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ABSTRACT

The thermal process screening guide, a pilot test, or
a reservoir simulation model are applied to evaluate the
thermal processes. However, the evaluation is unrealistic
if problems arise. Hence, a new evaluation method 1is
necessary.

The Marx and Langenheim solution and the o0il recovery/
volume burned method are used as the basic formulations to
develop the performance model for steam drive and in-situ
combustion processes. One hundred reservoir cases have
been evaluated by the performance model for the thermal
processes. ( Petroleum Data System is used for reservoir
data validation .) The trends of thermal processes can be
generalized into regression equations which will be used
as the objective functions. Priorities can be set for the
objective functions to determine their achievements. A
multi-criteria programming technique 1is applied. Both the
optimal designs as well as optimized profit are obtained.

In the Loco field case study, the steam drive enhances
the heavy o0il recovery by decreasing the oil viscosity and
increasing the injectivity; therefore, a quicker return of
investment 1is predicted. However, the in-situ combustion
has a higher thermal efficiency and the steam injection
adds a high cost which makes the steam drive undesirable

for the Pauls Valley Field.

vi



I. INTRODUCTION

1.1 Background

The Shell 0il Company has done much research work on
the thermal recovery method since 1951 (Offeringa et
al.,%? 1981). From their publications, it is evident
that they are attempting to handle the complicated
calculations of thermal recovery methods in a simple,

48 7

workable  fashion (Newman, 1975; Myhill,a

68

1978;

Vogel, 1982; etc.). Some other leading research

papers have also dealt with this issue (Farougq Ali,23

29

1970; and, Gates and Ramey, 1980). However, it has

been mentioned (Offerenga et al.,49

1981) that the major
reservoir engineering problem in designing new thermal
projects is still the 1lack of a simple but reliable
evaluation method.

This dissertation has been done with the intention of
trying to handle the complicated engineering design
problem with a reliable but simple method. This design

scheme can be accomplished for three reasons:

i) The performance, regression and optimization models



have been built using most of the pertinent theories in
this area. Comparison and analysis of the results are
being made in almost all of the appropriate modeling
procedures. The performance model has also been built on a
"nilot design."™ Application of the actual field data has
shown in model building procedures.

ii) Economic analysis is wusually done independently
when the other engineer optimal parameters have obtained
from the evaluation process. However, this optimization
model is both applicable to engineering optimal design as
well as to optimum decision-making.

iii) The great advances in minicomputers and micro-
computers ensure easy access to computer data and
modeling. R relatively smaller computer model is
necessary for the microcomputer application. The model
has been built for this purpose.

This dissertation is written in six chapters. The
first three chapters review the pertinent literature and
the details of model-building procedures. In several
appropriate sections of each chapter, the author has also
included an additional 1literature review in order to
explain the reasons why the theories and techniques are
being used in this work. The last three chapters cover
the information regarding the thermal recovery methods
relating to heavy o0ils, optimization model formulation and
field case studies using the optimization model. Oklahoma

2



field data is used. The data is cited from published

literature and Petroleum Data System data.50

1.2 Statement of the Problem

An enhanced o0il recovery (EOR) screening guide is
usually applied for the selection of a EOR process for a
particular reservoir. However, the screening guide initial
selection will not promise the success of the EOR process
application. Then, a simulation approach is wused to
evaluate the process performance. These process parameters
are usually employed for economic evaluation of the
reservoir. These evaluation procedures pose two types of
problems:

1) The EOR process simulation requires actual well
data and production history to confirm the results. If
those data are wunavailable, a pilot test has to be
conducted in the field in order to evaluate the process.
Thus, this evaluation process is always a time-consuming
stage. Sometimes, the time factor is a critical
consideration in the business world.

2) The EOR process performance model evaluates the
process parameters at the maximium states; i.e., the
maximum injection rate, injection pressure, and production

rate, etc. Based on the maximum parameters, the economic



evaluation will be too optimistic. If the results of the
pilot test turn out to be a failure, the evaluation will
be too pessimistic. Neither cases are realistic in
evaluation!

Therefore, a new evaluation approach is necessary. An
optimization model normally handles an evaluation problem
in a more practical aspect because the mathematical
optimization programming technique evaluates the parameter
in the feasible region. The economic evaluation based on
the optimized parameter makes the estimates more
realistic. The traditional optimization model 1is always
unidimensional; i.e., only one parameter is optimized and
the other parameters are the decision variables. For
example, the profit is the optimized value and the process
parameters are the decision variables. Actually, this
unidimensional model also poses a design problem for the
engineer.

An engineer always optimizes the design parameters and
evaluates the economic benefit of the process
(AkindaleB. 1982). If all the designed paramters and
economic profit could be optimized simultanecusly, an
overall evaluation would be very practical. This overall
evaluation is particularly necessary for comparison of two
processes in the same conditions and reservoir. This new

evaluation approach would be the multi-criteria



optimization method which is the main study of this
dissertation. The author hopes a bridge 1is being built
between the engineering and the decision-making aspects.
Heavy o0il implies crude o0il having an API gravity of
25 degrees or less (Faroug Ali,25 1974, and,

18 1965) and crude oil having viscosities in

Dietzman,
excess of 30-40 cp. Heavy o0il reserves are one of the
greatest potential fossil fuel resources both in the U.S.
and worldwide. Reservoirs with heavy o0il reserves have
been reported in northern and southern O0Oklahoma. In
southern Oklahoma, at least one steam and seven in-situ
combustion projects have been initiated (Dietzman,18
1965; and, Martin,43 1968). Two of these field cases
are used for the optimization applications.

The in-situ combustion process is one of the predom-
inate thermal recovery processes because the in-situ com-
bustion process has the highest thermal efficiency, lower
surface fuel requirment, and no well depth restriction.
The in-situ combustion and steam drive processes are being
applied to heavy o0il recovery. Steam drive is the more
widely used process in the field. A sensitivity analysis

is being made on both of these processes; therefore, a

comparison of the processes can be made.



1.3 Literature Survey

Since the dissertation work involves the Petroleum
Data System (PDS), the thermal recovery performance model
and the optimization model, the literature survey covers

these three areas individually.

1.3.1 Petroleum Data System applications

On March 18, 1975, in recognition of the enhanced o0il
recavery (EOR) potential, the Assistant Secretary of the
Interior asked the National Petroleum Council to conduct a
complete study of EOR methods in the United States. The
Council agreed, and PDS was one of the data bases chosen
for the study. A relatively complete analysis was made on
the feasibility of using EOR methods on different types of
reservoirs. Based on 245 known reservoirs located in
California, Texas, and Louisiana, the author 1listed a
screening guide for EOR methods (Hayes,38 1976).

In 1980, Venkatesh67

completed two steps for PDS. re-
search. In the first step, a survey of PDS users was con-
ducted, and an analysis of the survey indicates that the
PDS is an excellent source of o0il field-related informa-
tion. However, some data are missing in the data file. In

the second step, he used an enhanced o0il recovery screening



guide for the three basic EOR methods (thermal, miscible,
and chemical) for feasibility tests. However, his
computer screening methods lacked accuracy in modeling
real reservoir evaluating criteria.

In the same year ,1980, Saisasong and Yu57 started
out wusing a statistical approach (the Monte Carlo
Simulation technique) to obtain the most likely value of
residual saturation in o0il reservoirs after water-
flooding. Through statistical analysis, it was found that
the distribution of residual o0il saturation is an
asymmetric bell-shaped curve lognormal distribution type.
Knowing the type and a probability distribution of
residual oil saturation can lead to a better understanding
of a reservoir and can also lead to a better decision
concerning EOR  prospects. David  Jones®!  (1980)
presented his work on the application of basin analysis to
exploration strategy determination. He used the Permian
Basin data base to do a risk analysis in an uncertain
environment. James Gumnick et al.”? (1981) used the
cluster analysis in the field test database studies.

17

Robert Crovelli (1981) also wused the Monte Carlo

Simulation technique in a gas resource appraisal study.

Goodbread et al.3l

(1981) published a DOE report about
PDS data validation by using computer procedures. In the

report, the correlation equations are used to setup the



validation range for the database data. Basically, their
approaches are statistical analysis for the Petroleum Data
System applications. An engineering application for the
data base is almost a necessity. It is the author's hope
that this dissertation will give some guidance for future

engineering applications.

1.3.2 Enhanced oil recovery methods evaluations

Currently, EOR evaluation is the main concern of most
research workers. Mathematical EGR performance models are
the most popular topics. Numerous mathematical EOR models
(Newman,“® 1975) were built between 1975 and 1977 based
on linear or radial numerical solutions (Van Lookeren,65
1977). The mathematical models predict the production
performance. Most of the models are for the simulation of
the steam drive and the steam cycling processes

(Crichlow,15 38

1974; and, Jones, 1981). Progress in
simulating the performance of the in-situ combustion
process is not as advanced as the steam drive process,
mainly because of its complexity and our 1lack of
understanding of all the mechanisms involved. Not many
papers have been published pertaining to the evaluation of
the in-situ combustion process with the exception of

1.60

Solimon et a who developed a numerical model for the



in-situ combustion process in 1981. In the same year,

Chapman Cronquist et al.16

published another DOE report
about wusing a8 computer model for comparative economic
analysis of enhanced o0il recovery projects. Because of
the complexity of the in-situ combustion process, the
studies of the plateau were ©preliminary and un-

8

satisfactory. In 1978, Satman et al.5 did an in-

depth study of the process, and he developed correlation

equations for o©0il Trecovery. In 1977, Chu12

used
statistical regression models of the process parameters,
such as fuel content, air-oil ratio, fuel burned, and air
requirement. There is also a similar correlation approach
study for the steam drive process, but the approach is
based on mathematical solutions rather than a statistical
approach (Gomma,30 1980).

Studies on the comparison of the steam drive and the
in-situ combustion processes were intensive because both
processes are the thermal methods for heavy o0il recovery,
and we would like to know which process is better for a
particular reservoir. In 1966, Wilson et al.7l
discussed the cost comparison of using steam or air for
reservoir heating, and they indicated that compression is
the major cost for the in-situ combustion process. In

6

1973, Baker discussed the effects of pressure and

injection rate in the steam drive process, and he



indicated that the injection rate is the major cost of the

steam drive process. In 1978, Doscher et al.20

did a
study based on the economic reasoning that the discounted
cost for producing oil by in-situ combustion was found to
be higher than that of the comparable steam drive.
Following this paper, Stanford University Petroleum
Research Institute conducted a thorough study of an
engineering economic model for thermal recovery
methods(williams et al.,69 1980). They used two
independent performance models for different processes to
obtain the recovery and production rates, and evaluated
the actual economic value of both processes. They
concluded that whether one process is more profitable than
the other should be based on the individual reservoir
case. In 1982, Burger7 studied two different processes
in the energy balance aspect and concluded that the
in-situ combustion 1is more favorable than the steam
drive. However, none of these studies have ever attempted

to use the optimization programming techniques for the

evaluations.

1.3.3 Optimization models:

In the petroleum industry, the optimization technique

(mathematical programming) was applied as early as 1957.

4

Arnnofsky and Lee  developed a linear programming model

10



that scheduled o0il production. Following the optimization
applications, many authors (Rowan and Warren,56 1967;

and, Asward and Aly,5

1980) applied 1linear, nonlinear,
integer and dynamic programming techniques in all areas of
petroleum engineering, e.g., production, drilling, and gas

storage. In 1969, Bentsen and Donohue8

applied a dynamic
programming ‘'model to the cyclic steam injection process.
The authors optimized the steam soak process with respect
to net profit. Romero55 did his M.S. thesis work on
optimization of the steam drive process by geometric
programming in 1974. These two studies are the process
optimization models for the enhanced o0il Trecovery
processes. However, there was not a single study
regarding the performance optimization model for the steam
drive and in-situ combustion processes.

In this dissertation, a relatively new optimization
programming technique is wused for the performance
optimization model for the steam drive and in-situ
combustion processes. This programming technique solved
the multiple objective functions for injection rate,
injection pressure, production rate, o0il recovery, and net
profit. A comparison of these parameters was used for the
decision making. As a result, engineering designed
parameters for a better process can be wused in a

particular reservoir.

11



1.4 General Approach

The general approach of the multi-criteria optimi-
zation modeling is done in two stages:

Stage 1l: The mathematical formulations provide the
basic theory for building the steam drive and in-situ
combustion performance model. Actual reservoir data are
input into the performance model to evaluate the process
parameters and the results are wused for regression
analysis.

Stage 2: The trends of both processes can be
generalized into regression equations which will be used
as objective functions; such as injection pressure,
injection rate, production rate, and o0il recovery. The
profit equation «can also be formulated as another
objective function. Different objective functions will be
ranked into priority of pursuing achievements.

Any given reservoir case can be used for the field
case study. The reservoir data is input into the per-
formance model for evaluation and the process parameters
will be used as the real constraints. A special
optimization programming technique is applied to obtain
the optimum solution. The optimum designed parameters are
injection pressure, injection rate, production rate, oil
recovery and profit. These optimized parameters would be
the optimal engineering design and the optimum 'decision
for a particular reservaoir.

12



II. THE PERFORMANCE MODEL

2.1 Introduction

In any optimization model, objective functions are the
essential functional equations required. In this disser-
tation, the author adopted the method of using regression
models to generate objective functions for the optimiza-
tion model, which is a modified method from Crichlow'’
(1977). The data being used for the regression models are
preferred in the ranges of the most efficient process.
Although the reported thermal recovery reservoir data may
be used for the same purpose, the data are either incom-

10 ;9a1).

plete or having inherited errors (Buhima,
- Therefore, we want to generate the best thermal recovery
processes data for the process evaluation, e.g., process
efficiency, 1injection rate, injection pressure, and
production rate, etc. The performance model for the steam
drive and the in-situ combustion processes is essential

for this purpose.

Coatsi® (1969) emphasized the best methods for

13



modeling and wusing mathematical reservoir simulations.
The simulation model has to be tailored according to the
complexity of the question being asked. The accuracy of
any model depends on the amount and reliability of data
available for the simulation procedures. These two factors
determine the sophistication of the.mathematical system to
be used.

The author adopts his principles for the simulation
model. The reservoir parameters are used as a pilot test
for the thermal recovery process evaluation. The input
data are screened according to the thermal processes
criteria and the missing data are validated, therefore,
the data are unique for each process. (The screening
criteria for the thermal processes are attached in
Appendix A.) The simulation model is one-dimensional for
both thermal processes, but the author uses the most
updated concepts to perfect the deficiencies of the basic
model structure. The simulated pilot results may be
projeEted for the reservoir evaluation.

The performance model is subdivided into three major
parts: the screening guide, the steam drive process and
the in-situ combustion process. The screening guide
actually acts as the main program of the performance model
because the reservoir has to be screened before it is

considered as a candidate for thermal recovery methods.
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The steam drive process and the in-situ combustion process
are attached to the main program. Each thermal recovery
process also has several calculation procedures for a
complete computation. The performance model is outlined
ir the following flow chart (Figure 2.1).

The author selected 45 field cases for the steam drive
process and 35 field cases for the in-situ combustion

process from the latest publications (0il and Gas Journal
2

Annual Production Reports, 1982; and SPE Improved 0il

Recovery Reports, 1975-1981 35). In these field cases,

reservoir parameters are input as the data for the simu-
lation model. The output process parameters, for both
processes, will be used as the input data for the regres-

sion modeling.
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2.2 Steam Drive Process Simulation Model

The limitations of given reservoir data is imposed,
i.e., no pressure decline, no production history, The
average values of parameters are being used for the
simulation model (homogeneous reservoir). The author
chooses to build a one-dimensional analytical solution
steam drive model. The author attempts to improve the
accuracy and feasibility of the model by implementing
several modeling techniques.

A one-dimensional analytical model is usually very good
for thin layer formation modeling because steam zone shape
and steam overriding problems are very common for thicker
formations. This model incorporates Van Lookeren's steam
zone approximation method to handle the above problem. 1In
the steam drive process, the hot water condensation zone
usually causes excess heat loss to the formation. The
Mandl-Volek refinement solution is used for the hot water
bank correction. The procedures are discussed in detail
in the following sections.

