREAM 
PARTICLE
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HORIZONTAL
INTERFACE?

YESNO

VERTICAL
INTERFACE?,

YES

NO

EVALUATE FOR ALL 
STREAMLINES IN 
AN INJECTOR

CALCULATE STREAM
LINE CUT-OFF POINT 
ON INTERFACE

CALCULATE THE LENGTH 
WIDTH OF STREAMTUBE. 
PLOT POSITION.

CALCULATE STREAMLINE 
CUT-OFF POINT ON THE 
INTERFACE

CALCULATE STREAMLINE 
CUT-OFF POINT ON THE 
INTERFACE

STORE THE LOCATION, INJECTOR, 
NUMBER OF STREAMLINES, BOUND
ARY CONDITION, ANGLE OF ELE
MENT, FOR USE IN CONTINUING 
THE STREAMLINE IN ADJACENT 
REGION.
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0
EVALUATE FOR ALL WELLS 
IN THE REGION

OUTPUT FOR ALL PRODUCERS, 
THE NUMBER OF STREAMLINES 
TERMINATING THERE, THEIR 
LENGTHS AND WIDTHS.
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FLOW CHART FOR SUBROUTINE COMPAT

START

SUBROUTINE
LOWVEL

NO

BDIST > LENGTH 
sPF ELEMENT?

INCREMENT TIME

INCREMENT STREAMLINE COUNTER

INITIALIZE ARRAYS, PARAMETERS, ETC

CALCULATE THE VELOCITY NEAR 
THE LOWEST PRODUCER

CALCULATE THE VELOCITY NORMAL 
TO THE INTERFACE BOUNDARY. 
RESOLVE TO OBTAIN v AND v

CALCULATE A NEW POSITION FOR 
THE STREAM PARTICLE AND ITS 
DISTANCE FROM THE NEAREST 
NODE BDIST
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POSITION
NEAR

BOUNDARY

SUBROUTINE
INTE

SUBROUTINE
SOURCE

POSITION 
NEAR A 
PRODUCER

YES NO

NO

YES

PRINT FOR ALL PRODUCERS 
THE LENGTHS AND AVERAGE 
WIDTHS OF STREAMTUBES 
THAT TERMINATE IN THEM

/LAST ^ 
STREAMLINE

PLOT POSITION

START NEW 
STREAMLINE

IDENTIFY THE 
PRODUCER

START NEW STREAMLINE

COMPUTE VELOCITIES v AND

STREAMTUBE
AND DIMENSIONS OF THE



APPENDIX F

COMPUTER IMPLEMENTATION OF STEAMFLOOD 

RECOVERY CALCULATION



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.
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FLOW CHART FOR STEAMFLOOD RECOVERY CALCULATION

(^TART^

DEFINE ALL STATI 
AND SUBROUTINE I 
USED IN CALCULAI

:MENT FUNCTIONS 
'UNCTIONS TO BE 
riONS

READ AND WRITE ALL 
INITIAL DATA AND 
FIXED VALUES

READ AND WRITE THE 
I FLUID PROPERTIES

READ AND WRITE THE 
PROPERTIES OF THE 
CAP AND BASE ROCK)

READ AND WRITE THE 
PROPERTIES OF THE 
RESERVOIR ROCK

READ THE STREAMTUBE 
DATA FROM THE 

ISTREAMTUBE PROGRAM

Ô
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NO YESt > ENDTMl?

NO 10. OF REGIONS YES

NO t > ENDTM2

YES

INCREMENT TIME t = t + At

INITIALIZE ALL ARRAYS 
COUNTERS, ETC.

CALCULATE ADDITIONAL RE
COVERY AND ADD TO TOTAL

CALCULATE THE DIMENSIONLESS 
VARIABLES AND CONSTANTS

STEAM BREAKTHROUGH IN 
A STREAMTUBE WITH ONLY 
ONE REGION. NO ADDI
TIONAL RECOVERY 
CALCULATED

FOR EACH STREAMTUBE, CALCULATE THE 
BREAKTHROUGH TIMES FOR THE FIRST 
(AND SECOND REGION, IF ANY) AND 
ARRAY ENDTMl AND ENDTM2 RESPECTIVELY
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0

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.

LAST STREAM 
LINE?

START NEW STREAMLINE
LAST WELL?

START NEW WELL.
START NEW
STREAMLINE YES

NO
I

START NEW TIME 
START NEW WELL 
START NEW 
STREAMLINE

LAST TIME?

YES

PRINT AND PLOT THE
COMPUTED RECOVERY
VERSUS TIME



a p p e n d i x g

RESULTS OF STREAMLINE MODELLING OF SHIELLS CANYON 

FIELD AS A SINGLE HOMOGENEOUS RESERVOIR
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BOUNDARY ELEMENT MODELLING OF SHIELLS CANY0N(203) FIQ.D 

ANALYSIS AS A SINGLE HOMOGENEOUS RESERVOIR 

SEALED OUTER BOUNDARY

b y : D. T. NUMBERS, UNIVERSITY OF OKLAHOMA, JAN., 1982 

REGION 1.0 

DATA

NUMBER OF BOUNDARY ELEMENTS= 60
NUMBER OF INTERNAL POINTS WHERE THE FUNCTION IS CALCULATED: 0
NUMBER OF SOURCES AND SINKS= 13 
NUMBER OF INTERFACE NODES= 0

PERMEABILITY(MD)= 140.0000

THICKNESSIFT)= 160.0000

POROSITY: 0.2050

s c a l e : 1 INCH : 738.46FEET
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THE COORDINATES OF THE EXTREME POINTS OF THE BOUNDARY ELEMENTS

POINT X(INCH) Y(INCH)

1 0.1000 0.1500
2 0.2500 0.2000
3 0.4000 0.2500
4 0.5500 0.2800
5 0.6500 0.3000
6 0.7000 0.3250
7 0.7500 0.3300
5 0.6000 0.3400
9 0.6500 0.3500
10 0.9000 0.4000
ii 1.0000 0.4500
12 1.1000 0.5250
13 1 .2500 0.6000
14 I.4000 0.6500
15 1 .5500 0.6800
15 1 .6500 0.6900
17 1.7000 0.7000
18 1.7500 0.7100
19 1.8000 0.7200
20 1.8500 0.7250
21 1 .9000 0.7300
22 1.9500 0.7350
23 2.1000 0.7450
24 2.2500 0.7500
25 2.4000 0.7500
26 2.6000 0.7400
27 2.7500 0.7300
28 2.9000 0.7250
29 3.1600 1.0000
30 3.0600 1.2500
31 2.9500 1.5500
32 2.7500 1.6500
33 2 .4000 1.8200
34 2.2500 1.8000
35 2.1000 1.7500
36 2.0500 1.7450
37 2.0000 1.7250
38 1.9500 1.7100
39 1 .8500 1.6900
40 1.7500 1.6500
41 1.6500 1.6100
42 1.5000 1.5500
43 1.3500 1.4800
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44 1 .2500 1.4400
45 1 .2000 1.4000
46 1.1500 1.3800
47 1.0500 1.3250
48 0.9500 1.2600
49 0.9000 1.2500
50 0.8500 1.2000
51 0 .8000 1.1700
52 0.7500 1.1500
53 0.6500 1.0800
54 0.5500 1.0200
55 0.5000 0.9900
56 0.4500 0.9500
57 0.4000 0.9200
58 0.3000 ■D.B500
59 0 .1000 0.7300
60 0.1000 0.5000
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44
45
46
47 
46
49
50
51
52
53
54
55
56
57 
56
59
6 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 
0.0 
0 .0 
0.0

COORDINATES OF SOURCES AND SINKS AND THEIR STRENGTHS

X(INCH) Y( INCH) RATE(BBL/D)

0.4500 0.5500 -69.1000
0 .5000 0.8000 -69.1000
0.7500 0.4 000 -69.1000
0.9000 1.1500 -6 9.1000
1 «0000 0.8000 560.0000
1.2500 1 .2000 -69.1000
1.3500 1.0000 -69.1000
1.9000 0.9500 200.0000
1.8000 1 .3500 -69 . 1000
2.0500 1.5500 -69.1000
2.1500 1.2500 -69.1000
2.3500 1.0500 „-69.1000
2.5750 1.3000 -69.1000

THE AVERAGE RADIUS OF THE WELLS!INCH) IS= 0.500 
THE CHARACTERISTIC PRESSURE(PSI) 15= 85.0000
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PRODUCER NUMBER 1

NUMBER OF S T R E A M L IN E S ^ 3

205

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2 
3

0.5381E+03
0.4250E+03
0.6881E+03

0.4516E+02 
0.2375E + 02 
0.7951E+02

0.2800E+02 
0.2800E + 02 
0c2800E+02

PRODUCER NUMBER 2 

NUMBER OF ST»EAMLINES= 2

s t r e a m l i n e  NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
o

0.4414E+03
0.3447E+03

0 .2776E+02 
0.1918E+02

0.2800E + 02 
0.2800E+02

PRODUCER NUMBER 3 

NUMBER OF STREAMLINES= 2

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0.3348E+03
Q.3848E+03

0.1806E+02
0.2176E+02

0.2600E+02
0.2800E+02



PRODUCER NUMBER 4

NUMBER OF S T R E A M L IN E S ^ 2

206

s t r e a m l i n e  NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0.2697E+03
0.2697E+03

0.1351E+02 
0.1488E+02

0.2800E+02
0.2800E+02

PRODUCER NUMBER 6 

NUMBER OF STREAMLINES= 2

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0 .3598E+03 
0.3381E + 03

0.1589E+02
0.1426E+02

0.2800E+02
0.2800E+02

PRODUCER NUMBER 7 

NUMBER OF STREAMLINES= 2

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0.2947E+03
0.2881E+03

0. 1269E + 02 
0.1196E+02

0.2800E+02 
0.28005 + 02



PRODUCER NUMBER 9

NUMBER OF S TR EA M LIN ES = 2
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STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0.8098E+03
0.7598E+03

0.2941E+C2 
0 .2863E+02

0.2800E + 02 
0.2800E+02

PRODUCER NUMBER 10 

NUMBER OF STREAML1NES= 5

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2
3
4
5

0.I12OE+O4 
0.9500E + 03 
0.5881E+03 
0.5697E + 03 
0.5980E+03

0.3876E + 02 
0.3434F+02 
0.156IE+C2 
0.I231E402 
0.1378E+02

0.2800E+02 
0.2800E+02 
0. 1000E402 
O.lOOOE+02 
0.lOOOE+02

PRODUCER NUMBER 11 

NUMBER OF STREAMLINES= 4

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2
3
4

0-2664E+03 
0 .2914E+03 
0.3783E + 03 
0.2881E+03

0.6268E401
0.6742E+01
0.8902E401
0.6459E4C1

0.1000E402 
0. 1000E402 
O.lOOOE+02 
O.lOOOE+02



PRODUCER NUMBER 12

NUMBER OF S T R E A M LIN E S = 5
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STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2
3
4
5

0.4631E+03
0.3697E+03
0.3316E+03
0.3348E+03
0.4033E+03

0. 1018E+02 
0.8221E+01 
0.7526E+01 
0.7388E+01 
0.1092E+02

O.lOOOE+02 
O.lOOOE + 02 
O.lOOOE+02 
0.IOOOE+02 
0. 1000E+ 02

PRODUCER NUMBER 13 

NUMBER OF STREAMLINES= 5

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1 0.7164E+03 0.2242E+02 O.lOOOE + 02
2 0.9033E+03 0.3443E+02 O.lOOOE+02
3 0.7131E+03 0.1976E + 02 O.lOOOE+02
4 0.5381E+03 0.1560E+02 0.1G00E+ 02
5 0.6066E+03 0.2223E+02 O.lOOOE+02



APPENDIX H

RESULTS OF STEAMFLOOD PREDICTION OF SHIELDS 

CANYON FIELD AS A HOMOGENEOUS RESERVOIR 

WITH SEALED OUTER BOUNDARY
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APPENDIX H

STEAMFLCCD p r e d i c t i o n  o f ShlELLS CANYCN(203) FIELD 

m e t h o d : STREAMLINE/STREAMTUBE METHOD USING IBEM)TECHNIÛUE 

ANALYSIS AS A SINGLE HOMOGENOUS RESERVOIR 

BOUNDARY CONDITION: SEALED CUTER BOUNDARY 

PRODUCTION r a t e s : EQUAL RATES ASSIGNED TO ALL

PRODUCERS IN ENTIRE REGION 

b y : D. T. NUMBERS, UNIVERSITY OF OKLAHOMA,1982

DATA

TOTAL NUMBER OF PRODUCERS= II
STEAM TEMPERATURE (DEG. FI- 430.0000
STEAM QUALITY= 0.7000
CONVERGENCE LIMIT= 0.0010
RESERVOIR THICKNESS (FT)= 160.0000
STEAM PRESSURE (PSI)= 344.0000
INITIAL RESERVOIR TEMPERATURE(DEG Fj= 105.0000

FLUID PROPERTIES

WATER OIL STFAM

DENS1TY(LB/CU FT) AT 
DENSITY(LB/CU FT) AT 
SPECIFIC HEATIBTU/LB 
LATENT HEAT(BTU/LB)

STD, TEMP. 
STEAM TEMP. 
♦ F)

62 .4000 
52.3800 
1.0000

55.0000 
48 .7000 
0.4880

0.7431
1.0000
789.5100

PROPERTIES OF THE CAP AND BASE ROCK

DENSITY(LB/CU. FT) 149.0000
SPECIFIC HEATIBTU/LB-4F) 0.2130
THERM. COND.(BTU/HR-FT-*F) 1.1000
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RESERVOIR ROCK PROPERTIES

REGION 1 REGION

POROSITY 0.2050
DEN.(LB/CU FT) 165.0000
SPEC. HEAT(BTU/LB*F) 0.2000
PERMEAeiLITY(MD) 140.0000

0.1800 
165.0000 

0.2000 
70.0000

INITIAL f l u i d  s a t u r a t i o n s

REGION Ï REGION 2

WATER
OIL
STEAM

0.5500
0.4500
0.0

0.5500 
0.4500 
0 .0

AVERAGE RESIDUAL SATURATIONS BEHIND THE FRONT

REGION 1 REGION 2

WA TER
OIL
STEAM

0.5600
0.1800
0.2400

0.5800
0.1800
0.2400
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INPUT DATA FROM STREAMLINE PROGRAM

REGION I REGION 2

WELL NO. S/L NO. CODE LENGTH WIDTH RATE LENGTH WIDTH RATE

1 1 1 5 3 8 . 1 0 4 5 . 1 8 2 8 . 0 0 0 . 0 0 . 0 0 . 0
1 2 1 4 2 5 . 0 0 2 3 . 7 5 2 8 . 0 0 0 . 0 0 . 0 0 . 0
1 3 1 6 8 8 . 1 0 7 9 . 5 1 2 8 . 0 0 0 . 0 0 . 0 0 . 0
2 1 1 4 4 1 . 4 0 2 7 . 7 6 2 8 . 0 0 0 . 0 0 . 0 0 . 0
2 2 1 3 4 4 . 7 0 1 9 . 1 8 2 8 . 0 0 0 . 0 0 . 0 0 . 0
3 1 1 3 3 4 . 8 0 1 8 . 0 6 2 8 .  00 0 . 0 0 . 0 0 . 0
3 2 1 3 8 4 . 8 0 2 1 . 7 6 2 8 . 0 0 0 . 0 0 . 0 0 . 0
4 1 1 2 6 9 . 7 0 1 3 . 5 1 2 8 . 0 0 0 . 0 0 . 0 0 . 0
4 2 1 2 6 9 . 7 0 1 4 . 8 8 2 8 . 0 0 0 . 0 0 .  0 0 . 0
5 1 1 3 5 9 . 8 0 1 5 . 8 9 2 8 . 0 0 0 , 0 0 . 0 0 . 0
5 2 1 3 3 8 . 1 0 1 4 . 2 6 2 8 .  00 0 . 0 0 . 0 0 . 0
6 1 1 2 9 4 . 7 0 1 2 . 6 9 2 8 . 0 0 0 . 0 0 . 0 0 . 0
6 2 1 2 8 8 . 1 0 1 1 . 9 6 2 8 . 0 0 0 . 0 0 . 0 0 . 0
7 1 1 8 0 9 . 8 0 2 9 . 4 1 2 8 . 0 0 0 . 0 0 . 0 0 . 0
7 2 1 7 5 9 . 8 0 2 8 . 6 3 2 8 . 0 0 0 . 0 0 . 0 0 . 0
8 1 1 1 1 2 . 0 0 3 8 . 7 6 2 8 . 0 0 0 . 0 0 . 0 0 . 0
S 2 1 9 5 0 . 0 0 3 4 . 3 4 2 8 . 0 0 0 . 0 0 . 0 0 . 0
8 3 1 5 8 8 . 1 0 1 5 . 6 1 1 0 . 0 0 0 . 0 0 . 0 0 . 0
a 4 1 5 6 9 . 7 0 1 2 . 3 1 1 0 . 0 0 0 . 0 0 . 0 0 . 0
8 5 1 5 9 8 . 0 0 1 3 . 7 8 1 0 . 0 0 0 . 0 0 .  0 0 . 0
9 1 1 2 6 6 . 4 0 6 . 2 7 1 0 . 0 0 0 . 0 0 . 0 0 . 0
9 2 1 2 9 1 . 4 0 6 . 7 4 1 0 . 0 0 0 . 0 0 . 0 0 . 0
y 3 1 3 7 8 . 3 0 8 . 9 0 1 0 . 0 0 0 . 0 0 . 0 0 . 0
9 4 1 2 8 8 . 1 0 6 . 4 6 1 0 . 0 0 0 . 0 0 . 0 0 . 0

10 1 1 4 6 3 . 1 0 1 0 . 1 8 1 0 .  00 0 . 0 0 . 0 0 . 0
10 2 1 3 6 9 . 7 0 8 . 2 2 1 0 , 0 0 0 . 0 0 . 0 0 . 0
10 3 1 3 3 1 . 6 0 7 . 5 3 1 0 . 0 0 0 . 0 0 . 0 0 . 0
10 4 1 3 3 4 . 8 0 7 . 3 9 1 0 . 0 0 0 . 0 0 . 0 0 . 0
1 0 5 1 4 0 3 . 3 0 1 0 . 9 2 1 0 . 0 0 0 . 0 0 . 0 0 . 0
11 1 1 7 1 6 . 4 0 2 2 . 4 2 1 c.oo 0 . 0 0 . 0 0 . 0
11 2 1 9 0 3 . 3 0 3 4 . 4 3 1 0 . 0 0 0 . 0 0 .  0 0 . 0
11 3 1 7 1 3 . 1 0 1 9 . 7 6 1 0 . 0 0 0 . 0 0 . 0 0 . 0
11 4 1 5 3 8 . 1 0 1 5 . 6 0 1 0 . 0 0 0 . 0 0 . 0 0 . 0
11 5 1 6 0 6 . 6 0 2 2 . 2 3 1 0 . 0 0 0 . 0 0 . 0 0 . 0
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CALCULATED BREAKTHROUGH T IM E S (H O U R S )  FOR EACH STREAMTUBE

PROD- NO. STREAMLINE NO. CODE E N D T I M E d ) ENDT I

1 1 1 1 5 8 6 8 . 5 6 2 5 0 . 0
1 2 1 6 1 4 4 . 5 9 9 2 0 . 0
1 3 1 3 9 4 4 2 . 2 1 4 8 0 . 0
2 1 1 7 5 5 5 . 3 7 1 1 0 . 0
2 2 1 3 9 2 9 . 7 9 0 0 0 . 0
3 1 1 3 5 7 8 . 2 6 6 4 0 . 0
3 2 1 5 0 4 0 . 6 6 8 0 0 . 0
4 1 1 2 1 1 0 . 3 6 5 2 0 . 0
4 2 1 2 3 2 2 . 9 0 0 1 0 . 0
5 1 1 3 3 7 4 . 3 9 0 1 0 . 0
5 2 1 2 8 2 3 . 9 4 9 5 0 . 0
6 1 1 2 1 6 3 . 1 9 1 9 0 . 0
6 2 1 1 9 9 1 . 6 0 3 3 0 . 0
7 1 1 1 5 5 1 4 . 1 2 1 1 0 . 0
7 2 1 1 4 0 4 8 . 2 0 7 0 0 . 0
8 1 1 2 5 3 1 . 5 0 9 3 0 . 0
8 2 1 2 1 9 7 1 . 1 7 5 8 0 . 0
6 3 1 1 6 8 7 1 . 8 4 3 7 0 . 0
8 4 1 1 2 5 6 4 . 0 4 6 9 0 . 0
8 5 1 1 4 9 8 4 . 0 5 4 7 0 . 0
e 1 1 2 7 3 4 . 8 7 1 6 0 . 0
9 2 1 3 2 4 0 . 8 6 5 7 0 . 0
9 3 1 5 7 1 6 . 1 8 3 6 0 . 0
9 4 1 3 0 6 2 . 2 0 7 3 0 . 0

10 1 1 8 1 8 2 . 2 5 0 0 0 . 0
10 2 1 5 1 2 7 . 8 6 7 2 0 . 0
10 3 1 4 1 6 5 . 2 8 5 2 0 . 0
10 4 1 4 1 2 6 . 5 1 5 6 0 . 0
10 5 1 7 6 0 6 . 9 0 6 2 0 . 0
11 1 1 3 1 5 2 7 . 6 1 3 3 0 . 0
11 2 1 6 7 9 2 8 . 6 8 7 5 0 . 0
11 3 1 2 7 1 8 8 . 5 7 0 3 0 . 0
1 1 4 1 1 5 2 9 1 . 1 2 5 0 0 . 0
11 5 1 2 5 8 7 6 . 1 1 3 3 0 . 0
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REAL T I M E ( H C U R S ; =  6 0 0 0 . 0 0 0 0  

D1MËNSIÜNLESS T I M E =  0 . 0 3 Z 5

%ELL S T R / L  NO. OF REGIONS RECOVERY WELL TOTAL RESERVOIR TOTAL

1 1 0 . 1 5 5 7 E + 0 5
1 2 0 . 1 5 5 7 E + 0 5
I 3 0 . 1 5 5 7 E + 0 5

2 1 0 . 1 5 5 7 E + 0 5
2 2 0 . 1 0 4 3 E + 0 5

3 1 0 . 9 5 3 7 E + 0 4
3 2 0 . 1 3 2 1 E + 0 5

4 1 0 . 5 7 4 7 E + 0 4
4 2 0 . 6 3 3 0 0 + 0 4

5 1 0 . 9 0 1 7 E + 0 4
5 2 0 . 7 6 0 4 E + 0 4

6 1 0 . 5 8 9 8 E + 0 4
6 2 0 . 5 4 3 5 E + 0 4

7 1 0 . 1 5 5 7 E + 0 5
7 2 0 . 1 5 5 7 0 + 0 5

a 1 0 . 6 8 4 7 E + 0 4
8 2 0 . 1 5 5 7 E + 0 5
a 3 0 . 5 5 6 0 0 + 0 4
8 4 0 . 5 5 6 0 E + 0 4
8 5 0 . 5 5 6 0 E + 0 4

9 1 0 . 2 6 3 4 E + 0 4
9 2 0 . 3 0 9 9 E + 0 4
9 3 0 . 5 3 1 l E + 0 4
9 4 0 . 2 9 3 5 E + 0 4

10 1 0 . 5 5 6 0 E + 0 4
10 2 0 . 4 7 9 4 E + 0 4
10 3 0 . 3 9 3 6 E + 0 4
10 4 0 . 3 9 0 1 E + 0 4
10 5 0 . S 5 6 0 E + 0 4

11 1 0 . 5 5 6 0 E + 0 4
11 2 0 . 5 5 6 0 0 + 0 4
11 3 0 . 5 5 6 0 E + 0 4
11 4 0 . 5 5 6 0 0 + 0 4
11 5 0 . 5 5 6 0 E + 0 4

0 . 4 6 7 0 E + 0 5

0 . 2 5 S 9 E + 0 5

0 . 2 2 7 4 E + 0 5

0 . 1 2 0 8 E + 0 5

0 . 1 6 6 2 E + 0 5

0 . I 1 3 3 E + 0 5

0 . 3 1 1 3 E + 0 5

0 . 3 9 0 9 E + 0 5

0 . 1 3 9 8 E + 0 5

0 . 2 3 7 5 E + 0 5

0 . 2 7 8 0 E + 0 5
0 . 2 7 1 2 E + 0 6
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REAL T I M E ( H C U R S ) =  1 2 0 0 0 . 0 0 0 0  

D IM E N S IÜ N L E S S  T1ME= 0 . 0 6 5 0

WELL S T R / L  NO. OF REGIONS RECOVERY WELL TOTAL RESERVOIR t o t a l

1 1 0 . 2 9 6 9 E + 0 5
1 2 0 . 1 5 9 2 E + 0 5
1 3 0 . 2 9 6 9 C + 0  5

2 1 0 . 1 9 3 3 E + 0 5
2 2 0 . 1 0 4 3 E + 0 5

3 1 0 . 9 5 3 7 E + 0 4
3 2 0 . 1 3 2 1 E + 0 5

4 1 0 . 5 7 4 7 Ë + 0 4
4 2 0 . 6 3 3 OE+04

5 1 0 . 9 0 1 7 E + 0 4
5 2 0 . 7 6 0 4 E + 0 4

6 1 0 . 5 8 9 8 E + 0 4
6 2 0 . E 4 3 5 E + 0 4

7 1 0 . 2 9 6 9 E + 0 5
7 2 0 . 2 9 6 9 E + 0 5

8 1 0 . 6 8 4 7 E + 0 4
a 2 0 . 2 9 6 9 E + 0 5
8 3 0 . 1 0 6 0 E + 0 5
8 4 0 . 1 0 6 0 E + 0 5
8 5 0 . 1 0 6 0 E + 0 5

9 1 0 . 2 6 3 4 E + 0 4
9 2 0 . 3 0 9 9 E + 0 4
S 3 0 . 5 3 1 1 E + 0 4
9 4 0 . 2 9 3 5 E + 0 4

1 0 1 0 . 7 4 3 6 E + 0 4
10 2 0 . 4 7 9 4 E + 0 4
10 3 0 . 3 9 3 6 E + 0 4
10 4 0 . 3 9 0 1 E + 0 4
10 5 0 . 6 9 4 6 E + 0 4

11 1 0 . 1 0 6 0 E + 0 5
11 2 0 . 1 0 6 0 E + 0 5
11 3 0 . 1 0 6 0 E + 0 5
11 4 0 . 1 0 6 0 E + 0 5
11 5 0 . 1 0 6 0 E + 0 5

0 . 7 5 3 C E + 0 5

0 . 2 9 7 5 E + 0 5

0 . 2 2 7 4 E + 0 5

0 . l 2 0 S E + 0 5

0 . 1 6 6 2 E + 0 5

0 . 1 1 3 3 E + 0 5

0 o 5 9 3 8 E + 0 5

0.6835E+05

0 . 1 3 9 8 5 + 0 5

0 . 2 7 0  l E + 0 5

0 .5 3 0 2 E + 0 5
0 . 3 8 9 6 E + 0 6
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REAL T I M E ( H C U R S J =  1 8 0 0 0 . OOOC 

D IM EN SIÜ N L E S S T I M E =  0 . 0 9 7 5

WELL S T R / L  NO.  UF REGIONS RECOVERY WELL TOTAL RESERVOIR TOTAL

1 1 0 . 3 8 3 4 E + 0 5
1 2 0 . 1 5 9 2 E + 0 5
I 3 0 . 4 2 9 9 E + 0 5

2 1 0 . 1 9 3 3 2 + 0 5
2 2 0 . 1 0 4 3 2 + 0 5

3 1 0 . 9 5 3 7 E + 0 4
3 2 0 . 1 3 2 1 E + 0 5

4 1 0 . 5 7 4 7 E + 0 4
4 2 0 . 6 3 3 OE+04

5 1 0 . 9 0 1 7 2 + 0 4
5 2 0 . 7 6 0 4 E + 0 4

6 1 0 . 5 8 9 8 2 + 0 4
6 2 0 . 5 4 3 5 E + 0 4

7 1 0 . 3 7 5 6 2 + 0 5
7 2 0 . 3 4 3 1 2 + 0 5

8 1 0 . 6 8 4 7 2 + 0 4
8 2 0 . 4 2  9 9 E + 0 5
8 3 0 . 1 4 4 8 E + 0 5
a 4 0 . 1 1 0 6 E + 0 5
8 5 0 . 1 3 0 0 2 + 0 5

9 1 0 . 2 6 3 4 E + 0 4
9 2 0 . 3 0 9 9 E + 0 4
9 3 0 . 5 3 1  1 2 + 0 4
9 4 0 . 2 9 3 5 2 + 0 4

10 1 0 . 7 4 3 6 E + 0 4
10 2 0 . 4 7 9 4 2 + 0 4
10 3 0 . 3 9 3 6 2 + 0 4
10 4 0 . 3 9 0 1 2 + 0 4
10 5 0 . 6 9 4 6 2 + 0 4

11 1 0 . 1 5 3 5 2 + 0 5
11 2 0 - 1 5 3 5 2 + 0 5
11 3 0 . 1 5 3 5 2 + 0 5
11 4 0 . 1 3 2 4 E + 0 5
11 5 0 . 1 5 3 5 E + 0 5

0 . 9 7 2 6 E + 0 5

0.2975E+05

0 . 2 2 7 4 E + 0 5

0 . I 2 0 8 E + 0 5

0 . 1 6 6 2 E + 0 5

0 . 1 1 2 2 E + 0 5

0 . 7 1 8 7 E + 0 5

0 . 8 8 3 8 5 + 0 5

0 . 1 3 9 8 E + 0 5

0 . 2 7 0 1 E + 0 5

0 . 7 4 6 6 E + 0 5
0 . 4 6 5 7 E + 0 6
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WEAL T I M E ( H C U R S ) =  2 4 0 0 0 . 0 0 0 0  

D IM E N S IÜ N L E S S  T IM E =  0 . 1 3 0 0

&ELL S T R / L  NO. OF REGIONS RECOVERY WELL TOTAL RESERVOIR TOTAL

1 1 0 . 3 8 3 4 E + 0 5
1 2 0 . 1 5 9 2 E + 0 5
1 3 0 . 5 5 6 9 E + 0 5

2 1 0 . 1 9 3 3 E + 0 5
2 2 0 . 1 0 4 3 E + 0 5

3 1 0 . 9 5 3 7 E + 0 4
3 2 0 . 1 3 2 1 E + 0 5

4 1 0 . 5 7 4 7 E + 0 4
4 2 0 . 6 3 3 0 E + 0 4

5 1 0 . 9 0 1 7 E + 0 4
5 2 0 . 7 6 0 4 E + 0 4

Û 1 0 . 5 8 9 8 Ë + 0 4
6 2 0 . 5 4 3 5 E + 0 4

7 1 0 . 3 7 5 6 E  + 05
7 2 0 . 3 4 3 1 0 + 0 5

a 1 0 . 6 8 4 7 E + 0 4
8 2 0 . 5 1 4 5 E + 0 5
a 3 0 . 1 4 4 8 E + 0 5
a 4 0 . 1 1 0 6 E + 0 5
a 5 0 . 1 3 0 0 E + 0 5

9 1 0 . 2 6 3 4 E + 0 4
9 2 0 . 3 0 9 9 E + 0 4
9 3 0 . 5 3 1 1 E + 0 4
9 4 0 . 2 9 3 5 E + 0 4

10 1 0 . 7 4 3 6 E + 0 4
10 2 0 . 4 7 9 4 E + 0 4
10 3 0 . 3 9 3 6 E + 0 4
10 4 0 . 3 9 0 1 E + 0 4
10 5 0 . 6 9 4 6 E + 0 4