Finally, an inverted 5-spot and 5-acre flood pattern
is chosen for the pilot test in the whole reservoir. This
is a common evaluation method used for a reservoir by oil
companies.

The steam drive performance model is formulated in

five parts:
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65

i) van Lookeren's (1977) sweep efficiency

approach for maximum injection rate and pressure
evaluations.

44

ii) Marx and Langenheim solution (1959) to heat

transfer equation.

iii) Mandl-Volek refinement®l (1969) on the hot water
bank.

iv) Production rate and cumulative production
calculation.

v) Projection of the pilot test results to the whole

reservoir.
In the performance model, the detailed derivation of the
equations are incorporated. This performance model is

programmed in FORTRAN computer language.

2.2.1 Maximum injection rate and injection pressure

evaluation

23 (1970) indicated that sweep efficiency

Faroug Ali
has a direct correlation with injection rate,i.e., vertical
sweep efficiency was found to increase with an increase in
injection rate. The ultimate sweep efficiency was very

close to the steam breakthrough sweep efficiency. In most
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cases, the two are identical as in the case of highly
viscous o0ils, such as heavy o0il. Another advantage to
using sweep efficiency as an indicator of the injection
process is that it has & direct relationship with
recovery, which has been proven experimentally (Van

Lookeren,65 1977; and Faroug Ali,23

1970). This idea
‘was adopted in Van Lookeren's paper (1977). He developed
equations for steam-zone development around an injection
well in a radial steam drive system, which comes from a
series of steady state equations for radial flow in a
horizontal layer. The details and experimental results

are outlined in the paper. The mathematical relationship

is described as follows:

172
5,900 p_ m_ X,
ar ="’ s 52 . (2.1)
(FB - Ps)hn Ks Ps

where:
AR = vertical conformance factor, radial flow case
mg = steam injection rate, B/D/pattern
Xi = steam quality, fraction
T, = 115.1 p5:225 o
p, = 5.06 e0-0003%5 5 1pscu-rt,
Fb = 141.5 62.4 y1b/cu-ft.
API + 131.5

B = 0.0000517Ts + 0,00049 , cp
h_ = net pay thickness,ft
ks= permeability of steam, md
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The radial sweep efficiency is in the raﬁge of 0.383 to
0.626; therefore, this value will varies according to the
degree of steam overlay, e.g. vertical sweep efficiency

(VISW) = 0.623 X AR

We assume the injection presure increases 1in an

exponential fashian:

P = Plex;;"(“'s' isy) ' (2.2)
S
where:
In (P,/Py)
s2 sl

is2 = maximum allowable steam injection rate, B/D
isl = initial steam injection rate, B/D
mg = steam injection rate, B/D
Py = initial injection pressure, psia
Py, = incremental injection pressure, psisa.
Py = steam injection pressure, psia

There are several advantages in using Van Lookeren's
steam zone approximation method. The analytical solution
model can be used for any formation thickness. The max-
imized injection rate and injection pressure can reach the
most efficient design requirements (Jones,38 1981). The
injection rate and injection pressure are used directly as
the design criteria for optimization and achievement goals.

Evaluation of o0il viscosity at reservoir conditions

The given reservoir data on oil viscosity had not
indicated the conditions under which the data was taken.
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Actually, most wviscosity data were taken under
laboratory conditions. Therefore, it 1is necessary to
evaluate the o0il viscosity at reservoir conditions. The
Beggs and Robinson correlations are used for the viscosity
evaluations which will be explained in the in-situ
combustion model.

2.2.2 Marx and Langenheim solution

This model was first introduced by Marx and

Langenheim44

Ali%% in 1966. Although the authors did not discuss the

in 1959 and was further clarified by Faroug

basic assumptions upon which the model was formulated,
they have implicitly assumed that the reservoir base and
cap rock are geometrically, hydrologically and thermally
homogeneous and isotropic, and that radial heat conduction
can be ignored. In addition, they have assumed that only
steam displaces the oil, without a hot water bank ahead of
it, and that the fluids are incompressible.

As shown in the Appendix A, the Marx Langenhein

solution yields the steam flooding heated area as:

A = m, H, h(p)n.e D - (2.3)
4KZ AT .
where:
f./a'e',oerfc<\/ 1'/9)+2—F=':I -1 (2.3a)
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and

» HKnop (Pcdop t (2.3b)

0
ﬂ hz (pc)’m,

which is the dimensionless time

pu s
"

the specific enthalpy of steam Pi’ T. at

t i
reservoir conditions
m. = rate of steam injection, lb/hr
h = pay thickness, ft
D = thermal diffusivity of cap rock (Kn/pc),
ft2/p
k,, = thermal conductivity, Btu/ft-hr-OF
AT = temperature difference, OF
(pc)R+F = heat capacity of fluids saturated rock,
Btu/ft3-0F
(pc),p, = heat capacity of overburden rock,
Btu/ft3-OF

and the complementary error function is defined as:
erfc(X) = 1 - erf(X)
Derivation of other thermal expressions from the
Marx-Langenheim solution 1is shown in detail in this
section. Those expressions are very important for the
calculation of the actual performance in the steam drive
process, such as thermal efficiency and steam oil ratio.

The thermal efficiency is defined as:

Enh = The energy remaining in the oil sand
the total energy injected

-h(A(pc)RoF(Tl'Tr) (2.4)
m, t B, )
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where:

time, days

gross thickness of formation, ft
temperature of steam, OF
formation temperature, OF

— T+
H !

From Equations 2.3 and 2.3b, we obtain A and t terms
and substitute them into Equation 2.4 and cancelling the
terms, we obtain the following thermal efficiency

expression:

E,= (10 (9)=¢,/7. (2.4a)

The oil~steam ratio is defined as:

N

. b
Ros = mst (2.5)

and the oil recovery Np, is defined as:

Np -AlhnO(sol‘scu ),

(2.6)
where:
As = the area swept by steam, ft
hn = the net sand thickness, ft
¢ = porosity, fraction
Syi = the initial oil saturation, fraction
S = the average steam zone saturation, fraction

or

Substitute Equation 2.5 by m_ from Equations 2.3, 2.6

s
and rearrange terms:

Ahy 9(Soi=Sor YN Hy (P p §4/0
Re = QK:*(T.- r,)(pc)“ tA (2.7)
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but
4Kpnop (Pe)op

flo h?(ﬂc)’uol

(2.3b)
In Equation 2.3b, a distinction is made between the net
sand thickness, hn’ and the gross sand thickness
(including shale stringers), h,. It is assumed that
these are relatively thin shale stringers which are heated
to steam temperature uniformly as the steam front pasées.

Hence, substituting ™0 in Equation 2.7:

A hnd (Soi=Sor YH, £,/0

- 2.7
Ro' A(T'-T') (pckoF ht 1’/0 ( a)

Upon substituting the relation for thermal efficiency:

S.IO 2.4
E, = = ( a)

and supplying a conversion factor for consistent units:

. 6249 h, Ey A, [H, (Soi =S, )]
Ros h'(T.-T,)(PC)m,' A (2.7b)

An empirical relation between steam area (As) and
heated Area (A) assumes that these areas are proportional
to the following ratio:
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.r

As _ (Total energy injected)-(energy injected as hot water)

A total energy injected
H;-(Hy,-Hy) o Xi Hay
- H, H, (2.8)
where:
Hyv = latent heat of vaporization at Pg,
Tg, Btu/lb.
Hys = the enthalpy of wet steam at Pg,
Tg, Btu/lb
Hyr = the enthalpy of saturated water at Pg,
- Tgy, Btu/lb
X; = steam quality at the sandface, fraction

Making this substitution:

62.4 ¢, Eyy (XiHuy Soi — Sor )
Ros = B (Ty- T) (P, ¢ (2.7¢)

ROs is the cumulative oil-steam ratio in steam swept
area.

In applications of the Marx and Langenheim solutions,
thermal properties of steam and rock have to be calcula-
ted. Their relationships with pressure can be obtained
from the publication (Faroug Ali,25 1978). The
following equations are wused to estimate the above
properties. These eaquations are valid at pressures

ranging from 1,000 to 3,000 psia:

Steam temperature: Ts = 115.1 PSO.225 . OF
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Evaporation

- -0.08774
enthalpy: va = 1318 Ps , Btu/lb
Rock thermal o
conductivity: Kh = 34 BTU/d-ft-"F

Again heat capacity of fluids saturated rock:
(pc)R+F= S5P,Co* Sw’%0w+(l’¢»p}°r
where:
¢ = porosity, fraction

= rock gain density 165 1b/ft3
and the subscripts o,w, refer to
oil, and water
Cgs €y Cp = heat capacity with respects to o0il,
water,and rock

Pr

Ps = steam generation pressure, psia

and assuming,

_ 3 o

To standardize the oil-steam ratio to an equivalent 1,000
BTU/1b steam at the boiler outlet, the following cor-

rection is required.

R' 1,000

0s~ (Cw X (Ts-75) + XX Hw;7 (Ros) (2.7d)
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2.2.3 Mandl-Volek Refinement:

In the actual world, steam-injection tests in the
field have shown that heat transport into the oil/water
region, ahead of the steam zone, may have a significant
effect on the production process. An extension of the
model of Marx and Langenheim was developed by Mandl and
Volek to account for the fall-off temperature 1in the
region of the bhot-water bank. This extension does not
account for horizontal conduction, but it does account for
heat transported by the flow of hot water beyond the
leading edge of the steam zone. Their solution for the
- area of the steam zone, A, is valid only for the time (t)
is greater than critical time (tc), or if the area of
the hot water bank is larger than the area of the steam
flooding front.

In programming the Mandl-volek refinement, the thermal
properties of fluids and rocks are used as before in the
Marx-Langenheim solution, except that the thermal capacity

of the water condensation zone has to be recalculated as:

A(t)

A, (1)

H 14.6 mg (ert+ Xi va - Cw(Tr -32)) (2.10)

1)

t

which substitutes into equation (2.3) to obtain the water

condensate zone area.
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If Aw(t) is calculated to be greater than As(t)
from the Marx and Langenheim solution, then the Mandl-
Volek refinement has to be used for water condensation
zone correction. The thermal efficiency for this par-

ticular case can be calculated as:

Eh = @8 _ wyt (2.11)
"

where:

- /o L =t

-1
vax‘
6- (‘ + ?“_‘A_T
e=g (1-te])
t.= 1 critical time
The calculated thermal efficiency (Eh) substituted into

equation (2.4) and the oil-steam ratio can be obtained as

before in equation (2.7c).

2.2.4 Production rate and cumulative production calculation

When a one-dimensional, analytic technigue 1is consid-

ered for predicting o0il recovery by hot water or steam

59

flooding, the Shutler method (1969) has been used in
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several publications. This method is no other than the
Buckley-Leverett frontal flow calculations. In a very
viscous o0il, the steam channels through the reservoir
usually overlying the o0il column, and sweeps or drags the
underlying o0il to the producer (Van Lookeren,65 1977;

and, Doscher et al.,2l

1982). Frontal drive displacement

calculations would not be appropriate for heavy o0il
recovery. However, the actual dynamics at the steam-oil
interface controls the mobilization of the o0il. It is the
viscosity of the o0il at the steam temperature that affects
the production rate of a steam drive, except when the o0il
viscosity has been decreased to a sufficiently low level.
Then frontal displacement may occur. In addition,
relative permeability is the critical data required for the
Buckley-Leverett calculations. The given PDS reservoir
data or other published data are commonly lacking in the
relative permeability data. Therefore, the Shutler method
is abandoned in this performance model. In the previous
sections, the steam-o0il interface relationships and the
viscosity of the o0il have been incorporated into the for-
mulations, such as oil-steam ratio. Therefore, the o0il-
steam ratio can be used for production rate and cumulative
production calculations. The equations are 1listed as

follows:
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Cumulative production:

c=tr
Np = X Rogt Mg * to (2.12)
c=1
Production rate: g, = Np/t (2.13)
where:
Np = cumulative production, bbls
Ros = poil-steam ratio, bbl/bbl
Ms = steam injection rate, B/D
tC = production time period, days
a, = production rate, B/D

There are several criteria to stop the steam drive
process. Many operators have found that the economic
limit of the oil-steam ratio varies between 0.11 to 0.17
(steam-0il ratio = 6 to 9 bbl/bbl) (Williams et al.,®’
1980). The other criterion is the ultimate recovery of
the reservoir. In this model, the program is assigned to
terminate if either the oil-steam ratio falls below 0.1l
or the ultimate recovery is reached. In this case, this

steam drive performance model 1is competitive with other

existing models.
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2.2.5 Projection of the pilot test results to the whole

reservoir

An inverted 5-spot, 5-acre pattern pilot test was simu-
lated in the steam drive performance model. While the
results of the pilot test are encouraging, this 5-acre
flood pattern would be extended for the entire reservoir.
The designed parameters have remained the same because the
reservoir is considered to be in a homogeneous condition,
e.g., injection rate, injection pressure and oll-steam
ratio.

In order to project the pilot results for the whole
reservoir, the following parameters are evaluated for
references:

(i) Evaluate the possible maximum number of flooding
patterns: inverted 5-spot, 5-acre pattern has
one injection well per pattern; therefore, we
can obtain the total number of injection wells
as:

Entire reservoir area, acres (2.14)
5-acres/pattern

Iinj =

(ii) Project the cumulative production, oil-steam
ratio, and cumulative steam requirement. The

cumulative production is evaluated as:
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CNp: 7758 (AE)(VTsw)(AXh)(¢)(SO- sor)/aOi (2.15)
The steam requirement is evaluated as:
Vg = mg X Iinj (2.16)
The cumulative oil-steam ratic is evaluated as:
ROS = CNp/Vs (2.17)
where:
AE = area sweep efficiency, fraction
VTSW = vertical sweep efficiency, fraction
A = entire reservoir area, acres
h = formation thickness
CN = projected total production of a whole
P reservoir, bbls.
s ° steam injection rate, B/D
vs = total steam injection rate, B/D

The author searched through the latest publications
pertaining to steam drive process field reports, and 45
steam drive process field cases were selected from the

literaturesz’ 35.

Only 42 field cases passed the
screening criteria in the steam drive performance model.
The pilot test of each field case was projected to the
whole reservoir evaluation. A 1list of the reservoir

evaluations is attached in Appendix A.
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2.3 Validation of the Steam Drive Performance Model

The one-dimensional, radial flow analytical model
proved to be a complete and valid model for generating a
data base for the regression modeling. The following
arguments support this statement.

1. Van Lookeren's vertical conformance factor in the
radial flow case is used for calculation of steam injec-
tion rate and injection pressure. The steam zone confor-
mance factor solves the deficiency that the one-dimen-
sional, analytical model 1is good for only thin layer
formation. Also, the maximum steam injection rate and
injection pressure can be used as the decision param-
eters. The optimization model evaluates how far the
designed parameters can be achieved.

2. This model uses the Marx and Langenheim solution
method to develop the calculation algorithm for the steam
zone. In addition, the Mandl and Volek hot water bank re-
finement is used when the water condensation zone is sig-
nificant for correction. In this case, a better accuracy
of thermal efficiency and oil-steam ratio can be obtained.

3. From those 45 selected field reports, only 42
field cases passed the screening criteria for the steam

drive process. The pilot simulation results were projec-
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ted to the whole reservoir evaluation. Since the given
field reports did not 1list out the detailed process data
for comparison, the reservoir projection 1is evaluated
individually. The evaluation indicates that most of the
process parameters are in reasonable range for all the
field cases (Appendix A).

4, The steam drive process parameters are calculated
daily, but the results are printed in monthly records.
The process monthly parameters form the data base which is
input into the regression analysis procedure for the
objective functions formulation.

5. In comparison with other similar steam drive
simulation models, this one-dimensional, analytical
simulation model does as good a job as the other
multi~-dimensional simulation models. This model needs
less computer time, and a lot less data, particularly, the

well-to-well data.
The steam drive performance model is outlined in the

following flowchart (Fig. 2.3) and the program listing is

attached in Appendix A.
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Fig. 2.3 Steam drive performance model
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2.4 In-situ Combustion Performance Model

Engineering calculations for in-situ combustion are
often made with the assumption that oil is recovered only
by frontal displacement from the sand volume burned
(Wilson,70 1965). Both laboratory combustion tube runs
and field applications indicate that o0il is recovered more
rapidly in the early life of burns that have low initial
gas saturations than 1is indicated by simple frontal dis-
placement. Additional o0il 1is recovered early from the
unburned volume, ahead of and adjacent to, the burned
volume. Recognition of the actual behavior of the combus-
tion o0il recovery process led to the development of a
method called "oil-recovery/volume-burned"” (Gates and
Ramey,29 1980) as opposed to the older “frontal
displacement”" method. Ideally, both the frontal displace-
ment calculation and oil-recovery/volume-burned method
have the same total o0il recovery and total air required at
100%¥ volume burned, but the oil-recovery/volume-burned
method indicates that considerably 1less air may be
required at intermediate stages of in-situ combustion.
Therefore, the new method has a better prediction of oil
recovery than the frontal displacement method.

The modified oil-recovery/volume-burned method can be

used to make accurate engineering and economic evaluations
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for the design and monitoring of in~-situ combustion
projects. An algorithm based on this method is programmed
to provide a quick estimate of the o0il recovery, air-oil
ratio, o0il producing rate, cumulative air requirement, air

injection rate, and injection pressure.

2.4.1 0il recovery/volume burned method

100 g
E FUEL
s PATTERN, NOV. :
80 4
- ]
< TOTAL AREA
o NOV. 1959
- 1
2 m‘éga/é«ramm NOV. 1957
' § Z 1 |
8 40 x| 1
° v 51 L OIL DISPLACED FROM
s 2 BURNED VOLUME ONLY
20
s T
3 fo,7|\LaB. COMBUSTION TUBE DATA
© %26 46 & 80 w0

VOLUME BURNED - %
Fig. 2.4 0il Displaced ¥ Vs Volume Burned

(Adapted from Gates & Ramey)

The above figure is a graph of oil displaced vs. volume
burned for both laboratory and field combustion experiments

(Gates and Ramey,28

1958). The horizontal axis
represents the percent of the combustion tube's total
length travelled by the combustion front in the laboratory

or percent of the total pattern volume burned in the
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field. The percent of total o0il displaced is graphed on
the vertical axis and differs from the original o0il in
place by the amount of 0il consumed as fuel.

The straight, heavy-dashed line represents the amount
of o0il displaced from the burned volume only. However, the
data taken in both the laboratory and the field show higher
0il recovery (represented by the short-dashed line through
the data points) and, therefore, a lower air/oil ratio than
indicated by the straight, heavy-dashed line. This dif-
ference appears to be due to the o0il recovery mechanisms
of in-situ combustion which affect oil movement ahead of
the burning front. These mechanisms include hot water,
gas and steam drive, vaporization, miscible displacement,
expansion, and gravity drainage. The example cited in the
above figure assumed zero gas saturation.

Similar curves can be obtained for different gas satur-
ations. Obviously, a high gas saturation would require a
longer fill-up time and less recovery. Figure 2.5 shows
this behavior for several combustion tube runs uéing San
Ardo crude oil. The vertical axis 1is normalized with
respect to consumed fuel to yield total o0il displacement
to total volume burned. As is shown at the higher gas
saturations, the o0il recovery curve is straighter. These
results also match those previously obtained by Gates and

Ramey which are graphed in Figure 2.6. Hence, the field
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Figure 2.5 0il recovery vs. Volume Burned for Laboratory
Combustion Tube Runs (Adapted from Gates and Ramey)
and laboratory data correlations were combined and used
for predicting the o0il recovery for in-situ combustion
process. These curves are applicable to most heavy oil

fields similar to the South Belridge field.
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2.4.2 Modeling Algorithm

This modeling algorithm is completed in five steps.
The first four steps estimate the basic fluid properties
required for the o0il recovery / volume burned method. The
application of the method is illustrated in the fifth
step. Since this method is represented in a correlation
graph, a curve-fitting procedure is applied to obtain the
correlation equation for the model formulation. The
curve-fitting procedure is shown in Appendix B.

1. Estimation of o0il viscosity at reservoir conditions:
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Most of the reported oil viscosity data is either at
the stock tank temperature or without temperature indica-
tion. This type of data cannot be used for reservoir
modeling study, however, the o0il .viscosity can be obtained
at the reservoir conditions by wusing the Beggs and
Robinson correlations,9 1975.

a. Calculation of dead o0il viscosity, cp

Z = 3,0324 - (.02023 * API) (2.18a)
Y = 10 ** Z (2.18b)
X = Y/(Tr ** 1.163) (2.18c)
VISD = (10 ** X) - 1 (2.18d)

b. Calculation of live o0il viscosity, cp.
The gas-o0il ratio for heavy o0il fraction is

usually not reported because the gas-oil ratioc 1is very
hard to measure. Therefore, the gas-0il ratio is estimated
for heavy o0il fraction by wusing Chew and Connally

correlation chart (Figure 2.7).
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Figure 2.7 Chew and Connally Correlation Chart
(From Crafts & Hawkins)
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. _ Reported Viscosit (2.19)
Ratio (R) = 5oaa°GiT Viscosity (VISD)
If R £ 0.7 set GOR = 200
If 0.7 R 0.8 set GOR = 100
If 0.8 ¢ R< 0.9 set GOR = 50 and
If R 0.9 set GOR = 2
A = 10.715/(GOR + 100) ** _.515 (2.20a)
B = 5.44/(GOR + 150) *x ,338 ’ (2.20b)
VISO = A * (VISD ** B) (2.21)
where:
VISD = dead oil viscosity, cp
VISO = live o0il viscosity, cp
GOR = gas-0il ratio
API = 0il gravity
Tr = reservoir temperature, Of

X,Y,Z2,A,B, are constants for correlation
2. Estimation of fuel concentration:
In the absence of other data, fuel concentration can
be estimated by using correlation equations developed by
Chu13 from the actual field data:

Cf(Lb/Cf) = -.12 + .00262h + .00011l4K + 2.2330 (2.22)
+ .00242 Kh/p, - .0001897Z- .0000652 Y,

3. Estimation of air-fuel ratio and air-sand ratio:

Since this o0il recovery/volume burned chart is plotted
with South Belridge crude, the same crude oil combustion
tuhe results are used for the calculations (Williams et

al.,>> 1980).
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Gas composition: Co(wt %) 1.1
C02(wt %) 15.2
Oz(wt %) 0.2
N2(wt %) 83.2
Hydrocarbon ratio:

H/C = 4x(.2658N2%-C02%-02%-.5C0%)

(2.23)
(C02% + CO0%)
= 1.513
Air-fuel ratio (scf/1lb):
AFR = 479.7 No% (2.24)
(C02%+CO%) (12+H/C)
= 181.2 scf/lb
Rir-sand ratio (Mscf/acre-ft):
ASR = AFR x Co x 43.56 (2.25)

4, Cumulative air requirement (MMscf/acre-ft) is also
calculated by using Chu's correlation equation.

CAI = 4.72+.03656h+9.99650+.000691K (2.26)

5. 0il recovery/volume burned method is applied to
evaluate the performance of in-situ combustion process.

a. Since the oil recovery can be interpreted as the
intercept and minimum deviation of the curve, equation
(B-5) is written as equation (2.27).

Rec (%) = 100x + (y) (MD) (2.27)
0il-in-place (BBL/acre-ft) before the process 1is

estimated as:
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N . = 7758 x S0 X ¢

(2.28a)
pl B

oi
where BOi is assumed as 1 for heavy oil.
And the fuel burned (BBL/acre-ft) can be calculated in

the following equation

FB = Cf‘ X 43,560 (2.28b)
350

Then, the net recovery (bbl/acre-ft) is obtained in
equation 2.28c after subtracting the fuel burned o0il-in-
place Npi

Reg = Npi - FB (2.28c)
Also, the cumulative production (Mbbl) can be cal-

culated as follows:

N = (Rec¥)x(Reo)x(A)x(h) (2.28d)
P 00

And the current air-o0il ratio (AOR) and cumulative ACR

(Mscf/bbl) are calculated in equations 2.29a, b, c:

_ ASR (2.29a)
Current AOR = dRec% x Reo
dVB
_ ASR (2.29b)
AOR = Slope x Reo
Cumulative AOR = CAI x 1,000 /Np (2.29c)
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b. Assuming 55% aerial sweep and 5-acre inverted
5-spots flooding pattern, the author estimates the
injection rate, production rate, injection pressure, and

production time in the following calculations:

Figure 2.7 Inverted 5-spots flooding pattern
The flooding area Ap is given 5-acre and the radius is

calculated in equations 2.30a, b:

D =‘/s X 43560 = 466.7 ft~ (2.30a)

RA =Jz x (D/2)2 =\12 x (466.7/2)° (2.30b)
= 330 ft

And the air requirement (scf/cf) is estimated as:

a = LCAI)(1,000) (2.31)
43,560

The maximum initial injection (Mcf/D) rate can be

calculated as:

q = (iD)x(A)x(Vi)x(RA)x(h) (2.32)

max
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The dimensionless flow rate iD is obtained as 4.77
for 55% aerial sweep; the corresponding initial air flux
(V;) is obtained as 0.125 ft/D of burning front advance.
Both parameters are the experimental results from
potentiometric model studies7l.

Then the maximum production rate can be obtained by
assuming the producing rate is about the éame rate as o0il
displacement. Therefore, the actual producing rate(B/D/

well) can be calculated for an individual well in one

pattern:

q
g = “max (2.33)
Prod = ZTA0R)

The production time (days) required for the process
can also be estimated:
t = CAI x 1,000 (2.34)
max
The maximum injection pressure can be
calculated after the time required to reach maximum
injection rate is obtained. The time (days) can be

estimated in equation (3.35a):

t, = Imax 5 , days (2.35a)
2hAVmax
where:
Vmax = 0.5 ft/0 ,

which is also estimated from the potentiometric

model (Wilson et al.,71 1966)46



The radial flow injection pressure has developed as

follows:
Piax - Pi +f Inax “2 Te\|1n RAZ - 1.238|( (2.35)
0.705 Kah E

The detail derivation of the above equation is shown
in the Appendix B, see equation B-10. The maximum préssure
Pmax can be obtained by substituting the parameters into
the equation 2.35.

where:
pg = 0.018écp for air
Ka = 25 md for air
r, = 0.276 ft for wellbore radius
T, = formation temperature Of

2.4.3 Projection of the pilot test results to the whole

reservoir

An inverted 5-spot, 5-acre pattern pilot test was
simulated in the performance model. The results include
cumulative production, cumulative air-o0il ratio, air
requirement and design parameters such as injection rate,
injection pressure, and production rate. The design
parameters remain the same if the design pattern is not
going to change for the entire reservoir. If the flood
pattern is changed, then the simulation model will have to
be modified slightly.

The results of the pilot is encouraging. We would
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like to have this 5-acre flood pattern extended for the
entire reservoir. The design parameters remain the same
because we also consider the reservoir to be in a homo-
geneous condition. The cumulative production, cumulative
air-oil ratio and air requirement need to be evaluated for
the entire reservoir. The best way to evaluate the entire
reservoir is by projecting the pilot test results.

a). Evaluate the possible number of flooding patterns:

Inverted 5-spot, 5-acre pattern has one injection well
per each pattern; therefore, we can obtain the total

number of injection wells such as:

Iinj = Entire reservoir area, acres (3.36)
5-acre
o). Project the cumulative production, air-oil

ratio, and air requirement.
The cumulative production per pattern is

Np = Rec x Reo «x Ap x h/100 (2.28)

and the entire reservoir can be evaluated as:

TNp = Np x number of patterns
= Np x Iinj (2.37)
Similarly, air-oil ratio is evaluated as:
TAOR = VB X ASR X LTin (ygcf/pbl) (2.38)
TN x 100
P
and air requirement is evaluated as:
ropr o STROR x TNy x 1ind) (umscr) (2.39)
- 1,000
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puy
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4
®

Vg = vol. burned, %
ASR = air-sand ratio, Mcf/acre-ft
TNp = cumulative production for the active
reservoir, bbls
TADR air-o0il ratio for the entire reservoir, Mscf/bbl

TCAI = air requirement for the active reservoir, MMscf
Iinj = no. of injection patterns

The author searched through the 1latest publications
about the in-situ combustion process field reports, and 35
in-situ combustion process field cases were selected from

the literaturesz’ 35.

Only 32 field cases passed the
screening criteria in the in-situ combustion performance
model. The pilot test of each field case was projected to
the whole reservoir evaluation. A list of the reservoir

evaluations is attached in Appendix B.

2.5 Validation of In-Situ Combustion Performance Model

l. The curve-fitting procedure is used to interpolate the
0il recovery/volume burned method developed from the
actual field test and laboratory test results. This
model used the crude o0il sample for the o0il recovery/
volume burned method fitting the heavy o0il reasonably
well because the South Belridge Field Crude (API =
15°) is at the mid-range of the heavy oils.

2. The performance model acts as a high efficiency process
design. Therefore, the purpose of this performance
model can be used for the process evaluation. The

process design parameters are obtained instead of the
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inherited bad field report data.

From those 35 selected field reports, only 32 field
cases passed the screening criteria for the in-situ
combustion process. The process parameters are
calculated daily but the results are printed in the
monthly records. The process monthly parameters form
the data base which is input into the regression
analysis procedures for the objective functions
formulation.

Since the o0il recovery/volume burned method is
developed from the dry forward combustion process, the
process evaluation 1is 1limited only to dry forward
combustion. In this way, we can have a unigue proceés
evaluation for all the reservoirs.

The in-situ combustion performance model is outlined

in the following flowchart (Figure 2.8). This performance

model is the same program listing as the steam drive

performance model shown in Appendix A.
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Fig. 2.8 Flowchart for in-situ combustion model
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2.7 Petroleum Data System Data Applications

The Petroleum Data System (PDS) 1is a modern computer
information system designed to store a large amount of
petroleum-related information for the U.S. and Canada.
Developed and maintained by the O0ffice of Information
System Programs, University of Oklahoma, the PDS consists
of 12 data bases, each consisting of many kinds of oil-
and gas-related data. It also contains data and parameters
on fields and pools in average or aggregate values. It
does not contain information from individual wells, with
the exception of discovery well data. Furthermore, the
PDS data includes crude o0il analysis, gas analysis, brine
analysis, reserves, listing of production, and information
on federal offshore leases. In general, PDS data are
nonproprietary information on geology of reservoirs,
reservoir characteristics, status of reservoir, fluid
production type, and fluid properties. This information
was gathered from the following sources:

1. International 0il Scouts Associations's Review

2. Journal publications of the SPE, AAPG, and other

professional groups.

3. Annual state regulatory agency reports, such as

the Texas Railroad Commission, and the Oklahoma

Corporation Commission
. The State Geologists Reports.

The Canadian Provinces Conservation Boards

The Canadian Gas Conservation Boards
Federal Power Commission

~NON\WU B
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8. Federal Energy Administration
9. US Department of Energy
10. US Geological Survey

11. Bureau of Mines Reports

12, Others

In this dissertation, the author used only the data
files from data bases such as TOTL and SECR. The TOTL
data base consists of the U.S. o0il and gas data files.
The files provide publicly available information for all
fields and reservoirs. Data elements contained in the
records may include identification of fields and
reservoirs by name and code, 1location, and present
producing status. Geological and engineering data may
consist of the name and age of the producing formation,
discovery method, trap type, drive 1litholoagy, depth,
acreage, spacing, thickness, porosity, permeability,
gravity, pressure, and temperature. The author requested
a list of PDS files relating to those 100 steam drive field

reports and 40 in-situ combustion field reports from the

0il and Gas Journal Annual Production Rgports,2 1982 and

SPE Improved Recovery Report,35 1975-1981. With the

help of those PDS files, 45 steam drive field cases and 35
in-situ combustion field cases were manually validated and
screened for the thermal recovery pilot test candidates.
In addition, the author requested some files from the SECR
data base to confirm the reservoir conditions after the

waterflooding, e.g., fracture, corrosion, and sand
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problems.