11 1 0 .  1 9 8 9 E + 0 5
11 2 0 . 1 9 8 9 E + 0 5
11 3 0 . 1 9 8 9 E + 0 5
1 1 4 0 . 1 3 2 4 E + 0 5
11 5 0 . 1 9 8 9 E + 0 5

0 . 1 0 9 9 E + 0 6

0 . 2 9 7 5 E + 0 5

0 . 2 2 7 4 E + 0 5

0 . 1 2 0 8 E + 0 5

0.1662E+05

0 . 1 1 3 3 E + 0 5

0 . 7 1 8 7 E + 0 5

0 . 9 6 S 4 E + 0 5

0 . 1 3 9 8 E + 0 5

0 . 2 7 0 1 E + 0 5

0 . 9 2 7 9 E + 0 5
0 . 5 0 5 0 E + 0 6
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REAL T I M E ( H C U R S ) =  3 0 0 0 0 . 0 0 0 0  

DIM EN SlO NU E SS T I M E =  0 . 1 6 2 5

kEL L S T R / L  NO. OF REGIONS RECOVERY WELL TOTAL RESERVOIR TOTAL

i 1 0 . 3 8 3 4 E + 0 5
1 2 0 . 1 Ü 9 2 E + 0 5
1 3 0 . 6 7 8 9 E + 0 5

2 1 0 . 1 9 3 3 E + 0 5
2 2 0 . 1 0 4 3 E + 0 5

3 1 0 . 9 5 3 7 E + 0 4
3 2 0 . 1 3 2 1 E + 0 5

4 1 0 . 5 7 4 7 E + 0 4
4 2 0 . 6 3 3 0 E + 0 4

5 1 0 . 9 0 1 7 E + 0 4
5 2 0 . 7 6 0 4 E + 0 4

6 1 0 . 5 8 9 8 E + 0 4
6 2 0 . 5 4 3 5 E + 0 4

7 1 0 . 3 7 5 Ô E + 0 5
7 2 0 . 3 4 3 1 E + 0 5

8 1 0 . 6 8 4 7 E + 0 4
8 2 0 . 5 1 4 5 E + 0 5
8 3 0 . 1 4 4  8E+0 5
8 4 0 . 1 1 0 6 E + 0 5
8 5 0 . 1 3 0 0 E + 0 5

9 1 0 . 2 6 3 4 E + 0 4
9 2 0 . 3 0 9 9 E + 0 4
9 3 0 . 5 3 1 l E + 0 4
9 4 0 . 2 9 3 5 E + 0 4

10 1 0 . 7 4 3 6 E + 0 4
10 2 0 . 4 7 9 4 E + 0 4
10 3 0 . 3 9 3 6 E + 0 4
10 4 0 . 3 9 0 1 E + 0 4
10 5 0 . 6 9 4 6 E + 0 4

11 1 0 . 2 4 2 5 E + 0 5
11 2 0 . 2 4 2 5 E + 0 5
11 3 0 . 2 2 2 2 E + 0 5
11 4 0 . 1 3 2 4 E + 0 5
11 5 0 . 2 1 2 7 E + 0 5

0 . 1 2 2 2 E + 0 6

0 . 2 9  7 5E + 05

0 . 2 2 7 4 E + 0 5

0 .  1 2 0 8 E + 0 5

0 . 1 6 6 2 E + 0 5

0 . 1 1 3 3 E + 0 5

0 . 7 1 8 7 E + 0 5

0 . 9 6 8 4 E + 0 5

0 . 1 3 S E E + 0 5

0 . 2 7 0 1 E + 0 5

0 . 1 0 5 2 E + 0 6
0 . 5 2 9 6 E + 0 6
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T I M E ( D A Y S } RECOVERY!BBLS)

6 2 . 5 0 0 0 0 . 1 6 S 7 E + 0 5
1 2 5 . 0 0  00 0 . 3 1 2 0 E + 0 S
1 8 7 . 5 0 0 0 0 . 4 0 7 9 C  + 05
2 5 0 . 0 0 0 0 0 . 4 8 3 0 E + 0 5
3 X 2 . 5 0 0 0 0 . 5 4 5 5 E + 0 5
3 7 5 . 0 0 0 0 0 . 5 9  6 7 E + 0 5
4 3 7 . 5 0 0 0 0 - 6 4  5 6 E + 0 5
5 0 0 . 0 0 0 0 0 . 6 9 3 8 E + 0 5
5 6 2 . 5 0 0 0 0 . 7 3 5 9 6 + 0 5
6 2 5 . 0 0 0 0 0 . 7 8 C 8 E  + 05
6 8 7 . 5 0 0 0 0 . 8 0 8 9 5 + 0 5
7 5 0 . 0 0 0 0 0 . 8 2 9 3 5 + 0 5
8 1 2 . 5 0 0 0 0 .  64  5 0 5 + 0 5
8 7 5  . 0 0  00 0 . 8 6 8 5 5 + 0 5
9 3 7 . 5 0 0 0 0 . 8 8  5 8 5 + 0 5

1 0 0 0 . 0 0 0 0 0 . 8 9 5 3 5 + 0 5
1 0 6 2  . 5 0  00 0 . 9 1 2 7 5 + 0 5
1 1 2 5 . 0 0 0 0 0 . 9 2  4 5 5 + 0 5
1 1 8 7 . 5 0 0 0 0 . 9 3 4 0 5 + 0 5
1 2 5 0  . 0 0 0 0 0 . 9 4 3 2 5 + 0 5



APPENDIX I

RESULTS 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 MODELLING OF S H IE L L S  CANY ON !2 0 3 )  F I E L D  

A N A L Y S IS  AS A S ING LE  HOMOGENEOUS RESERVOIR

PART OF THE BOUNDARY AT CONSTANT PRESSURE. THE REMAINDER SEALED

BY: O .  T .  NUMBERE. U N I V E R S I T Y  OF OKLAHOMA. J A N . .  1 9 8 2

REGION 1 . 0

DATA

NUMBER OF BOUNDARY ELEMENTS= 60
NUMBER OF INTERNAL P O IN T S  WHERE THE FU NCTION I S  CALCULATED:  0
NUMBER OF SOURCES AND S I N K S =  13  
NUMBER OF INTERFACE NODES:  0

P E R M E A B I L I T Y ( M D ) :  1 4 0 . 0 0 0 0

T H I C K N E S S ( F T ) :  1 6 0 . 0 0 0 0

P O R O S IT Y :  0 . 2 0 5 0

SCALE: 1 INCH : 738.46FEET
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44 1.2500 1.4400
45 1.2000 1.400 0
46 1.1500 1.3800
47 1.0500 1.3250
48 0.9500 1.2600
49 0.9000 1.2500
50 0.8500 1.2000
51 0.8000 1.1700
52 0.7500 1.1500
53 0.6500 1.0800
54 0.5500 1.0200
55 0.5000 0.9900
56 C.4500 0.9500
57 0.4000 0.9200
58 0 .3000 0 ,8500
59 0.1000 0.7300
60 0.1000 0.5000



224

BOUNDARY CONDITIONS

NODE
1
2
3
4
5
6 
7 
6 
9

i 0 
11 
12
13
14  
13  
16
17
18
19
20 
21 
22
2 3
2 4  
2 3  
26
2 7
2 8
2 9
30
31
3 2
33
34
3 5
35  
3 7
36
39
4 0
41
42
4 3

CODE PRESCRIBED VALUE
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 
0.0 
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 
0.0 
0.0 
O. 0 
0.0 
0.0 
0.0 
0.0 
0 .0 
0.0 
0.0 
0 .0 
0.0 
0.0 
0.0
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44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

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 .0

1 0.8500000E402 
1 0.8500000E+02

OF SOURCES AND SINKS AND THEIR STRENGTHS

X{INCH) Y(INCH) RATE(BBL/D)

0.4500 0.5500 -69 .1000
0.5000 0.6000 -69 .1000
0.7500 0.4000 -69.1000
0.9000 1 .1500 -69. 1000
1.0000 0.8000 560.0000
1.2500 1.2000 -69. 1000
1 .3500 1 .0000 -69 . 1000
1.9000 0.9500 200.0000
1.8000 1 .3500 -69. 1000
2.0500 1.5500 -69 . 1000
2.1500 1.2500 -69.1000
2.3500 1 .0 500 -69. 1000
2.5750 1.3000 -69.1000

THE AVERAGE RADIUS OF THE WELLS! INCH) I S= 0.500 
THE CHARACTERISTIC PRESSURE(PSI) 15= 85.0000
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0 . 3 5 0 0 E + 0 0  
0 . 2 0 0 0 E + 0 0  
0* lOOOE'fOO 
0. l O O O E + 0 0

0 . 8 8 5 0 E + 0 0
0 . 7 9 0 0 E * 0 0
0 . 6 1 S 0 E + 0 0
0 . 3 2 5 0 E + 0 0

0 . S 5 3 7 E 4 0 2  
0 . 8 S 0 9 E *  02  
0 . 8 5 0 0 E + 0 2  
0 . 8 5 0 0 E + 0 2

0.0
0.0

- 0 . 4 1 2 2 E - 0 3
0 . 2 5 6 7 E - 0 3



PRODUCER NUMBER 1

NUMBER OF STR E A M LIN E S = 3
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STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2
3

0.5414E+03 
0.4250E+03 
0 .6783E+03

0.4584E+02
0.2367E+02
0.7369E+02

0.2800E+02 
0.2800E + 02 
0.2800E+02

PRODUCER NUMBER 2 

NUMBER OF STREAMLINES^ 2

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0.4414E+03
0.3447E+03

0 .2762E+02 
0.1914E+02

0.2800E+02 
0 .2600E+02

PRODUCER NUMBER 3 

NUMBER OF STREAMLINES= 2

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0.3361E+03 
0 .3848E+03

0.1806E+02 
0.2162E + 02

0.2800E+02
0.280(H+02



PRODUCER NUMBER 4

NUMBER OF S T R E A M L IN E S =  2
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STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0.2697E+03
0.2697E+03

0.I351E+C2
0.I491E+02

0.2800E+02 
0.2800E + 02

PRODUCER NUMBER 6 

NUMBER OF STREAMLINES= 2

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0 .3598E403 
0.3381E+03

0 .159lE + 02 
0.1426E+02

0.2800E+02
0.2800E402

PRODUCER NUMBER 7 

NUMBER OF STREAMLINES= 2

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

0.2947E+03 
0 .288IE+03

0.1270E+02
0.1196E402

0.2800E+02 
0.2800E + 02



PRODUCER NUMBER 9

NUMBER OF S T R E A M LIN E S = 2
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STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0.8098E + 03 
0.7598E+03

0.2943E+02
0.2867E+02

0.2800E+02
0.2800E+02

PRODUCER NUMBER 10 

NUMBER OF STREAML1NES= 5

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2
3
4
5

0.1120E+04 
0.95COE+03 
0.5881E+03 
0 .5697E+03 
0.5980E + C3

0 .3869E+02 
0.3438E+02 
0.1555E+C2 
0.1231E+02 
0.I379E+C2

0.2800E+02 
0.2800E+02 
0. 1 OOOE + 02 
O.lOOOE+02 
0.1OOOE+02

PRODUCER NUMBER 11 

NUMBER OF STREAMLINES= 4

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2
3
4

0.2664E+03 
0 .2914E+03 
0 .3783E+03 
0.2881E+03

0.6270E+01
0.6746E+01
0.8922E+01
0.6459E+C1

O.lOOOE+02 
0. lOOOE + 02 
O.lOOOE+02 
O.lOOOE+02



PRODUCER NUMBER 12

NUMBER OF STREAML1NES= 5
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STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2
3
4
5

0.4631E + 03 
0.3697E+03 
0 .3316E+03 
0.3348E+03 
0.4033E+03

0. 1017E+02 
0.8223E+01 
0.7528E+01 
0.7392E+01 
0.1097E+02

O.lOOOE+02 
0.10 0 05 + 02 
O.lOOOE+02 
O.lOOOE+02 
0. 10005 + 02

PRODUCER NUMBER 13 

NUMBER OF STREAMLINES= 5

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1 0.7164E+03 0.2247E + C2 0. 10005 + 02
2 0.9033E+03 0.3484E+02 O.lOOOE+02
3 0.7131E+03 0.1981E + 02 O.lOOOE+02
4 0.5381E+03 0.1561E+02 0.10 0 05 + 02
5 0.6066E+03 0.2234E+02 O.lOOOE+02



APPENDIX J

RESULTS OF STEAMFLOOD PREDICTION OF SHIELDS 

CANYON FIELD AS A HOMOGENEOUS RESERVOIR. 

PART OF ITS BOUNDARY AT CONSTANT 

PRESSURE, THE REMAINDER SEALED
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APPENDIX J

STEAMFLOCD PREDICTlUN ÜF SHIELDS CANY0N(203) FIELD 

m e t h o d : STREAMLINE/STREAMTUBE m e t h o d u s i n g (OEM!TECHNIQUE 

ANALYSIS AS A SINGLE HOMOGENOUS RESERVOIR 

BOUNDARY CONDITION: PART OF THE BOUNDARY AT CONSTANT 

PRESSURE, THE REMAINDER IS SEALED.

PRODUCTION RATES: ASSIGNED EQUAL IN ENTIRE REGION 

b y : D. T. NUMBERS, UNIVERSITY UF OKLAHOMA,1S82

DATA

TOTAL NUMBER OF PRODUCERS= II
STEAM TEMPERATURE (DEG. F)= 430.0000
STEAM QUALITY: 0.7000
CONVERGENCE LIMIT= ' 0.0010
RESERVOIR THICKNESS (FT)= ISO.0000
STEAM PRESSURE (PSI)= 344.0000
INITIAL RESERVOIR TEMPERATURE!DEG F)= 105.0000

FLUID PROPERTIES

WATER O IL STEAM

DENSITYCLB/CU FT) AT STD. TEMP. 
DENSITY!LB/CU FT) AT STEAM TEMF, 
SPECIFIC HEATCBTU/LB *F)
LATENT HEAT(ETU/LB)

62 .4000 
52 .3800 
1.0000

55.0000 
48.7000 
0. 4880

0.7431 
I.0000 
789,5100

PROPERTIES OF THE CAP AND BASE ROCK

DENS ITY(LB/CU. FT) 14Ç.OOOO
SPECIFIC H£AT(BTU/LB-*F) 0.2130
THERM. CUND.(BTU/HR-FT-*F) 1.1000
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RESERVOIR ROCK PROPERTIES

REGION 1 REGION 2

POROSITY 0.2050 0.1800
DEN.(LB/CU FT) 165.0000 165.0000
SPEC. HEAT(BTU/LB*F) 0.2000 0.2000
PERMEABILITY(MD) 140.0000 70.0000

INITIAL FLUID SATURATIONS

REGION 1 REGION 2

WATER 0.5500 0.5500
OIL 0.4500 0.4500
STEAM 0.0 0.0

AVERAGE RESIDUAL SATURATIONS 6EHIND THE FRONT

REGION 1 REGION 2

WATER 0.5800 0.5800
OIL 0.1800 0.1800
STEAM 0.2400 0.2400
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IN P U T  DATA FROM STREAMLINE PROGRAM

REGICN 1 REGION 2

WELL NO. S / L  N O . CODE LENGTH WIDTH RATE LENGTH WIDTH RATE

1 1 1 5 4 1 . 4 0 4 5 . 8 4 2 8 . 0 0 0 . 0 0 . 0 0 . 0
1 2 1 4 2 5 . 0 0 2 3 . 6  7 2 8 . 0 0 0 . 0 0 .  0 0 . 0
1 3 1 6 7 6 . 3 0 7 3 . 6  9 2 6 . 0 0 0 . 0 0 . 0 0 . 0
2 1 1 4 4 1 . 4 0 2 7 . 6 2 2 8 . 0 0 0 . 0 0 .  0 0 . 0
2 2 1 3 4 4 . 7 0 1 9 . 1 4 2 8 . 0 0 0 . 0 0 . 0 0 . 0
3 1 1 3 3 8 . 1 0 1 8 . 0 6 2 8 . 0 0 0 . 0 0 . 0 0 . 0
2 2 1 3 8 4 . 8 0 2 1 . 6 2 2 8 . 0 0 0 . 0 0 . 0 0 . 0
4 1 1 2 6 9 . 7 0 1 3 . 5 1 2 8 . 0 0 0 . 0 0 . 0 0 . 0
4 2 1 2 6 9 . 7 0 1 4 . 9 1 2 8 . 0 0 0 . 0 0 . 0 0 . 0
5 1 1 3 5 9 . 8 0 1 5 . 9 1 2 8 . 0 0 0 . 0 0 .  0 0 . 0
5 2 1 3 3 8 . 1 0 1 4 . 2 6 2 8 . 0 0 0 . 0 0 . 0 0 . 0
6 1 1 2 9 4 . 7 0 1 2 . 7 0 2 8 . 0 0 0 . 0 0 . 0 0 . 0
6 2 1 2 8 8 . 1 0 1 1 . 9 6 2 8 . 0 0 0 . 0 0 . 0 0 . 0
7 1 1 8 0 9 . 8 0 2 9 . 4 3 2 8 . 0 0 0 . 0 0 . 0 0 . 0
7 2 1 7 5 9 . 8 0 2 8 . 6 7 2 8 . 0 0 0 . 0 0 . 0 0 . 0
a 1 1 1 1 2 0 . 0 0 3 8 . 6 9 2 8 . 0 0 0 . 0 0 . 0 0 . 0
a 2 1 9 5 0 . 0 0 3 4 . 3 8 2 8 . 0 0 0 . 0 0 . 0 0 . 0
a 3 1 5 8 8 . 1 0 1 5 . 5 5 1 0 . 0 0 0 . 0 0 .  0 0 . 0
a 4 1 5 6 9 . 7 0 1 2 . 3 1 1 0 . 0 0 0 . 0 0 . 0 0 . 0
a 5 1 5 9 8 . 0 0 1 3 . 7 9 1 0 . 0 0 0 . 0 0 . 0 0 . 0
9 1 1 2 6 6 . 4 0 6 . 2 7 1 0 . 0 0 0 . 0 0 .  0 0 .  0
9 2 1 2 9 1 . 4 0 6 . 7 5 1 0 . 0 0 0 . 0 0 . 0 0 . 0
9 3 1 3 7 8 . 3 0 8 . 9 2 1 0 .  00 0 . 0 0 . 0 0 . 0
9 4 1 2 8 8 . 1 0 6 . 4 6 1 0 . 0 0 0 . 0 0 . 0 0 . 0

10 1 1 4 6 3 . 1 0 1 0 . 1 7 1 0 . 0 0 0 . 0 0 . 0 0 . 0
10 2 1 3 6 9 . 7 0 8 . 2 2 1 0 . 0 0 0 . 0 0 .  0 0 . 0
1 0 3 1 3 3 1 . 6 0 7 . 5 3 1 0 . 0 0 0 . 0 0 . 0 0 . 0
10 4 1 3 3 4 . 6 0 7 . 3 9 1 0 . 0 0 0 . 0 0 . 0 0 . 0
10 5 1 4 0 3 . 3 0 1 0 . 9 7 1 0 . 0 0 0 . 0 0 .  0 0 . 0
11 1 1 7 1 6 . 4 0 2 2 , 4  7 1 0 . 0 0 0 . 0 0 . 0 0 . 0
11 2 1 9 0 3 . 3 0 3 4 . 8 4 1 0 . 0 0 0 . 0 0 . 0 0 . 0
11 3 1 7 1 3 . 1 0 1 9 . 8 1 1 0 . 0 0 0 . 0 0 . 0 0 . 0
11 4 1 5 3 8 . 1 0 1 5 . 6 1 1 0 . 0 0 0 . 0 0 . 0 0 . 0
11 5 1 6 0 6 . 6 0 2 2 . 3 4 1 0 .  00 0 . 0 0 . 0 0 . 0



236

CALCULATED BREAKTHROUGH TIMESCHOURS) FOR EACH STREAMTUBE

PROU. NO. STREAMLINE NO. CODE ENDTIME ( I ) ENDTIME(2)

1 1 1 16232.3555 0.0
1 2 1 6122.6797 0.0
1 3 1 35560.2691 0.0
2 1 1 7514.6562 0.0
2 2 1 3921.2864 0.0
3 1 1 3615.2166 0.0
3 2 1 5006.4922 0.0
4 1 1 2110.3652 0. 0
4 2 1 2337.7622 0.0
5 1 1 3373.9150 0.0
5 2 1 2823.9495 0.0
6 1 1 2169.8333 0.0
6 2 1 1991.6033 0.0
7 1 1 15525.5352 0.0
7 2 1 14069.7266 0.0
6 1 1 30226.8555 0.0
8 2 1 21999.7695 0.0
6 3 1 16600.4453 0.0
8 4 1 12564.0469 0.0
8 5 1 14995.8437 0.0
9 1 1 2735.7625 0.0
9 2 1 3243.0010 0.0
9 3 1 5729.8828 0.0
9 4 1 3062.2073 0.0
10 1 1 6173.4727 0.0
10 2 1 5129.1250 0.0
10 3 1 4166.4844 0.0
10 4 1 4123.8320 0.0
10 5 1 7644.0664 0.0
11 1 1 31607.5586 0.0
11 2 1 68893.5000 0.0
11 3 1 272 6 6.1172 0.0
11 4 1 15301.9453 0.0
11 5 1 26020.0859 0 .0
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REAL TIME(HCUK3)= 6000.0000 

DIMENSIONLESS TIME= 0.0325

kELL STR/L NO. OF REGIONS RECOVERY WELL TOTAL RESERVOIR TCTAL

1
1
1

2
2

3
3

4
4

5
6

6
6

7
7

8 
8 
a 
a 
8

9
9
9
9

10
10
10
10
10

1
2
3

1
2

1
2

1
2

1
2

1
2

1
2

1
2
3
4
5

1
2
3
4

1
2
3
4
5

1
2
3
4
5

0 .1557E + 05 
0.1Ü57E+05 
0 .1557E + 05

0 .1587E+05 
0 .1041E+05

0 .9631E+04 
0 .1312E+05

0 .5747E+04 
0 .6342E+04

0.90292+04 
0.7604E+04

0.5903E+04 
0 .5435E+04

0 .15572+05 
0.1557E+05

0.1557E+05 
0 .1557E+05 
0 .5560E+04 
0.55602+04 
0.5560E+04

0.2634E+04 
0.3100E+04 
0 .5323E+04 
0 .2935E+04

0 .5560E+04 
0.47952+04 
0.39372+04 
0.3903E+04 
0 .55602+04

0.55602+04 
0.5560E+04 
0.55602+04 
0 .55602+04 
0.55602+04

0.4670E+05

0.2597E+05

0.227SE+05

0.12092+05

0.16632+05

0.1134Ë+05

0.31132+05

0.4781E+05

0.13992+05

0.23752+05

0 . 2 7 8 0 2 + 0 5
0 . 2 8 0 0 2 + 0 6
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REAL T1ME{HCURSJ= 12000.0000 

DIMENSIONLESS TIME= 0.0650

WELL STR/L NO. OF REGIONS RECOVERY WELL TOTAL RESERVOIR t o tal

1 1 0.2969E+05
1 2 0 .1567E+05
1 3 0.2969E+05

2 1 0.1923E+05
2 2 0.1041E+05

3 1 0 .9631E+04
3 2 0 .1312E+05

4 1 0 .5747E+04
4 2 0.6342E+04

5 1 0.9029E+04
5 2 0.7O04E+04

6 1 0.5903E+04
6 2 0 .5435E+04

7 1 0 .2969E+05
7 2 0.2969E+05

a 1 0.2969E+05
8 2 0 .2969E+Q5
a 3 0 .1060E+05
8 4 0.1060E+05
8 5 0.106 0E+05

9 1 0 .2634E+04
9 2 0.3100E+04
9 3 0 .5323E+04
9 4 0.2935E+04

10 1 0 .7428E+04
10 2 0.4795E+04
10 3 0 .3937E+04
10 4 0.3903E+04
10 5 0.6978E+04

11 1 0.1060E+05
11 2 0 .106 0E+05
11 3 0 .1060E+05
11 4 0.1060E+05
11 5 0.1060E+05

0.752EE+05

0.2963E+05

0.2275E+05

0.12CSE+05

0.1663E+05

0.1134E+05

0 .59385+05

0.9119E+05

0.1399E+05

0.2704C+OS

0 . 5 3 0 2 E + 0 5
0 . 4 1 2 3 E + 0 6
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REAL TIMEtHCURS)= 18000.0000 

DIMENSIONLESS T1ME= 0.0975

WELL STR/L NO. OF REGIONS RECOVERY

1 1 1 0.3914E+05
1 2 1 0.1567E+05
1 3 1 0.4299E+05

2 1 1 0.1923E+05
2 2 1 0.1041E+05

3 1 1 0.9631E+04
3 2 1 0.1312E+05

4 1 1 0.5747E+04
4 2 1 0.6342E+04

5 1 1 0.9029E+04
5 2 1 0.7604E+04

6 1 1 0.5903E+04
6 2 1 0.5435E+04

7 1 1 0.3759E+05
7 2 1 0.3436E+05

8 1 1 0.4299E+05
8 2 1 0.4299E+05
a 3 1 0.1442E+05
8 4 1 0.1106E+05
8 5 1 0.1301Ë+05

9 1 1 0.2634E+04
9 2 1 0.3100E+04
9 3 1 0.S323E+04
9 4 1 0.2935E+04

10 1 1 0.7428E+04
10 2 1 0.4795E+04
10 3 1 0.3937E+04
10 4 1 0.390 3E+04
10 5 1 0.6978E+04

11 1 1 0.1535E+05
11 2 1 0.1535E+05
11 3 1 0.1535E+05
11 4 1 0.1325E+0 5
11 5 1 0.1535E+05

WELL TOTAL

0.9800E+05

0.2965E+05

0.2275E+05

0. I2C9E+05

0.16635+05

0.1134E+05

0.71S5E+05

0.1245E+06

0. 1399E+05

0.2704E+05

RESERVOIR t o tal

0 . 7 4  6 6 E + 0 5
0 . 5 0 2 o E + 0 6
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REAL TIME<HOURSJ= 24000.0000 

DIMENSIONLESS TIME= 0.1300

kELL STR/L NO. OF REGIONS RECOVERY WELL TOTAL RESERVOIR TOTAL

1 1 0 .3914E+05
1 2 0.1587E+05
I 3 0.5569E+05

2 1 0.1923E+05
2 2 0.1041E+05

3 1 0.9O31E+04
3 2 0 .1312E+05

4 1 0.5747C+04
4 2 0.6342E+04

5 1 0.9029E+04
5 2 0.76045+04

6 1 0.59 035+04
6 2 0.54355+04

7 1 0.37595+05
7 2 0.34365+05

b 1 0.5569E+0 5
a 2 0 .51515+05
8 3 0.1442E+05
8 4 0.11065+05
8 S 0.1301E+05

9 1 0.2634E+04
9 2 0.31005+04
9 3 0.53235+04
9 4 0 .29355+04

10 1 0.74285+04
1 0 2 0.47955+04
10 3 0.39375+04
10 4 0.39035+04
1 0 5 0.69785+04

11 1 0.19895+05
11 2 0 .19895+05
11 3 0.19895+05
11 4 0.13255+05
11 5 0 .19895+05

0•1107E+06

0.2963E+05

0.22 7SE+05

0.1209E+05

0 .1663E+05

0.1134E+05

0.7195E+05

0 .14 57E+06

0.1399E+05

0.2704E+05

0 . 9 2 8 0 E + 0 5
0 . 5 5 4 6 E + 0 6



REAL TIME{HCURSJ= 30000.0000 

DIMENSIONLESS TIME= 0.1625
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WELL STR/L NO. OF REGIONS RECOVERY

1 1 1 0.3914E+05
1 2 1 0.1587E+05
1 3 Î 0.6789E+05

2 1 1 0.1923E+05
2 2 1 0.1041E+05

3 1 1 0.96310+04
3 2 1 0.1312E+05

4 1 1 0.5747E+04
4 2 1 0.6342E+04

5 1 1 0.9029E+04
5 2 1 0.7604E+04

6 1 1 0.5903E+04
6 2 i 0.5435E+04

7 1 1 0.3759E+05
7 2 1 0.3436E+05

8 1 1 0.6789E+05
S 2 1 0.5151E+05
a 3 1 0.1442E+05
a 4 1 0.1106E+05
a 5 1 0.1301E+05

9 1 1 0.2634E+04
9 2 1 0.3100E+04
9 3 1 0 .53230+04
9 4 1 0.2935E+04

10 1 1 0.74280+04
10 2 1 0.47950+04
10 3 1 0.3937E+04
10 4 1 0.3903E+04
1 0 5 1 0.6978E+04

11 1 1 0.2425E+05
11 2 1 0.2425C+05
11 3 1 0.2228E+05
11 4 1 0.1325E+05
11 5 1 0.2137E+05

WELL TOTAL RESERVOIR TOTAL

0.1229E+06

0.29 63E+05

0.22750+05

0.1209E+05

0.1663E+05

0.II24E+05

0.7I95E+05

0.15 7SE+06

0.13SSE+05

0.2704E+05

0 . 1 0  5 4E + 06
0 . 5 9 1 6 0 + 0 6



PREDICTED RECOVERY 

T1ME(DAYSJ RECOVERY(BBLS)
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62.5000 0.1697E+05
125.0000 0.31 42E-S-05
167.5000 0.4171E+05
250.0000 0.4986E+05
312.5000 0.56 74E+05
375.0000 0.6249C+05
437.5000 0.6800E+05
500.0000 0.7343E + 05
562.50 00 0.7865E+05
625.0000 0.8334E+05
637.5000 0. 86695+05
750 .0000 0.8950E+05
812.5000 0.92C5E + 05
875.0000 0.9456E+05
937.5000 0.9687E + 05
1000.0000 0.9877E+05
1062.5000 0. 10 07E+06
1125.0000 0.1024E+06
1187.5000 0.1039E+Û6
1250.0000 0.10E4E+06



APPENDIX K

RESULTS OF STREAMLINE MODELLING OF SHIELLS 

CANYON FIELD AS A PIECEWISE HOMOGENEOUS 

RESERVOIR WITH SEALED OUTER BOUNDARY
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BOUNDARY ELEMENT MODELLING OF SHIELLS CANYON{203J FIELD 

ANALYSIS AS A PIECEWISE-HOMCGENEOUS RESERVI OR 

s e a l e d  OUTER BOUNDARY

b y : D. T. NUMBERS, UNIVERSITY OF OKLAHOMA, 1981 

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 OF INTERFACE NODES= 10

PERMCABILITYIMO)= 140.0000

THICKNESS(FT)= 160.0000

POROSITY: 0.2050

SCALE: 1 INCH = 738.46FEET
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THE COORDINATES OF THE EXTREME POINTS OF THE ECi iNDARY ELEMENTS

POINT X< INCH ) Y<INCH)

1 1.5000 1.5500
2 1.3500 1.4800
3 1.2500 1.4400
4 1 .2000 1.4000
5 1.1500 1.3800
6 1.0500 1.3250
7 0.9500 I.2600
6 0. 9000 1.2500
9 0.8500 1.2000
10 0.8000 1.1700
11 0.7500 1.1500
12 0 .6500 1.0800
13 0 .5500 1.0200
14 0.5000 0.9900
15 0 .4500 0.9500
16 0.4000 0.9200
17 0.3000 0.8500
18 0 .1000 0.7300
19 0.1000 0.5000
20 0.1000 0.1500
21 0.2500 0.2000
22 0.4000 0.2500
23 0.5500 0.2800
24 0.6500 0.3000
25 0.7000 0.3250
26 0.7500 0.3300
27 0 .8000 0.3400
28 0.8500 0.3500
29 0.9000 0.4000
30 1.0000 0.4500
31 1.1000 0.5250
32 1.2500 0.6000
33 1 .4000 0.6500
34 1.5500 0.6800
35 1.5500 0.7500
36 1.5400 0.8500
37 1.5000 0.9500
38 1.5000 1.0500
39 1.4800 1.1500
40 1.4600 1.2500
41 1.4600 1.3500
42 1 .4600 1.450 0
43 1.5000 1.5000
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BOUNDARY CONDITIONS