The major portion of this research work is done on
minicomputers, such as VAX 11/780 and PDP 11/70 at
Engineering Computer Network (ECN). All the FORTRAN
programming, error editing, data analysis, and word
processing were done on the ECN cathod-ray-tube (CRT)
terminal. The énly opportunity to access the mainframe
IBM computer is by using the SAS package and its graphic
applications. The author found of accessing the ECN
system with a CRT terminal to be fast, convenient and
economical. The great growth of the wminicomputer and

microcomputer makes computer research easier than before.
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III. REGRESSION MODELING OF THE THERMAL PROCESSES

3.1 Introduction

Performance modelings of two processes do not lend
themselves to simple analytical expressions in terms of
the process. variables, as required by most mathematical
optimization technigues. In order to acquire simplified
and analytical expressions, known as objective functions
in optimization terminology, four different terms were
selected. These expressions are best described the
process: o0il recovery, air injection rate, air injection
pressure, and o0il production rate for the in-situ
combustion process. Similarly, we can select oil recovery,
steam injection rate, steam injection pressure, and oil
production rate for steam drive process.

One approach to incorporating the functional equations
of the process relationships into simplified and analytical
expressions is by wusing regression analysis. Regression
analysis formulates the objective functions in a better
form than correlations. The advantage of using regression
over correlation is that the regression method gives

numerical estimates that are suitable for use in
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predicting future values of the dependent variable with
knowledge of the independent variable. The exact
functional equations of process relationships in
regression analysis are vrarely deduced theoretically.
They are usually determined empirically. The simplest
functional equation is a linear equation, which is the
easiest to estimate and apply. Two criteria should be
considered in choosing functional equations:

i) We should rely upon the reservoir engineering
theory as much as possible in choosing functional
equations.

ii) A good model should always have good predictive
power.

The following two sets of regression models are
formulated for the in-situ combustion process and the
steam drive process. In the in-situ combustion model,
about 12 different variables are considered for the
independent variables. The o0il recovery, injection rate,
injection pressure, and production rate are dependent
variables. All the above variables are simulated process
parameters. Thus, the regression model is characterized
by bhaving four functional equations. The equations in a
system are interdependent, such that dependent variables
from one eouation appear as regressors in other

equations.Then, the ordinary 1least squares estimates can
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be inconsistent. Researchers (Pindyck et al.58, 1976;

and, Theilsa, 1971) working with econometric models have
developed several techniques to produce consistent
estimators for this kind of model. A similar regression
model was formulated for the steam-drive process as well.
A flow chart outlines the scheme of the modeling stages
which is shown in Figure 3.1.

This phase of work was accomplished by using a general
purpose statistical computer library package known as the
Statistical Analysis System (SAS). The author used the
SAS package for statistical analysis because all the
procedures available in SAS may be wused interactively.
The advantages of using the SAS can be enhanced for the
following reasons (Winters72, 1982):

i) The powerful macro and other programming
capabilities make the SAS usable as a programming
language in addition to statistics.

ii) It has an excellent graphics capacity for both
data exploration and data reporting.

This chapter is written in three sections according to

the statistical analysis procedures: variables selection

procedures, problems of limear regression analysis

procedures, and system regression analysis procedures.
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3.2 Variables Selection Procedures

The variables selection procedures are important
procedural steps for the formulation of the regression
equations. The regression equations are usually
empirical. The equations would be well "formulated" if
they are based on reservoir engineering principles.
Regression equations are preferable in the linear
functions. However, regression modeling is a complex
process and several statistical problems have to be
cleared up before we can be sure of the validation of the

regression equations (Freund et a1.27

, 1981). The
formulations of the regression equations can be achieved

with different statistical analysis procedures.

3.2.1 RSQUARE procedure

The selected parameters for the independent variables
are closely related to the dependent variable in the
engineering relation. The RSQUARE procedure performs all
possible regressions for one dependent variable and also
for a collection of independent variables, printing the
R-square value for each model.

i) In the steam drive regression model, the different
equations can be formulated as follows:

The o0il recovery (REC) includes the oil-steam ratio
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(ROS), production rate (QNP), and o0il viscosity (VISO)
terms in the regression equation. These three variables
are included in all the model combinations. The thermal
efficiency (EH), o0il saturation porosity (PIS), steam
temperature (TS), and some other independent variables may
also relate to the oil recovery.
The formulation can be programmed in the SAS as follows:
PROC RSQUARE DATA = ORIGINAL;
MODEL REC = ROS QNP VISO 7S VS EH NP TRS PIS
/INCLUDE= 3;

The final formulation includes ROS,QNP,VISO,TS,EH, and
PIS at 72% R-sguare.

Similarly, the steam injection rate (QINJ) dependent
variable includes the cumulative steam injection (VS),
injection pressure (PINJ), cumulative production (NP), oil
steam ratio (ROS), transmissibility (TRS), oil saturation
porosity (PIS), and other parameters as the independent
variables. From the RSQUARE procedure, QINJ can be
formulated with VS, PIN3, NP, ROS, TRS, and PIS at 86%
R-square. The o0il producing rate (QNP) is formulated with
EH, ROS, REC, TS, and PIS as independent variables 97%
R-square. Finally, the injection pressure (PINJ) can be
formulated, from the RSQUARE procedure, with TS, QINJ, VS,
and REC as indenpentent variables at 99% R-square.

ii) In the in-situ combustion regression model, the

different equations can be formulated as follows:

The o0il recovery (REC) 1is also closely related to
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air-oil ratio (AOR), o0il producing rate (QNP), o0il vis-
cosity (VISO), and fuel burned (FB). These four variables
are included in all the model combinations. The
cumulative air requirement (CAI) and cumulative production
(NP) also relate to the o0il recovery. The formulation can
be programmed in the SAS as follows:

PROC RSQUARE DATA ORIGINAL;

MODEL REC = ACR QNP VISO FB CAI NP
/INCLUDE = 43

The final formulation includes AOR,QNP,VISO,FB,CAI at
98% R-sqguare.

Similarly, the air injection rate (QINJ) can be
related to injection pressure (PINJ), cumulative
production (NP), cumulative air reguirement (CAI), air-oil
ratio (AOR), air-sand ratio (ASR) and o0il viscosity
(VIis0). From the RSQUARE procedure, QINJ ~can be
formulated as PINJ, NP, CAI, AOR, ASR, and VISO as
independent variables at 73% R-square. The o0il producing
rate (QNP) can be formulated, from the RSQUARE procedure,
with VvB, REC, FB, PINJ, VISO and NP as independent
variables at 79% R-square. Finally, the air injection
pressure (PINJ) can he formulated with QINJ, REC and CAI
as independent variables at 53% R-square.

The RSQUARE procedure gives a general idea of what
variables should be selected for the linear equations

based on the engineering principles. The best combination
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of the independent variables has to be refined in the
STEPWISE procedure. However, the RSQUARE is very useful
when we want to investigate the general behavior of many

regression equations (SAS User's Guideél, 1979).

3.2.2 STEPWISE procedure:

STEPWISE 1is most helpful for statistical analysis
because it can give you insight into the relationships
between the independent variables and the dependent
response variables. STEPWISE uses the selection

strategies in choosing the variables for the models it

considers. Also, when STEPWISE evaluates a model, it
prints a complete report on the regression. In this
procedure, there are several selection strategies
available (SAS User's Guide): forward selection

(FORWARD) , backward eliminpation (BACKWARD), stepwise
(STEPWISE), maximum R-square. improvement (MAXR), and
minimum R-square improvement (MINR). But, the author only
applied STEPWISE, MAXR and BACKWARD selection strategies
since three selection strategies were sufficient to make
an intelligent decision on the regression equations.

The maximum R-square improvement (MAXR) technique,
developed by James H. Goodnight (SAS User's Guide), is
considered superior to the STEPWISE technique, and 1is

almost as good as all possible regression. Unlike the
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BACKWARD and STEPWISE techniques, this method does not
settle on a single equation. Instead, it 1looks for the
"hbest" equation.

The BACKWARD selection strategy is a backward elimina-
tion technique. It starts with all the variables, then
each step removes the least significant variable until all
variables are significant at the 1limit to stay. The
STEPWISE selection strategy is the forward and backward
technique. It starts out and acts like the FORWARD
method. However, as each variable 1is entered, the
procedure does a backward elimination of any variables
that have become non significant. The author uses the
results of these two techniques as additional references,
with the MAXR technique.

In the steam drive process, three selection strategies
were used in coordinmation to find the "goodness-of-fit" of
the regression equations. The final regression equations
are listed as follows:

0il recovery (REC): (85% R-square)

| = f(ROS,QNP,VISO,VS,TS)
Steam injection rate (QINJ): (86% R-square)
= f(NP,VS,PINJ,R0S,VISO,TRS,PIS)
0il production rate (QNP): (99% R-square)
= f(EH,ROS,REC,NP,VS,VISO,TRS,PIS)
Injection pressure (PINJ): (93% R-square)
= f(REC,VS,VISO,TS,R0OS,NP)
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The formulation is also agreeable for RSQUARE
procedure prediction.

In the in-situ combustion regression model formula-
tion, the procedures are the same as the steam drive
regression model formulation. The in-situ combustion
regression models formulation again is based on the
process mechanism, Since the RSQUARE, MAXR and other
procedures interpretations are similar to the steam drive
regression modeling, the author prefers to summarize the
interpretations as follows:

0il recovery (REC): (97% R-square)

=f(AOR,QNP,VISO,FB,CAI)

Air injection rate (QINJ): (73% R-square)

=f(PINJ,NP,CAI,AOR,ASR,VISO)
0il producing rate (QNP): (80.3% R-square)
=f(vB,REC,PINJ,CAI,VISO,NP)

Injection pressure (PINJ): (52.5% R-square)

=f(QINJ,REC,CAI,VISO,VB,NP,QNP)

The above formulations are generally true, but they
are not free from statistical problems; such as
multicollinearity and outliers. These problems can be
handled through the procedure REG which is discussed in

the next section.
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3.3 Problems of Linear Regression Analysis Procedures

In the last section, the formulation was based on the
reservoir engineering principle and most of the variables
were included in the regression model. However, a simple
regression equation 1is always desirable because too many
variables could cause statistical problems in the regres-
sion equations; such as the multicollinearity and outliers.
These problems arise when a regressor variable is nearly a
linear combination of other regressors, then the parameter
estimate for it is not stable. A small perturbation of the
data can lead to a large change in the estimates. When the
data are not adequate to estimate the variables in the
equation very precisely, we have two choices:

i). add more data, or,

ii) fit fewer variables in the equation.

For the first choice, it is almost impossible to
collect more data because of the availability of the
enhanced o0il recovery field data, and the additional data
will worsen the outlier problem. Therefore, we try to fit
fewer variables into the model.

In the steam drive regression model, some of the
variables are dropped from the equations if these variables
are linear combinations of other regressors. The o0il

recovery (REC) is a linear combination with o0il saturation
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porosity (PIS); therefore, (PIS) is dropped from the o0il
recovery regression equation. The o0il recovery (REC) can
be further tested with procedure (REG) such as:

PROC REG DATA = NEWL;

ID 0BS;
MODEL REC = ROS QNP VISO TS EH/ PIR CLI
CLM TOL VIF COLLIN INFLUENCE;
QUTPUT 0OUT
OUT = CP=PRED L95=L95 U95=U95
R=RESID;

Similarly, the steam injection rate (QINJ), injection
pressure (PINJ), and oil producing rate (QNP) are being
modified in the formulations.

To diagnose collinearity, we go through the printout
to see if any of the last few comments have very high
condition indices, since the condition index is a measure
cof how depleted each component is. If two or more
variables account for a high proportion of their variance
on the same weak component, then this 1is where the
collinearity problem lies. The condition index of over
7,000 and the loading of over 99.9% of the variance 1is
strong evidence for diagnosis of collinearity. Luckily,
we do not have such a high condition index in any of the
regression equations after the modification. Therefore,
the new steam drive regression model is established as
follows:

0il recovery: REC =f(ROS,QNP,VISO,TS,EH)

Steam injection rate: QINJ =f(VS,NP,PINJ)

0il producing rate: QNP =f(EH,RO0S,TS,NP,VISO)

Injection pressure: PINJ =f(REC,VS,VISO,TS,NP)
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In the in-situ combustion process, a similar treatment
is applied for the regression eqgquations formulations. The
REG procedure is also wused for checking out the
statistical problems such as multicollinearity and
outliers. Since a similar explanation can be applied for
the in-situ combustion statistical problems, a simplified
version is written for the formulation:

0il recovery: REC =f(ADR,QNP,VISO,FB,CAI)

Air injection rate: QINJ =f(PINJ,NP,CAI,AOR,ASR,VISO)

0il producing rate: QNP =f(VB,REC,FB,PINJ,VISO,NP)

Injection pressure: PINJ=f(QINJ,REC,CAI,VISO,VB,NP,QNP)

For all the above regression eguations, none of the
variance inflation and condition index are significantly
large, and they fall out of the range limits. Further-
more, the performance models have been screened through
the input data. Therefore, there are no significant
outliers in the steam drive process.

However, the formulations are not completed for both
processes because some of the dependent variables in the
eguations are also the independent variable in other
regression equations. This relationship among the
variables will accumulate statistical errors. Therefore,
the simultaneous equations regression technique has to
apply for statistical analysis. This regression technigue

will be discussed in detail in the next section.
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3.4 System Regression Analysis Procedures

From the RSQUARE, STEPWISE and REG procedures, we were
only covering the formulation of the linear regression
equations. The accuracy of prediction has not been
considered. In this particular regression system, the
model's dependent variables are also the independent
variables of other regression equations; therefore, the
interdependent relationships are established among the
equations. These relationships cause more serious regres-
sion errors . Therefore, the regression equations in one
system, such as the steam drive process, have to run simul-
taneously. The system regression modeling is always used
in economic statistical analysis; hence, this regression
modeling is called econometrics.

In the SAS package, the SYSREG procedure (SYStems
REGression) is the regression technigue; but this
procedure has to be supplemented ‘with other analytical
prncedures. Therefore, all the regression analysis

procedures have to go through a number of steps.

3.4.1 Sorting the data by different timesteps

Since the performance models of two processes are

being run in 12-month timesteps, the regression models are
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formulated for different timesteps. In this step, the
models are formulated for different timesteps such as:

DATA TIMEL;
SET ORIGINAL:
IF TIME = 1 THEN OUTPUT TIME];
DATA ORIGM
(RENAME = (VISO0=Z1 EH=Z2 RO0S=23 QINJ=Z4 QNP=Z5
PINJ=Z6 REC=Z7 NP=Z8 VS=29 T1S=210 TRS=Z11
PIS=Z12));
SET TIMEl;

3.4.2 Normalize all the variables into same magnitude

We begin our regression analysis by considering the
units of all the variables. 1In Table 3.1, the steam drive
parameters are listed out in the mean value.

Table 3.1 Mean of steam drive parameters

VARIABLE LABEL NEAN

B1 VISCOSITY (CP) 383.875909
R2 THERMAL EFP. (X) 98.727273
B3 OIL STEAM RATIO 0.670000
RY STEAM INJ RATE(B/D/W) 992.727273
RS PROD RATE(B/D) 650.929545
B6 INJ PRESS. {(PSIA) 562.755227
R7 ULT BRECOVERY (%) 23.454545
RS CUM OIL PROD {NBBL) 39185.746136
R9 VOL STEAM REQD [MCF) 337517.272727
R10 STEAN TEMP (DEG P) 440.913409
BR11 TRANSNISSIBILITY 2201.490000
R12 POROSITY*OIL SAT 2308.628409
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The values have several degrees of magnitude difference.
For example, mean value of volume steam required(MCF) is
1,000,000 difference for oil-steam ratio (B/B). It is
necessary to put them into the same magnitude before we do
the regression analysis; otherwise, there will ©be
significant figure problems in the final results.