NODE CODE PRESCRIBED VALUE
1 1 0.0
2 0.0
3 1 0.0
4 1 0. 0
f> 1 0.0
6 1 0. 0
7 1 0. 0
8 1 0.0
9 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 0.0
16 1 0.0
17 1 0 .0
18 1 0.0
1 9 1 0.0
20 1 0.0
21 1 0.0
22 1 0. 0
23 1 0.0
24 1 0 .0
25 1 0.0
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 0.0
33 1 0.0
34 2 0. 0
35 2 0.0
36 2 0 .0
37 2 0. 0
38 2 0.0
39 2 0.0
40 2 0. 0
41 2 0.0
42 2 0.0
43 2 0. 0



247

COORDINATES OF SOURCES AND SINKS AND THEIR STRENGTHS

X(INCH) Y(INCH) RATEIBBL/D)

0.4500 0.5500 -69 .1000
0.5000 0.8000 -69.1000
0.7500 0.4000 -69.1000
0.9000 1 .1500 -69.1000
I .0000 0.8000 560.0000
1 .2500 1 .2000 -69. 1000
1.3500 1.0 000 -69.1000

THE AVERAGE RADIUS OF THE WELLS!INCH)
THE CHARACTERISTIC PRESSUREIPSI) IS=

IS= 0.500 
85.0000
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REGION 2.0 

DATA

NUMBER OF BOUNDARY ELEMENTS= 37
NUMBER OF INTERNAL POINTS WHERE THE FUNCTION IS CALCULATED: 
NUMBER OF SOURCES AND SINKS= 6 
NUMBER OF INTERFACE NOOES= 10

PERMEABILITY*MD)= 70.0000

THICKNESS(FT)= 160.0000

POROSITY: 0.2 050

SCALE: 1 INCH = 738.4 6FEET



249

THE COORDINATES UF THE EXTREME POINTS OF THE BOUNDARY ELEMENTS

POINT X( INCH) Y(INCH)

1 1 .5000 1.5500
£ 1.5000 1.5000
3 1.4800 1.4500
4 1 .4600 1 .3500
5 1.4600 1.2500
6 1 .4800 1. 1500
7 1.5000 1.0500
8 1.5000 0.9500
9 1.5400 0.8500
10 1 .5500 0.7500
11 1.5500 0.6800
12 1.6500 0.6900
13 1.7000 0.7000
14 1.7500 0.7100
15 1 .8000 0.7200
16 1.8500 0.7250
17 1.9000 0. 7300
18 1 .9500 0.7350
19 2.1000 0.7450
20 2.2500 0.7500
21 2.4000 0.750 0
22 2.6000 0.7400
23 2.7500 0.7300
24 2.9000 0.7250
25 3.1600 1 .0000
26 3.0600 1.2500
27 2 .9500 1.550 0
28 2.7500 1«6500
29 2.4000 1.8200
30 2.2500 1.8000
31 2.1000 1.7500
32 2.0500 1.7450
33 2 .0000 1.7250
34 1.9500 1.7100
35 1.8500 1.6900
36 1.7500 1.6500
37 1.6500 1.6100
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BOUNDARY CONDITIONS

NODE CODE PRESCRIBED
1 2 0.0
2 2 0.0
3 2 0. 0
4 2 0.0
& 2 0.0
6 2 0.0
7 2 0.0
a 2 0.0
9 2 0. 0

10 2 0.0
11 1 0.0
12 1 0.0
13 1 0.0
14 1 0.0
15 1 0.0
1 6 1 0.0
17 1 0.0
18 1 0.0
19 1 0.0
20 1 0.0
21 1 0.0
22 1 0.0
23 1 0.0
24 1 0.0
25 1 0.0
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 0.0
33 1 0.0
34 1 0. 0
35 1 0.0
36 1 0 .0
37 0. 0
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COORDINATES OF SOURCES AND SINKS AND THEIR STRENGTHS

X(INCH) Y( INCH) RATE(BBL/D)

1.9000 
1.8000 
2 .0 500 
2. 1500 
2.3500 
2.5750

0.9500 
1.3500 
1.5500 
1 .2500 
1.0500 
1 .3000

200 .0000 
-69.1000 
-69.1000 
-69 .1000 
-69.1000 
-69.1000

THE AVERAGE RADIUS OF THE WELLS(INCH) IS= 0.500 
THE CHARACTERISTIC PRESSURE(PSI) IS= 85.0000
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RESULTS

BOUNDARY NODES
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X ( I N C H ) Y (  I N C H ) PRESSURE(PSl) NORMAL GRADII

Ü . 1 5 0 0 E + 0 1 0 . 1 5 2 5 E + 0 1 - 0 .  5 7 4 1 E + 0 2 0 . 2 7 6 0 E - 0 1
0 . 1 4 9 0 E + 0 1 0 . 1 4 7 5 E + 0 1 - 0 . 5 6 5 2 E + 0 2 0 . 2 1  2 I E - 01
0 .  1470E  + 01 0 . 1 4 0 0 E + 0 1 - 0 . 5 5 8 0 E + 0 2 0 . 1 9 S 5 E - 0 1
0 . 1 4 6 0 E + 0 1 0 . 1 3 0 0 E + 0 1 - 0 . 5 S 0 3 E + 02 0 . 1 8 0 8 E - 0 1
0 .  1 4 7 0 E + 0 1 0 . 1 2 0 0 E + 0 1 : - 0 . 5 4 3 4 E + 0 2 0 . 1 6 4 4 E - 0 1
0 .  1 4 9 0 E + 0 1 O . l l O O E + 0 1 - 0 .  5 3 6 5 E + 02 0 . 1 6 5 9 E - 0 1
0 . 1 5 0 0 E + 0 1 O . l O O O E + 0 1 - 0 . 5 2 8 3 E + 02 0 . 9 9 7 2 E - 0 2
0 .  1 5 2 0 E  + 01 0 . 9 0 0 0 E + 0 0 - 0 . 5 1 9 7 E + 0 2 0 . 1 7 7 8 E - 0 1
0 . 1 5 4 5 E + 0 1 0 . 8 0 0 0 E + 0 0 - 0 .  5 1 4 7 E + 0 2 0 . 1 5 9 7 E - 0 1
0 . 1 5 5 0 E + 0 1 0 . 7 1 5 0 E + 0 0 - 0 . 5 1 2 0 E + 0 2 0 . 1 6 8 2 E - 0 1
0 .  1 60 0E  + 01 0 . 6 8 5 0 E + 0 0 - 0 . 5 1 6 9 E + 0 2 0 . 0
0 . 1 6 7 5 E + 0 1 0 . 6 9 5 0 E + 0 0 - 0 . 5 2 3 9 E + 0 2 0 . 0
0 . 1 7 2 5 E + 0 1 0 . 7 0 5 0 E + 0 0 - 0 . 5 2 8 3 E + 0 2 0 .  0
0 .  1775E  + 01 0 . 7 1 5 0 E + 0 0 - 0 . 5 3 2 6 E + 0 2 0 . 0
0 . Î 8 2 5 E + 0 1 0 . 7 2 2 5 E + 0 0 - 0 . 5 3 7 4 E + 02 0 . 0
0 ,  1 87 S E + 01 0 . 7 2 7 5 E + 0 0 - 0 . 5 4 3 1 E + 0 2 0 . 0
0 .  1925F.+ Û1 0 . 7 3 2 5 E + 0 0 - 0  .  5 5  0 7 E + 0 2 0 . 0
0 . 2 0 2 5 E + 0 1 0 . 7 4 0 0 E + 0 0 - 0 . 5 7 2 3 E + 0 2 0 . 0
0 . 2 1  75E + 01 0 . 7 4 7 5 E + 0 0 - 0 . 6 0 9 2 E + 0 2 0 . 0
0 . 2 3 2 5 E + 0 1 0 . 7 5 0 0 E + 0 0 - 0 .  6 3  8 6 E + 0 2 0 . 0
0 . 2 5 0 0 E + 0 1 0 . 7 4 5 0 E + 0 0 - 0 . 6 5 8 7 E + 0 2 0 .  0
0 . 2 6 7 5 E  + 01 0 . 7 3 5 0 E + 0 0 - 0 . 6 6 7 9 E + 0 2 0 . 0
0 . 2 8 2 5 E + 0 1 0 . 7 2 7 5 E + 0 0 - 0 .  6 7 1 4 E + 0 2 0 . 0
0 . 3 0 3 0 E  + 01 0 . 8 6 2 5 E + 0 0 - 0 . 6 7 4 1 E + 0 2 0 . 0
0 . 3 1  lO E + 0 1 0 . 1 1 2 5 E + 0 1 - 0 . 6 7 6 3 E +  02 0 . 0
0 . 3 0 0 5 E + 0 1 0 . 1 4 0 0 E + 0 1 - 0 .  6 7 9 5 E + 0 2 0 . 0
0 . 2 8 5 0 E + 0 1 0 . 1 6 0 0 E + 0 1 - 0 . 6 8 0 0 E + 0 2 0 . 0
0 . 2 5 7 5 E + 0 1 0 . 1 7 3 5 E + 0 1 - 0 . 6 7 5 9 E +  02 0 . 0
0 . 2 3 2 5 E + 0 1 0 . 1 8 1 0 E + 0 1 - 0  .  6  7 0 5 E + 0 2 0 . 0
0 . 2 1 7 5 E  + 01 0 . 1 7 7 5 E + 0 1 - 0 . 6 6 7 5 E + 0 2 0 . 0
0 . 2 0  7 5 E + 0 1 0 . 1 7 4 7 E + 0 1 - 0 .  6 6 3 7 E + 0 2 0 . 0
Ù . 2 0 2 5 E + 0 1 0 . 1 7 3 5 E + 0 1 - 0 . 6 6 0 2 E + 0 2 0 .  0
0 .  1 9 7 5 E + 0 1 0 . 1 7 1 7 E + 0 1 - 0 . 6 5 5 1 E + 0 2 0 . 0
0 . 1 9 0 0 E + 0 1 0 . 1 7 0 0 E + 0 1 - 0 .  6 4 4 5 E + 0 2 0 . 0
0 .  1 8 0 0 E + 0 1 0 . 1 6 7 0 E + 0 1 - 0 . 6 3 0 1 E + 0 2 0 . 0
0 . 1 7 0 0 E + 0 1 0 . 1 6 3 0 E + 0 1 - 0 . 6 1 2 3 E + 0 2 0 . 0
0 .  1575E + 01 0 . 1 5 8 0 E + 0 1 - 0 . 5 8 7 7 E + 0 2 0 . 0



PRODUCER NUMBER 1

NUMBER OF STR EA M U IN E S= 3

254

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2
3

0 .5533E+03 
0.4250E+03 
0 .6697E+03

0 .5142E+02 
0.2374E+02 
0.7554E+02

0.2800E+02 
0.2800E+02 
0.2800E + 02

PRODUCER NUMBER 2 

NUMBER OF STREAMLINES= 2

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0.4447E+03
0.3447E+03

0.2874E + C2 
0 .1926E+02

0.2800E + 02 
0.2B00E+02

PRODUCER NUMBER 3 

NUMBER OF STREAMLINES= 2

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
o

0.3381E+03
0.3881E+03

0 .1S04E+02 
0.2164E+02

0.2800E + 02 
0.2800E+02



PRODUCER NUMBER 4

NUMBER OF S T R E A M LIN E S = 2
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STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0.2730E + 03 
0.2664E403

0.1335E+02
0.1458E402

0.2800E+02 
0.2800E + 02

PRODUCER NUMBER 6 

NUMBER OF STREAMLINES= 2

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0.3664E+03
0.3346E+03

0.1561E402 
0 .1371E+02

0.2800E+02
0.2800E+02

PRODUCER NUMBER 7 

NUMBER OF STr EAMLINES= 2

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0.2881E403
0.2947E+03

0.1253E+02
0.1203E+02

0.2800E402
0.2800E+02



PRODUCER NUMBER 2

NUMBER OF STREAMLINES 2
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STREAMLINE NUMBER TOTAL LENGTH AVERAGE w i dth INJ. RATE

1
1
2 
2

0 .4523E+03 
0.2164E+03 
0.4779E+02 
0.2616E+03

0.5838E+02 
0.2901E+02 
0.5484E + C2 
0 .4460E+02

0.2800E+02 
0.2600E+02 
0*2800E+02 
0.2800E+ 02

PRODUCER NUMBER 3 

NUMBER OF STREAMLINES= 3

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2
3
1
1

0.6447E+03 
0.5881E+03 
0.6164E+03 

0.3765E+03 
0.5348E+Q3

0.2909E+02
0.1317E+C2
0.1461E+02
0.5957E+C2 
0 .4241E+Û2

O.lOOOE+02 
0. lOOOE + 02 
O.lOOOE+02 
0.2800E + 02 
0.2800E+02

PRODUCER NUMBER 4 

NUMBER OF STREAMLINES^ 4

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2
3
4

0.2664E403 
0.288IE+03 
0.3664E+03 
0 .2881E+03

0.6362E+01
0.6823E+01
0.8241E+01
0.6602E+01

0. lOOOE+02 
C.IOOOE+02 
O.lOOOE+02 
O.lOOOE+02



PRODUCER NUMBER 5

NUMBER OF S T R E A M L IN E S : 5

257

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2
3
4
5

0.4750E+03
0.3848E+03
0.3348E+03
0.3316E+03
0.3881E+03

0.1096E+02
0.8447E+01
0.7668E+01
0.7443E+01
0.9796E+0I

0. iOOOE + 02 
O.lOOOE+02 
0.1OOOE+02 
O.lOOOE+02 
O.iOOOE-t-02

PRODUCER NUMBER 6 

NUMBER OF STREAMLINES: 5

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2
3
4
5

0.7033E+03 
0.8447E+03 
0.7197E+03 
0.5381E + 03 
0.5914E+03

0.2170E+02 
0.2877E + 02 
0 .1975E+02 
0.1590E+02 
0.2104E+02

O.lOOOE+02 
0. 1000E4-02 
0.lOOOEf02 
O.lOOOE+02 
O.lOOOE+02

NO STREAMLINE FROM REGION 2 CROSSES INTO REGION 1



APPENDIX L

STEAMFLOOD PREDICTION OF SHIELDS CANYON FIELD 

ANALYSED AS A PIECEWISE HOMOGENEOUS 

RESERVOIR HAVING SEALED BOUNDARY
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APPENDIX L

STEAMFLUCD PREDICTION CF SHItLLS CANVQN(203) FIELD
METHOD: STREAMLÎNE/STREAMTUEE METHOD USIt^G {BEM ) TECHNI QUE
ANALYSIS AS A PIECE-WISE. HGMOGENEUUS RESERVOIR
HAVING TWO REGION'S OF UNEQUAL PERMEABILITY
BOUNDARY CONDITION: SEALED OUTER BOUNDARY
PRODUCTION r a t e s : ASSIGNED EQUAL IN ENTIRE REGION
b y : D. T. NUMDERE, MARCH 1982

DATA

TOTAL NUMBER OF PRODUCERS: 11
STEAM TEMPERATURE (DEC, FJ: 430 .0000
STl.AU 0UALITY= 0,7000
CONVERGENCE LIMIT= 0.0010
RESERVOIR THICKNESS (FT)= loO.OOOO
STLAN PRESSURE (PS1)= 344.0000
INITIAL RESERVOIR TEMPERATURE!DEG F)= 105,0000

FLUID PROPERTIES

ÜATEP OIL STEAM

DtUSITY(L3/CU FT) AT STD. TEMP, 62.4000 55.0000
CENSITYCLB/CU FT) AT STEAM TEMP. 52.3800 48.7000 0.7431
SPECIFIC HE: AT ( BTU/LB *F ) 1. 0000 0.4860 l.OOOO
LATENT HEAT(RTU/LB) 78 9.510 0

PROPERTIES OF THE CAP AND BASE ROCK

DENSITY(LB/CU. FT) 149.0000
SPECIFIC HEAT(BTU/LB-*F) 0.2130
THERM. CÛND.(DTU/HR-FT-^r) 1.1000
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RCSFKVCIfi RUCK. PROPtK T 1E5

REGION 1 REGION

POFOSITY 0.2050
LCN.(LO/CU ET) 160.0030
SPEC. HEAT(DTU/LB*F) 0.2000
PEPMEAüILlTY(MO) 140.0000

0 . I 8 C C 
165.0000 

0.2GOO 
70.0 000

INITIAL FLUID SATURATIONS

REGION I REGION

WATER 
IJ IL 
STLAM

0.55Ü0 
0 .4500 
C .0

0.5500 
0 .4500 
0 .0

AVERAGE RESIDUAL SATURATIONS HEhlND THE FRONT

REGION I REGION

WATER
OIL
s t e a m

0.5800 
0.1800 
0 .2400

0.5800 
0 . 1800 
0 .2400
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INPUT DATA FROM STRCAMLI NL" PfluGF Af̂

RFGICN 1 REGION 2
tz.Lt NU. S/L NO. CODE LEttGTH WIDTH RATE LENGTH WIDTH PATE

1 1 1 553.30 51.42 28.00 0.0 0. 0 0.01 2 1 425.00 23.74 28.00 0.0 0.0 0.01 3 1 669.70 73.54 28.00 0.0 0.0 0.02 1 1 444.70 28.74 23.00 0.0 0 . 0 0.02 2 I 344.70 19.26 28.00 0.0 0. 0 0. 03 1 1 336.10 18.04 28. 00 0 .0 0 .0 0 . 02 2 1 388. 10 21 .64 28.00 0.0 0.0 0.04 I 1 27 3.0 0 13.35 28.00 0 .0 0.0 0 . c4 2 I 266.40 14.58 28. 00 0.0 0.0 0 .01 1 366.4 0 15.0 I 22.00 0.0 0.0 0.05 2 1 334.80 13.71 28. 00 0.0 0.0 0.06 1 1 286.10 12.53 22. 00 0.0 0.0 0 . 06 2 1 294.70 12.03 28. 00 0.0 0.0 0.07 I 2 452.3 0 58.38 23.00 216.40 29.01 28.007 2 2 4 77.9 0 54.84 28. 00 281 .60 44.60 23.003 I 2 376.50 59 .57 28.00 534.80 42.41 28.00J 1 644.70 29.09 1 0. 00 0.0 0 . 0 0 . C
a 3 I 588 . 10 13.17 10.00 0 . 0 0.0 0.0
a 4 I 6 16.40 14.61 10.00 0.0 0.0 0.0
•i 1 1 266.40 6.3 6 10.00 0.0 0.0 0.02 1 286. 10 6.32 10.00 0 .0 0.0 0.09 3 1 366.40 8.24 10.00 0.0 0.0 0 .09 4 1 288.10 6.60 10.00 0.0 0.0 0 . cI 0 1 1 4 75.0 0 1 0.96 10.00 0.0 0 . c 0.01 0 2 1 384.80 8.45 10.00 0 .0 0 . 0 0 .01 0 3 1 334.80 7.67 10.00 0.0 0. 0 0.01 0 4 1 331.60 7.44 10.00 0 .0 0.0 0 . 01 0 5 1 383.10 9.30 10.00 0.0 0.0 0.011 1 I 703.30 2 1 .70 1 0.00 0.0 0.0 0.011 2 1 844.70 28.77 10.00 0.0 0.0 0 .011 3 1 719.70 19.75 1 0. 00 0.0 0.0 0.011 4 1 538.10 15.90 10.00 0.0 0.0 0.011 5 1 591.40 21.04 10.00 0 .0 0.0 0 .0
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CALCULATED BREAKTHPÜÜGH TIMES(HÜUR5) FOR EACH STPEAMTUBF

PROU, NO. STREAMLINE NO, CODE ENDTIME(1) ENüTÎMt(2)
1 1 1 18872,6953 0,0
1 2 1 6142,0391 0, 0
1 1 36053,1523 0,0? 1 1 7903,7891 0,0
2 2 1 39 47,0 6 35 0.0
3 1 1 36 1 1 ,0315 0,03 2 1 50 56,8006 0,0
4 1 1 2110,9402 0. 04 2 l 22 55,1360 0,05 1 1 3375,7742 0.05 2 1 2682,9524 0,06 1 1 20 90,1050 0,0
6 2 1 2051,3933 0, 07 1 2 173 79,4 336 21095,7500
7 2 2 17236,3633 24932 ,44 1 4
6 1 2 14525,8516 29210,0820
e 2 1 37627,2305 0,0
a 1 14001,4336 0,0
3 4 1 165 18,7578 0,0
y I 1 2777,7727 0,0
.) 2 1 3242,8152 0,0
j 1 5092,4102 0, 0

4 1 3133,0645 0,0
1 0 1 1 9101,8555 0, 0
1 0 2 1 5505,5273 0, 0
1 0 3 1 4291,35 16 0,0
10 4 1 4117,0391 0,0
1 0 5 1 65 02,2969 0,0
11 I 1 29753,0977 0,011 2 1 50704,7969 0,0
11 3 1 274 56,6445 0,0
11 4 1 15614,1445 0,0
11 5 1 23645,6953 0,0



P.C7AL TIME(HCUr;S)= 6000. 0000 

DIMENSIONLESS TIME= 0,0325
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ELL STR/L NO. OF REGIONS RECOVERY

1 1 1 0 . 1557E + 05
1 2 1 0 .1557E+05
1 3 1 0.1557E+05
2 1 1 0 .1557E+05
2 2 1 0.1047E+05

1 1 0.9620E+04
3 2 1 0.1325E+05
4 1 1 0 .G748E+04
4 2 1 0.6126C+04

1 1 0 .9021E+04
5 2 1 0.7240E+04
f.) 1 1 0 .5694E +04
6 2 1 0 .5592E+04
7 1 2 0 .1557E+05
7 2 2 0 . 1557C + 05
a 1 0 .1557E + 05
5 2 1 0.5360E+04
6 3 1 0 .5360C+04
5 4 1 0 .5560E+-04
9 1 1 0 .2673E + 04
9 2 1 0.31OOE+04
y 3 1 0 .4762E + 04
9 4 1 0 .30000+04
1 0 1 1 0 .5560E + 04
1 0 2 1 0 .5127E+04
1 0 3 1 0 .4049E+04
1 0 4 1 0.3693E+04
1 0 5 1 0 .5560E+04
11 1 1 0 .556 0E+0 4
11 2 1 0 .5560E+04
11 3 1 0 .5560E+0 4
11 4 1 0 .556 0E+0 4
11 5 1 0 .5560E+04

WELL TOTAL RESERVOIR TOTAL

0.467CE+ 05

0.2604E+05

0.2287C+05

0.1187E+ 05

0.1626C+05

0.112SE+05

0.31 13E+05

0.3225E+05

0.13 54E+05

0.24 19C+05

0.27Ü0E+05
0.26395+06
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kllAL T IMf:( HOURo)= 12000.000 0 
DIMENSIONLESS TIMt= 0.0650 

WELL STR/L NO. OF REGIONS RECOVERY

4

4

c
t;

7
7

L
■3

9
■J
9
9

1 0 
10  
10 
1 0 
1 0

11 
11 
11 
11 
11

1
2
3
1
2

1
2

1
2

1
2

3
4
1
2
3
4
1
2
3
4
5
1
2
3
4
5

0 .2969E+0 5 
0 .lb91£+05 
0 .29695+05
0 .20165+05 
0 .10475 + 05
0 .9o20E+04 
0 .13255+05
0 .57435+04 
0.61265+04
0.90215+04
0.7240E+04
0 .5o94C+04 
0 .5592E+0 4
0 .29695+05 
0 .29695+0 5
0.29695+0 5 
0 .10605+05 
0 .1ÛÔ0F+0 5 
0.10605+05
0 .2O73C+04 
0.31005+04 
0 .47625+0 4 
0 .30005+04
0 .821lE+04 
0 .51275+04 
0.40495+04 
0 .3893C+04 
0.59965+04
0. IOl OE+05 
0 .10605+05 
0 .106 05+05 
0 .1 0605+05 
0.10605+05

WELL TOTAL RESERVOIR TOTAL

0.75295+05

0.30635+05

0.22875+05

0.11875+05

0.16 265+05

0.11295+05

0.59385+05

0.6150L+05

0. 13545+05

0.27285+05

0 . 53025+05
0.38295+06
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.ELL STK/L NO.

J
3
4 
4

C
c

1
7
c
a
y
b

1 0 
10  
10
1 0 
1 0

11 
11 
11 
11
11

1
2

1
2

1
2

1
2

1
2

1
2
3
4
1
2
3
4

3
4
5
1
2
3
4
5

PEAL T lriE( HGUPS )= 10000.000 0 
IMENSlUNLE S5 T1ME= 0.0975 
F REGIONS RECOVERY

0 .4299E+05 
0 . 1591C + 05 
0 .4299E+05
0 .2016E + D5 
0 .1047E+05
0.9G20E+04 
0 . 1325E+0 5
0 .5748E+04 
0.61262+04
0.90212+04 
0.72402+0 4
0.56942+04 
0 .5592E+04
0.42832+05 
0 .42 79E+0 5
0 .42072+05 
0 . 1535E+05 
0.1222E+0 5 
0 . 1420E + 05
0 .2673E+04 
0 .3 1002 + 04 
0.47622+04 
0.30002+04
0 .821lE+04 
0 .51272 + 04 
0 .40492+04 
0.38932+04 
0 .5996E + 04
0 . 15352+05 
0.1535E+05 
0,15352+0 5 
0 .13492 + 05 
0.15352+05

WELL TOTAL RESERVOIR TOTAL

0 . 10192+06

0 .30632+05

0..2287E+05

0.11872+05

0.16 26E+05

0.11292+05

0.85622+05

0.83842+05

0.13542+05

0.27282+05

0.749 12+05
0 . 4.800 2 + 06
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REAL TIME(HCURS)= 24300.OCOO 
DIMENSIONLESS TIME= 0.1300

WELL STR/L NU. LT REGIONS RECOVERY WELL TOTAL RESERVOIR TOTAL

1
2
3

3
3
4 
4

'3
3

9
■9
9

10 
1 0 
10 
1 0
1 0

11 
11 
11 
11 
11

1
2

1
2

1
2

1
2

1
2

1
2
3
4

3
4
1
2
3
4
5

3
4
5

0 .4487E+05 
0.15910+05 
0 .5569E+05
0 .2016E+0 5 
0.1047E+Ü5
0 .962 0E+C4 
C.132 5E+05
0 .5748E+Ü4 
0.612LE+04
0 .9021E+04 
0 .7240E+04
0.56940+04 
0 .5592E+04
0 .50340+0 5 
0 .539 5E+0 5
0 .53230+05 
0.190 9E+0 5 
0 . 12220+05 
0 . 14200+05
0 .26730+04 
0.31000+04 
0 .47620 + 04 
0 .30000 + 04
0.821lE+04 
0 .5127F+0 4 
0.4049E+04 
0.38930+04 
0.59960+04
0 . 19890+0 5 
0 .1939E+C5 
0 .19890 + 05 
0 .13490 + 05 
0.19630+05

0.11 6EE+06

0.30630+05

0.22870+05

0.1187E+05

0.1626E+05

0.11290+05

0 . 10420+06

0.9954Ë+ 05

0 .13540+05

0.27280+05

0.92 780+05
0.54680+06
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r.LAL TIKF(HCURÜ)= 30000.0000 
DIMCMS IGULFSS T IME= 0.16 25 

WLLL 3TP/L NO. f; F REGIONS RECOVERY V-ELL TOTAL RESERVOIR TOTAL

7
7
3
Ù

9
y

10 
10 
1 0 
1 0 
1 0

11 
11 
11 
11 
11

1
2
3
1
2

1
2

1
2

1
2

1
2

1
2
3
4
1
2
3
4
1
2
3
4
5
1
2
3
4
5

0 .4437E + 05 
0 .lb91E+05 
0.67850+05
0 .2016E+05 
0.104 7E+05
0 .962 OE+04 
0.13250+05
0 .57480+04 
0 .61 26E+04
0.902 1E+04 
0.72400+04
0 .5694E+04 
0 .55920+0 4
0.50340+05 
0.58730+05
0 .66780+05 
0.242 50+0 5 
0 . 12220+05 
0 .142 00+0 5
0 .267 30+0 4 
0 .31000+04 
0.4762E+04 
0 .3000E+04
0 .821 10+0 4 
0 .5127E+04 
0 .40490+04 
0 .3893E + 04 
0 .5y9oE+04
0 .24070+05 
0 .24250+05 
0 .22420+05 
0 .13490+05 
0.19630+05

0.12 87E+06

0.3063E+05

0.22 870+05

0.11870+05

0.16260+ 05

0.1129E+05

0. 1091E+06

0.1 1 740+06

0.13 54 0+05

0.27280+05

0.10 390+06
0.59280+06



PFEniCTED RECOVERY
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T!ME(DAY5) RLCUVEnY(BbLS)

62.5000 0.1624E+05
125.0000 0.29805+05
107.5000 C.3953C+0S
250.0000 0.47 00E+05
312.5000 0.53095+05
375.0 000 0.58475+05
437.5000 0.633 35+05
500.0000 0.68195+05
562.5000 0.72945+05
625.0000 0.77465+05
667.5000 0.81675+05
750.0000 0.85485+05
812.5000 0.88935+05
875.0000 0.92011 +05
937.5000 0.94905+05
1 000.0000 0. 97385 + 05
1062.50 00 0. 10015 + 06
1125.00 00 0.10195+06
1167.5000 0. 10 355 + 06
12 50.0000 0 .10 565 +0c.



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 CANY0Nt203) FIELD 

ANALYSIS AS A PIECEWISE-HOMOGENEOUS RESERVI OR

PART OF THE BOUNDARY AT CONSTANT PRESSURE, THE REMAINDER SEALED 

b y : D. T. NUMBERE, UNIVERSITY OF OKLAHOMA, 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 OF INTERFACE NODES: 10

PERMEABILITY(MD): 140.0000

THICKNESS(FT): 160.0000

POROSITY: 0.2050

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 1.5000 1.5500
2 1.3500 1.4800
3 1.2500 1.4400
4 1.2000 1.4000
5 1.1500 1.3800
6 1.0500 1.3250
7 0.9500 1.2600
8 0.9000 1.2500
9 0.8500 1.2000

10 0.8000 1.1700
11 0.7500 1.1500
12 0.6500 1.0800
13 0.5500 1.0200
14 0.5000 0.9900
15 0.4500 0.9500
16 0.4000 0.9200
17 0.3000 0.8500
18 0.1000 0.7300
19 0.1000 0.5000
20 0.1000 0.1500
21 0.2500 0.2000
22 0.4000 0.2500
23 0 .5500 0.2800
24 0. 6500 0.3000
25 0.7000 0.3250
26 0.7500 0.3300
27 0.8000 0.3400
28 0.8500 0.3500
29 0.9000 0.4000
30 1.0000 0.4500
31 1.1000 0.5250
32 1.2500 0.6000
33 1.4000 0.6500
34 1 .5500 0.6800
35 1.5500 0.7500
36 1.5400 0. 8500
37 1 .5000 0.9500
38 1.5000 1.0500
39 1.4800 1.1500
40 1 .4600 1.2500
41 1.4600 1.3500
42 1.4800 1.4500
43 1.5000 1.5000
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BOUNDARY C O N D IT IO N S

NODE CODE PRESCRIBED VALUE
1 1 0. 0
2 1 0.0
3 1 0 .0
4 1 0 .0
5 1 0.0
6 1 0.0
7 1 0 .0
8 1 0.0
9 1 0.0
10 1 0.0
11 1 0.0
12 1 0 .0
13 1 0 .0
14 1 0.0
IB 1 0.0
16 1 0 .0
17 1 0.0
18 0.85000 COE'«■02
19 0 .8500000E+02
20 1 0.0
21 1 0.0
22 1 0 .0
23 1 0.0
24 1 0.0
2b 1 0.0
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 0.0
33 1 0.0
34 2 0.0
35 2 0.0
36 2 0.0
37 2 0.0
38 2 0.0
39 2 0.0
40 2 0.0
41 2 0.0
42 2 0.0
43 2 0.0



COORDINATES OF SOURCES AND SINKS AND THEIR STRBJGTHS
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X(INCH) Y( INCH) RATE(BBLvD)

0.4500 0.5500 -69.1000
0 .5000 0.8000 -69.1000
0.7500 0.4000 -69 .1000
0.9000 1.1500 -69.1000
1 .0000 0.8000 560.0000
1.2500 1 .2000 -69.1000
1.3500 1.0000 -69.1000

THE AVERAGE RADIUS OF THE WELLS!INCH)
THE CHARACTERISTIC PRESSURE(PSI) I S=

IS= 0.500 
85.0000
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REGION 2.0

DATA

NUMBER OF BOUNDARY ELEMENTS= 37
NUMBER OF INTERNAL POINTS WHERE THE FUNCTION IS CALCULATED: 0
NUMBER OF SOURCES AND SINKS= 6 
NUMBER OF INTERFACE NODES= 10

PERMEABILITY(MD)= 70.0000

THICKNESS(FT)= 160.0000

POROSITY= 0.2050

SCALE: 1 INCH = 738.46FEET
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THt COORDINATES OF THE EXTREME POINTS OF THE BOUNDARY ELEMENTS

POINT X ( INCH) Y( INCH)

1 1.5000 1.5500
2 1.5000 1.5000
3 1.4800 1.4500
4 1.4600 1.3500
5 1 .4600 1.2500
6 1.4800 1.1500
7 1.5000 1.0500
8 1.5000 0.9500
9 1.5400 0.8500
10 1.5500 0.7500
11 1.5500 0.6800
12 1.6500 0.6900
13 1.7000 0.7000
14 1.7500 0.7100
15 1.8000 0.7200
16 1.8500 0.7250
17 1 .9000 0.7300
18 1.9500 0.7350
19 2.1000 0.7450
20 2.2500 0.7500
21 2.4000 0.7500
22 2 .6000 0.7400
23 2 .7500 0.7300
24 2.9000 0.7250
25 3.1600 1.0000
26 3 .0600 1.2500
27 2.9500 1.5500
28 2.7500 1.6500
29 2 .4000 1.8200
30 2.2500 1.8000
31 2 .1000 1.7500
32 2.0500 1.7450
33 2.0000 1.7250
34 1 .9500 1.7100
35 1.8500 1 .6900
36 1.7500 1.6500
37 1.6500 1.6100
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BOUNDARY C O N D IT IO N S

NODE CODE PRESCRIBED
1 2 0. 0
2 2 0.0
3 2 0 .0
4 2 0.0
5 2 0.0
6 2 0 «0
7 2 0 .0
8 2 0.0
9 2 0 .0
1 0 2 0 .0
11 1 0.0
12 1 0.0
13 1 0.0
14 1 0. 0
15 1 0.0
16 1 0 .0
17 1 0. 0
18 1 0.0
19 1 0 .0
20 I 0. 0
21 1 0.0
22 1 0 .0
23 1 0.0
24 1 0. 0
25 1 0 .0
26 1 0. 0
27 1 0.0
28 1 0 .0
29 1 0. 0
30 I 0.0
31 1 0.0
32 1 0. 0
33 1 0.0
34 1 0 .0
35 1 0.0
36 1 0.0
37 1 0.0
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COORDINATES OF SOURCES AND SINKS AND THEIR STRENGTHS

X(INCH) Y(INCH) RATE(BBL/D)

1 .9000 
1.8000 
2.0500 
2.1500 
2.3500 
2.5750

0.9500 
1 .3500 
1.5500 
1.2500 
1 .0500 
1.3000

200.0000 
-69 .1000 
-69. 1000 
-69.1000 
-69.1000 
-69.1000

THE AVERAGE RADIUS OF THE WELLS(INCH) IS= 0.500 
THE CHARACTERISTIC PRESSURE(PSI) IS= 85.0000



RESULTS

BOUNDARY NODES
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X( INCH) Y(INCH) PRESSUREtPSI) NORMAL GRADIENT

0. 1425E+01 0.1515E+01 0 8076E+02 0 .0
0.1300E+01 0.1460E+01 0 82055+02 0.0
Û. 1225E+01 0.1420E+01 0 8266E+02 0 .0
0.1175E+0I 0. 1390E+01 0 8327E+02 0.0
0.11 OOE+01 0.1352E+01 0 8402E+02 0.0
0. lOOOE+01 0.1292E+01 0 8501E+02 0 .0
0.9250E+00 0.1255E+01 0 8560E+02 0.0
0.8750E+00 0 .1225E+01 0 8568E+02 0. 0
0. 62 50E+00 0.1185E+01 0 6623E+02 0 .0
0.7750E+00 0.1160E+01 0 8675E+02 0.0
0. 7000E + 00 0.1115E+01 0 8713E+02 0.0
C.6000E + 00 0.1050E+01 0 8695E+02 0.0
0.5250E+00 0.1005E+01 0 66485+02 0.0
0.4750E+00 0.9700E+00 0 8610E+02 0 .0
0 .4250E+00 0.9350E+00 0 8569E+02 0.0
0.35 00E+00 0.8850E+00 0 8537E+02 0.0
0. 2000E + 00 0.7900E+00 0 8509E+02 0 .0
O.lOOOE+00 0.6150E+00 0 8500E+02 -0.3533E-03
0. lOOOE+00 0.32505+00 0 8500E+02 0.33795-03
0. 1750E+00 0.1750E+00 0 8468E+02 0 .0
0.3250E+00 0 .2250E+00 0 8510E+02 0.0
0. 4750E+00 0.2650E+00 0 8524E+02 0.0
0.5000E+00 0.2900E+00 0 8548E+02 0 .0
0.6750E+00 0.3125E+00 0 85575+02 0.0
0 . 72 50E+00 0.3275E+00 0 8566£+02 0 .0
0.7750E+00 0.3350E+00 0 8590E+02 0.0
0. 8250E+00 0.3450E+00 0 864SE+02 0.0
0.8750E+00 0.3750E+00 0 8700E+02 0 .0
0.95 00E+00 0.4250E+00 0 88345+02 0.0
0. 1050E+01 0.4875E+00 0 8946E+02 0.0
0.11 75E+01 0.5625E+00 0 89725+02 0.0
Ü.1325E+01 0.6250E+00 0 8794E+02 0.0
0. 1475E + 01 0.66SOE+00 0 8608E+02 0.0
0.1550E + 01 0.7150E+00 0 8560E+02 -0.1048E-01
0. 1545E + 01 0.8000E+00 0 8519E+02 -0. 64565-02
0. 1520E + 01 0.9000E+00 0 6469E+02 -0 .84465-02
0. 1500E+01 0.lOOOE+01 0 83835+ 02 -0.4569E-02
0. 1490E+01 O.llOOE+01 0 8302E+02 -0.7717E-02
0. 1470E+01 0.1200E+01 0 8234E+02 -0 .85845-02
0.1460E+01 0.1300E+01 0 8167E+02 -0.8253E-0 2
0. 1470E + 01 0.1400E+01 0 8094E+02 -0.75295-02
0.1490E401 0.1475E+01 0 8047E+02 -0.6497E-02
0.1500E+01 0.1525E+01 0 81025+02 -0.28775-01



RESULTS

BOUNDARY NODES
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X(INCH) Y (INCH) PRESSURE(PSI) NORMAL GRADIENT

0. 1 500E+01 0.1525E+01 0. 8102E+02 0 .5754E-01
0.1A90E+01 0.1475E+01 0. 8047E+02 0.1299E-01
0. 1470E+01 0.1400E+01 0 . 8 094E+02 0 .1506E-01
Ü.1460E+01 0.1300E+01 0.8167E+02 0.1651E-01
Û.1470E+01 0.1200E+01 0.8234E+02 0. 1717E-01
0. 1490E + 01 0.11OOE+01 0.8302E+02 0.1543E-01
0.1500E+01 0.lOOOE+01 0.8383E+02 0.9137E-02
0.1520E+01 0.9000E+00 0.8469E+02 0. 1689E-01
0. 1545E + 01 0.8000E+00 0.8519E+02 0.1292E-01
Û.1550E+01 0.7150E+00 0. 8560E+02 0.2096E-01
0. 1600E+01 0.6850E+00 0.8512E+02 0.0
0.X675E+01 0.6950E+00 0.8438E+02 0 .0
0.1725E+01 0.7050E+00 0.8395E+02 0.0
0.1775E + 01 0.7150E+00 0.8353E+02 0 .0
Û.1825E+01 0.7225E+00 0. 83 06E+02 0.0
0.1875E+01 0.7275E+00 0.8251E+02 0. 0
0. 1925E+01 G.7325E+00 0.8177E+02 0 .0
0 .2025E+01 0.7400E+00 0. 7S62E+02 0.0
0.21 75E+01 0.7475E+00 0.7595E+02 0.0
Ü. 2325E+01 0.7500E+00 0.7303E+02 0 .0
0.2500E+01 0.7450E+00 0. 7103E+02 0.0
0. 2675E+01 0.7350E+00 0.7012E+02 0 .0
0.2825E+01 0.7275E+00 0. 6975E+02 0 .0
0 .3030E+01 0 .862SE+00 0.Ê950E+02 0. 0
0.31 lOE + 01 0.1125E+01 0.6931E+02 0.0
0.30 05E+01 0.1400E+01 0. 6897E+02 0.0
0.2850E+01 0.1600E+01 0.6892E+02 0. 0
0.2575E+01 0.1735E+01 0.6933E+02 0 .0
Û.2325E+01 0.1810E+01 0. 6S75E+02 0.0
0.217SE+01 0.1775E+01 0.7019E+02 0.0
Û.2075E+C1 0.1747E+01 0.7075E+02 0 .0
0.2025E+01 0.1735E+01 0. 7C96E+02 0.0
0. 1975E+01 0.1717E+01 0.7149E+02 0 .0
0.1900E+01 0.1700E+01 0.7255E+02 0.0
0.1800E+01 0.1670E+01 0.7403E+02 0. 0
0.1700E+01 0.1630E+01 0. 7S89E+02 0.0
0.1575E+01 0.1580E+01 0.7864E+02 0.0



PRODUCER NUMBER 1

NUMBER OF S T R E A M L IN E S : 3

280

STREAMLINE NUMBER TOTAL IDTH

STREAMLIN

PRODUCER NUMBER 

NUMBER OF STREAMLINES: 2

I N J .  RATE

0.2800E+02 
0.2800E+0 2 
0.2800E+02

RATE

%800E+02 
2 8 0 05 + 02

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0.3381E+03
0.38I6E+03

0.Î795E+02 
0.211lE+02

0 . 2 8 0 0 5  + 02
0 . 2 8 0 0 E + 0 2



PRODUCER NUMBER 1

NUMBER OF S T R E A M L IN E S : 3

280

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH I N J .  RATE

1
2
3

0.5533E+03
0.4250E+03
0.6566E+03

0.4991E + 02 
0 .2343E+02 
0.661lE+02

0.2800E+02
0.2800E+02
0.2800E+02

PRODUCER NUMBER 2 

NUMBER OF STREAMLINES: 2

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0.4447E+03 
0 .3447E+03

0.2795E+02 
0.1906E+02

0.2600E+02
0.2800E+02

PRODUCER NUMBER 3 

NUMBER OF STREAMLINES: 2

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ.

1
2

C.3381E+03
0.3816E+03

0.1795E+02 
0 .2111E+02

0 . 2 8 0 0 5  + 02
0 . 2 8 0 0 E + 0 2



PRODUCER NUMBER 4

NUMBER OF STR EAM LIN ES= 2

281

STREAMLINE NUMBER TOTAL LERGTH AVERAGE WIDTH INJ. RATE

1
2

0 .2697E+03 
0.2697E + 03

0.1331E+02
0.1475E+C2

0.2800E + 02 
0.2800E+02

PRODUCER NUMBER 6 

NUMBER OF STREAMLINES^ 2

s t r e a m l i n e NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0.3664E+03
0.3316E+03

0 . 1 5 8 6 E  + 02 
0 . I 3 7 9 E + C 2

0.2600E+02
0.2800E+02

PRODUCER NUMBER 7 

NUMBER OF STREAMLINES^ 2

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0.2914E+03
0.2947E+03

0.1262E+02
0.12I2E+02

0 .2 8 0 0 E  + 02
0 . 2 8 0 0 E + 0 2



PRODUCER NUMBER 2

NUMBER OF STR E A M LIN E S =

282

STR E A M LIN E  NUMBER TOTAL LENGTH AVERAGE WIDTH I N J .  RATE

1
1
2
2

0.4513E+03 
0.2164E+03 
0 .4784E+03 
0 .2480E+03

0 .6006E+02 
0.300BE+02 
0.5833E+02 
0 .3138E+02

0.2800E+02 
0 .2800E+02 
0.2800E+02 
0.2800E+02

PRODUCER NUMBER 3 

NUMBER OF STREAMLINES= S

s t r e a m l i n e NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2

0.5914E+03
0.6197E+03

0. 1337E + 02 
0. 1481E + 02

O.lOOOE+02 
O.lOOOE+02

0.3764E+03
0.54I4E+03

0.6182E+02
0.4388E+02

0.2600E + 02 
0.2800E+02

PRODUCER NUMBER 4 

NUMBER OF STREAMLINES^ 4

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2
3
4

0 .2664E+03 
0.2881E+03 
0.3631E + 03 
0.288IE+03

0.6399E+01 
0 .6867E+01 
0.8268E+01 
0.6640E+01

0.10 0 05 + 02 
O.lOOOE+02 
O.lOOOE+02 
0. lOOOE+02



PRODUCER NUMBER 5 

NUMBER OF STREAMLINES= 5

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1
2
3
4
5

0.4783E+03
0.3848E+03
0.3348E+03
0.3316E+03
0.3B48E+03

O.llllE+02 
0=8507E40i 
0.7707E+01 
0.7468E+01 
0 .9714E+01

0.10005 + 02 
O.lOOOE+02 
O.lOOOE+02 
0. 10005 + 02 
0 .lOOOE+02

PRODUCER NUMBER 6 

NUMBER OF STREAMLINES= 5

NO

STREAMLINE NUMBER TOTAL LENGTH AVERAGE WIDTH INJ. RATE

1 0.7Û33E+03 0 .2165E+02 0 .lOOOE+02
2 0.8348E+03 0.2773E+02 0.1 OOOE + 02
3 0.7197E+03 0.1985E+02 0. lOOOE + 02
4 0.538 IE+03 0.1601E+02 O.lOOOE+02
5 0.5914E+03 0.2086E+02 0.lOOOE+02

STREAMLINE FROM REGION 2 CROSSES INTO REGION 1



APPENDIX N

RESULTS OF STEAMFLOOD PREDICTION FOR SHIELDS CANYON 

FIELD AS A PIECEWISE HOMOGENEOUS RESERVOIR.

PART OF ITS BOUNDARY AT CONSTANT 

PRESSURE, THE REMAINDER SEALED
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APPENDIX N

STEAMFLOCO PREDICTION OF SHIELDS CANYON(20S) FIELD

m e t h o d : s t r e a m l i n e /s t r e a m t u b e m e t h o d u s i n g (EEM)t e c h n i q u e

ANALYSIS AS A PIECE-WISE HOMOGENEOUS RESERVOIR 

HAVING TWO REGIONS OF UNEQUAL PERMEABILITY 

BOUNDARY CONDITION: PART OF THE BOUNDARY AT CONSTANT 

PRESSURE, THE REMAINDER IS SEALED,

PRODUCTION r a t e s ; ASSIGNED EQUAL IN ENTIRE REGI UN

DATA

TOTAL NUMBER OF PRCDUCERS= 11
STEAM TEMPERATURE (DEG. F )= 450.0000
STEAM QUALITY= 0.7000
CONVERGENCE LIMIT= 0,0010
RESERVOIR THICKNESS (FT)= 160.0000
STEAM PRESSURE (PSIJ= 344.0000
INITIAL RESERVOIR TEMPERATURE!DEG F)= 105.0000

FLUID PROPERTIES

WATER OIL STEAM

DENSITYILB/CU FT) AT 
D£NSITY(LB/CU FT) AT 
SPECIFIC HEAT(BTU/LB 
LATENT HEAT(ETU/LB)

STD. TEMP. 
STEAM TEMP. 
*F)

62.4000
52.3800
1.0000

55.0000 
48.7000 
0. 4880

0.7431 
1.0000 
789,5100

PROPERTIES OF THE CAP AND BASE ROCK

DENSITY(LB/CU. FT) 149.0000
SPECIFIC HEATIBTU/LB-4F) 0.2130
THERM. CONO.(BTU/HR-FT-WF) 1.1000
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RESERVOIR RÜCK PROPERTIES

REGION 1 REGION 2

POROSITY 0.2050 0.1800
UEN.(LB/CU FT) 165.0000 165.0000
SPEC. HEATIBTU/LB*F) 0.2000 0.2000
PERMEABILITY(MD) 140.0000 70.0000

INITIAL FLUID SATURATIONS

REGION 1 REGION 2

WATER 0.5500 0.5500
OIL 0.4500 0.4500
STEAM 0.0 0.0

AVERAGE RESIDUAL SATURATIONS BEHIND THE FRONT

REGION 1 REGION 2

WATER 0.5800 0.5800
OIL 0.1800 0.1800
STEAM 0.2400 0.2400
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INPUT DATA FROM STREAMLINE PRUGRAK

REGICN 1 REGION 2

.L NÜ. S/L NO. CODE LENGTH WIDTH RATE LENGTH WIDTH RATE

1 1 1 553.30 49.91 28.00 0 .0 0.0 0.0
1 2 1 425.00 23.40 28.00 0.0 0.0 0.0
1 3 1 656.60 66.11 28.00 0.0 0.0 0.0
2 1 1 444.70 27.95 28.00 0.0 0.0 0 .0
2 2 1 344.70 19.06 28.00 0.0 0.0 0.0
3 1 1 338.10 17.95 28.00 0.0 0.0 0.0
3 2 1 381.60 21.11 28.00 0.0 0.0 0 .0
4 1 1 269.70 13.31 26.00 0.0 0.0 0.0
4 2 1 269.70 14.75 28.00 0 .0 0.0 0.0
5 1 1 366.40 15.86 28.00 0.0 0.0 0.0
S 2 1 331.60 13.79 28.00 0.0 0.0 0.0
6 1 1 291.40 12.62 28.00 0 .0 0.0 0.0
6 2 1 294.70 12.12 28.00 0.0 0.0 0.0
7 1 2 451.30 60.06 28.00 216.40 30.08 28.00
7 2 2 478.40 58.33 28.00 248.00 31 .38 28.00
8 1 2 376.40 61.32 28.00 541.40 43.88 28.00
8 2 1 591.40 13.37 10.00 0.0 0.0 0.0
a 3 1 619.70 14.81 1 0. 00 0.0 0.0 0.0
9 1 1 266.40 6.40 10.00 0.0 0 . 0 0.0
9 2 1 288.10 6.87 1 0.00 0 .0 0.0 0.0
9 3 1 363.10 8.27 1 0.00 0.0 0 .0 0.0
9 4 1 288.10 6.64 1 0.00 0.0 0.0 0.0
10 1 1 478.30 11.11 10.00 0 .0 0.0 0.0
10 2 1 384.80 8.51 1 0.00 0.0 0. 0 0.0
10 3 1 334.80 7.71 10.00 0 .0 0.0 0.0
10 4 1 331.60 7.47 10.00 0.0 0.0 0 .0
10 5 1 384.80 9.71 10,00 0.0 0.0 0.0
11 1 1 703.30 21 .65 1 0.00 0.0 0.0 0.0
11 2 1 634.80 27.73 10.00 0.0 0.0 0 .0
11 3 1 719.70 19.85 1 0.00 0.0 0.0 0.0
11 4 1 538. 10 16.01 10.00 0 .0 0 .0 0.0
11 5 1 591.40 20.86 1 0.00 0.0 0.0 0.0
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CALCULATED BREAKTHROUGH TIMES(HOURS) FOR EACH STREAMTUBE

PROD. NO. STREAMLINE NO. CODE ENDT1ME(1i ENDTIME(

1 1 1 16260.6464 0.0
1 2 1 6048.5781 0.0
1 3 1 30266.2461 0.0
Z 1 1 7671.5547 0.0
2 2 1 39 04.04 66 0.0
3 1 1 3592.2112 0.0
3 2 1 4838.9414 0.0
4 1 1 2078.0183 0.0
4 2 1 2311.8730 0.0
5 1 1 3432.4089 0.0
5 2 1 2672.3630 0.0
6 1 1 2130.7292 0.0
6 2 1 20 67.1299 0.0
7 1 2 17888.3867 21748.8750
7 2 2 184 72.7227 23131.5273
6 1 2 15123.5234 30573.1289
a 2 1 14321.5000 0.0
0 3 1 16866.7812 0.0
9 1 1 2794.5066 0.0
9 2 1 32 64.7046 0.0
9 3 1 5061.4687 0.0
9 4 1 3151.8491 0.0
10 1 1 9305.1289 0.0
1 0 2 1 5547.04 69 0.0
10 3 1 4314.2812 0.0
10 4 1 4131.6172 0.0
1 0 5 1 63 86.0742 0.0
11 1 1 296 75.5391 0.0
11 2 1 4 7986.7930 0.0
11 3 1 27613.4141 0.0
11 4 1 15732.7773 0.0
11 5 1 23419.4766 0.0



REAL T IM E (H O U R S )=  6 0 0 0 . 0 0 0 0

D IM E N S IO N L E S S  T IM E =  0 . 0 3 2 5

288

HELL STR/L NO. OF REGIONS RECOVERY

1 1 1 0.1557E+0S
1 2 1 0.1557E+05
1 3 1 0 .1557E + 05

2 1 1 0.1557E+05
2 2 1 0 .1036E+05

3 1 1 0.95 72E+04
3 2 1 0.1271E+05

4 1 1 0 .5662E+04
4 2 1 0 .6274E+04

5 1 1 0.9165E+04
5 2 1 0.7212E+04

6 1 1 0.5800E+04
6 2 1 0.5633E+04

7 1 2 0 .1557E+05
7 2 2 0 .1557E + 05

a 1 2 0 .1557E+05
8 2 1 0.5560E+04
8 3 1 0 .5560E+04

9 1 1 0 .26892+04
9 2 1 0 .3120E+04
9 3 1 0.4735E+04
9 4 1 0 .3017E+04

10 1 1 0.5560E+04
1 0 2 1 0.51632+04
10 3 1 0.4070E+04
10 4 1 0.3906E+04
1 0 5 1 0 .55602+04

11 1 1 0.5560E+04
11 2 1 0 .55602+04
11 3 1 0.5560E+04
11 4 1 0.5560E+04
11 5 1 0 .5560E+04

WELL t o t a l RESERVOIR TOTAL

0.467CE+05

0.2593E+05

0.2228E+05

0.1194E+05

0.16365+05

0.1143E+05

0.31 13E+05

0 .2669E+05

0.13565+05

0 .2426E+05

0 . 2 7 8 0 E + 0 5
0 .  2581  E + 06



r e a l  T IM E (H C U R S }=  1 2 0 0 0 . 0 0 0 0

D IM EN SIO N LES S T IM E= 0 . 0 6 5 0
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ELL STR/L NO. OF REGIONS RECOVERY

1 1 1 0.2969E+05
1 2 1 0 .1569E+05
1 3 1 0 .29695+05

2 1 1 0 .19605+05
2 2 1 0 .10365+05

3 1 1 0.9572E+04
3 2 1 0.1271E+05

4 1 1 0 .56625+04
4 2 1 0.62745+04

5 1 1 0 .91655+04
5 2 1 0 .72125+04

6 1 1 0 .58005+04
6 2 1 0.56335+04

7 1 2 0.29695+05
7 2 2 0.29695+05

8 1 2 0.29695+05
8 2 1 0. 1060E+05
8 3 1 0.10605+05

9 1 1 0 .26895+04
9 2 1 0,21205+04
9 3 1 0 .47355+04
9 4 1 0.3017E+04

10 1 1 0 .83815+04
10 2 1 0.51635+04
10 3 1 0 .4070E+04
10 4 1 0.39065+04
10 5 1 0.58965+04

11 1 1 0.10605+05
11 2 1 0.1060E+05
11 3 1 0.10605+05
11 4 1 0.10605+05
11 5 1 0.10605+05

WELL TOTAL RESERVOIR TOTAL

0.75C6E+05

0.29S7E+05

0.2228E+05

0.1194E+05

0.16385+05

0.1143E+05

0.5938E+05

0.50SOE+05

0. 1356E+05

0.2742E+05

0 . 5 3 0 2 5 + 0 5
0 . 3 7 1 3 E + 0 6
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RfcAL T 1 M E (H 0 U R S )=  1 8 0 0 0 . 0 0 0 0

D IM E N S IO N L E S S  T IM E =  0 . 0 9 7 5

vELL STR/L NO. OF REGIONS RECOVERY

1 1 1 0 .4299E+05
1 2 1 0 .1569E+05
1 3 1 0 .4299E+05

2 1 1 0.1960E+05
2 2 1 0.1036E+05

3 1 1 0.9572E+04
3 2 1 0 .1271E + 05

4 1 1 0 .5662E+04
4 2 1 0.62742+04

5 1 1 0.Ç165E+04
b 2 1 0.72122+04

6 1 1 0.58002+04
6 2 1 0 .56332+04

7 1 2 0.42962+05
7 2 2 0.42992+05

8 1 2 0.4223E+05
8 2 1 0.12472+05
8 3 1 0.1448E+05

9 1 1 0.26892+04
9 2 1 0 .31202+04
9 3 1 0.47352+04
9 4 1 0 .30172+04

10 1 1 0.83812+04
10 2 1 0 .51632+04
10 3 1 0.40702+04
10 4 1 0 .39062+04
1 0 5 1 0 .5896E+04

11 1 1 0 .15352 + 05
11 2 1 0.15352+05
11 3 1 0.1535E+05
11 4 1 0 .13592+05
11 5 1 0.15352+05

WELL TOTAL

0.1017E+06

0.29S7E+05

0.2228E+05

0.1194E+05

0.1636E+05

0.1143E+05

0 .6595E+05

0.691SE+05

0.13 56E+05

0.2742E+05

RESERVOIR TOTAL

0 .7 S 0 0 E + 0 5
0 .  4648E  + 06



R EAL T IM E (H C U R S )=  2 4 0 0 0 . 0 0 0 0

D IM E N S IO N L E S S  T IM E =  0 . 1 3 0 0
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ELL STR/L NO. OF REGIONS RECOVERY

1 1 1 0.4355E+05
I 2 1 0 .1569E+05
1 3 1 0 .5569E+05

2 1 1 0.1960E+05
2 2 1 0 .1036E+05

3 1 1 0 .9572E + 04
3 2 1 0.1271E+05

4 1 1 0 .5662E+04
4 2 1 0 .6274E+04

5 1 1 0.9165E+04
5 2 1 0.7212E+04

6 1 1 0 .5800E+04
6 2 1 0 .5633E+04

7 1 2 0 .5176E+05
7 2 2 0.5479E+05

8 1 2 0 .5339E+05
3 2 1 0.1247E+05
8 3 1 0.1448E+05

9 1 1 0.2689E+04
9 2 1 0.31202+04
9 3 1 0 .47352+04
9 4 1 0.3017E+04

10 1 1 0.8381C+04
10 2 1 0 .S163E+04
10 3 1 0 .4070E+04
10 4 1 0.39062+04
10 5 1 0 .5896E+04

11 1 1 0.1989E+05
11 2 1 0.19892+05
11 3 1 0 .1989E+05
11 4 1 0.13592+05
11 5 1 0 .19462+05

WELL TOTAL RESERVOIR TOTAL

0.114SE+06

0.2997E+05

0.2228E+05

0.1194E+05

0.1638E+05

0.1143E+05

0.106EE+00

0.80 34E+05

0.1356E+05

0.2742E+05

0 . 9 2 7 1 E + 0 5
0 . 5 2 7 5 E + 0 6



REAL T IM E (H U U R S J=  3 0 0 0 0 . 0 0 0 0

D IM E N S IO N LE S S  T IM E =  0 . 1 6 2 5
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WELL STR/L NO. OF REGIONS RECOVERY

1 1 1 0 .4355E + 05
1 2 1 0.1369E+05
1 3 1 0.6789E+05

2 1 1 0.1960E+05
2 2 1 0 .1036E+05

3 1 0 .9572E+04
3 2 1 0.1271E+05

4 1 1 0 .5662E+04
4 2 1 0 .6274E+04

5 1 1 0.9165E+04
5 2 1 0.7212E+04

6 1 1 0.5B00E+04
6 2 1 0.5633E+04

7 1 2 0.5176E+05
7 2 2 0 .5479E+05

B 1 2 0 .6412E+05
6 2 1 0 .1247E+05
8 3 1 0 .1448E+05

9 1 1 0.2689E+04
9 2 1 0 .3120E+04
9 3 1 0 .4735E+04
9 4 1 0.3017E+04

10 1 1 0.83815+04
1 0 2 1 0.5163E+04
10 3 1 0.4070E+04
10 4 1 0.3906E+04
1 0 5 1 0 .5896E+04

11 1 1 0.2402E+05
11 2 1 0 .2425E+05
11 3 1 0.2253E+05
11 4 1 0 .1359E+05
11 5 1 0 .1946E+05

WELL TOTAL RESERVOIR TOTAL

0 . 1271E+06

0.2997E+05

0.2226E+05

0.1 I94E+05

0.16385+05

0.1143E+05

0.10eeE+06

0.9106E+05

0.13S6E+05

0.2742E+05

0 . 1 0 3 8 E + 0 6
0 . 5 6 1 6 E + 0 6



PREDICTED RECOVERY 

TIME(DAYS) RECOVERY(BQLS)

293

62.5000 0.15S8E+05
125.00 00 0.2940E+05
187.5000 0.38 82E+05
250.0000 0.4596E+05
312.50 CO 0.51 77E+05
375.0000 0.56 82E+05
437.5000 0.6153E+05
500.0000 0.6613C+05
562.5000 0.7066E+05
625.0000 0.750324-05
687.5000 0.79062+05
750.0000 0.82772 + 05
812.5000 0.8580E+05
875.0000 0.88682+05
937.5000 0.9160E+05
1000.0000 0.93942+05
1062.5000 0.95572+05
1125 .0000 0.97182+05
1187.5000 0.98662+05
1250.0000 0. 1 0002+06



APPENDIX 0 

LISTING OF COMPUTER PROGRAMS



FORTRAN I V  G1 RELEASE 2 . 0 MAIN DATE = 8 2 0 9 8 1 9 / 2

0 0 0 1
0002
0003
0004
0005
0006
0007
0008 
0009 
00 10 
00 11 
0012
0013
0014
0015
0016
0017
0018
0019
0020 
0021 
0022 
00 23 
0024 
00 25 
0026
0027
0028
0029
0030
0031