IF N_ =1 THEN SET STDM:

SET ORIGM:
ARRAY ORIGI3 (I) R1-R13;
ARRAY MEA13 (I) M1-M13;
ARRAY STDM13 (I) S1-S13;
ARRAY ZVAL13 (I) Z1-Z13;
DO I=1 TO 13;
ZVAL13=(ORIG13-MEA13)/STDM13;
END;

All the regression equations intercepts were being
minimized to such a degree that they can be removed from
the eqguations. The advantage 1is that they have no
intercepts because the objective functions cannot have
constant value§ in the eaquations; otherwise, the optimized

results could be very misleading.

3.4.3 System Regression Modeling Technigue

One system of simultaneous equations is used to model
the behavior of each thermal recovery process. The SYSREG
(SYStems REGression) is specialized in handling the linear
system of equations. Like the other regression procedures,
SYSREG estimates parameters in linear models by least

squares. When there is a system of simultaneous equations
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for modeling the behavior of a process (Maddala -,

1977), the dependent variables from one equation appear as
regressors in other equations. Ordinary least squares
(0LS) estimates can be inconsistent. Therefore, the
three-stage least squares method is used.

In the system modeling, the independent variables are
known as exogenous and the dependent variables are known
as endogeneous. Since some of the variables are inter-
dependent, the exogenous and endogenous variables are
formulated into groups as in the steam drive process:

PROC SYSREG QUTEST=0PS;
BLOCK QNP QINJ REC TS = ROS VISQ TS VS NP
TRS EH PIS REC QINJ QNP PINJ;
PRODRATE :
MODEL QNP=EH VISO TS REC PIS;
STEAMINJ:
MODEL QINJ=VS NP TRS;
RECOVERY:
MODEL REC=QNP ROS NP VISO PIS;
INJPRESS:
MODEL PINJ=TS VISO VS TRS;
A similar system model can be built for the in-situ

combustion process:

PROC SYSREG OUTEST=0PS;
BLOCK REC QINJ QNP PINJ=VISO FB CAI NP ACR ASR

VB REC QINJ QNP PINJ PIS TRS;

RECOVERY:

MODEL REC = AOR PIS FB CAI;
INJRATE:

MODEL QINJ=PINJ VISO CAL NP ASR TRS PIS AOR;
PRODRATE:

MODEL QNP=VB REC PINJ CAI VISO NP;
PRESSINJ:

MODEL PINJ=CAI VISO VB AOR NP QNP TRS;

The results of the regression modeling are very

encouraging. The weighted R-square for the steam drive
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process modeling system turned out to be in the 89% to 97%
range and the weighted R-square for the in-situ combustion

modeling was found to be in the 80% to 99.9% range.

3.4.4 Graph plotting of the regression models

Regression statistics are computed under the assumption
that the model is correctly specified. However, this is
not always true unless we have some means to check the
accuracy of the models. The residuals show what remains
after we tried to account for the behavior of the response
with the model. When the data does not fit the model very
well, the residuals show how the model failed. Sometimes
the regression statistics indicates highly significant
estimates, but a look at the residuals will reveal the
deficiencies of the fit.

For example:

PROC GPLOT;

PLOT QNPRES*QNPHAT=TIME/VP0S=22 HP0OS=100 VREF=0

HAXIS=-1.5 TO 1.5 BY .1;
SYMBOL1 I=NONE V=STAR

TITLEl .C=5 .H=2 ,F=TITALIC RESIDUAL
VALUE VS PREDICTED VALUE;

In the in-situ combustion process, the residual value
versus the predicted value plots indicate the regression
equations have a reasonable fit, i.e., the residual values
are distributed aiong both sides of the zero horizontal
axis. (shown in Figure 3.2 and Figure 3.3). Similar
residuals plot patterns show in each of the different

timesteps.
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In the steam drive process, the residuals plots are
also satisfactory (Figures 3.4 and 3.5). However, the
steam injection rate and injection pressure residual plots
are shown in special distribution trends. The injection
rate 1is in an extremely narrow range, i.e., about 1,000
B/D for different timesteps. Therefore, a narrow trend for
residual values is found for regression. The narrow range
in the dependent variable does not actually affect the
prediction, which was proved both in the prediction plot
and the prediction calculation in the next section. The
injection pressure residuals plot shows that a quadratic
term may need to be included in the regression eauation,
because the exponential term and error function were used
in the performance steam drive model. Since the
prediction is reasonably acceptable, the quadratic term is
not necessarily improving the prediction. Therefore, this
guadratic term is neglected and the regression equation
easily 1included into the system regression analysis.
These steam drive residuals plots are similar for each of

the timesteps.
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RESIDUAL VALUE VS PREDICTED Z-VALUE
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STEAM DRIVE PROCESS
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In a simple 1linear regression, we can plot the
predicted values against the independent variable and
judge the fit by 1looking at the plot. In multiple
regression, this 1is not possible since the data are
scattered in more than two dimensions of the plot.
Therefore, we can do a 95% confidence limits partial plot
of the predicted value versus the predominate independent
variable in the regression model, e.g., o0il producing rate
versus volume burned in the in-situ combustion process.
The SAS program is written for both processes, such as
in-situ combustion process:

PROC GPLOT;

PLOT QNPHA*VB/VP0S=22 HP0S=100;
SYMBOL1 I=RLOCLI95 V=SQUARE;
TITLE1l .C=NONE .H=2 .f=TITALIC PRODRATE
VS VOL BURNED;
FOOTNOTE .M=(26,35).C=NONE .F=TITALIC WITH 95
CONFIDENCE LIMITS;

The partial prediction plots are good for the in-situ
combustion process (Figures 3.6 and 3.7). The predicted
values are within 95% confidence 1limits. In the steam
drive process, the partial prediction plot for steam injec-
tion rate is abnormal. The cause for this was explained
in the residuals plot, as the dependent variable is in a
very narrow range. Therefore, a z-value injection rate is
plotted versus volume of steam required indicating the
prediction does fall within 95% confidence limits. (The
steam drive prediction plots are shown in Figures 3.8 and

3.9).
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3.4.5 Use of the actual input values to do prediction

This procedure is actually used to do predictions in
all the regression equations. In this case, we can
visualize how good our models can be.

In the SAS modeling procedures (SAS Users' Guide),
there is a SIMLIN procedure to do predictions by
simulation. However, this procedure does not suit our
purpose because the procedure uses the simulated results
which accumulated the prediction errors.

In this dissertation, the SAS! powerful macro
capability is used to program the prediction algorithm as
follows:

i) Reset all the regression equation's coefficients
into an array, and strip off the unnecessary
columns from the array. Then, the coefficients
of the variables are picked up from the array and

dataset.

DATA NUMERIC;
SET OPS(FIRSTOBS=9);
DROP _TYPE_ _MODEL_ _SIGMA_ ;

DATA FIELDS;

FORMAT SERIES E10.;

ARRAY ALLPARMS(P)
PINJ QINJ REC CAI VISO ASR VB AOR NP FB
ONP PIS TRS INTERCEP;

SET NUMERIC;
DO P=1 TO 14;

SERIES = ALLPARMS;
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OUTPUT; END;
DROP PINJ QINJ REC CAI VISO ASR vB AOR NP
FB QNP PIS TRS INTERCEP;

DATA PARMS:
SET FIELDS;
IF SERIES=. OR SERIES=-1.0 THEN DELETE;
DATA QUTPARM;
FORMAT P1-P29 E10.;
ARRAY OUTPARMS(Q) P1-P29;
DO OVER OUTPARMS;
SET PARMS;
OUTPARMS=SERIES;
END;
DROP Q P SERIES;

ii) Those coefficients are substituted into the

original regression equations formulated.

DATA FINAL; K
IF _N_ =1 THEN SET OUTPARM;
SET ECOM;
RECHAT = P1*CAI +P2*A0R + P3*FB +P4*PIS;
RECRES= REC - RECHAT;

P6*PINJ + P7*CAI +P8*VISO +P9*ASR +
P10*A0OR +P1l1*NP +P12%TRS +P13*PIS;
QINJRE = QINJ - QINJHA;

QNPHAT = P15*%PINJ +Pl16*REC +Pl17*CAI +
P18*VISO +Pl9*VB +P20*NP;

QNPRES = QNP - QNPHAT;

P22*CAI +P23*VISO +P24%*VB +P25%A0R

+P26*NP +P27*QNP +P28*TRS;
PINJRE = PINJ - PINJHA;
iii) Convert the normalized values back into the

QINJHA

PINJHA

original values.

DATA REVERSE;
IF N =1 THEN SET STDM;
SET FINAL:
ARRAY ORIG13(I) R1-R13;
ARRAY MEA13(I) M1-M13;
ARRAY STDM13(I) S1-S13;
ARRAY  ZVAL13(I) RECHAT  AORHAT
QNPHAT FB CAI NP PINJHA VISO VB
PIS TRS ASR;
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DO I=1 TO 13;
ORIG 13=(ZVAL13*STDM13) + MEAl3;
END;
A similar program was written for the steam drive

process.

3.4.6 Check the time serial of the regression models

In the performance models, the process parameters were
being estimated in continuous timesteps, and the results
were only printed out in 12 timesteps for a one-year
period. Therefore, there is actually one-month variation
in each timestep which could cause time serial problem in
the regression models. The AUTOREG procedure estimates
parameters in regression models when the data is a time
series and the error term is an autoregressive process.
Therefore, the AUTOREG procedure can be used to check the
possible time serial problem in the regression models.
The SAS program is written for this purpose for the
in-situ combustion process as

PROC AUTOREG DATA=AUTO;
MODEL REC = AOR QNPHAL VISO FB CAI NP/NLAG =13

BACKSTEP;

MODEL QINJ=PINJHL NP CAI ASR VISO/NLAG=13
BACKSTEP;

MODEL QNP=VB RECHAL PINJ CAI VISO NP/NLAG=13
BACKSTEP;

MODEL PINJ=QINJAL RECHAL CAI VISC VB NP
QNPHAL/NLAG=13 BACKSTEP;

A similar program was also written for the steam drive

processs. The program options are specified as:
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NLAGF=13 specified the —order of autoregressive
process. Here we specify 1/3 of one-month time which is
long enough to check the problem. In the steam drive
process, the injection pressure regression equation shows
that the first time lag standard derivation 'is significant
which is consistent with the residuals plot in section
3.4,4. This deviation indicates that a quadratic term may
be needed to improve the time serial change. Since only
the first time lag has this praoblem, we do not need to put
in an extra term for improvement. Similarly, the in-situ
combustion process' o0il recovery regression equation shows
that the first time lag standard derivation is significant
which also can be neglected. All the other equations
standard deviations are zero in all time lag. BACKSTEP
requests that AUTOREG remove autoregressive parameters if
they are not significant.

The AUTOREG procedure indicates that there is no time
serial problem in the regression models for both processes.
Therefore, the regression models are "good" enough for the
objective functions in the optimization models. The
algorithms of the regression model building are outlined

in the following flow chart (Figure 3.10).
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3.4.7 One Timestep Regression Modeling Results

From the previous sections, the regression models are
shown to be the best-fitted formulations. They can be used
for further applications, such as cbjective functions for
the optimization model. 1In Table 3.2, the parameter
estimates are in the normalized z-values.

Table 3.2 Third Timestep Regression Results

BODEL:  RBECOVEERY BODEL:

. BECOVERY
LER ViB: REC DZP VAR: REC PARANE=
PARANETER » AT
VARIABLE or ESTISATE VARIABLE b ESTINATE
TNTERCEPT 1 2.75899E-15 sop o v e
E001. QNP 1 0.287291 . FIS 1 =0.684317
E001. BOS 1 0.573287 B 1 0.044559
viso 1 0.043587 CAI 1 o. 3438310
FIS 1 ~0.556212 :
BODEL:  IRJRATE
BODEL: STEAMIRI DRP VAa: QINJ
DEF VAB: QINJ PARANETER
VARIABLE nr BSTIWATE
PARANETER
VAEIABLE DF ESTIRATE INTEECEPT 1 =3.52674E-17
E001. PIKJ 1 =0.031246
IRTERCEPT 1 5.57917-16 vIso 1 0.032501
s 1 0. 178807 €A1 1 0.751532
NP 1 -0.197262 " 1 0.220271
TRS 1 0.086283 SR 1 -0.032822
s 1 0.063542
PIS 1 =-0.00500793
#ODEZL:  CILPBCDN aoR 1 0.086543
DEP VAR: NP
PARANETER BODEL:  PEODRZIE
VAETAELE DF ESTINATE LEP VAR: ONP
PARANETER
INTERCERPT 1 -3.81528E-15 VARIABLE DF ESTINATE
1 0.219517
vIso 1 -0.035888 INTERCEPT 1 3.859702-16
B001.15 1 -0. 481235 "’ ] 0.139276
REC 1 0.338108 B0O01.E2C 1 -0.163397
PIS 1 0. 537767 BOD1. PINS 1 <0.083903
car 1 0.083703
VIS0 1 0.02994%
MODEL:  INJPRESS BP 1 0.933218
DEP VAR: PINJ
PAARESER DEP vaR: PIRJ
Nbas [ 2l
VARIAELE or BSTINATE vARTABLY or ,ggggiigi
INTERCERT 1 =2.071792-15 12 - .
001,15 1 0.961326 ar o ] 7‘13’::53;2
vIso ' 0.056363 viso 1 0.23699)
vs 1 0.048218 " 1 0.677206
185 1 -0.029626 sor 1 0.012519
13 3 De 463549
2001.onp 1 =0.994701
s 1 0.713179
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Those parameter estimates are being wused as the
coefficient constants in the regression equations. Note
that all the intercepts are negligibly small and they are
being excluded from the equations.

In-situ Combustion Process:

0il recovery: REC = -0.918565A0R - 0.684817PIS +
0.044559FB + 0.348810CAI

Injection rate: QINJ = -0.031246PINJ + .032501VISO
+ .751532CAI + .220271NP - .032422ASR
+ .063542TRS - .0040079PIS + 0.046543A0R

Production rate: QNP = 0.138276VB - 0.160397Rec -
.043903PINJ + .085700CAI + .029948VISO
+ 0.933218NP

Injection pressure: PINJ = -0.583858CAI + .23699VISO
+ .677206VB + .012519A0R + 0.462549NP
-0.094701QNP + 0.713179TRS

Steam Drive Process:

0il recovery: Rec = 0.247291QNP +0.573287R0S +
0.044587VISO - 0.556212PIS

Injection rate: QNP = 0.178807VS - 0.197262NP +
0.086283TRS

Production rate: QNP = 0.219517EH - 0.035888VIS0O -
0.481235TS +0.338108REC +0.537787PIS

Injection pressure: PINJ = 0.9613267TS + 0.056363VISO

+ 0.048218VS - 0.029626TRS
This timestep is only used as an illustration. Total

12 sets of regression equations will be used as the

objective functions for the optimization model.
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IV. OPTIMIZATION MODEL FORMULATION FOR HEAVY OIL RECOVERY

4.1 Introduction

The term "heavy 0il" wusually implies crude oil having

an API gravity of 25° or 1less (Dietzmanls, 1965; and,

Farouq A1125, 1974). However, semi-solid hydrocarbons
(e.g., bitumen in tar sands, asphalt, etc.) are excluded
in this category. The author only considers those heavy
oils which are mobile at reservoir conditions, as
established by some primary and secondary productions.
Therefore, crude o0ils have viscosities between 100 to
10,000 cp at the original reservoir temperature,
frequently referred to as "heavy oils."