*********************** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
PROGRAM FOR THE SOLUTION OF TWO DIMENSIONAL POTENTIAL 
PROBLEMS BY THE BOUNDARY ELEMENT METHOD. APPLICABLE TO 

HOMOGENEOUS AS WELL AS 2-REGlON PIECEWISE HOMOGENEOUS RESERVOIR 
NEUMANN AND DIRICHLET CONDITIONS SPECIFIED ON THE BOUNDARIES 

*************************** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C
c ,
c
c
c
c
c
c
c
c
c
c .
c

DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENS ION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENS ION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENS ION 
DIMENSION 
DIMENSION 
DIMENS ION 
DIMENSION

00 32 
0033 
00 34 
00 35 
0036

XK120). Yl( 120 J .XMK 120) ,YM1( 120)
FIl(120)«DFI1(120).KODE1<120).CX1(120)
SOLI (120) .Hid 20.120) *4(120.120) .8(120) 
G1(120.120).CY1(120).SUM1(120)«CX2(120)
R0(120).X2(120).Y2(120).FI2(120).DFI2(120 )
CY2(120).S0L2{120).XSSI(120).YSSl(120)
XSS2(120 ).YSS2( 120 ). QSS2( 120) .SUM2( 120)
XM2(120).YM2(120).XI1(120).YI1(120) 
QSS1(120).KQDE2( 120) .DYBLEK120)
DGDX1(120).DGDY1(120),DHDXl(120).DHDY1(120) 
AQSS2( 12 0) .DXBLEK120) .DXBLE2(12 0 ).DISMID(120 ) 
DGDX2(120)«DGDY2(120),OHOX2(120).DHDY2(120)
VTl(12 0),YI2(120).DYBLE2(120).H2(120.120) 
VX2(120).VY2(120).VT2(120).VXl(120).VYl(120) 
G2(120.120).XI2(120)
DPHIDX(120).DPHIDY(120).VLCPl(120).VLCP2(120) 
DPDX(120).DPDY(120).XOl(120).YOl(120)*X02(120) 
ANSLK120). ANSL2(120 ).Y02(120).A1( 120.120) 
AQSSK 120) .F( 120), INFO( 18 ) . D I ST ( 120 ) . ELMNT1 ( 120 
SINK(120).STRML(120).STRMW(120).AVWIDT(120)
MM(120).A2(120 ).LENTH(120,120).WIDTH( 120, 120) 
ATETAl(120),ATETA2(120).ADFIl(1 20).ADFI2(120) 
XIF( 120).YIF( 12C).ELMNT2( 120) .VELK 120)
VEL2(120),BETA(120).FIPLOT(120),DFIPLT(I20) 
ÛSSSK 120) ,QSSS2(120)
XAVEK 120).XAV£2{ 120 ),YAVE1( 120) , YAVE2( 120) 
OLDLK 120) .OLDL2(120 ),0LDW1 (120 ),OLDW2(120 ) 

COMMON /BLKl/LEC.IMP.VICSTM.PI
COMMON /BLK2/DISFAC,VICFAC.DENFAC,TRFAC,RATEF,SCALE
COMMON /BLK3/PRESSF.DPRE SF.PQRFAC,SCLFAC
INTEGER TITLE(18),TITLE1(18),TITLE2(18),TITLE3(18)

CONVERSION FACTORS 
OISFAC=CONVERSION FROM (FT) TO (M)
TRFAC=CONVERSION FROM (MD) TO (SO M)
RATEF=CONVERSION FROM (BBL/DAY) TO (CU. M/SEC)
SCALE=SCALE FACTOR OF THE FIELD
PRESSF=PRESSURE CONVERSION FROM (LBF/SQ IN) TO (NEWTON/SO M) 
OPRESF=PRESSURE GRADIENT CONVERSION FROM ( (LB/SQ IN)/FT)

TO ((NEWTON/SQ M)/M)
PORFAC=PORDSITY CONVERSION FACT0R=1

NTR=TOTAL NUMBER OF REGIONS 
NTR=2 
LEC=5 
IMP=6
PI=3.1415926 
VICSTM=1.0

0 0 3 7 D I S F A C = . 3 0 4 8
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00 38
0039
0040
0041 
00 42 
00 43 
0044

VICFAC=0.001
TRFAC=9.869E-16
RATEF=i.8401E-6
SCALE=738.46
PRESSF=6894.76
DPRESF=PRESSF/DISFAC
PORFAC=l.0

0045
0046

COUNT=0.
SCLFAC=D ISFAC*SCALE

0047
0048

0049
0050
0051 
00 52 
00 53
0054
0055 
00 56
0057
0058

C WRITE HEADINGS OR TITLES 
C

WRITEdMP.lOOJ 
100 FÜRMAT{lHl,//,80('** ) )

C READ THE NAME OF THE JOB 
READ(LEC.150 )TITLE 
READ(LEC, 150)TITLEl 
READ(LEC.150)TITLE2 
READILEC « 160 )T ITLE3 

150 FORMAT!18A4)
WRITE!IMP.250)TITLE 
WRITE! IMP.250 ITlTLEl 
WRITE!IMP.250)TITLE2 
WRITE!IMP.250)TITLE3 

250 FORMAT !/15X. 18 A4 )

0059
0060 
0061

C READ INPUT DATA FOR FIRST REGION 
C

7 C0UNT=C0LNT+1.
WRITE! IMP, 153)C0UNT 

153 FORMAT(//.30X,'REGION*,F4.1,/)

00 62 CALL INPUTICXl.CYl,XI.Y1.KODEl,FI1.XSSI.YSSl.QSSl,NSSl. 
Ni.NIF.Ll.Tl.THICKl.PORl,RI1.TOPPl )

0063

C...CONVERT TO SI UNITS 
C

CALL C0NVRS!CX1.CY1.X1.Y1.KODEl.FIl.XSSI.YSSl.QSSl.NSS1. 
6 Nl.Ll.Tl,THICK 1.PORI.RIl.TOPPl)

C CALCULATE THE ELEMENTS OF THE H AND G MATRICES AND ARRANGE 
C THEM SO AS TO PUT ALL UNKNOWNS IN G AND KNUWNS IN H.
C THE ELEMENTS OF H AND THE SOURCE VECTOR FORM THE RHS VECTOR DPI

00 64 CALL MATRX!X1.Yl.XMl.YMl.Gl.Hl.FIl.DFI1.KODEl.XSSI. 
& YSSl.QSSl.NSSl.1J1.NIF.SUMl.Tl.Nl.Ll.CXl.CYl)

0065
0066
0067
0068

C..IF THERE ARE TWO REGIONS REPEAT THE ABOVE STEPS FOR SECOND 
C..REGION 
C

IF!NTR -LT. 2)GO TO 155 
C0UNT=C0UNT+1•
WRITE!IMP.154)C0UNT 

154 FORMAT(1H1.//.30X.'REGION•.F4.1./)

0 0 6 9 CALL INPUTICX2.CY2.X2.Y2 .K0DE2.FI2.XSS2.YSS2.QSS2.NSS2. 
N2.NIF.L2.T2.THICK2.P0R2.RI2.T0PP2)



FORTRAN IV G1 

00 70 

0071

RELEASE 2 . 0 MAIN DATE =  8 2 0 9 8 1 9 / 2

0072 

00 73

0074 
00 75 
00 76
0077
0078
0079
0080 
0081 
0082 
0083

0064 
0085 
0066 
00 67 
0088
0089
0090
0091
0092

00 93
0094
0095 
00 96
0097
0098

0099

01 00
0 1 0 1

CALL C0NVRS(CX2«CY2.X2.Y2.K0DE2.FI2.XSS2*YSS2.QSS2.NSS2. 
& N2.L2,T2 * THICK2» PQR2.RI2 .TDPP2)

CALL MAT RX(X2. Y2.XM2.YM2.G2* H2.FI 2» DFI2.Kr>DE2. XSS2,
6 YSS2*QSS2tNSS2.1J2.NIF,SUM2,T2tN2«L2»CX2* CY2)

ASSEMBLE THE G MATRICES(CONSIDERING CONTINUITY AND 
COMPATIBILITY ON THE INTERFACE) INTO THE GLOBAL MATRIX (A)
THE RHS (B) NOM CONSISTS OF THE SUM OF THE DFI VECTOR AND THE 
VECTOR (SUM) DUE TO THE SOURCE/SINK TERMS.
...NOTE ..IF THE BOUNDARY IS COMPLETELY CLOSED. DFI WOULD EQUAL 
ZERO

CALL ASEMBL(61.G2tOFI1.DFI2.N1tN2tA.BtNAA.NIF.NNN.
& N0M.NNI.NNM.T1.T2)

GO TO 156
C
C
C

STORE
SOLVE
155

157
158

159

161

163
162

THE A MATRIX AND B VECTOR FOR FUTURE CHECK OF THE SOLUTIO 
AND CHECK THE SOLUTION FOR A HOMOGENEOUS SINGLE REGION 
DO 158 1=1.N1 
A2( I)=DFI1 (I)
DO 157 J=1.N1 
Al( I,J)=G1(I.J)
CONTINUE
CONTINUE
N2=0
CALL SLNFD(G1 .DFIl .D.N1.N2.NJ )
WRITE(IMP.159)
FORMAT(1 HI.✓//20X.'CHECKING THE SOLUTION'.//.
9X.'RHS VECTOR' .1 OX.'VALUE FROM SOLUTION VECTOR'.//)
DO 162 1=1.NJ 
F(I)=0.
DO 161 J=1«NJ
F( I )=F(I )+(Al( I. J)*DFI 1( J))
CONTINUE
WR1TE(IMP.163)A2(I).F(I)
FORMAT(5X.E14.3.14X.E14.3)
CONTINUE 
GO TO 164

C
C
C

SOLVE AND CHECK THE SOLUTION IF A 2-REGION COMPOSITE

156

75
76

DO 76 1=1.NAA 
A2(I)=8(I)
DO 75 J=1,NAA 
A1(I.J)=A(I.J) 
CONTINUE 
CONTINUE

C
C
C

c
C
c

SOLVE THE SYSTEM

CALL SLNP0(A.8.D.N1.N2»NU) 

CHECK THE SOLUTION

1 08
WRITE(IMP.108)
FORMAT(1H1.///20X.'CHECKING THE SOLUTION VECTOR'//.
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& 9X.*RHS VECTOR*tlOX.'VALUE FROM SOLUTION VECTOR*,//)
0102 DO 72 1=1,NAA
0103 F(I)=0.
0104 DO 73 J=1,NAA
0105 F(I)=F(I }+(Al(I,J)*B(J))
0106 73 CONTINUE
0107 WRITEIIMP,74)A2CI),FCI)
0108 74 FORMAT(5X,E14.3,13X.E14.3)
0109 72 CONTINUE

C
C SPLIT THE SOLUTION VECTOR INTO ITS COMPONENT REGIONAL VALUES 
C

0110 CALL SPLITINl,N2,NIF,NNN,N0M,NN1,NNM.NAA,KODEl,KOOE2,
& FIl,FI2,DFIl,DFI2,B,T1,T2)

0111 164 CONTINUE
0112 IF(NTR .GT. 1)GO TO 168 

C
C REORDER THE FI AND DFI ARRAYS BY PUTTING ALL POTENTIALS IN FI
C AND ALL DERIVATIVES IN DFI
C

0113 DO 169 1=1,N1
0114 IFIKODEl(Ii)20,20,10
0115 10 CH=FI1(I)
0116 F I K  I)=DFI1< I)
0117 DFIl(I)=CH
0118 20 CONTINUE
0119 169 CONTINUE
0120 168 CONTINUE

C
C PRINT OUT THE BOUNDARY VALUES AND COMPUTE THE POTENTIAL
C VALUES AT DESIGNATED INTERNAL POINTS IF ANY FOR THE FIRST REGI
C

0121 CALL 0UTPUT(X1,Y1,XMI,YM1,FI1«0FII,CXI,CYI,S0L1,N1,
6 XSSI,YSSl,LI,NSS1,QSSl,TOPPl,THICK1,T1,QSSS1)

C
0122 IF(L1 .LE. 0)GO TO 173 

C
C COMPUTE THE POTENTIAL VALUES AT INTERNAL POINTS FOR 
C THE FIRST REGION
C

0123 CALL INTER(FIl,DFI1,L1.NI,CX1,CY1,X1,Y1,
& XSSI,YSSl,QSSl.NSSl.SOLI)

C
0124 173 IFCNTR .LT. 2)G0 TO 165 

C
C PRINT OUT THE BOUNDARY VALUES FOR THE SECOND REGION AND 
C COMPUTE THE POTENTIAL VALUES AT DESIGNATED INTERNAL POINTS 
C IF ANY.
C

0125 CALL OUTPUT(X2,Y2,XM2,YM2,FI2,DFI2,CX2,CY2,S0L2,N2,
& XSS2,YSS2,L2,NSS2,QSS2,T0PP2,THICK2,T2,QSSS2)

C
0126 IFCL2 .LE. 0)GC TO 165 

C
C COMPUTE THE POTENTIAL VALUES AT INTERNAL POINTS FOR THE 
C SECOND REGION 
C

0127 CALL INTER(FI2,DFI2,L2,N2,CX2,CY2,X2,Y2,
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& XSS2fYSS2.QSS2.NSS2.S0L2)
C PLOT BOUNDARIES AND WELL LOCATIONS 
C

0128 165 CONTINUE
0129 CALL BDRYIXI,Yl,XSSI,YSSl,NSSl.QSSSl.N1)
0130 IF(NTR .LT. 2)GO TO 166
0131 CALL BDRY(X2.Y2tXSS2tYSS2.NSS2*QSSS2,N2)

C
C GENERATE THE STREAMLINES 
C

0132 166 CONTINUE
0133 CALL STRM(NSS1.QSSltFIl.DFIltXl.Yl.XSSI.YSSl.

& N1.Tl.KODEl.IP2.X02.Y02.XMl.YM1.AQSS2.ANSL2.MM.
& ATETAl.AOFIl.ELMNTl.THICKl.PORl.Rll.QSSSl.
& OLDLl.OLOWl)

0134 IF(NTR .LT. 2)GO TO 873 
C

0135 IF(IP2 .LE. 0)G0 TO 878
0136 CALL C0MPAT(NSS2.QSS2,FI2.DFI2.X2.Y2.XSS2.YSS2.

& N2.T2.K0DE2.IP2.X02.Y02.XM2.YM2.AQSS2.ANSL2.MM,
6 ATETAl,ADFIl.ELMNTl.THICK2.P0R2.RI2.Tl.
& OLDLl.OLDWl)

0137 GO TO 872 
C

0138 878 WRITE!IMP.871)
0139 871 F0RMAT(/5X,*N0 STREAMLINE FROM REGION 1 CROSSES'.

& • INTO REGION 2',/)
0140 872 CALL PLOT(0.0,0.0.3)

C
0141 CALL STRM(NSS2.QSS2.FI2.DFI2.X2.Y2.XSS2.YSS2,

& N2,T2.K0DE2.IP1.X01.YÜ1.XM2.YM2.AQSS1.ANSL1.MM*
& ATETA2,ADFI2,ELMNT2.THICK2.P0R2.RI2.QSSS2,
& OLDL2.0LOW2)

C
0 142 IFdPl .LE. 0)GO TO 879
0143 CALL C0MPAT(NSS1,QSSl.FIl.DFIl.XI.Yl.XSSI .YSSl.

& N1.Tl,KODEl.IPl.XOl.YOl,XMl,YM1,AOSSl.ANSL1.MM.
& ATETA2.ADFI2.ELMNT2.THICKl.PORl.RI1.T2.
& 0LDL2.0LDW2)

0144 GO TO 873 
C

0145 879 WRITE!IMP.874)
0146 874 FORMAT!/5X.'NO STREAMLINE FROM REGION 2

6 * INTO REGION 1'/)
0147 873 CALL PLOT!0.0.0.0,999)
0148 79 STOP
0149 END



FORTRAN I V  C l

0 0 0  I

0002
0003
0004
0005

r e l e a s e  2 . 0 INPUT d a t e  =  8 2 0 9 8 1 9 / 2

0006
0007
0008 
0009

0010
0011
0012
0013

0014
0015

0016

0017 
00 18 
0019

0020
0021

0022
0023
0024
0025
0026

C
c
c
c
c
c
c
c
c
c
c
c
c

SUBROUTINE INPUT(CX.CY.X.Y.KODE»FI,XSS,YSS.QSS,NSS,N .
& NIF,L.T,THICK,POR.RI.TOPP)

********************* *******************************************

COMMON /BLKl/LEC,IMP.VICSTM.PI
COMMON /BLK2/DISFAC.VICFAC.DENFAC.TRFAC.RATEF.SCALE 
DIMENSION CX{120).CY(120),X(120).Y(120).KODE(120) 
DIMENSION FI(120).XSS(120)«YSS(120).QSS(120)

THIS SUBROUTINE READS ALL THE INPUT DATA FOR A REGION

N=THE NUMBER CF BOUNDARY ELEMENTS=NUMBER OF NODES 
L=THE NUMBER OF INTERNAL POINTS WHERE THE FUNCTION IS 
CALCULATED
NSS= TOTAL NUMBER OF SOURCES AND SINKS 
QSS= THE STRENGHTS OF THE SOURCES AND SINKS 
NIF=NUMBER OF INTRFACE ELEMENTS OR NODES 
T=PERMEABILITY

READ BASIC PARAMETERS

READ(LEC.200)N,L.NSS.NIF 
200 FORMAT(4 15)

WRITE! IMP.300) N.L,NSS.NIF 
300 FORMAT(/.30X.'DATA'//ex.‘NUMBER OF BOUNDARY ELEMENTS='.

& I3/8Xi.'NUMBER OF INTERNAL POINTS WHERE THE FUNCTION IS ' 
Ù .'CALCULATED:'.I3/8X.'NUMBER OF SOURCES AND SINKS='.I5 
& /8X.'NUMBER OF INTERFACE NOOES='.13./)

C
C,
C

...READ RESERVOIR PROPERTIES

C
C

READ(LEC. 109)T,THICK.POR 
109 FORMAT!3F10.2)

WRITE!IMP.107)T.THICK.POR 
107 FORMAT !20X.'PERMEABILITY !MD) = ' ,FI0 ,4.//2£>X. ,

& 'THICKNESS(FT)=« ,F10.4.//20X. • POROSITY = *.FIO.4.//) 
WRITE! IMP.498)SCALE 

498 FORMAT!/20X.'SCALE: 1 INCH = *,F7.2.'FEET'.//)

IF(L .LE. 0)G0 TO 499

READ INTERNAL POINTS CORDINATES 
DO 1 1=1.L 

1 READ(LEC,400)CX(I).CY(I)
400 F0RMAT(2F10.4)

C
C
C
c

READ AND WRITE THE CORDINATES CF THE EXTREME POINTS 
OF THE BOUNDARY ELEMENTS INTO ARRAYS X AND Y

499 WRITE!IMP.500)
500 FORMAT!1H1.///8X.'THE COORDINATES OF THE EXTREME POINTS',

& ' OF THE BOUNDARY ELEMENTS'.//9X.'POINT'.1IX,'X! INCH )'.
& 12X.'Y!INCH)'./)

DO 10 1=1.N 
READ!LEC.600)X(I).Y(I)

600 FORMAT!2F10.4)
10 WRITEdMP,700)1.X(I). Y(I )
700 FORMAT !9X,13,2 (9X.F10.4) )
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0027
0028

0029
0030
0031 
00 32 
00 33

0034
0035

0056
0037
0038
0039
0040
0041 
00 42 
0043

0044
0045 
00 46
0047

0048
0049

C
c
c
c
c
c
c
c

READ THE BOUNDARY CONDITIONS INTO FI(I) ACCORDING TO A 
PRE-ASSIGNED CODE. IF THE POTENTIAL (PRESSURE) IS SPECIFIED, 
THE BOUNDARY IS ASSIGNED A CODE=0. IF THE POTENTIAL GRADIENT 
IS SPECIFIED, IT IS ASSIGNED A C0DE=1. IF THE BOUNDARY IS ON 
AN INTERFACE BETWEEN TWO REGIONS!BOTH POTENTIAL AND POTENTIAL 
GRADIENT ARE UNKNOWN),IT IS ASSIGNED A C0DE=2

800

900 
20 
95 0

WRITE!IMP,800)
FORMAT (IHl ,///14X,'BOUNDARY CONDITIONS'//6X,'NODE*,6X, 
•CODE* ,5X,'PRESCRIBED VALUE')
DO 20 1=1,N
READ(LEC,900)KODE!I),FI ! I)
FORMAT!I5.F10.4)
WRITE (IMP,950) I, KODE ! I ), F I (I )
FORMAT! 8X,13 ,8X, II «8X.E14.7)

C
C
c

READ THE COORDINATES AND STRENGTHS OF THE SOURCES AND SINKS

C
c
c

WRITEdMP,556)
FORMAT Cl HI,//8X.'COORDINATES OF SOURCES AND SINKS',IX, 
'AND THEIR STRENGTHS'.//)
WRITEdMP.557)
FORMAT(2OX.'X!INCH)',5X.'Y(INCH)'.7X.'RATE(BBL/D)', / ) 
DO 444 JJ=1.NSS
REA0!LEC.333)XSS!JJ).YSS!JJ).QSS!JJ)
FORMAT! 3F10.4)
WRITEdMP .666) XSS! JJ) .YSS(JJ) .QSS! JJ)
FORMAT!15X.2F12.4,6X.F12.4)
CONTINUE

READ THE AVERAGE RADIUS OF THE WELLS AND THE CHARACTERISTIC 
PRESSURE

556

557

333

666
444

READ!LEC.448)RI. TOPP
448 FORMATI2F10.4)

WRITE(IMP.44 9)RI ,TOPP
449 FORMAT!/20X.'THE AVERAGE RADIUS OF THE WELLS!INCH) IS=',

& F7.3./20X.'THE CHARACTERISTIC PRESSURE!PSI) IS=',F10.4//)
RETURN
END
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0 0 0 1

00 02 
00 03
0004
0005
0006

RELEASE 2 . 0 CÜNVRS DATE = 8 2 0 9 8 1 9 / 2

SUBROUTINE CÛNVRS{CX.CY*X.Y.KODE.FI.XSStTSS.QSS.NSS.N.
& L.T.THICK.POR.Rl.TQPP)

C****************************************************************
C

COMMON /BLKI/LEC.IMP.VICSTM.PI
COMMON /BLK2/DISFAC,VICFAC,DENFAC.TRFAC,RATEF.SCALE 
COMMON /BLK3/PRESSF.DPRESF.P0RFAC.SCLFAC 
DIMENSION CX(120}*CY(120)«X(120).Y(120).K0DE(120) 
DIMENSION FI(120).XSS(120)*YSS(120).QSS(120)

0007
0008
0009
0010 
0011 
00 12
0013
0014
0015
0016 
00 17 
00 18
0019
0020

0021 
0022 
00 23
0024
0025
0026
0027
0028
0029
0030

0031

00 32 
0033 
00 34 
0035

10
15

20

T=T*TRFAC 
RI=RI*DISFAC 
THICK=THICK*DISFAC 
PCR=PCR*P0RFAC 
TOPP=TOPP*PRESSF 
IF(L .LE. 0)GO TO 15 
00 10 1=1.L
CX(I )=CX (I )*DISFAC*SCALE
CY(I)=CY(I)*DISFAC*SCALE
CONTINUE
DO 20 1=1.N
X(I)=X(I)*DISFAC*SCALE
Y(I)=Y(I )*DISFAC*SCALE
CONTINUE

C
C
C
C

AFTER CONVERTING THE 
SI UNITS.DIVIDE THEM

PRESSURE AND PRESSURE GRADIENTS TO 
BY THE CHARACTERISTIC PRESSURE

C
c

c
c

DO 40 1=1.N
lF(KODE(l) .EQ. D G O  TO 30 
FI(I)=FI(I)*PRESSF/TOPP 
GO TO 40 

30 FI(I)=FI{I)*DPRESF/TOPP
40 CONTINUE

DO 50 1=1.NSS
XSS{ I )=XSS( I )*DI SFAC*SCALE 
YSSCI)=YSS(I)»DISFAC*SCALE 
OSS(I)=QSS(I)* RATEF

USE THE RATE TO DETERMINE THE STRENGTH
QSSd )=QSS(D* ((VICSTM*V ICFAC )/(THICK *T ))

DIVIDE THE STRENGTH BY THE 
QSS(I)=QSS(I)/TOPP 

50 CONTINUE 
RETURN 
END

CHARACTERISTIC PRESSURE
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000 1

0002
0003
0004 
00 05 
0006
0007
0008 
00 09

RELEASE 2 . 0 MATRX DATE =  8 2 0 9 8 1 9 / 2

0 0 10 
0011 
0012 
00 13 
0014

00 15 
00 16 
0017 
00 16

0019
0020 
0021 
00 22 
0023

SUBROUTINE MATRX(X.Y.XM,YM,G.H.FI,DFI,KODE,XSS.YSS.
& QSS.NSS.Ij.NIF.SUM.T.N.L.CX.CY)

C**************************************************************** 
C

COMMON /BLKI/LEC.IMP.VICSTM.PI
DIMENSION X(120).Y(120).XM(120).YM(120).6(120,120) 
DIMENSION H(120. 120).DYBLEN( 120)
DIMENSION FI(120).KODE(120).OFI(120).A(120.120).B(120) 
DIMENSION XSS(120).YSS(120).QSS(120).SUM(12 0).516(120) 
DIMENSION SUMC (120 ) . CX ( 120 ). CY ( 120 ) . DXBLENI 120)
DIMENSION DGDX(120).DGDY(120).DHDX(120).DHDY(120) 
DIMENSION THETA( 120) .DIST( 120) .ELMNT( 120)

C
C
C
C
c
c
c
c
c
c

THIS SUBROUTINE COMPUTES THE H AND G MATRIX ELEMENTS BY 
THE METHOD OF GAUSSIAN QUADRATURE ALONG THE BOUNDARY 
ELEMENTS. IT THEN FORMS THE SYSTEM AX=F 
•INTE* CALCULATES ALL THE OFF-DIAGONAL ELEMENTS WHILE 
•INLO* CALCULATES ONLY THE DIAGONAL ELEMENTS

COMPUTE THE 
XM AND YM

MID-POINT COORDINATES AND STORE IN ARRAY

10

X(N+1)=X(1)
Y(N+1 )=Y(1)
DO 10 1=1.N
XM(I)=(X(I)+X(I+l))/2
YM(I)=(Y(I)+Y(I+l))/2

C
C
C

cc
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

COMPUTE THE G AND H MATRICES AND THE B VECTOR

DO 31 1=1,N
DO 30 J=1,N 
IF(I-J)20.25.20 

20 CALL INTE(XM(I),YM(I),X(J).Y(J).X(J+1).YCJ + 1),H(I.J )
& ,G(I.J).DGOX(I).DGDY(I).DHDX(I).DHDY(I),DIST(J).
& ELMNT(J).THETA(J))

GO TO 30
25 CALL INLO(X(J),Y(J),X(J+1),Y(J+1).6(1.J))

H(I,J)=PI
30 CONTINUE
31 CONTINUE

WRITE PORTIONS OF THE MATRICES OBTAINED 
WRITE(IMP.34)

34 FQRMATdHl.lX.'THE H MATRIX IS'//)
NNA=1 
NA=0 

102 NA=NA+12
DO 32 1=1.N
WRITEdMP.33)(H( I . J) , J=NNA,NA)

33 FURMAT(1X.12F10.4)
32 CONTINUE

N)GO TO 101IF(NA .GE. 
NNA=NNA+12 
GO TO 102 

101 CONTINUE
WRIT£(IMP.36)

36 FORMAT(//.IX,'THE 
NNA=1

G MATRIX IS'//)
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0024 
00 25 
0026 
0027 
00 28 
0029 
00 30
0031
0032 
00 33 
00 34 
0035 
00 36 
0037 
00 38
0039
0040 
00 41

C
c
c
c
c
c
c
c
c
c
c
c
c

104

39
38

103

NA=0 
NA=NA+12 

DO 38 1=1,N
WRITE! IMP,39)( 6( I, J) , J=NNA,NA) 
FORMAT(1X,12E10.2)
CONTINUE
IF(NA .GE. N)GO TO 103 
NNA=NNA+12 
GO TO 104 
CONTINUE

a r r a n g e the SYSTEM TO PUT ALL THE UNKNOWNS IN 6(1,J) ON THE LHS 

I J=0
NEIF=N+NIF 
DO 51 J=1,N
IF(KODE(J) .EQ. 1)G0 TO 41
IF(KODE(J> .EQ. 01 GO TO 51
IJ=IJ+1
DO 50 1=1,N
CH=H( I,J )
G(I,N+IJ )=-CH 
H( I , J)=0.

50 CONTINUE
40 GO TO 51
41 DO 52 1=1,N 

CH=G( I, J )
G(I,J)=-H(l,J)
H(I,J)=-CH 

52 CONTINUE

C
C
C
C
C
C
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

46

106

47
48

105

42

110

44
43

109

WRITE!IMP.46)
FORMAT!IHl,IX.* THE REARRANGED G MATRIX IS»//) 

NNA=1 
NAA=0 
NAA=NAA+12 

00 48 1=1,N
WRITE!IMP,47)!G!I,J), J=NNA,NAA )
FORMAT(IX,12E10.2)
CONTINUE 
IF(NAA .GE. N)GO TO 105 
NNA=NNA+12 
GO TO 106 
CONT INUE 
WRITE!IMF,42)
FORMAT!//,IX,•THE REARRANGED H MATRIX IS»//) 

NNA=1 
NAA=0 
NAA=NAA+12 
DO 43 1=1, N
WRITE!IMP,44)(H(I,J),J=NNA,NAA)
FORMAT!IX,12E10.2)
CONTINUE 
IF!NAA .GE. N)GO TO 109 
NNA=NNA+12 
GO TO 110 
CONTINUE
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0042 
00 43
0044
0045

0046
0047
0048

0049
0050
0051
0052
0053

0054
0055
0056
0057

C
c
c
c
c
c
c
c
c
c
c
c

CALCULATE THE C O N TR IBU TIO N S OF THE SOURCES AND S IN K S

DO 55 1=1,N 
SUMd }=0.
DO 54 JJ=1,NSS
CALL SOURCE(XM(1).YM(1),XSS(JJ),YSS(J J ),QSS(JJ),NSS.

Ù BLENT.DXSURS.DYSURS)
SUM{I)=SUM(1l+BLENT

54 CONTINUE
55 CONTINUE 

WRITE!IMP,56)
56 FORMAT!//.IX. «THE VALUES IXJE TO SOURCES AND SINKS ARE'// 

DO 58 1=1.N
WRITE! IMP,57}SUH(I )

57 FORMAT!30X.F12.4)
56 CONTINUE

COMPUTE THE R.H.S. VECTOR

C
C

WRITEÜMP.71 )
71 FORMAT!1H1,//10X.'THE RHS 

6 'SOURCES AND SINKS'//)
DO 61 1=1.N 
DFI!I)=0.
DO 60 J=1.N
DFI(I)=DFI(1)+H!I,J)*FI!J)

60 CONTINUE
WRITE!IMP.72)DFI(I)

72 FORMAT!10X.E14.7)
DFI!I)=DFI!I)-SUM!IJ

61 CONTINUE 
RETURN 
END

WITHOUT EFFECTS OF '»



FORTRAN I V  G1

0 0 0 1

00 02 
0003

RELEASE 2 . 0 IN TE DATE =  82 0 9  8 19/2

0004
0005
0006 
0007 
00 08
0009
0010 
0011 
0012 
0013 
00 14
0015
0016
0017
0018
0019
0020 
0021 
00 22
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033 
00 34 
00 35 
00 36
0037
0038
0039
0040
0041 
00 42 
00 43
0044
0045
0046 
00 47

SUBROUT INE INTEl XP,YP.XI.Y1.X2.Y2.H,G «DGDX.DGDY,
Ù DHDX.DHDY.DIST.ELMNT.THETA)

C****************************************************************
c

DIMENSION XC0(4).YCO(4)•GI(4).GME(4)
COMMON /BLKl/LECtIMPtVICSTM.PI

C
c
c
c
c
c
c
c

ALL THE OFF-DIAGONAL ELEMENTS OF MATRICES H AND G ARE 
c a l c u l a t e d  by THIS SUBROUTINE
DIST=PERPENDICULAR DISTANCE FROM THE NODE POINT UNDER 
CONSIDERATION TO THE BOUNDARY ELEMENTS
RA=DISTANCE FROM THE POINT UNDER CONSIDERATION TO THE 
INTEGRATION POINTS IN THE BOUNDARY ELEMENTS

G K l  )=0.86113631 
GI (2)=-GI(l )
GI(3)=0.339981 04 
GI (4)=-GI(3)
DME(1)=0.34785485 
0ME(2)=0M£(1)
0ME(3)=0.65214515 
0ME(4)=0ME(3)
AX=IX2-X l)/2 
BX={X2+X1)/2 
AY={ Y2-YD/2 
BY=(Y2+Yl )/2
ELMNT=SQRTC(X1-X2)**2+(Y1-Y2)**2)
1F(AX)10.20.10 

10 TA=AY/AX
THETA=ATAN(TA)
XLEN=(TA*XP-YP+Y1-TA*X1)/SQRT(TA**2+1•0) 
DIST=ABS(XLEN)
DDISTX=< TA/SQRT(TA**2+1.0 ) ) 
DDISTY=(-1.0/SQRT(TA**2+ l.OJ)
IFtXLEN .GT. 0.0 )G0 TO 30 

36 DDISTX=-DDISTX
DDISTY=-DDISTY 
THETA=-THETA 
GO TO 30 

20 ALEN=XP-X1
DIST=ABS(ALEN)
THETA=P1/2.0 
DDISTX=1.0 
DD1STY=0.0
IFIALEN .GT. 0.0 )G0 TO 30 
DDISTX=-DDISTX 
DDISTY=-DDISTY 
THETA=-THETA

30 SIG=(X1-XP>*(Y2-YP)-(X2-XP)*(Y1-YP)
IF(SIG)31.32.32

31 OIST=-OIST 
DDISTX=-DDISTX 
DDISTY=-DDISTY 
THETA=-THETA

32 G=0.
H=0.
DGDX=0.
DGDY=0.
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00 48 DHDX=0.
0049 DHDY=0.
0050 DO 40 1=1,4
0051 XCO( I )=AX*GI( D+BX
0052 YCO( I )=AY*GI( I )+BY
00 53 RA=SQRT( (XP-XCO( I ) 1**2+ (YP-YCO ( I ) 1**2 )
0054 G=G+AL0G(1/RA)*0MEII)*S0RT(AX**2+AY**2)
0055 DGDX=DGDX+(-1.0*(XP-XCD{I))/RA**2)*0ME(l)*SQRT(AX**2+

6 AY**2)
0056 DGDY=DGDY+(-l.0*(YP-YCOII))/RA**2)*OME(I)*SQRT(AX**2+

& AY**2)
0057 H=H+(-I.0*(DIST*0ME<I)*SORT(AX**2+AY**2))/RA**2)
0058 OHDX=DHDX+(1-1,0)*(((1.0/RA**2)*DDISTX)+(DIST*(-2.0)

6 *(XP-XCO(I))/RA**4)))*OME(I)*SQRT(AX**2+AY**2)
0059 DHDY=DHDY+((-1.0)*(C(1.0/RA**2)*DDISTY >♦(DIST*(-2.0)

6 ♦(YP-YCO(I))/RA**4)>)*0ME(I)*SQRT(AX**2+AY**2)
00 60 40 CONTINUE
0061 RETURN
0062 END
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0001 SUBROUTINE INLCIXI«Y1.X2.Y2*G)
C****************************************************************
c
C THIS SUBROUTINE COMPUTES THE DIAGONAL ELEMENTS OF THE 
C »G' MATRIX. THE DIAGONAL ELEMENTS OF THE *H* MATRIX 
C ARE ALL ZERO.
C

0002 AX=(X2-X1j/2
00 03 AY=(Y2-Yl)/2
0004 SR=SORT(AX**2+AY**2)
0005 G=2*SR*(ALOG(1/SR)*1)
0006 ELMNT=SQRTI(X1-X2)**2+(Y1-Y2)**2)
0007 RETURN
0008 END



FORTRAN I V  Gl RELEASE 2 « 0  SOURCE DATE = 8 2 0 9 8  19/2
0001 s u b r o u t i n e  SüURCE(XM#YM.XSS.YSS.QSS.NSS.BLENT. DXSURS,

e DYSIKS)
C****************************************************************

0002 COMMON /BLKl/LEC.IMP.VICSTM.PI
0003 DENT=SQRT((XM-XSS)**2+(YM-YSS)**2)
0004 BLENT=QSS*AL0G(1«O/DENT)
0005 DXSURS=QSS*(-1«0)*(XM-XSS)/DENT**2
0006 DYSURS=GSS*(-1*0)*(YM-YSS)/0ENT**2
00 07 RETURN
0008 END
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0 0 0 1

0002 
00 03 
0004
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0005
0006
0007
0008
0009
0010 
0011 
00 12
0013
0014
0015
0016

0017
0016
0019
0020 
0021 
0022 
00 23
0024
0025
0026 
00 27 
0028

0029
0030
0031
0032 
00 33
0034
0035
0036
0037 
00 38
0039
0040
0041
0042 
00 43 
0044

SUBROUTINE ASEMBLiGl.G2.DFII. DF12»N 1.N2.A,B.NAA.NIF.
& NNN.NOM.NM .NNM.Tl *T2)

C**************************************************************
c

COMMON /BLKl/LEC.IMP.VICSTM.PI
DIMENSION Gl(120.120).G2(120.120).DFI1(120).DFI2(120) 
DIMENSION A(120. 120).6(120)

C
C
C
C
C

C
C
C

STORE THE MATRIX G( I.J ) INTO ACI.J) AND DFI(I.J) INTO 8(1.J)

INITIALIZE THE ARRAYS

NAA=N2+N1 
NNN=N1-NIF 
NDIF=N2-NIF 
N0M=N1+NIF 
NNI=NIF+1 
NNM=N2+NIF+1 
DC 6 1=1.NAA 
DO 7 J=1 .NAA 
AC I.J)=0 .0 

7 CONTINUE
DC I) = 0.0 

6 CUNTINUE

ASSEMBLE Gl INTO A

806

800
801

804
805

808

DO 801 J=1.N0M 
DO 800 1 = 1.Nl 
AC I.J) = G1(I.J )
c o n t i n u e
CONTINUE 
DO 805 J=1,NDIF 
DO 804 I=1,N1 
AC I.NOM+J)=0. 
CONTINUE 
CONTINUE 
DO 808 J=1.N1 
BCJ)=0FI1(J)

C
C
C

ASSEMBLE G2 INTO A

810

812

813
814

815
816

DO 812 J=1.NNN 
DO 812 1=1.N2 
ACN1+I.J)=0 .
CONTINUE 
DO 814 J=1.NIF 
DO 813 I=1.N2
ACNl + I ,NNN+J)=-G2(I .NN1-J)*(T1/T2)
CONTINUE
CONTINUE
DO 816 3=1.NIF
DO 815 1=1.N2
ACNl+I.N1+J)=G2(I.NNM-J)
CONTINUE 
CONTINUE 
DO 818 J=1.NDIF 
DO 817 1=1.N2
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0045
0046
0047
0048
0049 
00 50

817
818

830

A(N1+I«NCM+J)=G2(I,NIF+J)
CONTINUE
CONTINUE
DO 830 1=1,N2
B1NI + I)=DFI2(I )
CONTINUE

C
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

WRITE OUT THE FINAL RESULTING MATRIX

821
62

740

1100
1101

741
00 51 
0052

WRITE!IMP,62)
FORMAT(1 HI,IX,‘THE FINAL ASSEMBLED MATRIX IS :*//) 

NB=1 
NBB=0 
NBB=NBB412 

DO 1101 1=1,NAA
WRITE!IMP,1100)!A!1.J)•J=NB,NBB),B!I)
FORMAT!1X,12F9.3,4X,F9.4I 
CONTINUE
IF!NB .GE. 48)G0 TO 741 
NB=NB+12 
GO TO 74 0 
CONTINUE 

RETURN 
END
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000 1

0002
0003
0004
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0005 
00 06

0007 
00 08 
00 09 
00 10 
00 11 
0012

00 13 
00 14
0015
0016 
00 17 
0016
0019
0020 
0021 
0022 
00 23
0024
0025 
00 26 
00 27 
0028
0029
0030
0031
0032

00 33 
00 34 
0035 
00 36

SUBROUTINE SLNPO(A ,8«D*N.NC.NJ) 
***************************************************** ***********

COMMON /BLKl/LEC,IMP,VICSTM.PI 
DIMENSION A(120,120),8(120)
DOUBLE PRECISION AA(120, 120),BB(120),C

C
C
C
c
c
c
c
c
c
c

c
c
c

THIS IS A SUBROUTINE 
GAUSSIAN ELIMINATION

THAT CAN SOLVE THE EQUATIONS BY

A=THE SYSTEM MATRIX
B=ORIGINALLY IT CONTAINS THE RHS COEFFICIENTS. AFTER

SOLUTION IT CONTAINS THE VALUES OF THE SOLUTION VECTOR 
N=ACTUAL NUMBER OF UNKNOWNS 
NX=ROW AND COLUMN DIMENSION OF MATRIX *A*

NJ=N+NC
N11=NJ-1

CHANGE TO DOUBLE PRECISION VARIABLES

DO 11 1=1,NJ 
DO 12 J=1,NJ 
AA( I,J)=A(I, J)

12 CONTINUE
BB(I)=B(I)

11 CONTINUE
C
C
C

C
C
c

INTERCHANGE ROWS TO GET NON ZERO DIAGONAL COEFFICIENT

DO 100 K=1,N11
K1=K+1
C=A(K,K)
lF(OABS( 0  -0.000001 )1 .1 ,3

1 DO 7 J=K1,NJ
IF{DABS(AA{J,K ) )-0.000001)7,7,5

5 DO 6 L=K,NJ 
C=AA(K,L )
AA(K.L)=AA(J,L)

6 AA(J,L)=C 
C=BB(K)
BB(K)=BB(J)
BBC J)=C 
C=AA(K,K)
GO TO 3

7 CONTINUE
8 WRITC(IMP,2)K
2 FORMAT('***** SINGULARITY IN ROW*.IS)

D=0.
GO TO 300

DIVIDE ROW BY DIAGONAL COEFFICIENT

Î C=AA(K,K)
DO 4 J=K 1 , NJ 

1 AA(K,J)=AA(K,J)/C
BB(K)=BB(K)/C
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C
C

0037
0038
0039
0040
0041 
00 42

00 43 
0044

0045 
0 0 46
0047
0048
0049
0050
0051
0052
0053
0054
0055

0056
0057
0058

0059
0060 
0061 
00 62
0063
0064

C
c
c
c

ELIMINATE UNKNOWN X IK) FROM ROW 1

DO 10 I=K1,NJ 
C=AA(I,K )
DO 9 J=K1,NJ

9 AA(I.J)=AA(I.JJ-C*AA(K,J)
10 BB(1 )=BB (I)-C*BB(K )
100 CONTINUE

COMPUTE LAST UNKNOWN

101
IF(DABS(AA(NJ«NJ})-0.000001)14*14.101 
BB(NJ)=BE(NJ)/AA(NJ,NJ)

C
C
c

APPLY BACK SUBSTITUTION PROCESS TO COMPUTE REMAINING UNKNOWNS

DO 200 L=1,N11
K=NJ-L
K1=K+1
DO 200 J=K1.NJ 

200 BB(K)=BB(K)-AA(K,J)*BB(J)
WRITE! IMP,1307 )

1307 FORMAT! 1 HI ,//,2X .* THE SOLUTION VECTOR IS'//)
DO 1300 1=1,NJ 
WRITE!IMP,1301)BB!I)

1301 FORMAT!10X.E14.7)
130 0 CONTINUE

C
C
C

c
C
c
c
c
c

RETURN TO SINGLE PRECISSIQN VARIABLES

255 DO 13 J=l,NJ
B!J)=BB!J)

13 CONTINUE
/

COMPUTE VALUE OF DETERMINANT 

D=1 .
DO 250 1=1,NJ 

250 D=D*AA!I,I)
GO TO 300

14 WRITE!IMP,15)K
15 FORMAT!'**4**SINGULARITY IN ROW',15)

D=0.
300 RETURN

END
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0 0 0 1

00 02
0 0 0 3
0 0 0 4

0 0 0 5
0 0 0 6
0 0 0 7
0 0 0 8
0 0 0 9
0010 
00 11 
00 12 
0 0 1 3  
00 14 
00 15  
0 0 1 6  
00 17 
00 18 
0 0 1 9  
00 20 
0021 
0022
0 0 2 3
0 0 2 4
0 0 2 5
0 0 2 6
0 0 2 7
0 0 2 8
0 0 2 9
0 0 3 0
0 0 3 1  
00 3 2

RELEASE 2 . 0 S P L IT DATE =  8 2 0 9 8 1 9 / 2

SUBROUTINE S P L l T t M  . N 2  * N I F  *NNN > NOM. NN I , NNM *NAA .  KQDEl «
& K 0 D E 2 . f i 1 . F I 2 . D F I I . D F I 2 . B . T 1 . T 2 )

C****************************************************************
c

COMMON / B L K l / L E C , I M P . V I C S T M . P I
D I M E N S I O N  K O D £ 1 ( 1 2 0 } , K O D E 2 ( 1 2 0 ) * F I 1 ( 1 2 0 ) . F I 2 (  1 2 0 )  
D I M E N S I O N  D F I l ( 1 2 0 ) . U F I 2 ( 1 2 0 ) . 8 ( 1 2 0 )

C
DO 50 1=1,Nl
I F ( K O D E K I )  . E G .  2 ) 6 0  TO SO 
I F ( K O D E K I )  . E Q .  0 ) 6 0  TO 52  
C H = F I 1 ( I )
D F I l ( I ) = C H  
F I 1 ( I ) = B ( I )
GO TO 50  

5 2  D F I 1 ( I ) = B ( 1 )
50  CON TINUE
5 4  DO 6 0  1 = 1 . N I F

D F I 1 ( N N N + I ) = B ( N N N + 1 )
D F I 2 (  I ) = - B ( N 1 + 1 - I ) * ( T 1 / T 2 )
F I 2 ( I ) = B ( N 0 M + 1 - I )
F I 1 ( N N N + I ) = B ( N 1 + I )

6 0  CONTINUE  
N D I F = N 2 - M F  
00  7 0  1 = 1 . N2
I F ( K 0 D E 2 ( I )  . E Q .  2 ) 6 0  TO 70  
I F ( K 0 D E 2 ( I >  . E G .  0 ) 6 0  TO 61  
CH-F121J }
F I 2 ( I ) = B ( N 1 + I )
D F 1 2 ( 1 )=CH  
GO TO 70

61  D F I 2 ( I ) = E ( N 1 + I )
70 CONTINUE
51 CONTINUE  

RETURN  
END
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0 0 0 1

0002
0003
0004
0005
0006
0007
0008 
0009 
00 10

0011
0012 
0013 
00 14

00 15 
0016

00 17 
00 18
0019

0020 
0021 
0022
0023
0024
0025

0026 
00 27 
0028
0029
0030
0031
0032
0033

RELEASE 2 . 0 IN TER d a t e  =  8 2 0 9 8 1 9 / 2

SUBROUTINE INTER(FI,Dpi,U,N,CX,CY,X,Y,
Ù XSS,YSS*CSS,NSS,SOL)

C****************************************************************
c

COMMON /ELKl/LEC.IMP,VICSTM.PI
COMMON /BLK2/DISFAC,VICEAC.DENFAC.TRFAC,RATEF,SCALE 
COMMON / ELK3/PRESSF,DPRESF.PORFAC,SCLFAC 
DIMENSION FK120) ,OFI(120),CX( 120J,CY(120),X(120) 
DIMENSION Y(120) *DYBLEN( 120) ,ELMNT(120)
DIMENSION SOL(120),SUM(120),DGDX(120)«DGDY(120)
DIMENSION OHDX(120),DHDY(120),SIG(120).OXBLEN(120) 
DIMENSION THETA(120),XSS(120),YSS(120),QSS( 120)
DIMENSION XIF(120) ,YIF(120 ), FIPLOT < 120 ) , DIST (120 )

C
c
c

THIS SUBROUTINE COMPUTES POTENTIAL VALUES FOR INTERNAL POINTS

DO 40 K=1,L 
SOL(K)=0 .
DO 30 J=1,N
CALL INTE(CX(K),CY(K),X(J),Y<J ).X(J+1),Y(J+1),HI,

& GI,DGDX(K),DGOY(K),DHDX(K),DHDY(K) ,DI ST ( J ) • ELMNTC J ) •
6 THETA(J))

SOL(K)=SOL(K)+DFI(J)*GI-FI(J)*Hi 
30 CONTINUE

C CALCULATE THE VALUES DUE TO SOURCES AND SINKS AT INTERNAL POINT 
SUM<K)=0.
DO 90 JJ=1,NSS
CALL SOURCE(CX(K),CY(K),XSS(JJ},YSS(JJ),QSS(JJ),NSSt 

& BLENT,DXSURS.DYSURS)
SUM(K)=SUM(K)+BLENT 

90 CONTINUE
SOL(K)=(SOL(K)+SUM(K))/{2.0*PI)

40 CONTINUE
WRITE(IMP.300)

300 FORMAT(//.2X,*INTERNAL POINTS',//llX,'X',18X,'Y',
Ù 14X.'POTENTIAL* ./)

DO 20 K=l.L 
XIF(K)=CX(K)/SCLFAC 
YIFIK)=CY(K)/SCLFAC 
F IPLOT(K )=SOL(K)/PRESSF 

20 WRITE(IMP,400)XIF{K),VIF(K).FIPLOT(K)
400 FORMAT!3(5X,E14.7))

RETURN
END
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0001

0002
0003
0004
0005
0006
0007
0008

RELEASE 2 . 0 OUTPUT DATE =  8 2 0 9 8 19/2
SUBROUTINE OUTPUTî X*Y,XM.YM.FI.OF1.CX.CY.SOL.N.XSS.

Ù YSS.L.NSS.ÛSS.TOPP.THICK.T.QSSS)
C**************************************************************** 
C

COMMON /ELKl/LEC.IMP.VICSTM.PI
COMMON /BLK2/0ISFAC.VICFAC.OENFAC.TRFAC.RATEF.SCALE 
COMMON /BLK3/PRESSF.DPRESF.P0RFAC.SCLFAC 
DIMENSION XM(120).YM(120).FI(120).DFI(120).CX(120) 
DIMENSION SOL(120)* XSS{120).YSS(120)îXZFI 120)
DIMENSION CY(120 ).QSSS(120).X(120).Y( 120).OSS( 120) 
DIMENSION YIF(120).FIPL0T(120).DFIPLTI120)

0009
0010

WRITE! IMP,100)
100 FORMAT(1 HI,80( **•)//30X. •RESULTS*//25X.*B0UNDARY NODES' 

& //IIX,'X(INCH)*,13X,' Y(INCH)•,lOX,«PRESSUREiPSî j'.7X. 
ù 'NORMAL GRADIENT'/)

0011
0012
0013

0014
0015
0016 
0017 
00 18
0019
0020 
0021 
0022

0023
0024
0025
0026
0027
0028

C
C

DO 10 1=1.N 
FI(I)=FI(I)*TOPP 
D F K  £)=DFI( I )*TOPP

FOR SAKE OF OUTPUT ONLY RETURN THE FOLLOWING TO PPS UNITS 
XIF( I)=XM(I )/SO_FAC 
YIFII)=YM(I)/SCLFAC 
FIPLOTd )=FI (I )/PRESSF 
DFIPLT ( I )=DFI( D/OPRESF
WRITE(IMP.200)XIF{I).YIF(I).FI PLOTCI),DFIPLT{I)

200 F0RMAT(4(8X.E12.4))
10 CONTINUE

DO 30 J=1.NSS 
QSS{J)=QSS(J)*TOPP

C
C DETERMINE THE RATE FROM THE STRENGTH

QSSS(J)=QSS(J )/(VICSTM*VICFAC/(THICK*T)) 
30 CONTINUE

WRITE!IMP,500)
500 FORMAT!' ',80!'*'))

RETURN
END
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0 0 0 1

00 02
0003
0004
0005
0006

00 07 
0003
0009
0010 
0011 
0012
0013
0014
0015
0016
0017
0018
0019
0020 
0021 
00 22
0023
0024
0025
0026
0027
0028
0029
0030
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SUBROUTINE BDRY(X» Y,XSS.YSS.NSS,QSSS,N)
C****************************************************************
c

COMMON /BLK1ÆEC,IMP,VICSTM.PI
COMMON / BLK2/D ISFAC,VICFAC,DENFAC,TRFAC.RATEF,scale 
COMMON /BLK3/PRESSF.DPRESF,PORFAC,SCLFAC 
DIMENSION X( 120) ,Y( 12 0) , XSS( 120) ,YSS(120) ,QSS( 120) 
DIMENSION QSSSII20)

C
C SUBROUTINE BDRY PLOTS THE BOUNDARY AND WELL LOCATIONS 
C

FACPL0=2.0 
N1=N+1
CALL FACTOR{FACPLO)
CALL PLOT IX INI)/SCLFAC,Y(Nl)/SCLFAC.3)
DO 741 1=1,Nl
CALL PLOTIXI I)/SCLFAC,Y( I )/SCLFAC.2)

741 CONTINUE
DO 742 1=1,NSS 
FACPLO=2.0 
XSSI=XSS( D/SCLFAC 
YSSI=YSS{I)/SCLFAC 
QSS I=QSSS ( D/RAT EF 
PN1=XSSI*FACPLC 
PN2=YSSI*FACPLO 
FACPL0=1.0 
CALL FACTORIFACPLQ)
CALL NUMBER(PN1-0.15,PN2-0.15,0.08,QSSI,0.0,2)
IFIQSSCI) .GE. 0.0) GO TC 744 
CALL SYMB0L(PN1,PN2,0.08, 11,0,-1)
GO TO 742

744 CALL SYMBOL!PN1,PN2,0.08,10,0,-1)
74 2 CONTINUE

RETURN 
END
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0002 
00 03 
00 04 
0005 
000b 
0007 
00 08
0009
0010 
00 11 
0012 
0013 
00 14 
00 15 
0016
0017
0018
0019
0020

0021

0022

0023
0024
0025
0026 
0027 
00 28
0029
0030
0031
0032

0033 
00 34 
00 35
0036
0037
0038
0039
0040
0041
0042

SUBROUTINE STRM(NSS,QSS,FI,DPI.X,Y,XSS,YSS,
& N,T ,KOOE,IPE,Xœ,YOE, XM, VM,AQSS,ANSL.MM,ATETA,
& ADFI,ELMNT,THICK,PCR,RI,QSSS,OLDL,OLDW ) 

****************************************************************

COMMON /ELKl/LEC,IMP,VICSTM,PI
COMMON /BLK2/DISFAC,VICF AC,OENFAC,TRF AC.RATEF.SCALE 
COMMON /BLK3/PRESSF,DPRESF,PORFAC,SCLFAC 
DIMENSION X(120> ,Y(120) , FI (120 ) ,DFI(120 ), XSS( 1 20 )

YSS(120),G(120,120),DHDY(120),R0(120) 
QSS(120),XI(1201,YI(120).KOD£(120)
MM(12Û),VX(12C),VY(120),VT(120),H(120,120) 
DISTU20),XM{ 120),YM{120),SUM(120) ,DISMI 0(120) 
ANSL (120).OGOX (120), DGDY( 120 ),DHDX(120)
DXBLENI120),DPOX(120),DPDY(120),DYBLEN(120) 
DPHIDX(120).DPHIDY(120),VLCP(120),XÛE(120)
SINK (120) ,STRML(120) ,STRMW ( 120 ) , AVW I CT ( 120 ) 
AQSS(120),ELMNT(120),LENTH(120,120)
QSSS(120),CQSS(120,120),WIDTH(120,120)
ADFI(120),ATETA(120),THETA(120),VEL(120)
YOE(120),ZETA(120),XIF(120),YIF(120)
OLDL(120),OLD*(120)

C
C
C

C
C

c
c
c

DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
INTEGER SINK 
REAL LENTH

FACT=THE CONVERSION FACTOR CHANGING (ATM/CM) TO 
(NEWTON/SQ M)/M

FACT=1.0333E+7 
CALCULATE THE VELOCITY NEAR THE LOWEST PRODUCING WELL

CALL LOWVEL(NSS,OSS,FI,DFI,X,Y,XSS,YSS,N,T,VLDW,RI, 
& QMNI,RAD,POR,THICK)

INITIALIZE ARRAYS

C
C
c

N5T=20
DU 206 1=1,NSS 
SiNKd )=0.0 

20 6 CONTINUE 
IPE=0
DO 220 1=1,NSS
IF(OSSSd) .LE. 0.0) GO TO 220 
NSL=ABS( (-FLOAT(NST)*QSSS(I)/QMNI)+0.5) 
IF(NSL .LT. 10) NSL=10 
IF(NSL .GT. 20) NSL=20

CALCULATE THE STARTING POSITIONS ON A STREAMLINE

DO 210 K=1,NSL 
ICANT=0
XI(K)=XSS(I)+RAD*COS(1.0+(K*2.0*PI)/NSL)
YI(K)=YSS(I)+RAD*SIN(1.0+(K*2.0*PI)/NSL) 
STRML(K)=0.0
STRMW(K)={2.0*PI*RI)/NSL 
AVWIDT(KJ=STRML(K)
FACPL0=2 .0
c a l l f a c t o r (FACPLO)
CALL PLOTIXI(K)/SCLFAC,Yi(K)/SCLFAC,3)
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0043 
00 44
0045
0046
0047
0048 
0 0 49
0050
0051
0052

00 53

00 54 
00 55
0056
0057
0058

0059
0060 
0061 
0062 
00 63
0064
0065
0066

0067
0068
0069
0070

0071
0072
0073 
00 74 
00 75
0076
0077
0078
0079
0080 
0081 
0082 
0083

C
C
C
C
c
c
c
c

c.
c.

CALCULATE THE POTENTIAL AND VELOCITY AT THIS POSITION

IPE IS THE COUNTER FOR STREAMLINES THAT CROSS INTO NEW REGIONS 
ICANT IS THE COUNTER FOR THE NUMBER OF POINTS ON A STREAMLINE 

WRITE(IMP.IO)
10 FORMAT!6X.•XI ».8Xt*YI•.7X.'DP0X*.SX.'DPDY* ,5X•

$ •DXBLEN«.5Xf'DYBLEN»,7X,*VT•.7X,*DT•.7X.'DSX*,7X,'DSY')
171 ICANT=ICANT+1

IF!ICANT .GT. 1001 GO TO 210 
VX!K)=0.
VY(K)=0.
VT!KÎ=0.
DPDX!K)=0.
DPDY!K) = 0.
00 172 J=1,N
DISMID!J»=SQRT!!XI!K)-XM!J))**2+!YI!K)-YM!J))**2)
CALL INTECXI(K),YI!K)»X!J)»Y!J )»X!J+1)»Y(J+1J,H!K.J).

& G!K,JltDGOX!Jl.DGDY!Jl.DHDX! J).DHDY!J).DIST!J)•
6 ELMNT!J) .THETA!J))

ELMNT2=0 «54ELMNT!J )
...CHECK IF POINT IS NEAR A BOUNDARY. IF SO GO TO 347 
..OTHERWISE FIND THE VELOCITY AT THE CURRENT POSITION 

IF!OISMID!J) .LT. ELMNT2JG0 TO 347 
GO TO 748 

347 IF!ICANT .GT. 1)G0 TO 258 
WRITE!IMP.259)1
F0RMAT!/8X.« INJECT CR NUMBER',12,' IS TOO CLOSE TO'.259

258

749

748

172

* A BOUNDARY'./)
GO TO 220
IFIKODEIJ) .GT. 1) GO TO 749 
GO TO 210
IFIDFÜJ) .LT. 0.0)GD TO 348 
GO TO 210
OPDX!K)=DPDX!K )+DF I ! J)4DGDX! J)-FI ! J)*DHDX! J) 
DPOY!K)=DPDY!K)+DFI! J)*OGDY(J)-FI ! J)*DHDY! J )
CONTINUE

C
C
c

CALCULATE THE CONTRIBUTIONS OF THE SOURCES AND SINKS

DXBLEN!K)=0.
DYBLEN !K »=0 .
DO 54 JJ=1,NSS
CALL SOURCE!XI!K).YI!K),XSS! JJ).YSS!JJ).QSS!JJ),NSS. 