Due to the high viscosity of heavy oils at the lower
temperature, crude o0il pumping, 1lifting, and pipeline
transportation are common problems. A mixture of crude
with water or diluents has been found to be of some
benefit. Heavy o0ils have very little gas in solution but
often contain above average amounts of sulfur, metals, and

asphalt. For example, the U.S. crudes in the 20-25% API

range contain 0.1 to 4.17 percent sulfur by weight.
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Canadian crudes (20°API and below) contain about 3.0
percent sulfur. Venezuelan crudes (Orinoco Tar belt crudes
15° API or below) contain 25 percent sulfur, vanadium,

and nickel (Faroug A1125, 1974). Both high sulfur and

metal contents pose problems in refining (McKie,45

1982).
Despite the above problems, the heavy o0il reserves are
one of the great potential fossil fuel resources, both in
the U.S. and worldwide. 1In the U.S., over 2,000 heavy oil
reservoirs occurring in 1,500 fields and in 26 states were
catalogued in 1965. By 1980 production of heavy o0il had
reached about 170,000 B/D and an estimated 30 billion
recoverable barrels were still current (Time, April
28,63 1980). In 1982, the author collected about 100
steam drive and 40 in-situ combustion field case reports

in the US (0il & Gas Journal Annual Production Reportsz,

46

1982; and, Meyer et al., 1982). Among the oil
producing states, California has the largest heavy o0il
reserves (53.64 billion bbls) and Texas is second (30.57
billion bbls). Other states having significant reserves
are Louisiana (6.39 billion bbls), Wyoming (5.28 billion
bbls), Arkansas (5.0 billion bbls), and Oklahoma.

Venezuela is another country which has a large heavy
oil reserve (Alcocerl, 1980). For example, Orinoco Tar
belt is considered to be one of the largest heavy oil

accumulations in a single place in the world. The
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estimated o0il in place would be greater than 700,000
million barrels, with an o0il gravity range between 80API
and 14.5°API. Canada and Romania also have large heavy
0il reserves. In-situ combustion pilot field tests were
reported successful in Suplace de Baracau field, Romania

51

(Philip et al.,’” 1983).

4.2 Basic considerations for thermal recovery process

design

Because of the low mobility of heavy o0ils, the primary
and secondary recovery of such o0il is low. In the case of
a typical 25%AP1 crude, the primary recovery would be
5-10 percent, which may be increased to about 15 percent
by waterflooding. Waterflooding is usually very ineffi-
cient in heavy o0il reservoirs. The breakthrough recovery
is low (about 300 to 350 bbl/ac-ft for a 65 cp o0il), and
following breakthrough, the water cut increases rapidly to
values of 90-98 percent.

It is apparent that the principle obstacle in heavy
0oil recovery is the high viscosity. Any reduction in
viscosity will increase the o0il mobility, leading to an
increase in the o0il cut. Viscosity can be lowered most
effectively through the application of heat - the higher

the o0il wviscosity, the greater the rate of viscosity
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reduction as recovery processes are the major recovery
methods. The main heavy o0il recovery methods, as well as
the approximate API gravity ranges of applicability, are

as follows:

Cyclic Steam Stimulation {159 API

Steam Drive 120-250AP]
Hot Waterflood 200-250apP1
In-Situ Combustion 80-360API

In this dissertation, the author chooses only steam
drive and in-situ combustion techniques for the model for
on three reasons.

i) Both processes may be frontal drive processes;
therefore, the mechanism can be implemented in
the optimization model on an eqgual basis.

ii) Steam drive and in-situ combustion are the most
popular thermal recovery processes being applied
in the field. The optimization model is worth-
while as it can be used for comparison and
analysis.

iii) Since the steam drive and the in-situ combustion
are the more popular thermal processes used in the
field, the large number of field cases can be used
for a sufficient number of regression analysis and
design study.

In the steam drive process design, consideration of

viscosity reduction is the key factor for the success of
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the process. The principal mechanisms at work in steam

drive which cause high recovery are:

1.

Thermal expansion of 0il in place.

Steam carries heat' into the formation and the
crude oil expands in the porous rock.

Viscosity reduction.

Crude oil with a reservoir viscosity of 1,000 cp
at 100%F could have a reservoir viscosity of
about 50 c¢cp at a temperature of 200°F. Thus,
viscosity can be reduced by a factor of about
1,000 by increasing reservoir temperature.

Steam distillation.

Thermal distillation causes the lighter fraction
crude o0il to flow easily out of the reservoir
rock.

Mobility control.

At higher temperature, the o0il viscosity and
relative permeability characteristics are changed;
therefore, a better mobility control can be

obtained from the steam drive.

The steam injection rate and pressure are the important

designed parameters. The 0il recovery and the o0il produc-

tion rate are the measurement of the process efficiency.

These four designed parameters are formulated into the

regression equations which are being used in the multi-

94



criteria optimization model.

In the in-situ combustion process design consideration,
fuel deposition is the key factor for the success of the
process. The fuel content determines the combustion of the
flame front throughout the formation. The principle
mechanisms at work in the in-situ combustion that cause
higher recovery are:

1. Effect of pressure on fuel deposition.

Increasing the pressure was to increase the fuel
consumption as the kinetics of the process
indicates 0il sand burns vigorously at a higher
pressure, even at the same air injection rate.

2. Effect of air injection rate on burning velocity.

The rate of advance of the combustion front was
found to be approximately proportional to the air
flux. If the burning velocity is dropped below
one foot per day at a low injection rate, the
combustion front is suspected of not being able
to sustain.

3. Effect of air injection on oxygen consumed.

As the air injection rate is increased to exceed-
ingly high values, a smaller percentage of the
oxygen is utilized. However, at fairly low rates
the oxygen consumption is frequently quite high.

This undoubtedly reflects the kinetic of com-

95



bustion since the high rates provide short
residence times and prevent the oxygen from being
utilized efficiently.

Again, the air injection rate and pressure are the
important designed parameters. The o0il recovery and the
0il production rate are the measurement of the process
efficiency. These four designed parameters are formulated
into the regression equations which are being used in the

multi-criteria optimization model.

4.3 Application of Optimization Programming Technigue

The optimization programming technigue is applied to
the thermal recovery process for on the following reasons:

1. To minimize the deviations of the designed param-
eters evaluated from the performance models; e.g. injection
rate, injection pressure, production rate and oil recovery.
In this wdy, we can also check the feasibility of process
parameters for a particular reservoir.

2. To develop analytical solutions relating the profit
of a recovery process to the designed parameters. There-
fore, we can have a complete overview of the successful
application of the process to a particular reservoir.

3. To compare both processes based on deviation from

designed parameters, feasibility of process parameters, and
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profit gained from each process for a particular reservoir
is feasible for both steam drive and in-situ combustion
processes.

For this optimization model, multiple objective func-
tions are involved in an optimization technique. This
technigque is capable of handling decision problems which
deal with multiple objective functions. In the convention-
al programming methods, the objective function has to be
unidimensional either to maximize profits (effectiveness)
or minimize cost (sacrifice). This dimensional limitation
of the objective function sometimes does not fit the actual
engineering design problem. This multi-criteria optimiza-
tion model meets the desion requirements. Often, ultimate
design requirements set by management are achievable only
at the expense of other minor design requirements. Thus,
there is a need to establish a hierarchy of importance
among these incompatible requirements so that the lower
order requirements are considered only after the higher
order requirements are satisfied.

a) Priority ranking for the in-situ combustion process

Priority 1 (Pl): Although only the higher recovery
efficiency 1is expected, an exact achievement at each

timestep is a sensible indication of this goal, i.e.,

+ -

Priority 2 (P2): Higher o0il production rate
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increases the revenue for the process and thus higher
production rate is desirable. We have maximum production
rate as the design parameter. Therefore, we can only have
underachievement of o0il production, i.e., minimize the
positive deviational variable (-d;).

Priority 3 (P3); The injection rate for the process
is a direct indication of the rate of fuel burning in the
formation. Overachievement of the air injection rate is
desirable, i.e., minimize the negative deviational
variable (+d3).

Priority 4 (Pa): Higher injection pressure 1is a
direct indication of the additional cost to the process.
Therefore, it 1is always desirable to have injection
pressure underachieved to the design goal, i.e., minimize
the positive deviational variable (-dZ).

Priority 5 (PS): Maximize the profit. Therefore, an
overachievement is always desirable, i.e., minimize the
negative deviational variable (+d;).

b) Priority ranking for the steam drive process

The priority ranking is similar to the steam drive
process, e.qg, Pl’ P2, P5 priorities. Steam
generation is the major cost, but the injection pressure
is not essential to cost. We consider these two goals in a
different aspect than in the in-situ combustion process.

Priority 3 (P3): The steam injection rate is the
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major cost of this process; therefore, underachievement of
the steam injection rate is desirable. This goal is set
differently from the in-situ combustion process. i.e.
minimize the positive deviational variable (—d;).

Priority 4 (Pa): Steam injection pressure is just
high enough to be injected into the formation. Therefore,
overachievement of injection pressure is tolerable as long
as the pressure does not cause fracturing in the
formation. i.e., minimize the negative deviational

variable (+dZ).

4.3.1 Muylti-criteria Optimization Technigue:

In the early 1960's, Charnes and Cooper12 presented

an approach to the solution of linear decision models
having more than a "single" objective. Their work and that"

of others (Lee,>° 34

1972; and, Ijiri, 1965) have
resulted in a systematic methodology known as goal
programming for solving linear, multiple objective
‘problems wherein preemptive priorities are associated with
the objectives. This method is capable of handling
decision problems which deal with a main objective
function, multiple goal objective functions (also known as
goal constraints), and all the real constraints.

In addition to the treatment of multiple incommensu-

rable objectives, preemptive goal programming is
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distinctly different from the conventional programming
technique. In this programming technique, instead of
trying to maximize or minimize the objective criterion
directly, we try to minimize deviational variables among
the goals objective functions which we can actually
achieve within the given real constraints. Here, we set
the deviational variables into one main objective
function. Then, we minimize those undesirable deviational
variables in the main objective function:

Minimization: Z = Pl(d1
+ +
P4d4 + P5d5

+ % +
+ dl) + P2d2 + P3d3 +

where:

The positive or negative deviational variable (d*)
will depend on overachievement or underachievement of the
process parameter.

This optimization technique 1is illustrated in the

following formulation for the steam drive and the in-situ

combustion process.

4,3.2 Assumptions and Limitations

Assumptions are always necessary in the development of
any viable model. This multi-criteria programmind technique
is no exception. In many ways, however, this technique is
less constrained by assumptions than the conventional
optimization techniques. The following assumptions are
listed in order:

1) None of the priority levels are commeasurable and
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so we establish preemptive priorities for each objective
or group of objectives. As shown before that the highest
priority is indicated by P the next highest by P2,
and so forth. The notion of preemptive priorities holds

that P is preferred to P2, regardless of any

1
multiplier associated with P2.

2) All decision variables are nonnegative. This
assumption is necessary since the solution method employed
can only consider nonnegative variables. This 1limitation
is included in the program application which is
illustrated in Appendix D.

The most apparent limitation is that the goal program-
ming model simply provides the best solution under the
given constraints and priority structure. Therefore, if
management assigns incorrect priorities to various goals,
the model soclution will not provide'the optimum solution,
as is usually the case for any optimization model.

Since the thermal recovery models are simulated in
ideal conditions, the optimization model will have to
follow the same assumptions. In reality, there are some
physical limitations for modeling. These physical
modeling limitations are discussed in detail in the next

chapter.
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4.4 Multi-criteria Optimization Model Formulations

In the multi-criteria optimization model, there are
two types of objective functions: main objective function
and goal objective functions (or goal constaints). As
shown before the main objective function minimizes
deviational variables among goals objective functions.
The main objective is formulated according to the number
of goal objective functions. The goal objective functions
are formulated either analytically or empirically. The
profit equation is formulated analytically and process
design parameters are formulated by wusing regression
analysis. Both steam drive and in~situ combustion
processes employ the same technique for the goal

objectives formulations.

4.4.1 Profit Equation Formulation

In the steam drive process, the profit equation 1is
formulated analytically, incorporating the gross profit
and cost. The cost computations are classified in three

52 1981):

types (Perry,

1) General cost: This cost includes the traditional
0il field development costs for drilling and completing
wells, installing surface equipment, and operating the
well, However, the enhanced o0il recovery method only

considers the developed reservoir or field; therefore,
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this cost is assumed not to be of much importance or can
be neglected.

2) Financial costs: The financial costs associated
with any recovery project which are paid from production
revenues are:

Royalties, severance, and other taxes
Windfall profit tax

State and federal income taxes
Return on captial.

O0O0O0

20 (1978), noted that the

Doscher and Ershaghi
financial costs are not considered in calcuations because
these items are unique for all the projects and individual
operations. Particularly, the EOR profit term is only
used for comparative purposes.

3) Process costs: To determine whether the project
will be economical, the costs specific to a steam drive
operation need to be analyzed in detail. They include the
following :

Steam generator operation and maintenance cost
Fuel cost for generating steam
Water supply and treatment costs

Pollution control equipment operation and
maintenance.cost

O0O0OO0

The process costs are the only costs included in the
profit equation, therefore, the profit -equation is
formulated as:

Profit = Reveune - (Generator operation and

maintenance cost) - (fuel cost) -
(scrubber operating and corrosion cost)
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Crude o0il price = $35.5/bbl

Generator operating = $0.1/bbl of steam

and maintenance cost injected

Fuel cost = $2.26/bbl of steam

injected

Scrubber operation = $0.2/bbl of steam

and maintenance cost injected
Therefore:

Profit = 35.5Np - 0.1vS - 2,26VS - 0.2VS (4.1a)

Profit = 35.5N_ - 2.56VS (4.1b)
where: P

Np = cumulative o0il production, bbls

VS = steam injected, bbls

The o0il recovery, o0il production rate, steam injection
rate, and steam injection pressure equations are obtained
from regression equations for the steam drive model.
Similarly, the profit equation of the in-situ
combustion operation can be formulated as:
Profit = Revenue - (compressor operation and

maintenance cost) -(compressor energy cost)
-(oil treatment cost) -(field operating cost)

Crude o0il price = $35.5/bbl

Compressor operation = $0.10/Mcf of cumulative
and maintenance cost air injection
Compressor energy cost = $0.50/Mcf of cumulative

air injection

0il treatment cost = $3.25/bbl of cumulative
0il produced

Field operating cost =$0.075/Mcf of cumulative
air injection
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Therefore:

Profits= 35.5Np - 100CAI - 500CAI - 3.25Np- 75CAI (4.2a)

Profit= 32.25Np - 675 CAI (4.2b)

where:
Np = cumulative o0il production, bbls
CAI = cumulative air injection, MMscf/acre-ft

4.4.2 Formulation of the Process Design Equations

In the Chapter III, the author has 1illustrated the
validation of those regression equations. The regression
equations are best fitted linear functional equations.
Therefore, the equations can be used as the goal objective
functions.

Since the regression equations are different for both
steam drive and in-situ combustion processes, the
equations are listed according to the individual process.

The author also uses the third timestep for illustration:

Steam drive process goal objective functions
0il recovery Gl Rec = 0.2&7291X6 + 0.573287X
.0&4587x2
Production rate 62 = 0.219517X8 - 0.197262X
0.481235X, + 0.338108X
9 z " 4
+0.537787X5 + d2 -d2
Injection rate G3 = 0.178807X8 - 0.197262X

- +
0.086283X9 +d3 - d3

10 *

- +
- 0.556212X5 + dl - dl

7+

7 *
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Injection pressure G4 = 0.961326X3 + 0.056363X2
0.048218X, -0.029626Xg + d7 -d}f

In-situ Combustion goal ojective functions

0il recovery Gl = -0.918565X9 -0.684817X2 +
0.044559X5 + 0.348810X, +d] M
Production rate G2 = -0.031246X5 + 0.032501X12 +

.751532X4 + .220271X6 - .032422X,
+ .0635ﬂ2X8 -.0040079X2

-+
+.046543X9 + d2 -d2
Injection rate G3 =-.031246X5 +.032501X12 +
.75153X

st .220271X6 - .032422X
+.0635a2x8 - .0040079X,
-+
+.046543X9 +d3 -d3
Injection pressure Ga = -0.583858X4 + .23699X
.677206X10 +.012519x9 + .462549X

- 4
- .094701X;, + 0.713179Xg+d; -dj

7

+

12
6

The above equations only represents one timestep and
there are another 11 timesteps, which can be represented
in a matrix form.

The real constraints are the processes parameters

obtained from the performance model results (Appendix C).