£• BLENT .DXSURS.DYSURS)
DXBLEN!K)=DXBLEN!K)+DXSURS 
DYBLEN!K )=DYBLEN!K)+DYSURS 

54 CONTINUE
DPHIDX!K) = !DPDX! K)+DXSL£KCK) )/ !2.0*PI)*FACT 
DPHIDY!K)=!DPDYIK)+DYBLENCK))/(2.0*PI)*FACT 
VX!K)=-1.04!T/VICSTM*VICFAC)*DPHIDX!K)
VY!K)=-1.0*!T/VICSTM*VICFAC)*DPHIDY!K) 
VT!K)=S0RT!VX!K)**2+VY!K)**2)
DT=50.0*RI/A8S!VT!K))
DSX=DT*VX!K)
DSY=DT*VY!K)
DS=D T* VT!K)
XIF!K)=XI!K)/SCLFAC
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0084
0085

0086
0087
0088
0089
0090
0091

0092
0093
0094
0095
0096
00 97
0098
0099
0100 
0101

0102

01 03
0104
0105 
01 06 
0107 
01 08
0109
0110 
0111 
01 12

YIF(K)=YI{K)/SCLFAC 
IF(ICANT .GT. 5)G0 TO 3005 

C WRITEdMP.ll JXIF(K).YIF(K),DPDX(K) .DPDY(K) .DXBLEN(K) .
C & DYBLEN(K).VT(K).OT.DSX.DSY
C 11 F0RMAT(2Xf 10E10.3)
C...CHECK IF POINT 13 NEAR A PRODUCER, IF SO BRANCH TO 333 
C...OTHERWISE CALCULATE THE LENGTH AND WIDTH AT THE CURRENT 
C...POSITION. PLOT THE CURRENT POSITION 
3005 CONTINUE

IF(VT(K) .GT. VLOW) GO TC 333 
111 STRMLIK )ssSTRMLCK)+(VT(K)*DT>

STRMW<K)=STRMW (K)+0SSS( I )/(NSL*THICK*POR*VT(K) )
AVWIDTIK)=STRMWt K)/ICANT 
CALL PLOT(XI(K)/SCLFAC,YI<K)/SCLFAC,2J 

C...CALCULATE NEW POSITION
XI(K) = XI {K) + VX(K)*DT 
YI(K)=YI {K)+VY(K)*DT 
XIFlK)=XI(K)/SCLFAC 
YIF(K)=YI(K)/SCLFAC 
GO TO 171 

333 DO 200 LL=1,NSS
IF(QSS(LL1 .GE. 0.0)GO TO 200
RO(LL)=SCRT((XI(K)-XSS(LLJ)**2+(YI(K)-YSS(LL))**2) 
IFIRAD .GE. RO(LD) GO TC 208 

200 CONTINUE
C...POINT IS NOT NEAR PRODUCER, BUT RATHER. IT IS NEAR INJECTOR 

GO TO 111
C IDENTIFY THE PRODUCER AT WHICH THE STREAMLINE TERMINATED 

208 SINK(LL) =SINK(LL) + 1
LAST=SQRT{(XI(K)-XSS(LL))**2+(YI(K)-YSS{LL))**2)
WLAST=(2.0*PI*RI}/FLOAT(NSL)
STRMWlK)=STRMW(K)+WLAST
AVWIDKK )=STRMW(K)/(FLOAT( ICANT) + 1.0)
LENTHCLL ,S I NK( LL ) )=STRML (Kl+LAST 
WIDTHILL.SINKILL) )=AVWIDT(K)
CQSSILL.SINKILL))=QSSSII)/FLOAT(NSL)
CALL PLOT (XI (K)/SCLFAC,Y 1 (K)/SCLFAC,2)
GO TO 210

0113
0114 
01 15 
01 16

C . . . POI NT 
C

348

Is NEAR AN INTERFACE BOUNDARY

IPE=IPE+1
MM(IPE)=J
EX=XI(K|
EY=YI(K)

0117
0118 
01 19 
01 20 
0121 
0122
0123
0124

C...CHECK 
C

FOR HORIZONTAL BOUNDARY

IF(ABS(Y(J+1)-Y(JJ) 
243 XI(KJ=XI (K)

YI(K)=Y{ J) 
XOE(IPE)=XI(K) 
YOE(IPE)=YI(K)
AQSS(IPE )=QSSS(I) 
AN5L(IPE)=NSL 
ADFI(IPE)=DFI(J)

>GT. 0.001 )G0 TO 244

C CALCULATE THE ANGLE THE OUTWARD NORMAL MAKES WITH THE
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C X-DIRECT ION

0125
C

ATETAIIPE)=0.5*PI
0126 IF(Y(J) .LT. EY)ATETA(IPE)=-ATETA(IPE)
0127 VT< K) =-I .0* (T/VICFAC*VICSTM) ♦DFI < J )
0128 VEL(IPE)=VT(K)
0129 CALL PLOT(X I(Kl/SCLFAC.Y I(K)/SCLFAC.2)
01 30 STRML(K)=STRML(K)+DIST(J)
0131 STRMW(K )=STRMW(K)+QSSS(I)/CNSL*THICK*P0R4VT(K)
0132 AVWIDT < K)=STRMW(K)/ICANT
0133 OLDL(IPE)=STRML(K)
0134 OLDWCIPE )=AVWIDT{K )
0135 EX=EX/SCLFAC
0136 EY=EY/SCLFAC
0137 XIF(K)=X1(K)/SCLFAC
0138 YIF(K)=YI(K)/SCLFAC
01 39 714 GO TO 2121

C...CHECK FOR VERTICAL BOUNDARY

01 40
».

244 IF(A6S(X(J+1)-X( J) ) .GT. O.OODGO TO 245
0141 246 XI(K)=X(J)
01 42 YI (K)=YI (K)
0143 XOE(IPE)=XI(K)
0144 YOE( IPE)=YI(K)
01 45 AQSS(IPE)=QSSS(I )
0146 ANSL(IPE)=NSL
01 47 ADFI(IPE)=DFI(J)

C
C THETA IS THE ANGLE THAT THE BOUNDARY ELEMENT MAKES hITH 
C THE X-AXIS
C ATETA IS THE ANGLE THE OUTWARD NORMAL MAKES WITH THE 
C X-AXIS 
C

0148 ATETA(IPE)=0.0
0149 IF(EX .GT. X(J))GO TO 3001
0150 ATETAI IPE)=-ATETACIPE)
0151 ADFI(IPE)=-ADFI{IPEJ
0152 3001 VT(K)=-1.0*(T/VICFAC*VICSTM)*DFI(J)
0153 VEL{IPE)=VT(K)
0154 CALL PLOKXI (K)/SCLFAC,Y1(K)/SCLFAC.2 )
0155 STRML(K)=STRML(K)+DiST{JJ
0156 STRMW(K)=STRMW(K>+QSSSCI)/(NSl *THICK*POR*VT(K ))
0157 AVWI0T(K)=STRMW(KJ/ICANT
0158 OLOLCIPE)=STRML{K)
0159 OLDWd PE)=AVWIDT(K )
0160 EX=EX/SCLFAC
0161 EY=EY/SCLFAC
0162 XIF(K)=XI(K)/SCLFAC
0163 YIF(K)=YI(K)/SCLFAC
0164 GO TO 2121
0165 245 XI(K) = (( fiX( J)-X( J + 1 ) )/{Y ( J+1 )-Y( J) ) )*EX-( ( Y ( J+1 )-Y ( J ) ) /

& CXC J+1 )-X(J)l J»X( J)+Yi J)-EY)/I (X( J)-X( J+1) )/(Y(J+n-Y( J)
6 )-I IY( J+l)-Y{ J))/(X(J+1)-X(J)) ))

0166 YI(K) = (( X(J)-XCJ+1))/(Y(J+1)-Y(J)))*XHK)-({X(J )-X(J + 1 ) )/
6 (Y( J + 1)-Y(J)))*EX+EY

0167 XQE(IPE)=XI(K)
0168 YOE(IPE)=YI(K)
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C X-DIRECTION 
C

0125 ATETA*IPE)=O.S*PI
0126 IF(Y(J) .LT. EY)ATETA(IPE)=-ATETA( IPE)
0127 VT(K)=-1.0*(T/VICFAC*VICSTM)*DFI(J)
0128 VEL(IPE)=VT(K)
0129 CALL PLOT(XI(K)/SCLFAC.y I (K)/SCLFAC,2)
0130 STRML* K)=STRML(K)+DIST(J)
0131 STRM»(K)=STRMWiK)*QSSSCl)/(NSL*THICK*POR*VT(K))
0132 AVWIDT(K)=STRMW(K)/ICANT
0133 CLDL*I PE)=STRML(KJ
0134 OLDMdPE )=AVttlDT(K)
0135 EX=EX/SCLFAC
0136 EY=EY/SCLFAC
0137 XlF(K)=XllK.i/SCLFAC
0138 YIF{KJ=YI(K)/SCLFAC
0139 714 GO TO 2121

C
C...CHECK FOR VERTICAL BOUNDARY 
C

0140 244 IF{ABS(X(J+1)-X£ J)_
0141 246 XI(K)=XtJ)
0142 YI(K)=YI(K)
0143 XOE(IPE)=>
0144 YOE(IPE)^
0145 AQSSdl
0146 ANSL(
0147 ADFI (j 

C
C THETA IS 
C THE X-AXI 
C ATETA I 
C X-AXIS 
C

0148 AV
0149 IF,
0150 AT
0151 AD
0152 3001 VT
0153 VEL'
0154 CALC
0155 STRM
0156 STRMW
0157 AVWIDI
0158 OLD L d P
0159 OLDWdPE
0160 EX=EX/SCLFZ
0161 EY=EY/SCLFAC
0162 XIF(K)=XI(K)/SCS
0163 YIFCK)=YI(K)/SCLFAC
01 64 60 TO 2121
0165 245 XI (K) = ( ( (X( J)-X( J-f 1 ) )/( Y { J+1 )-Y* J) ) )*EX-( ( Y ( J +1)-Y ( J ) )/

& (X(J+l )-X(J)jJ*X(J)+Y(J)-EY)/t(X(J)-X(J+1))/(Y(J+l)-Y(J)
6 )-((Y(J+l)-Y{J))/(XIJ+1)-X(J))))

0166 YT(K) = (( X( J)-X* J+l))/CYl J+D-V* J)))*XHK)-( (X( J)-X( J + 1 ) )/
& (Y(J + 1)-Y(J)))*EX+EY

0167 XOEdPE)=XI (K)
0168 YOEdPE)=YI{ K)
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0169
0170
0171
0172

0173
0174
0175
0176 
01 77
0178
0179

0180
0181
0182
0183
0164
0185
0186 
0187 
01 88
0189
0190

0191

0192
0193 
01 94

0195
0196
0197
0198

01 99 
0200

0 201 
0202
0203
0204
0205
0206 
0207
02 08
0209
0210 
0211 
0212

C
c .

AQSS(IPE)=QSSSII)
ANSL(IPE )=NSL 
ADFK IPE)=DFI( J)
VT(K)=-1.0*1T/VICFAC*VICSTM1*DFI(J)

.ADJUST FOR STREAMLINES APPROACHING FROM THE LEFT 
IFIXKKJ .GT. EXIADFI (1PEI=-ADFI(IPE)
VEL{IPE)=VT(K)
STRML(K )=STRML(K)+(VT(K)*CT)
STRMW(K)=STRMW{K)+QSSS(I}/(NSL»THICK*POR*VT(K)) 
AV«IDT(K)=STRMW(K)/ICANT 
OLDL(IPE)=ST RML(K )
OLOW(IPE)=AVKIDT(K)

C
C CALCULATE 
C X-AXIS 
C

t h e  ANGLE THE OUTWARD NORMAL MAKES WITH THE

2121
2111

2ETA( J )=-l .0/TAN (THETA( J ) )
ATETA(IPE)=ATAN(ZETA(J))
CALL PLOT(XI(K)/SCLFAC.YI(K)/SCLFAC,2)
XIF(K)=X I(K*/SCLFAC
YIF(K )=YI(K)/SCLFAC
EX=EX/SCLFAC
EY=EY/SCLFAC
XIF(K )=XI(K)/SCLFAC
YIF(K)=YI(K)/SCLFAC
WRITE(IMP,2111)IPE,XIF(K).YIF(Kj,EX,EY
F0RMAT(//8X,•STREAMLINE INTERFACE BEGINING POINTS ARE', 

& I5,2F9.3,/8X,'PRECEEDING INTERIOR POINT IS*,2F10.3)
WRI TE( IMP ,605 )VEL( IPE), ADFK IPE) , AT ET A ( IPE ) . AQSS ( IPE ) 

e ,ANSL(IPE)
605 FORMAT (/2X,5F1 0.4)
210 CONTINUE 
220 CONTINUE 

C...WRITE OUT THE ANSWERS 
DO 440 l=lfNSS
IF(QSSS(I) .GE. 0.0) GO TC 440 
WRITE(IMP,441)I,S1NK(1)

441 FORMAT!1 HI,////15X,'PRODUCER NUMBER*,13 ,//l5X,
& 'NUMBER CF STREAMLINES=',I3,//)

WRITE!1MP,443)
443 FORMAT!ex,'STREAMLINE NUMBER*,3X,'TOTAL LENGTH*,3X,

& 'AVERAGE WIDTH',6X, *INJ. RATE',//)
ITEMP=SINK(I )
IFdTEMP .LE. 0) GO TO 440 
DO 444 J=1,!TEMP 
LENTHCI,J)=LENTH(I,J)/DISFAC 
WIDTH! I, J)=WIDTH( I,J)/DISFAC 
COSSd ,J)=CQSS (I, J)/RATEF
WRITE(IMP,445)J,LENTH(I,J),WIDTH(I,J),CQSS(I,J)

445 FORMAT(14X,13,lOX.El2.4,4X,E12.4,SX,E12.4)
444 CONTINUE 
440 CONTINUE

RETURN
END
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00 02
0003
0004
0005 
00 06
0007
0008 
0009 
00 10 
00 11
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0012 
00 13

00 14

CO 15 
0016
0017
0018
0019
0020 
0021 
00 22
0023
0024 
00 25 
00 26
0027
0028
0029
0030

0031
0032 
00 33

0034
0035
0036
0037
0038

0039
0040
0041 
00 42 
00 43

SUBROUTINE LOWVELINSS.QSS.FI,DF1,X.Y.XSS*YSS.
& N.T.VLOW.RI .OMNI tRAD.POR.THICK)

******************************$****************#****************
COMMON /BLKl/LEC*IMP.VICSTM.PI
COMMON /BLK2/DISFAC,VICFAC.DENFAC.TRFAC.RATEF.SCALE 
COMMON / BLK3/PRESSF.DPRESF.POPFAC.SCLFAC 
DIMENSION X(120) .Y (120 ) . F I (120 ) , DFI ( 120 ). X5S( 120) 
DIMENSION YSS( 120) ,DXBLEN( 120 ) .ELMNT(120)
DIMENS ION QSS(12 0).XI(120).YI( 120).DPDX(120).DPOY(120) 
DIMENSION VX(120).VY(120).VT(120)•A(120.120).G( 120,120) 
DIMENSION DGDX(120),DGDY(120).OHDX(120),DHDY(120) 
DIMENSION DPMIDX(120).DPHIDY(120).VLCP(120).DYBLEN(120) 
DIMENSION R0(120).THETA(120)*SUM(120).D1ST(120 )

C
C

C
C
C

GO TO 110
ABS(OMNI))G0 TO 110

C
C
C

NST=20
FACT=1.0 333E+7 

DEFINE A CAPTURE RADIUS (RAD)
RAD=RI*50.0

CALCULATE THE VELOCITY NEAR THE LOWEST PRODUCTION WELL

0MNI=1.OE+10 
DO 110 KK=1.NSS 
IF(QSS(KK) .GT. 0.0)
IF(ABS(QSS(KK)) .GT.
QMNI=QSS(KK)
K=KK 

110 CONTINUE 
VX( K)=0.
VY(K)=0.
VT(K)=0.
DPDX(K)=0.
DPDY(K)=0.
XI(K)=XSS(K)+RAD 
YI(K) = YSS(K)+RAD 
DO 172 J=l.N
CALL INTE(XI (K).YI (K).X( J).YCJ ).X( J + 1 ).Y( J + 1 ).A(K. J). 

& G(K.J)*DGDX(J).DGDY(J),DHDX( J).DHDY(J ),DIST(J).
6 ELMNT(J),THETA(J))

DPDX(K)=DPDX(K)+DFI(J)*DGDX(J)-FI(J)*DHDX(J) 
DPDY(K)=DPDY(K)+DFI(J)*DGDY(J)-FI(J)*DHDY(J)

172 CONTINUE

CALCULATE THE CONTRIBUTIONS OF THE SOURCES AND SINKS

DXBLEN(K)=0.
DYBLEN(K)=0.
SUM(K)=0.
DO 54 JJ=1,NSS
CALL SOURCE(XI(K).YI(K).XSS(JJ),YSS(JJ)*QSS(JJ).NSS 

& .BLENT.DXSURS,DYSURS)
DXBLEN(K)=DXBLEN(K)+DXSURS 
DYBLEN{K )=DYBLEN(K)+DYSURS 

54 CONTINUE
DPHIOX(K)=(OPDX(K)+DXBLEN(K))/(2.0*PI)*FACT 
DPHIDY (K )=(DPD Y(K)+DYBLE N(K))/(2.0*PI)*FACT
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0044
0045
0046
0047 
0046
0049
0050
0051
0052

0053
0054

113
&
&

VX( K)=-l .04( T/VI CSTM*VICFAC)*DPHIDX(K )
VY(K)=-1.0*(T/VICSTM*VICFAC)*OPHIOY(K) 
VLCP(Kl=SQRT{VX(K)**2+VY(K)**2)
VLOW=VLCP(K)
QMNI=QMN1/(VICSTM*VICFAC/(THICKET)1
QMNIW=QMKI/RATEF
VELO=VLO W/0ISFAC
WRITE!IMP,113)QMNIW,VELO
FORMAT!1 HI,///3X,'THE RATE OF THE LOWEST PRODUCER(BBL/D)= 
F12.3/3X,'THE VELOCITY NEAR THE LOWEST PRODUCER(FT/SEC)=• 
E12.3,/)
RETURN
END
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0002
0003
0004
0005
0006
0007
0008
0009
0010 
0011 
00 12 
00 13 
0014 
00 15 
0016
0017
0018
0019
0020 
0021

0022
0023
0024

&
&

SUBROUTINE COMPAT(NSS,QSS.FI,DFI,X.Y,XSS,YSS,N,T, 
KUDE.I^C.XOC.YOC,XH,YM,BOSS,BNSL,MMX,BETA,BDFI,ELT, 
THICK,POR,RI,TAOJ,OLDL,OLD*j

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
COMMON /BLKl/LEC,IMP,VICSTM.PI
COMMON /BLK2/DISFAC,VICFAC,DENFAC,TRFAC,RATEF,SCALE
COMMON /BLK 3/PRE SSF.DPRESF,PORFAC,SCLF AC
DIMENS ION X(120) ,Y (120), FI( 120 ),DFI( 120 ), XSS( 120)

XI(120),YI(120),QSS(120),KODE(120)
YSS(120),G (120,120),D1SM1D(120)
VX(120),VY(120),VT(120),H(120,120)
DIST(120) ,XM( 120),YM(120) ,SUM(120) 
BNSL(120),DGDX( 120 ),DGDY( 120) ,DHD X( 120) 
DXBLEN(120),DPDX(120),DPDY(120),DYBLEN(120) 
DHDY(120),RO(120),Y0C(120),AVWIDT(120)
DPHIDX(120).DPHIDY(120),VLCP(120),XOC(120)
MMX(12 0),SINK{120),STRML(12 0),STRMW(120) 
BQSS(120),ELMNT(120),LENTH(120,120) 
XIF<120),YIF(120),THETA(12D),BDFI( 120)
W1DTH(12 0,120),VEL(120).ELT(120),8ETA(120)
OLDL(120),OLDW(120),CQSS(120,120)
OLENTH(120,120 ) eC*lDTH(120,120)

DIMENSION 
DIMENSION 
01MENSION 
DIMENSION 
DIMENS ION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
INTEGER SINK 
REAL LENTH

...THIS SUBROUTINE CALCULATES THE STREAMLINES THAT ORIGINATED 

....IN THE ADJACENT REGION INTO THE REGION UNDER CONSIDERATION 

....t h e i r STARTING POINTS ARE ON THE INTERFACE BOUNDARY

107

FACT=1 .0333E+7
WRITE( IMP, 107) THICK,PGR
FORMAT(1H1,//20X,«CONTINUATION IN ADJACENT REGION',//20X, 
•THICKNESS=«,F10.4,//20X,«PORDSITY=•,FI 0.4, ///)

0025 
00 26

0027
0028 
0029 
00 30

0031
0032

0033

0034
0035
0036

C
C
c

c
c
c

WRITE!IMP,64)
64 FORMAT(30X,«INTERFACE POINTS«,//2X,'COORDINATES«,

& 3X,'VELOCITY' ,2X,'BOUNDARY CONDS.*,5X ,'ANGLE',
6 2X,'FL0W RATE AND NO OF STRMLNS'//)

DO 66 1=1,IPC
BDFK I)=-1.0*(TADJ/T)*SDFI(I )
VEL(I)=-l,0*(T/(VICSTM*V ICFAC))*BDFI(I)*FACT 
WRITE(IMP,63)XCC(1),Y0C(I ) ,V£L(I),BOFI(I), BETA(I),

& BQSSCI),BNSL(1)
63 FORMAT(7F10.4)
66 CONTINUE

CALCULATE THE VELOCITIES NEAR THE PRODUCING WELLS

CALL LOWVEL(NSS,QSS,FI,DFI ,X,Y,XSS,YSS,N,T,VL0W,R1. 
& QMNI,RAD,POR,THICK)

INITIALIZE ARRAYS

20 6

DO 206 1=1,NSS 
SINK! 1 )=0.0 
CUNTINUE
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0037
0038
0039
0040
0041 
00 42 
00 43
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053 
00 54 
0055 
00 56
0057
0058
0059
0060 
0061 
0062
0063
0064
0065
0066
0067
0068 
00 69
0070
0071
0072
0073 
00 74 
00 75
0076
0077
0078
0079
0080

0081
0082
0083

00 84

171

646
503

502

609

608

C
C 606 
501

1001 GO TO 210

D G O  TO 501

C...XOC.YOC ARE THE INTERFACE BOUNDARY STARTING COORDINATES 
C.,.XI,YI ARE UNSCALED INTERNAL CALCULATION COORDINATES 
C...XIF,YIF ARE SCALED COORDINATES USED ONLY FOR OUTPUT 
C

DO 210 K=1,IPC
ICANT=0
FACPL0=2.0
CALL FAC TOR*FACPLO)
CALL PLOT(XOCIKl/SCLFAC,YOC(Kl/SCLFAC * 3)
STRML(K)=0.0 
STRM»(K)=0.0 
AVWIDT(K)=0.0 
ICANT=ICAKT+1 
IF(ICANT .GT.
VX(K)=0.
VY( K)=0.
VT(K)=0.
DPOX(K 1=0.
DPDY(K)=0.
IF(ICANT .GT,
ANGLE=BETA(K)
VX(K)=VELIK)»COS{ANGLE)
VY(K)=VEL(K)*S IN I ANGLE)
VT(K)=SQRTIVX(K)**2+VYIK)**2)
STRML(K)=0.0
STRMWIK)=STRMW(K)+BQSS(K)/(BNSL(K)»THICK*POR*VT(K)) 
AVWIDT(K)=STRMW(K)/ICANT 
DT=50.0*RI/ABS(VT(K))
DO 502 L=l,1000 
DTO=DT+IL*O.OOS*DT)
XI(K)=XDC(K)fIVX(K)*DTO)
YI(K)=YOC(K)+IVYIK)*DTD)
XIFIK)=XIIK)/SCLFAC 
Y IF I K)=y I IK l/SCLFAC 
IF(L .GT. lOlGQ TO 503
WRITE!IMP,646)VX(K),VY(K).XIFIK).YIFIK)
FORMAT(/2X.4F10.4)
CONTINUE
BDIST=SQRTIIXI(K)-XOCIK))**2+(YI(K)-YOCIK))**2) 
IFI8DIST .GT. ELTIKDGO TO 608 
CONTINUE
WRITE!IMP,6091X1 FIK).YIFIK)
FORMAT(/2X,'POSITION AFTER 100 TRIALS IS•,2F10.4,/)
GO TO 210 
CONTINUE
CALL PLOTIXIIK)/SCLFAC,YI IK)/SCLFAC,2)
XIFIK)=XIIK)/SCLFAC 
YIFIK)=Y IIKI/SCLFAC 
WRITE!IMP,606)XIFIKÎ.YIFIK)
FORMAT!/2X, *XNEW=* ,F 10. 4 ,SX , • YNE W=* ,F10.4,/1 

DO 172 J=1,N
DISMID(J)=SQRTI!XI(K)-XMIJ))**2+(YIIK)-YMIJ))**2)
CALL INTE(XIIK).YIIK) ,X(J),YIJ),X(J+1) ,Y(J+1),H(K,J), 
G(K,J),DGDXIJ),DGOY(J),OHOXIJ),DHDYIJl.DISTIJ), 
ELMNTIJ) .THETA(J))
ELMNT 2=0.5+ELMNTIJ)

C..IF POINT IS NEAR ANY BOUNDARY, STOP AND START NEW 
C. .STREAMLINE

&
&
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00 85 
0066 
0067 
0088

!F(DISMIO(J) .LT. ELMNT2)GQ TO 210 
36 0 DPDX(K) = DPDXIK )+DFI{J)*DGDX(J)-FI(J)*DHDX( J)

DPDYlK) = DPDY{K) + DFI(J)*DGDY(J)-FI(J)*OHDY{ J) 
172 CONTINUE

0089
0090
0091
0092

0093
0094
0095
0096
0097
0098
0099 
01 00

01 01 
0102
0103
0104
0105

01 06 
0107 
01 08 
01 09 
01 10 
0111 
01 12 
0113 
01 14 
0115 
01 16 
01 17 
0118
0119

0120 
0121 
0122
0123
0124
0125
0126 
0127 
0126
0129
0130
0131

0132

C CALCULATE THE CONTRIBUTIONS OF THE SOURCES AND SINKS 
C

DXBLEN(K)=0.
DYBL£N(K)=0.
DO 54 JJ=1,NSS
CALL SOURCE(XI(K).YI(K }•XSS(JJ}.YSSlJJ).QSS(JJ)*NSS.

& BLENT.DXSURS.DYSURS)
DXBLEN(K )=OXBLEN(K)+DXSURS 
DYBLEN(K)=DYOLEN(K)+DYSURS 

54 CONTINtÆ
DPHIDX(K )=(DPDX( K)-t-DXBLEN(K) )/(2.0*PI )*FACT 
DPHIDY(K)=IDPDY(K)+DYBLEN(K))/(2.0*PI)♦FACT 
VX(K)=-1 .04(T/VICSTM4 VICFAC) ♦DPHIDX (K)
VY(K)=-1.04CT/VICSTM^VICFAC)^DPHIDY(K) 
VT(K)=SQRTIVX(K)^42+VYCK )♦♦£ )

C...CHECK IF POINT IS NEAR A PRODUCER. IF SO BRANCH TO 333 
C...OTHERWISE CALCULATE THE LENGTH AND WIDTH AT THE CURRENT 
C.. .POSITION. PLOT THE CURRENT POSITION 

DT=50.04RI/ABS(VT(K))
IF(VT(K) .GT. VLOW) GO TC 333 

111 STRML(K )=STRML(K)+(VT(K )♦DT)
STRMW(K)=STRMW(K)+BQSS(IPC)/(BNSL(IPC)^THICK^POR^VT(K)) 
AVWIDT(K)=STRMW(K)/ICANT 

C...CALCULATE NEW POSITION
XI(K)=XI(K)+VX(K)4DT 
YI(K)=YI(K)+VY(K)4DT
CALL PLOTIXI(K)ZSCLFAC.YI(K)/SCLFAC.2)
XIF(K)=X1(K)/SCLFAC 
YIF(K)=YI(K)/SCLFAC
WRITE(IMP.332)K.XIF(K ).Y IFIK).VX(K).VY{K)*VT( K )

332 FORMAT!6X.13.2X.5E10.3)
GO TO 171

333 00 200 LL=1.NSS 
IF(OSS(LLj «GE. 0.0)GO TC 200
RO(LL)=SQRT{ {XI(K)-XSS(LL))4^2+( Yl( K)-YSS( LL) )^42)
IF (RAD . GE. RO(LD) GO TO 206 

200 CONTINUE 
GO TO 111

C..IDENTIFY THE PRODUCER AT WHICH THE STREAMLINE TERMINATED 
206 SINK(LL)=SINK(LL)+l

LAST=S QRT((X I(K)-XSS(LL) )4^2+(YI(K)-YSS(LL))**Z)
LENTHC LL .SINK!LL))=STRML(K)+LAST 
WLAST=(2.0^PI4RI)/BNSL(IPC)
STRMW(K)=STRMW(K)+WLAST 
AVWIDT(K)=STRMW(K)/(FLOAT(ICANT)+1.0)
WIOTH(LL.SINK(LL))=AVWIDT(K)
0LENTH(LL.SINK(LL))=0LDL(K)
OWIDTH(LL.SINK(LL))=OLDW(K)
CQSS(LL,SINKILL))=BQSS(K)/BNSL(K)
CALL PLOT(XI(K)/SCLFAC.Y I (K)/SCLFAC.2)

210 CONTINUE 
C...WRITE OUT THE ANSWERS 

DO 440 1=1 .NSS
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0133 1F(QSS(I) *GE. 0.0) GO TO 440
0134 WRITE!IMP,441)I,SINK! I)
0135 441 FORMAT(1 HI•15X* * PRODUCER NUMBER•.I3.///15X,

6 •NUMBER OF STREAMLINES',13,///)
01 36 WRITE!IMP,443)
0137 443 FORM AT CSX,'STREAMLINE NUMBER • ,3X, 'TOTAL LENGTH ' ,3X,

& •AVERAGE WIDTH* ,6X,'I NJ. RATE',///)
0138 1TEMP=SINK!I)
0139 IF!ITEMP .LE. 0Ï GO TO 440
0140 DO 444 J=1 ,1 TEMP
0141 LENTH!I,J)=LENTH!I,J)/DiSFAC
0142 WIDTH!I,J>=WIDTH!I,J)/DISFAC
0143 CLENTHil ,J)=OLENTH!I,J)/DISFAC
0144 OWIDTHÎI,J)=OWIDTH(I,J)/DISFAC
0145 CQSSII,J)=CaSS(I.J)/RATEF
0146 WRITE! IMP, 445) J.OLENTHÜ , J) , OWIDTH ! I , J) pCQSS!I , J)
0147 WRITE!IMP,445)J,LENTH!I,J},WIDTH!I,J),CQSS!I,J )
01 48 445 FORMAT!14X,I3,aX.E12.4,6X.E12.4,5X,E12.4)
01 49 444 CONTINUE
01 50 440 CONTINUE
01 51 272 CONTINUE
0152 RETURN
01 53 END
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0044
0045 
00 46 
0047

0048
0049
0050 
00 51

C
c ,
c

& 'STEAM TEMPERATURE IDEG. F )=••14X.F10.4./6X.
& 'STEAM QUALITY=*.25X.F10.4,/6X,'c o n v e r g e n c e  LIMIT=', 
& 21X.F10.4./6X.'RESERVOIR THICKNESS <FT)='.15X,Fl0.4/ 
6 6X,'STEAM PRESSURE (PSÎ)= ',20X,F10.4,/6X.
& 'INITIAL RESERVOIR TEMPERATURE(DE6 F)=•,4X,Fl0.4,//)

.. READ AND WRITE R_UIO PROPERTIES

C
C
C
c

READIS.l ODENWl.DENOl ,DENW2,DEN02 
10 FORMAT(4Fl0.4I

REA0<S.12)CW*CC>CG 
12 F0RMAT(3F10.43

c a l c u l a t e  t h e  DENSITY AND LATENT HEAT OF STEAM USING 
CORRELATIONS

AAA=-0.9588 
BBB=-0.08774
DENST=i.0/I363.9*(PST**AAA)I 
STLAT=1318.0*(PSf**BBB)

0052 
00 53

0054
0055
0056
0057

0058
0059
0060 
0061 
0062 
00 63

00 64

0 0 6 5

20

C
c,
c

70

72

C
c
c

44
43

50

60

6
&
&
&
&
£
£

WRITE(6,20)DENW1.DEND1.DENW2,DEN02,DENST.CW.CO.CG,STLAT
FORMAT(//40X,'FLUID PROPERTIES'./39X,'-------------------
//.44X,•WATER'.ex.'OIL',8X,« STEAM',/43X,'------- ',6X,

£
£
£
£

6X,'----- — './/,6X,'DENSITY(LB/CU FT) AT STD. TEMP.',2X,
F10.4.2X.F10.4e/6X,*DENSlTY(LB/CU FT) AT STEAM TEMP.',IX 
F10.4,2X,F10.4.2X.F10.4,/6X,
'SPECIFIC HEATtBTU/LB *F ) ».SX.FiO.A ,2X ,F10.4,3X,F10.4,/o: 
'LATENT HEATIBTU/LB)•»40X,F10.4,//)

•READ AND WRITE THE PROPERTIES OF THE CAP AND BASE ROCK

READ(5,70)DENCE,CCe,CBK 
FORMAT!3F10.4)
WRITEf6,72jDENCB,CC8,CBK
FORMAT(30X,<PROPERTIES OF THE CAP AND BASE R0CK',/29X, 

•DENSITY (LB/CU. FT)',
aX.FlO.4 ,/6X.'SPECIFIC HEATIBTU/LB-4F)'.F10.4./6X.
'THERM. COND.IBTU/HR-FT-*F)'.F10.4//)

£
£

£
£

•READ AND WRITE RESERVOIR ROCK PROPERTIES 

DC 43 I=1.NREG
READ(S.44)P0R(I),DENR(I),CR(I),PERM(I)
FORMAT(4F10.4)
CONTINUE
WRITE(6,50)
FORMAT!1H1,////.30X,'RESERVOIR ROCK PROPERTIES',/29X,
' — — — — — —— —— — — —— —  ' ,//31X , 'REGION 1'» 7X,
•REGION 2' ,/30X« '— —— ——— ' »5X, '---------- ' ,//)
WRIT£(6,60)(POR{I),1=1,NREC),(DENR(I),1=1,NREG),
ICRtli ,1=1 ,NREG) , (PERMd ), 1=1, NREG)
F0RMAT(/6X,'POROSITY*,13X,2(F10.4,7X),/6X,
'DEN.(LB/CU FT)',8X,2(F10.4, 7X),/6X,'SPEC. HEAT(BTU/LB*F 
,2X.2(F10.4,7X),/6X,'PERMEABILITY(MD)',6X , 2(Fl0.4,7 X ),//
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C
C

0066
0067
0068
0069
0070

0071

0072
0073
0074
0075 
00 76

0077

0078
0079

0080
0081
0082
0083
0064
0085
0086 
00 87 
0066 
0069
0090
0091
0092
0093
0094
0095

0096
0097

READ AND WRITE INITIAL FLUID SATURATIONS

READ(5,38)(SWI(I),1=1.2)
READ(5,38)(SO:(I).1=1,2)
REA0(5,3e){SGI(l). 1=1,2)

38 FGRMAT(2F10.4)
WRITE(6,39)(SWI(1)*1=1,NREG),(SOI(I},1=1,NREG), 

& (SGI(I),I=1,NRE6)
39 FORMATC//20X,*INITIAL FLUID SATURATIONS',/19X,

&
&
&
&
&

//,23X,'REGION 1',3X.'REGION 2*,/22X, —  ', IXi

c
c,
c
c

82

64
&
&
&
&
&

//16X,'WATER',2(FI 0.4),/16X,*0IL',2X,2(F10.4),/16X, 
•STEAM',2(F10.4),//)

.READ AND WRITE THE AVERAGE RESIDUAL SATURATIONS AFTER 
STEAM FLOODING FOR EACH REGION

READ(5,82)(AVSATW(I),1=1,2)
READC5,82)(AVSAT0(I),1=1,2)
READC5,82)(AVSATGCI),1=1,2)
F0RMAT(2F10.4)
WRI TE(6,84)(AV5A TW(I),1 = 1,N%EG),(AVSATOCI),1=1,NREG),
(AVSATG(I),1=1,NREG)
FORMAT!//,20X,'AVERAGE RESIDUAL SATURATIONS BEHIND THE

,  -----------*,//,23X,'REGION 1 • ,3X,'REGION 2',/22X,

//16X,'WATER',2(F10.4),/16X,'OIL',2X,2(F10,4),/16X, 
'STEAM',2(F10.4),//)

C
C...REAO AND WRITE INPUT VALUES FROM THE STREAMLINE PROGRAM 
C

18
&
&
&
&

WRITE(6,18)
FORMAT!1 HI,///20X,'INPUT 
/19X ,' — — — — — — —
20X,'REGION 2»/31X,'-----

DATA FROM STREAMLINE PROGRAM*,
-------',//32X,'REGION 1',
—  ' , 19X , ' — — —— —— • ,/5X ,

13

16

129

131

415
E

17
15

'WELL N0.',2X,'S/L NO.', 2X,'CODE',2X, ' LENGTH ' ,
2X,' WIDTH' ,2X,'RATE',6X, 'LEN6T H', 2X , ' W IDT H', 2X , 'RATE'//)
DO 45 M=1,NPR0D
READ(5,13)NSTLNE!M),QSTiM)
FORMAT!I3,F10.4)
NTEMP=NSTLNE!M)
DO 15 K=1,NTEMP
READ!5,16)C00E(N,K),RL1(M,K),WR1!M*K),QSTRM1!M,K) 
FORMAT!!5,3F10.4)
IF(CODE!M,K) .EG. 1)G0 TO 131 
READ!5,129)RL2!M,K),WR2!M,K)
FORMAT!2F10.4)
QSTRM2(M,K)=QSTRM1 !M,K)
GO TO 415 
RL2!M,K)=0.0 
WR2!M,K)=0.0 
QSTRM2!M,K) = 0.0
WRITE!Ô,17)M,K,C0DE!M,K),RL1!M,K),WR1(M,K),0STRM1!M,K) 
,RL2!M,K),WR2!M,K),QSTRM2!M,K) 
F0RMAT!5X,I5,3X,IS,3X.I5,3X,3F7.2,4X,3F7. 2 )
CONTINUE



FORTRAN IV Gl 
0098

0099
0100

0101
0102
0103
0104
0105

01 06
0107
0108 
01 09 
01 10 
0111

0112
0113
0114
0115
0116 
0117 
01 18

release 2.0 MA IN DATE =  8 2 0 6 5 1 5 / E

0119
0120 
0121 
0122

0123
0124
0125
0126
0127
0128
0129

0130

45 CONTINUE
C
C.
c

98

.CALCULATE T Æ  01 tCNSIONLESS CONSTANTS 

WRITE(6.98>
FORMAT!IHl,//*30X.•CALCULATED RESULTS*./30X t• —  
•---------- ••//lOX. 'REGION* »7X**LAMDA*«5X.

&
&

94

96
99

•DIMENSICNLESS TIME FACTOR*./lOX.•------- *.5X.*------

RHOCB=DENCB* CCB
T0FAC=4.0*CBK/(OENCB*CCB*THICK**2)
DELTSTsTST-TI 
DO 94 1 = 1.2
RHOCRCI)=OENR(I)*CR(IJ4(1-P0R(I))+(PGR(I)*DENW2*CW* 
AVSATWfl)) + (POR(I>♦DEN02 *Cû*AVSATDCI)) + (POR(I)♦DENST 
♦ STLAT*A VSATG!1)/DELTSTJ 
LAMDA(I)=RHOCB/RHüCR(I)
CONTINUE 
DO 99 1=1,2
WRITE(6,96)1,LAMDA(l).TDFAC 
FORMAT{12X,I2.6X.E10.4.7X.E10.4)
CONTINUE

C
C
C
C

...INITIALIZE ARRAYS
DO 122 M=1,NPR0D 
CUMREC(M )=0.0 
NTEMP=NSTLNE(M)
DO 123 K=1,NTEMP 
OILREC(M,K)=(1.0/5.6151*0.0 
ENDTMl(M,K)=0.0 
EN0TM2(M.K}=0.0

CONVERT THE INJECTION RATE FROM BARRELS/DAY 
(WATER EQUIVALENT) TO CUBIC FT PER HOUR

QSTRMl(M.K)=QSTRM1(M,K )*5.615*(64.5/OENST)/24.0 
QSTRM2(M.K)=QSTRH2(H.K)*5.615»(64.5/DENST)/24.0 

123 CONTINUE 
122 CONTINUE

..FOR EACH STREAMTUSE.CALCULATE THE TIMES TO TRAVERSE THE
...... FIRSTNO SECOND REGIONS AND STORE IN ENDTMl AND ENDTM2
......RESPECTIVELY
. . . TT D I=D : MENS 1 ONLESS TIME VALUES OBTAINED DURING ITERATION 
.••••TOI IS AN INITIAL ARBITRARY GUESS 
......TTDI ARE IMPROVED ITERATES.

...ASSUME AN INITIAL TIME GUESS OF T=1.0 
TIME=1.0 
TDI=TIME*TDFAC 
ITER=30 

126 DO 124 M=1,NPR0D 
NTEMP=NSTLNE(M)
DO 125 K=1.NTEMP
FA(M.K)=X*DENST*(STLAT+(CW*DELTST))+(1.0-X)*DENW2 

6 *CW*DELTST
1NJECA(M.K)=FA(M,K)*QSTRM1(M,K)*THICK/(WR1(M.K)

& «LAMDAC1 )*4.0*CBK*DELTST)
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0131 VA(M,K) = FA(M,K J*QSTRM1(M,K)*LAMDA( l)/( WRK M.K) «THICK*
& RHOCB*DELTST)

C
C SINCE FORTGCLC COMPILER DOES NOT ALLOW ARRAY NAMES IN THE 
C STATEMENT FUNCTION PARAMETER LIST. REASSINGN ARRAYS TO 
C VARIABLES 
C

0132 LAMDA1=LAMDA(1)
0133 1NJEC1=INjECA(M»K)
0134 INJEC3=VA(M.K)
0135 102 TTDI=0.0
0136 TTDI=RL1(M.K)/VTD{LAMDA1 .TDI.INJEC3)

C 00=VTD(LAMDA1.TDI.INJEC3)
C WRITE(6>723)FA<M.KJ.LAMDAl.QSTRMlIM.K),INJEC1.WRI(M.K)
C & .INJEC3.TTDI.00
C 723 F0RMATI//10X.*FA(M.K)=*.F12.4./10A.*LAMDA1=',F10.4,/i0X 
C & •QSTRMl=».Fi2.a./10X.*INJECI=*.F12.8./10X.'WR1CM.K)=*.
C 6 F12.8./10X. •INJEC3=».F12.8./10X.*TTDI=».E12.4./10X.
C & »C0=».F12.8//J

0137 TTDI=TTDI*TDFAC
0138 DO 116 J=l. ITER
0139 IFITTDI .LT. lO.OIGO TO 724
0140 WRITE!6.505)
0141 505 FORMAT(//lOX.'VELOCITY WILL BE ZERO BEFORE TUBE END'//)
0142 GO TO 304
0143 724 DELTDCJ)=-1.0*C2TD(LAMDA1.TTDI.INJECI)-RLlfM.K))/

& VTOILAMOAI.TTDI.1NJEC31
0144 725 DELTD(J)=OELTD(J)*TDFAC
0145 TTDI=TTDI+DELTO(Jl
0146 IF(ABS(DELTD(J)/TTDI) .LT. EPS) GO TO 118
0147 116 CONTINUE
0148 WRITE(6.117)
0149 117 FORMAT (//2X.'NO CONVERGENCE'//)
0150 CO TO 304
0151 118 ENDTM1(M.K)=TT0I
0152 TZTDl(M.K)=ZTDILAMDA1.TTDI.INJECl)
0153 324 IF(CüDEÎM.K) .LE. D G O  TO 125

C...CALCULATE THE TIME TO TRAVERSE THE SECOND REG 10N(EN0TM2)
0154 FB(M.K)=X*DENST*(STLAT+(CW*DELTST))♦(1.0-X)*0ENW2*CW*

& DELTST
0155 INJECB(M.K)=FB{M.K)*QSTRM2CM.K)*THICK/(WR21M.K)4

& LAMDA(2)*4.0*CBK*DELTST)
0156 VB(M.K)=FB(M,K)*QSTRM2(M•K)*LAMDA(2)/(WR2(M.K)*

& THICK*RHCCB*DELTST )
0157 LAM0A2=LA«0AI2)
0158 INJEC2=INJECB(M.K)
0159 IN3EC4=VE<M.K)
0160 TDEL=RL2(M.K)/)rrD(LAM0A2.TTDI. INJEC4J
0161 TDEL=TDEL*TOFAC
0162 TT0I=ENDTM1(M.K)+TDEL
0163 TINIT=ENDTM1(M.K)
0164 DO 662 J=l.ITER
0165 IF(TTDI .LT. 10.0)GC TO 726
0166 WRITE!6,506)
0167 506 FORMAT(//lOX,'VELOCITY WILL BE ZERO BEFORE TUBE END'//)
0168 GO TO 304
0169 726 DELTD!J)=-!.0*(Z TO(LAMDA 2 .TTDI.INJEC2)

Ù -RL2(M.KIJ/VTD(LAMDA2.TTDI,INJEC4)
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0170 727 TTDI=TTD1+DELTD! J)
0171 IF!ABS!DELTD!J)/TTOI) .LT. EPS)GO TO 663
0172 662 CONTINUE
0173 WRIT£!6.664)
0174 664 FCRMAT!//2X.*N0 CONVERGENCE*.//J
0175 GO TO 304
0176 663 ENDTM2!M.K)=ENDT Ml(M,K)+TTOI
01 77 TZTD2!M.K)=ZTD(LAMDA2.TTDI.1NJEC2)
0178 125 CONTINUE
0179 124 CONTINUE
0180 WRITEI6.36)
0181 36 FORMAT!! Hl/'//lOX.'CALCULATED BREAKTHROUGH TIMESÎHOURS) •

& • FOR EACH STREAMTUBE*.1)
0182 WRITE! 6, 149)
0183 149 FORMAT!//.6X,•PROD. NO.•.3X.* STREAMLINE NO.•.3X.'CODE * »

& 3X#*ENDTIME!IJ•,4X.»£NDTIKE!2)*/)
0184 DO 134 M=1.NPR0D
0185 NTEMP=NSTLNE!M)
0186 DO 135 K=1.NTEMP
0187 END!!M«K )=ENDTM1!M.K)/TOFAC
0188 END2!N.K)=ENDTM2!M.K)/TDFAC
0189 136 WRITE!6.137)M.K.C00E!M.K).FNDl!M.K>,END2!M,K)
0190 137 FORMAT!4X.15.12X, I5.6X.15.4X.2! FIO.4.3X))
0191 13E CONTINUE
0192 134 CONTINUE

0193
0194
0195
0196
0197
0198
0199
0200

&
&
&

0201
0202
0203
02 04
0205
0206
0207
0208
0209
0210
0211

6
0212
0213

C...CA
0214 260
|)2i5
0216
0217

C*.«CALCULATE THE VELOCITY.DISTANCE#AND OIL RECOVERY AT 
C«.«VARIOUS TIMES

READ(5#14JT IME 
14 FORMAT(F10«2)

CTIME=TIME/20.0 
DO 923 KK=1.20 
T1ME=CTIWE4KK 
TIMED=TIM£*TOFAC 
WRITE(6«323)TIME,TIMED 

323 FORMAT!IH1.///25X,'REAL TIME!HOURS1= ',F10«4,// 
25X.'DIMENSIÜNLESS TIHE=«,FI0«4»//2X.•WELL*,2X #>yi5oE(<iiMLINE* ,2X.*N0. OF REGIONS*.2X,«RECOVERY*. 

TOTAL*//)
•S^
•WELL TOTAL‘.SX.'RESERVOIR 
TOTREC!KK)=0.0 
DO 432 M=1.NPRCD 
NTEMP=NSTLNE!M)
CUMREC!M)=0.0 
DO 433 K=1,NTEMP
IF!T1MED «GT. ENDTMl !M.K ) )6D TO 260
TDDEL=TIMED
INJEC1=1NJECA!M.K)
DIST1!M .K)=ZTD!LAMDAl.TDDEL,INJECl) 
DIST2!M.K)=0«0
OILREC!M.K) = !I.O/5«615)4CIST1 !M,K)*WR1!M.K) 
*THICK*POR!1)*ISOII1)-AVSATO! D )  
CUMREC!M)=CUMREC!M)+OlLREC!M,K)
GO TO 777
CULATE THE BREAKTHROUGH RECOVERY IN FIRST REGION 
T0DEL=ENDTM1 IM.K)
IN JEC 1= I NJECA! M. K)
DlSTl(M,K)=RL1!M.K)
OILREC! M .K) =! 1 .0/5.61 5) *C 1ST 1 !M,K)*WR1 !M,K)

SX,
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0218
0219
0220 
0221 
0222
0223
0224
0225
0226

0227

0228

0229
0230

0231
0232
0233
0234

0235
0236
0237
0238
0239
0240
0241
0242
0243
0244
0245
0246
0247

0248
0249
0250

0251
0252
0253 
02 54 
0255

& *THICK*POR(1 (SOI(l)-AVSATO(l))
IF(CCDE(MtKj .GT. 1.0)G0 TO 602 
D1ST2(M.K}=0.0
CUMREC(M)=CUMREC(M)+OILREC(M,K)
GO TO 777 

602 TEMREC=OILREC(M.K)
IF(TIMED .GT. ENDTM2(M.Kl)G0 TO 665
TIME2=TIMED
TINIT=EN0TM1(M,K)
INJEC2=INJ£CB(M,K)

C...CALCULATE THE RECOVERY FROM SECOND REGION AND ADD TO 
C.r.FIRST

DIST2C M> Kj=ZTD(LAMOA2 tTIM£2.INJEC2j 
t -ZTD(LAMDA2.TINST.INJEC2)

0ILREC(M«K)=(1.0/5.6151*CIST2(M.K)4ttR2(M.K)
& ♦THICK»P0R(2J*(S0I(2)-AVSAT0(2))+TEMREC 

CUMRECIM )=CUMREC(M)+OILREC(M,K)
GO TO 777

C... THERE IS BREAKTHROUGH IN THE SECOND REGION OF A THO 
C...PERMEABILITY REGION STREAMTUBE. CALCULATE RECOVERY . 
C...FROM BOTH REGIONS

665

777
307
433

TIME2=ENDTM2(M.K)
INJEC2=1 NJECB(M.K)
DIST2(M.K)=RL2(M.K)
OILREC (M.K)=(1 .0/B .615)40 IST2Ctl.K)4»R2(M,K) 
*THICK*P0R(2)*(SOI(2)-AVSAT0(2))+TEMREC 
CUMREC(M)=CUMREC(M)+OILREC(M:K)
WRITE(^^307)M,ÇgCODE(M.K) .OILREC(M.K)
FORMAT (1̂ 5 .IB.! 13 .6X.E13.4)
CONTINUE
TOTREC(KK)=TOTREC(KK)+CU MREC(M ) 
WRITE(6.67l)CUMREC(M)

671 F0RMAT(45X.E13.4)
432 CONTINUE

WRITE(6,672)T0TREC(KK)
672 FORMAT(6OX.E13.4)
923 CONTINUE

WRITE(6.675)
675 FORMAT(1 HI .///.17X.»PREDICTED RECOVERY'.//.I OX. 

Ù 'TIME(DAYS) • .1 OX.'RECOVER Y(BBLS)'//)
DO 674 KK=1.20 
TIME=CTIME*KK 
RTIME( KK)=CTIME*KK 

C...CONVERT THE TIME TO DAYS AND RECOVERY TO BARRELLS 
RTIME(KK)=RTIME(KK)/24.0 
T0TREC(KK)=T0TREC(KK)/5.615 
WRITE(6.676)RTIME(KK).TOTREC(KK)

676 FORMAT(9X.F10.4.10X.E13.4)
674 CONTINUE

0256

0257
0258
0259

C....PLOT THE CALCULATED RESULTS 
C

CALL PLOT(1.0,1.0.-3)
C NP=NC OF INTERVALS OF THE SCALED PLOT
C K=EVERY K-TH DATA WILL BE USED TO GENERATE THE SCALE 

NP=20 
K=1
AXLEN=4. 0



FORTRAN I V  G l RELEASE 2 * 0 MAIN d a t e  =  820 8 5 1 5 /

0260 
0261 
0262 
0263 
02 64

0265
0266
0267
0268
0269
0270

0271
0272
0273
0274
0275
0276
0277

32

304

CALL SCALE!RTIME.AXLEN.NP.K)
XS=0.0 
YS=0.0 
0“ 0.0
CALL AXIStXS,YS,*TIME(DAYS)•.-10,AXLEN.D.RTIME(21), 
RTIME(22))
NP=20
K=1
AXLEN=4.0
CALL SCALE(TOTREC.AXLEN,NP*K}
D=90.0
CALL AXISfXS.YS.«CUMULATIVE OIL RECOVERYÎBBLS)•,23* 
AXLEN,D,TOTREC(2 i),TOTRECC 22 J)
CALL PLOT(0*0*0*0,3)
DO 32 K=l,20
CALL PLOT(RTIME(K)/RTIME(221,TGTREC(K)/TOTREC(22),2) 
CONTINUE
CALL PLOTCO.Q.O.0,999)
STOP
END



REFERENCES

1. Slichter, C. S.: "Theoretical Investigation of the

Motion of Ground Waters", U. S. Geological Survey 19th 

Annual Report, 1899. Duplicated as U. S. Geological 

Survey Ground Water Note, 22, 1954.

2. Ferris, J. G ., Knowles, D. F., Brown, R. H., and 

Stallman, R. W.: "Theory of Aquifer Tests," U. S. 

Geological Survey Water-Supply Paper 1536-E, pp. 

69-174, 1962.

3. Collins, R. E .: "Flow of Homogeneous Fluids Through

Porous Media," Petroleum Publishing Company, Tulsa, 

Oklahoma, 1976.

4. Bear, J.: "Dynamics of Fluids in Porous Media," 

American Elsevier, New York, 1972.

5. Earlougher, R. C., Jr.,: "Advances in Well Test 

Analysis," Monograph Vol. 5, Soc. Pet. Eng. of AIME, 

Dallas, 1977.

6. Doyle, R. E ., and Wurl, T. M.: "Stream Channel Con

cept Applied to Waterflood Performance Calculations 

for Multi-well, Multi-zone, Three Component Cases," 

Paper No. SPE 2653, Presented at the 44th Annual Fall 

Mtg., SPE of AIME, Denver, CO (Sept. 28-Oct. 1), 1969.

337



338

7. Patton, J. T ., Coats, K. H., and Colegrove, G. T.: 

''Prediction of Polymer Waterf lood Performance," Paper 

No. SPE 2546, presented at the 44th Annual Fall Mtg., 

SPE of AIME, Denver, CO (Sept. 28-Oct. 1), 1969.

8. Chan, Y. L.: "Improved Image-Well Technique for

Aquifer Analysis," J. Hydrol., 29, 149-164, 1975.

9. LeBlanc, J. L .: "A Streamline Simulation Model for

Predicting the Secondary Recovery of Oil," Ph.D. Dis

sertation, The University of Texas, Austin, 1971.

10. Lin, J.: "An Image Well Method for Bounding Arbi

trary Reservoir Shapes in the Streamline Model,"

Ph.D. Dissertation, The University of Texas, Austin, 

1972.

11. Cruse, T. A., Rizzo, P. J., Editors; "Boundary-

Integral Equation Method: Computational Applications

in Applied Mechanics," presented at 1975 Applied 

Mechanics Conference, The Rensselaer Polytechnic 

Institute, Troy, New York, June 23-25, 1975, spon

sored by the Applied Mechanics Division, ASME.

12. Brebbia, C. A.: "The Boundary Element Method for

Engineers," John Wiley and Sons, New York, 19 78.

13. Lennon, G. P., Liu, P. L.-F., Liggett, J. A.: "Bound

ary Integral Equation Solution to Axisymetric Poten

tial Flows, 1, Basic Formulation," Water Resour. Res., 

Vol. 15, No. 5, 1102, 1106, October 1979.



339

14. Lennon, G. P., Liu, P. L.-F., and Liggett, J. A.: 

"Boundary Integral Equation Solution to Axisymmetric 

Potential Flows, 2, Recharge and Well Problems in 

Porous Media," Water Resour. Res., Vol. 15, No. 5, 

1107-1115, October 1979.

15. Curran, D. A. S., Cross, M., and Lewis, B. A.: "Solu

tion of Parabolic Differential Equations by the Bound

ary Element Method Using Discretization in Time," 

Applied Math. Modelling, Vol. 4, October 1980.

16. Brebbia, C. A. (Ed.): "Recent Advances in Boundary

Element Methods," Pentech Press, London, 1979.

17. Banerjec, P. K.,: "Integral Equation Methods for the 

Analysis of Piecewise Non-Homogeneous Three-Dimen

sional Elastic Solids of Arbitrary Shape," Int. Jour. 

Mech. Sci., 18, 1976, pp. 293-303.

18. Jaworski, A. R.: "Boundary Element Method for Heat 

Conduction in Composite Media," Appl. Math. Modelling, 

Vol. 5, No. 1, pp. 45-48, February 1981.

19. Butterfield, R., and Tomlin, G. R.: "Integral Tech

niques for Solving Zoned Anisotropic Continuum Prob

lems," in Variational Methods in Engineering, Vol.

11, Edited by C . A. Brebbia and H. Tottenham, Southamp

ton University Press, 1973.

20. Tomlin, G. R.: "Numerical Analysis of Continuum

Problems in Zoned Anisotropic Media," Ph.D. Disser

tation, University of Southampton, Southampton, England, 

July, 1972.



340

21. Hess, J. L. ; "Review of Integral-Equation Techniques 

for Solving Potential-flow Problems with Complicated 

Boundaries: Innovative Numerical Analysis for the 

Applied Engineering Sciences," Proceedings of the 

Second International Symposium on Innovative Numeri

cal Analysis in Applied Engineering Sciences, Uni

versity Press of Virginia, Charlottesville, 1980.

22. Prats, M.: "A Current Appraisal of Thermal Recovery",

SPE 7044 presented at the SPE-AIME 5th Symposium on 

Improved Methods for Oil Recovery, Tulsa, Oklahoma 

(April, 1978).

23. Lauwerier, H. A.: "The Transport of Heat in an Oil

Layer Caused by the Injection of Hot Fluid," Appl.

Sci. Res., Sec. A (1955).

24. Rubinshtein, L. I.: "The Total Heat Losses in Injec

tion of Hot Liquid into a Stratum," Neft'i Gaz, Vol.

2, No. 9 (1959).

25. Marx, J. W., and Langenheim, R. H.: "Reservoir Heat

ing by Hot Fluid Injection," Trans. AIME 216 (1959).

26. Wiliman, B. T., Valleroy, V. V., Runberg, G. W.,

Cornelius, A. J., and Powers, L. W.: "Laboratory

Studies of Oil Recovery by Steam Injection," Trans. 

AIME, 222 (1961).

27. Ramey, H. J., Jr.: "How to Calculate Heat Transmis

sion in Hot Fluid Injection," Petroleum Engineer,

Nov. (1964).



341 .

28. Smith, C. R.: "Mechanics of Secondary Oil Recovery,"

Reinhold Publishing Corporation, New York, 1966.

29. Farouq-Ali, S. M.: "Oil Recovery by Steam Injection,"

Producers Publishing Company Inc., Bradford, Pennsyl

vania (1970) .

30. Van Poollen, H. K.: "Fundamentals of Enhanced Oil 

Recovery," Pennwell Publishing Company, Tulsa, Okla

homa, 1980.

31. Baker, P.E.: "An Experimental Study of Heat Flow in

Steam Flooding," Soc. Pet. Eng. Jour. (March, 1969). 

Trans. AIME, 246 (1969).

32. Mandl, G ., and Volek, C. W.: "Heat and Mass Trans

port in Steam-Drive Processes," Trans. AIME, 246 

(1969) .

33. Shutler, N. D., and Boberg, T. C.: "A One-Dimensional

Analytical Technique for Predicting Oil Recovery by 

Steamflooding," Soc. Pet. Eng. Jour., 489-498 (Dec. 

1972).

34. Neuman, C. H.: "A Mathematical Model of the Steam

Drive Process--Applications," Paper No. SPE 4757,

SPE of AIME 45th Annual California Regional Meeting, 

Ventura, Calif. (April 2-4, 1975).

35. Van Lookeren, J.: "Calculation Methods for Linear

and Radial Steam Flow in Oil Reservoirs," SPE 6788, 

presented at the 52nd Annual Fall Meeting of SPE of 

AIME, Oct. 9-12, Denver, Colorado, 1977.



342

36. Huygen, Hans A. H.: "Laboratory Steamfloods in Half

of a Five-Spot," Paper No. SPE 6171, SPE of AIME 51st 

Annual Fall Technical Conference, New Orleans (Oct. 3-6, 

1976).

37. Gomaa, E. E .: "Simplified Method for Predicting 

Oil Recovery by Steamflooding," Paper No. SPE 6169,

SPE of AIME 51st Annual Fall Technical Conference,

New Orleans (Oct. 3-6, 1976).

38. Chu, C.: "Pattern Configuration Effect on Steamflood

Performance," Paper No. SPE 6728, SPE of AIME 52nd 

Annual Fall Technical Conference, Denver, Colorado 

(Oct. 9-12, 1977).

39. Atkinson, P. G., and Ramey, H. J., Jr.,: "Problems

of Heat Transfer in Porous Media," Paper No. SPE 6792,

SPE of AIME 52nd Annual Fall Technical Conference,

Denver, Colorado (Oct. 9-12, 1977).

40. Rhee, S. W., and Doscher, T. M.: "A Method for Pre

dicting Oil Recovery by Steamflooding Including the 

Effects of Distillation and Gravity Override," Paper 

No. SPE 7547, SPE of AIME 53rd Annual Fall Technical 

Conference, Houston, Texas (Oct. 1-3, 1978).

41. Myhill, N. A., and Stegemeier, G . L .: "Steam-Drive 

Correlation and Prediction," Jour. Pet. Tech., pp. 

173-182 (Feb. 1978).

42. Cox, D. 0.: "Generalizations of the Heat Balance for 

Thermal Recovery Projects," Paper No. SPE 7080, SPE



343

of AIME Fifth Symposium on Improved Methods for Oil 

Recovery, Tulsa, Oklahoma, 1978.

43. Spillette, A. G ., and Nielsen, R. L.: "Two-dimen

sional Method for Predicting Hot U-ater-flood Recovery 

Behaviour," J. Pet. Tech., June 1968.

44. Bird, R. B ., Stewart, W. E ., Lightfoot, E. N.: "Trans

port Phenomena," John Wiley and Sons Inc., 1960.

45. Crichlow, H. B.: "Modern Reservoir Engineering: A

Simulation Approach," Prentice-Hall, Inc., New Jersey, 

1977.

46. "Theory and Practice of the Testing of Gas Wells,"

G . W. Govier, Chairman, Energy Resources Conserva

tion Board, Calgary, Alberta, 1975.

47. Greenberg, M. D. : "Application of Green's Function

in Science and Engineering," Prentice Hall, Inc., 

Englewood Cliffs, New Jersey, 1971.

48. Tychonov, A. N., Samarski, A. A.: "Partial Differ

ential Equations of Mathematical Physics," Volume 1, 

Translated by S. Radding, Holden-Day, Inc., 1964.

49. Abramowitz, M., Stegun, I. A.: "Handbook of Mathe

matical Functions," Dover Publications, Inc., New 

York, 1972.

50. Konopnicki, D. T., Traverse, E. F., Brown, A., Del

bert, A. D.: "Design and Evaluation of the Shiells

Canyon Field Steam-Distillation Drive Pilot Project," 

Jour. Pet. Tech., pp. 546-552, May 1979.



344

51. Banerjee, P. K., Butterfield, R. (eds.): "Develop

ments in Boundary Element Methods--1," Applied Science 

Publishers, London, 1579.

52. Brebbia, C. A., Ferrante, A. J.: "Computational

Methods for the Solution of Engineering Problems,"

Pentech Press, Plymouth, 1978.

53. Bettes, P.: "Operation Counts for Boundary Integral

and Finite Element Methods," Int. Jour. Num. Meth.

Eng., Vol. 17, No. 2, Feb. 1981, pp. 306-308.

54. Mukherjee, S., and Morjaria, M.: "Comparison of

Boundary Element and Finite Element Methods in the 

Inelastic Torsion of Prismatic Shafts," Int. Jour.

Num. Meth. Eng., Vol. 17, No. 10, Oct. 1981, pp. 

1576-1588.

55. Shippy, D. J.: Personal communication.

56. Hartmann, F.: Personal communication.

57. Kellog, 0. D. : "Foundations of Potential Theory,"

Dover, New York, 1929.

58. Street, R. L .: "Analysis and Solution of Partial

Differential Equations," Brooks/Cole Publishing Co., 

Monterey, Calif., 1973.

59. Carslaw, H. S., and Jaeger, J. C .: "Conduction of

Heat in Solids," Oxford University Press, 1959.

60. Lewis, J. 0.: "Methods for increasing the recovery

from oil sands," U.S. Bureau of Mines Bull., 148, 1917.