4.4.3 General form of Model Formulation

The o0il recovery, oil production rate, air injection
rate, and air injection pressure equations are obtained
from the regression equations and the profit equations is
formulated analytically. Then the optimization model can

be formulated for the steam drive process and the in-situ
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combustion process. Since the main objective function,
goal objective functions (or goal constraints) and real
constraints are different for the two processes, the
optimization model for each process has to formulate
individually:

(i) Steam drive process: (General form)

Goal objective functions

0il A
Recovery 01° P1= KypXg + KpoXjg + kygXp + kyuXg (4.3)
- 4+
Production . _
Rece G, : Bz- kpiX] *+ Koo¥y + KosXs + KouX, (4.4)
- +
kpsXs + dy - dj
Injection . _
Rato Gy : 63- kyiXg + KgoXo + kggXg (4.5)
- 4+
+ d3-d3
Injection . -
roosure B4 ¢ Bu= kyiXg w kX, + kysXg (4.6)
- 4+
+ k44X9 + da-d4
s - 4+
Profit Gy 35_ kgyXy = KgoXg + do-ds (4.7)
Main objective function
s s s s _ - + + +
Minimization: Z = Pl(dl + dl) + P2d2 + P3d3 (4.8)

+ Pada + PSdS
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Real constraints

XM
%< Ay
%< Ay
%< My
%< s
X< Mg
ERE
pstg
sty
X0S *10

0il recovery efficiency,%

0il production rate, B/D

steam injection rate, B/D
steam injection pressure, psia
profit, dollars

thermal efficiency, %

0il viscosity at reservoir conditions, cp
steam temperature, OF

oil recovery, %

0il saturation porosity

0oil production rate, B/D
cumulative oil production,bbl
steam required, bbl
transmissibility

0il steam ratio, bbl/bbl

Where

bR b P - 1 R
HOUONOANUVMEBUWUNFUVEWN -~

o

o nmw u o nanunnan
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(i) In-situ combustion process: (General form)

Goal objective functions

0il s
Recovery °1° 0= ky Xy + kypXy + kyzXy
- 4
+ k14x4 + dl-dl

Production G

Rate 2° + kpoX

21%10 * K22X1 *+ kozXs + KouX,

- .+
+ kzsx12 + k26x6 + d2-d2

62= k

Injection .0 .
Rate Gz O3= kgyXg  + kgpXgpr kagX,+ kg Xg

k3 Xo + ko Xg + k 7X

577 368 3772 389

Injection . _
Proceure. Bat 0= kypX, + KyoXgp + kusXig + Ky,Xg
- 4
kys®e + Kug®11 * Kyz%g + 9470,
; . 0 - -+
Profit G.: = k51X6 k52x4 + d5 d5
Main Objective
2 s e . - + + - +
Minimization Z = Pl(d1 + dl) + P2d2 + P3d3 + PadA
+ PSdS
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(4.10)

(4.11)

- 4+
+ KyoXat d3-d3

(4.12)

(4.13)

(4.14)



Real constraints
X<t
%<ty
X< $3

- where: 0il recovery efficiency, %
oil production rate, 8/D
air injection rate, Mscf/D
air injection pressure, psia
profit, dollars .
cil recovery efficiency, %
0il saturation porosity
fuel burned, bbl/acre-ft
cumulative air injected, MMscf/acre-ft
air injection pressure, psia
cumulative oil production, B/D
air-sand ratio, Mcf/acre-ft
transmissibility
air-o0il ratio, Mcf/bbl
volume burned,%
oil production rate, B/D
0il viscosity at reservoir condition, cp

Y T R PN Y g oy v O O O O
= s 0O NN WN RS WN -~

N =~O
mw o w
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In the general formulations, those process parameters

Bi’ 8,0 Y fi will be transfered from the
per formance model parameters. The coefficient is
obtained from the regression equations; the coefficient
constants are subjected to change if the input data is
different. The actual application of these two general
formulations will be demonstrated in the field case
studies.

This multi-criteria programming technique can also be
applied in linear integer and nonlinear models
(Ignizio76, 1978). The application of this technique
depends on the functional equations used for the goal
objective functions. In this thermal process optimization

model, all the goal objective functions are linear

functions.
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V. THE APPLICATIONS OF THE OPTIMIZATION MODEL AND THE
FIELD CASE STUDIES

In this chapter, the optimization model applications
in two field cases and the sensitivity analysis for each
case will be illustrated.

Oklahoma fields were selected for the field case
studies. The same performance model for generating the
thermal recovery process parameters for the optimization
model has applied. The Sho-vel-tum SE Pauls Valley and
Loco fields were selected for the case studies. However,
the reservoir in Sho-vel-tum field did not pass the
screening criteria in the performance model. The computer
printout of three reservoirs in those fields is shown in
Appendix C. There are detailed publications about S.E.

Pauls Valley and Loco fields (Elkins et al.,22 1972;

42

and, Martin et al., 1968). The optimization model can

validate the model with actual field results.
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5.1 Heavy 0il Recovery in Oklahoma

In 27 counties of Southern Oklahoma (shown in Figure
5.1, heavy crude o0il accumulations are found primarily in
sandstone as well as found in limestone and conglomerate.
Geological eras of the formations are Permian and
Pennsylvanian. The principal primary producing mechanisms
are solution-gas expansion, waterflood, and combinations of
the two. Net thickness of the reservoirs ranges from a
few feet to about 140 feet. Known depths range from about
100 to 9,700 ft; however, 5% of ¢the 125 reservoirs
reported are at depths less than 3,000 ft. Therefore,
most of the reservoirs are good for steam drive according

to the process screening criteria (Dietzman,18

1965).
The in-situ combustion process is certainly a good choice.
Actually, Oklahoma was the first state to experience the

in-situ combustion process in Jefferson County in 1953.

LEGEND
e Oil fieid

74 Areo of hovy oll :‘2‘2

Figure 5.1a Heavy 0il reserve in southern Oklahoma
113




usts 1953, the first experimental in-situ combustion
process in Oklahoma was conducted independently by two
separate companies, Sinclair 0il Co. and Magnolia
Petroleum Co. The method proposed by Magnolia Petroleum
Co. was developed with the idea of producing heavy oils in
the 10° to 259API. The Sinclair 0il Co. method was
applied for higher API gravity oils, i.e. 300 to
40°API.

Mobil (formerly Magnolia Petroleum Co.) conducts the
in-situ combustion pilot project at Pontotoc Test Sand, in
Jefferson and Stephens counties. Their summary of
experiences is listed as follows:

Research S5-spot - 40 ft between wells - 195 ft deep

18.49API 0il - 5,000 cp at BHT

Highly instrumented and controlled

Injectivity increased at 150 PSI

Conformance good but directional

51% of o0il recovered from pattern

20% of pattern volume was burned clean

Results checked lab predictions

Mobil also ran another in-situ combustion pilot at Cox
Penn Sand unit, in Carter County, but no report was avail-
able this pilot. Sinclair had two pilots of the in-situ
combustion runs at Delaware-Childers, Nowata County. Both
tests were run in 1949, and the total increased oil

recovery was estimated at 34,971 bbl and 11,106 bbls. 1In

1960, Sinclair reran the in-situ combustion process for a
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watered-out reservoir. The summary of pilot test is listed
as follows:

In-situ combustion process technically feasible

Air only for watered-out reservoir

Inverted 2.2-acre 5-spot 330API oil

High injection rates and pressures

Delayed response due to high gravity reservoir

Good conformance

The operation was discontinued because of delayed res-
ponse in the time frame of the project (Martin,43 1968).

Sohio also did an experimental in-situ combustion
pilot in S.E. Pauls Valley, in Gravin County. Conoco
operated in Loco field, in Jefferson County for some
years. Conoco tried hot waterflood for a pilot test and
then ran a steam drive pilot in Loco field. The author
chooses the last two field cases as the field case studies
in this dissertation because both fields have more
detailed publications of the field test results
(Martin,*? 1968; and Elkins, et al.?’, 1972). The
details of these two field cases are discussed in the next

two sections.

5.2 Case Study 1l: SE Pauls Valley Field, Oklahoma

5.2.1 Field History:

The Southeast Pauls Valley Field, Garvin County,
Oklahoma, producing from the 0il Creek Sand at a depth of
4,300 ft., was discovered in March, 1955. The oil is very
viscous (7,000-8,000 cp API) and the operating problems

have been severe. By 1968, it was apparent that ultimate
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0il recovery by natural water drive was going to be less
than 5% of the oil-in-place. Therefore, the thermal
recovery method was considered to apply for the field.

The 0il Creek Sand reservoir is a faulted anticlinal
nose with a 100-ft. oil column covering some 325 acres as
outlined on the structure map in Figure 5.1. The reservoir
temperature is found to be 110%F and the pressure has
been maintained at about 1,800 to 1,900 psi.

From the core analysis, porosity averaged 31%, oil
saturation 57%, and water saturation 15%. Permeabilities
of these 8 samples ranged from 878 to 2,505 md. The
reservoir data does not indicate how thick each producing
zone 1is, therefore, a high permeability and a 1low '
permeability case were studied. Given the above reservoir
parameters, oil-in-place 1is initiaslly calculated to be
1,370 bbl/acre-ft. An experimental in-situ combustion

process was suggested for this field.

e
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Figure 5.1 Structure, top of o0il creek sand
(From Elkins et al.)
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5.2.2 Experimental in-situ combustion process

Sohio Petroleum Co. and Morgan Guaranty Trust Co.
conducted two experimental in-situ combustion processes in
this field. From January through November, 1969, air was
injected below the oil-water contact in an edge well as a
partial evaluation for the feasibility of using a periph-
eral in-situ combustion process. In October, 1970, they
ignited a structurally high well with the entire 100-ft
sand column saturated with o0il. Air injection into this
well was continued through January, 1972. The net oil
sand isopach 0il creek sand and test wells map is shown in

Figure 5.2.

AIR INJ.
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1897072
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Figure 5.2 Net o0il sand isopach o0il creek sand
(From Elkins et al.)
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Starting on January 10, 1969, air was injected into
water-sand below the oil-water contact in an edge well,
Duker B-7, at rates of 500-800 Mcf/day at surface
pressures of 1,800 to 2,400 psi. By mid-April, after
injection of some 45 MMcf of air, breskthrough occurred in
four offset wells. Three of the wells, Duker B-3, B-5,
and B-é6 were flowing successfully with the help of
sucker~-rod pumping. In October, 1969, with air injection
into Duker B-7 continuing, the volume of gases produced by
Duker B-5 and B-6 increased significantly. 1In addition,
both wells went substantially to 100% water production.
The test was terminated on November 17, 1969, after a cum-
ulative 156 MMcf of air was injected.

On August 2, 1970, air injection was started in Duker
A-1 at the rate of 200 to 300 Mcf/D at surface pressure up
to 3,000 psi. This well showed a 1limited air intake
capacity even after the wellbore cleanup. Therefore,
facilities were arranged for injection into Duker B8-3. Qn
October 7, 1970, 450 MMcf of air was injected at about
1,700 psi surface pressure. Severe channelling to other
producing wells was found in this injection well.

The overall performance of the in-situ combustion test
is summarized in Figure 5.3. O0il production increased

from 100-170 B/D during the first 9 months of 1970, before
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ignition of Duker B-3 on October 1, to a peak rate of 401
B/D in March, 1971. It declined to 285 B/D imn January,
1972, Jjust before air injection was terminated. During
the 16 months of air injection into Duker B-3, the field
produced 149,000 bbl of o0il, average 310 B/D. For the

total project period, the air-oil ratio averaged 6 Mcf/bbl.
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Figure 5.3 In-situ combustion pilot performance
(From Elkins et al.)

After these two field tests, the engineers evaluated
the possibility of project expansion. In their concluding
remarks, they suggested an expansion of the in-situ
combustion process despite the usual severe channelling
and high operating cost during that time. One additional
factor favored the expansion, the intake capacity of the

single air injection well. They commented :
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"Injectivity calculations indicated the air injection
rate probably could be doubled or tripled with surface
injection pressure not exceeding 2500 psi. If this
would cause other wells to flow at a similar air-oil
ratio, total field o0il production rate might be
doubled or tripled.”

5.2.3 Optimization model applications and sensitivity

analysis

The above quotation provides a good basis for the
multi-criteria optimization model to evaluate the injection
pressure, injection rate, and production rate for the
in-situ combustion process. The detailed input reservoir
parameters and the performance model results are listed in
Appendix €. The multi-criteria programming technique is
programmed in FORTRAN. The program 1listing and user's
guide to the in-situ combustion pilot are shown in
Appendix D. Since the published 1literature has not
indicated different permeability producing zones, this

pilot was evaluated on high and low permeability cases.

a) High permeability case: permeability = 2,500md

Optimization model results:
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Table 5.1 Process Achievement for 2,500md

Timestep Prof Pin Aini q Rec
(month) ($) pa) Py @B )
1 41039.76 594.54 2.70 184.82 12.86
2 80914.61 539.43 2.70 173.22 20.24
"3 119785.70 539.43 2.70 162.52 25.96
4 157735.50 492.31 2.77 155.49 31.30
5 194757.28 492.31 2.79 145,90 32.23
6 230891.00 437.00 3.02 140.06 33.86
7 266120.43 451.33 3.42 133.64 34.06
8 300551.30 461.35 2 96 128.58 38.87
9 334176.90 470.39 2.79 122.92 42 .74
where:
Prof = profit, dollars
P. . = injection pressure, psi
inj
qinj = injection rate, MMcf/D
Anp = production rate, B/D

Rec = oil recovery, %

The work of the optimization model usually is not
completed when the multi-criteria programming technique
has been successfully applied to identify the optimal
solutions. The parameters used in the model are just the
estimates from the performance model for a prediction of
future conditions. The data obtained to develop these
estimates are often rather c¢rude and the process
parameters may even represent overestimates, such as the
maximum injection pressure and injection rate.

The sensitivity analysis of the decision variables can

be performed in two aspects:
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1) The goal objective functions are formulated as the
regression equations, and the coefficients for each param-
eter are constant. The input parameters have to readjust
themselves in order to achieve the predictive power of each
regression equation. The readjustments of the decision
variables form the feasible region for the model.

2) The physical model is simulated in different time-
steps. Some of the decision variables vary throughout the
timesteps, e.g., o0il recovery, cumulative air injection,
cumulative o0il production, air-oil ratio, volume burned,
and o0il producing rate. The optimization model feasible
region may vary in different timesteps; therefore, some of
the decision variables are obtained for the feasibility of
the modeling.

The multi-criteria programming technique forms the
feasible region with the input parameters as the real
constraints. Some of the real constraints have to
readjust as the basic variables for the feasible region.
Then the basic variasbles and some other real constraints
are used as the decision variables for the optimization
model. The basic decision variables are obtained for this

particular model as follows:
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Table 5.2 Basic Decision Variables for 2,500md

Timestﬁp
(month) g CAI gq.,.. FB PIS VISO VB P. -
(B78) (MMcf) (MMB#/D)(B/AF) (%-%)  (Cp) (%)  (psiY
1 360.36 .33 5.52 299.50 2937.10 303.66 13.52 759.73
2 338.18 .57 5.52 252.86 2997.40 329.63 14.52 759.73
3 318.30 .79 5.52 232.26 3054.60 358.80 15.52 759.73
4 328.63 1.15 6.08 233.21 3116.10 429.96 16.52 698.56
5 308.40 1.41 6.08 237.26 3059.13 414.50 20.52 698.56
6 317.60 1.76 6.44 235.10 3043.50 407.16 24.52 633.70
7 315.96 1.95 6.60 231.95 3008.84 405.67 28.52 638.172
8 134.26 2.25 6.98 242.23 3013.78 416.24 31.52 632.31
9 128.16 2.55 7.02 245,17 3103.81 405.02 32.31 575.59
where:

unp = production rate, B/D

CAI = cumulative air injected, MMscf/acre-ft.

qinj = injection rate, MMscf/D

FB = fuel burned, B/acre-ft

PIS = o0il saturation porosity

VISO = o0il viscosity, Cp

VB = volume burned, %

Pinj = injection pressure, psi

b) Low permeability case:
The other reservoir parameters are the same for the

high permeability case.

5-spot in 5-acre spacing.

Optimization model results:

permeability =

878md

The pilot pattern is an inverted

Table 5.3a Process Achievement for 878md
Timestep Prof Pins Qini q Rec
(month) ($) (psi)  (mmcto)  (BPD) (%)
1 41039.78 635.04 2.70 184,82 11.88
2 80783.87 599.43 2.70 173.22 21.95
3 118479.30 589.30 2.70 162.52 25.20
4 157188.40 580.31 2.98 155.49 28.10
5 191631.28 539.45 3.14 145.90 28.95
6 213602.73 537.00 4,33 140.06 32.20
7 266996.95 585.60 2.99 133.64 39.31
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Table 5.3h Basic Decision Variables for 878md

Timestep  Pjinj FB CAI PIS VB

(month) (psi (B/AF) (MMcf/AF) (%-%) (%)
1 978.95 284.17 0.33 3382.71 13.52
2 978.95 250.99 0.57 3497.99 14.52
3 978.95 219.99 0.79 3571.47 15.52
4 894.56 226.45 1.15 3440.01 20.52
5 894.56 227.49 1.41 3341.36 25.52
6 835.27 230.52 1.76 3295.84 30.52
7 861.03 236.08 1.95 3237.85 35.52
From the results of the decision wvariable in both

processes, (Tables 5.2 and 5.3) the injection pressure is
considerably higher for the 1low permeability case
(86i-979 psi) than the high permeability case (575-759
psi). The different injectivity of pressure is due to
the tighter formation for the low permeability case. Two
pressure ranges are plotted on a consolidated graph
(Figure 5.4) for comparison. The process achievements
show a closer range of injection pressure for both cases,
but the injection pressure 1is still higher for low

permeability case.

MULTI-CRITERIA OPTIMIZATION MODEL

W=SITU COMBUSTION PROCESS
PAULS VALLEY FIELD
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Fig. 5.4 Injection pressure for high, low permeability

cases.
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The o0il saturation porosity, PIS, is usually used for
EOR screening purposes because this term indicates a
basic idea of oil-in-place. For the low permeability
case, the PIS term has a relatively higher value which
gives a lower o0il recovery than the high permeability
case. Therefore, the o0il recovery is relatively lower
for low permeability case; the o0il recovery for two

different cases are plotted in Figure 5.5.

MULTI-CRITERIA OPTIMIZATION MODEL

IN=-SITU COMBUSTION PROCESS
PAULS VALLEY FIELD
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TIME, MONTH

Fig. 5.5 0il recovery for high, low permeability case.
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'Since the profit is based on the production rate,
injection pressure, and injection rate, the profit is
relatively lower for the 1low permeability case, i.e.,

$266,996.95 as compared to $334,176.90.

5.2.4 Steam drive process for S.E. Pauls Valley:

The screening criteria of the performance model has
indicated a steam drive process for the piiot test in
S.E. Pauls Valley field. The reservoir parameters are
the same parameters wused for the in-situ combustion
process. Both high permeability and low permeability
producing zone case studies are simulated for the steam
drive process. The multi-criteria optimization model is
also applied for both cases and the results are almost
identical except that of the o0il recovery. Therefore,

the results are listed in a consolidated table as follows:

Table 5.4 Process Achievement for High, Low Permeability

{imestip high k low k

Month) Prof Ps Qins q Rec

($) il 82y (8% (%)
1 -1195536.3 1088.14 993.11 644.15 24.41 21.47
2 -1017656.3 1084.14 992.73 747.37 46.85 40.97
3 - B840099.4 1088.69 992.43 609.97 52.78 43.96
4 - 662876.6 1098.20 990.88 632.37 65.00 53.26
5 - 485971.7 1169.34 986.79 645.07 €9.64 54.97
6 - 309386.8 1174.53 984.00 550.52 72.70 55.12
7 - 133146.3 1184.32 981.74 484.39 77.71 57.21
8 + 42822.4 1212.79 979.05 468.05 82.34 58.93
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Table 5.5 Basic Decision Variables (Both cases)

Timestep
(Month) EH VS
(%) (BBLS)

1 99.82 449450.13
2 99.64 450459.91
3 99.46 451469.94
4 99.28 452480.16
5 99.11 453490.06
6 98.93 454500.00
7 98.75 455509.88
8 98.58 456520.02

Since both process achievement parameters are almost
identical, except o0il recovery, a consolidated graph is
plotted for the o0il recovery in Figure 5.6. The o0il
recovery 1is considerably higher because the steam

injection increases the injectivity of the process.

MULTI-CRITERIA OPTIMIZATION MODEL
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As shown in Figure 5.7, the negative profit for the steam
drive process indicates a failure in comparison with the
in-situ conbustion process. This is due to the fact that
the steam drive has a relatively high injection rate
(avg. 990 B/D) and a high injection pressure (avg. 1,100

psi) for the process.
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FIG 5.7 PROCESS PROFIT VS TIME
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5.2.5 Discussion of field case study 1

1) In the high permeability and low permeability
cases, the in-situ combustion process injection pressure
is kept well below 2,500 psi as suggested by Elkins et
al.,22 (1972). Actually, the injection pressure
achievement for the 1low permeability case 1is about
860-980 psi which is higher than the high permeability
case (Tables 5.2, 5.3). This is because the tight
formation has a limited capacity for injectivity.

2) The in-situ combustion process depends on the
amount of air injected for combustion to form the hot
front pushing the viscous o0il out. The volume burned and
fuel deposit are the factors which decide on the air
injection rate. The optimum injection rate is about 2.7
MMcf/D for high and low permeability cases (Tables 5.1,
5.3). In the last four months, the injection pressure
climbs up because of a higher consumption of oxygen for
sustaining the combustion.

3) The success of the in-situ combustion process
relies on the higher oxygen content for sustaining the
combustion front to drive the o0il out of the producing
well. The low permeability has an advantage of
sustaining the combustion better than the higher
permeability case. The 0il recovery is slightly higher

for the high permeability case than for the 1lower
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permeability case because an easier flow is found in the

high permeability formation.

5) For Pauls Valley Field, the screening guide also

recommends the steam drive process. The multi-criteria

optimization model is able to tell the differences in the

advantages of conducting an in-situ combustion process in

this field.

a)

b)

c)

d)

The 1,100 psi injection pressure has to be
sustained at a high injection rate for the steam
drive process. The higher pressure for
generating steam is costly and dangerous.

The steam injection is usually more costly than
air injection. A 990 B/D steam injection rate
puts a substantial cost on the steam drive
process which results in a negative profit for
most of the process time (Table 5.4).

The producing rate is almost double for the steam
drive process. However, this o0il production is
usually a mixture of oil with water for the steam
drive process. A higher producing rate would
mean a higher cost for de-eumulsifiers.

According to a DOE survey on EOR (Johnson,36
1982), the steam drive process obtains a higher
oil recovery than the in-situ combustion process.

The steam drive process improves injectivity,

130



the o0il recovery 1is proved to be 20-30%
higher than the in-situ combustion model

(Tables 5.1, 5.3, 5.4).
The higher cost of the steam generation gives a
negative profit for the steam drive process. Therefore,
we would still consider using the in-situ combustion

process in the S.E. Pauls Valley Field. (Figure 5.7)

5.3 Case Study 2: Loco Field, Oklahoma

5.3.1 Field History

Loco field is located in Southern Oklahoma, Ardmore
Stevens County, Oklahoma. A waterflood was in operation
on the Ida Billy lease when Continental 0il Co. obtained
the Loco properties. However, the conventional
waterflood was well past its economic 1limit for a
reservoir containing 600 cp 20.8%API viscous oil.

Conoco initiated a hot waterflood test in 1961 in
order to obtain technical information and operating
experience. The test was conducted on a 2 1/2-acre
pattern that was part of a 20-acre conventional water-
flood pilot area (shown in Figure 5.8). Hot water
provided water injectivity increases of 200 to 400
percent. The final results showed that the hot

waterflood increased 0il recovery.
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5.3.2 Loco Field (Hot Waterflood in Ida Billy Lease):

Summary of hot waterflood pilot experience:

Table 5.6 Ida Billy Reservoir Parameters Core Analysis

Porosity = 25.6%
0il saturation = 58.1%
Water saturation = 31.6%
Gas saturation = 10.3%
Formation volume factor = 1.05

Core Analysis Data

Depth thickness S S

0 w
Sand  (ft) (ft) K(md) (%) ©bbl/AF Core Log
Upper 529-36 8 3065 47.3 1068 28.9 32
Lower 537-41 5 1733 44.4 980 39.4 60
Over- 529-41 13 2553 46.2 1032 32.9 43
all

24a0@

Figure 5.8 Pilot patterns, Loco hot water drive
(From Martin et al.)
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The fresh water supply comes from nine fresh water wells.

The fresh water analysis is listed as:

Total dissolved solids, ppm = 1,410
Specific gravity @ 789F = 998
Calcium, ppm = 10
Magnesium, ppm = 18
Chloride, ppm = 260
Sulfate = None
Carbonate = None
Bicarbonate, ppm = 730

Description of the hot water flood process:

(o w]

0

0

Hot water injectivity increase from 200 to 400%

75% of the pattern was affected by heat

60% of the injected heat was lost to
over/underburden zones

Severe channeling across the lower portion of the
oil-sand through 2zones of relatively high water
saturation

"plugging off" the injection well because the
injected water may have been contaminated with
clay particles

Tertiary o0il production from the pilot pattern
area was 3,896 bbl or about 156 bbl/acre-ft
water-o0il ratio is found to be 34:1

Process data:

Volume hot water injected

178,887 bbl

Hot water injectivity = 4,0 BWPD/psi

Cumulative oil production

0il recovery(saturation)

3,896 bbl (12/61-7/62)

(46-35) = 11%
156 bbl/acre-ft

Profit = $123,464.24
Hot water injection rate = 500 BWPD
(average) (shown in Fig. 5.9)

Production rate for wells #221,239,240 is shown in

Figure 5.9.
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Average production rate/well = 280 B/D
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Figure 5.9 Monthly average production history and
monthly average injection rate (From Martin et al.)

Process conclusive remarks:

[

e

Heat produced additional oil from this
watered-out reservoir

Heat increasedlwater injectivities. This is a
good indication that the heat will decrease o0il
viscosity substantially.

Wellbore heat losses were tolerable at 526 ft
with injection rates of 500 to 600 BWPD, and

with low-pressure gas in the casing-tubing

annulus.
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(iv) The injected water channeled through zones of
high water saturation and some of the injected
water reached the producing wells two months or
more ahead of the heat front.

(v) Producing WOR's were very high.

(vi) The hot waterflood drive enhanced the
incremental o0il recovery of 156 bbl/acre-ft
indicating that the steam drive is the

potential enhanced cil recovery method.

5.3.3 Loco field (Steam drive process and in-situ

combustion process)

In early 1970, Conoco planned a full-scale steam

drive project in the Loco field. In 1982, Gas and 0il

Journal Annual Production Reportz, the project

consisted of 24 injection wells, 43 producing wells in a
area of 90 acres. The details of the project will be
disucssed in the steam drive section.
Summary of thermal processes description:

i) The same reservoir parameters are listed in the
hot waterflood pilot test.

ii) The 5-acre pattern chart is assumed to be part of
a 20-acre conventional waterflow pilot area.

iii) Since the steam drive is assumed to conduct at
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the same pilot pattern as the hot waterflood. There are

several process parameters that remain the same as in the

hot waterflood process, as follows:

75% of the pattern was affected by heat

60% of the injected heat was lost to
over/underburden zones

severe channeling across the lower portion of
the oil-sand through zones of relatively high
water saturation

Optimization model results:

a) Steam drive process

Table 5.7 Process achievement in Loco Field

Timestep Prof P:. s Qins q Rec
(months) _ ($) (psh (8/8) _ (B%;) (%)
1 18,300.8 829.57 993.11 644,15 20.54
2 118,093.1 801.19 992.73 650.93 40.04
3 247,489.2 940.88 992.43 609.97 58.10

b) In-situ combustion process:

Table 5.8 Process achievement in Loco Field

Timestip
(Month Prof Pins Qins q Rec
($) (ps1) ey BP0y (%)
1 15,375.73 539.43 4,98 184.82 6.87
2 30,315.37 539.43 4,97 173.22 14.26
3 58,945.65 539.43 4,99 162.52 19.89
4 98,939.02 492.31 5.07 155.49 25.39
5 123,786.07 492.31 5.11 145.90 31.46
6 148,433.93 437.00 5.26 140.06 36.98
7 169,553.48 451.33 5.24 133.64 37.99
8 190,655.35 422.79 5.33 128.58 46.69
9 220,324.72 467.18 5.10 122.92 51.53
10 238,897.82 422.85 5.60 128.11 53.70
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Table 5.9 Basic Decision Variables in Loco Field

Timestep
(Month) TRS VISO
(md-ft/cp) (cp)

1 1,050.52 395.68
2 1,050.52 372.50
3 1,050.52 373.79
4 1,030.50 414.18
5 1,030.48 408.72
é 942.09 406.30
7 846.87 421.20
8 795.02 437 .41
9 671.40 496.18
10 691.19 428.97

where:

TRS = transmissibility, (kh/,)

From the results of process achievement (Tables 5.7,
5.8), we find both processes are very similar in terms of
the final profit and o0il recovery; i.e., $238,897.82
profit and 54-58% recovery. The injection pressure,
injection rate, and production rate will be discussed in
the later section. In the 1in-situ combustion process
(Table 5.9), the decision variables indicate heat lost to
the formation becoming apparent because the viscosity
increases as the +temperature drops. Therefore, the
transmissibility decreases to the flow when the o0il is

getting thicker in the formation.

5.3.4 Discussion of Case Study 2

1) In early 1970, Conoco planned on a full-scale steam
drive project in the Lococ Field. Fresh water is always

the first consideration of the steam generation because
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water treatment adds a substantial cost to the project

(Fincher,26

1969). Conoco drilled nine fresh water wells
for hot waterflood; but the wells could not provide enough
fresh water for the entire project. Therefore, Conoco
actually built a fresh water reservoir for fresh water
supply.

A small pilot in-situ combustion process was conducted
in 1963 and the project was abandoned for safety reasons
(Martin, 1975).

2) The Loca is an old field; many wells have been
drilled in all the area. Channeling is a severe problem.
Steam leaks in the injection wells and, in some old wells,
are very common. The producing formation is 500 ft. deep.
The optimized steam injection rate maintains at 992 B/D
throughout the project. The optimized injection pressure
is kept in the range of 800 to 950 psi ; i.e., a higher
injection rate and a lower injection pressure give a
better result.

For the same reasons, the optimized air injection
pressure is kept at 420-540 psi and a higher injection
rate of 4.9-5.60 MMscf/D for the in-situ combustion pilot.

3) The sensitivity analysis of input parameters has
been done and the parameters do not affect the feasibility
of the optimization model in general. The injection

pressure and production rate show a slight change
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throughout the process; the injection rate is increased to
about 992 B/D and it remains steady throughout the
process. This steam drive pilot project is an accelerated
project of the hot waterflood. The average production rate
will be 635 B/D in three months (Table 5.7). The steanm
generator is a portable one which can be moved around in
the whole field. The steam driving period runs about 3 to
5 months in the Loco Field. The movable steam generator
has the advantage of accomplishing the accelerated project
as designed in the optimization model. The project 1life
is about 10 months for the in-situ combustion pilot which
is three times longer than the other one (Table 5.8).
Therefore, the increasing steam injectivity can accelerate
the process considerably.

4) The optimum production rate (avg. 638 B/D or 160
B/D/well) is higher than the reported average production
rate (100 B/D) in the Loco Field (Gas & 0il Journal

Production Report,2 1982). The production 1is being

pumped off by wusing sucker rod pumps. The o0il is both
viscous and low in gas content. Therefore, the collection
system is characterized as having a relatively smaller
oil-gas separator and a large de-emulsifier for adding
chemicals which may increase the project operating cost.
The production rate is 128-185 B/D for the in-situ

combustion process. This production rate does not
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consist of hot water production as in the steam drive
process. If we consider 30% o0il cut for the steam drive
production, the actual o0il production rate is also turned
out to be 130 B/D!

5) The steam drive process profit is $247,489.20 at
the end of the drive (Table 5.7). This profit is a
bigger economic gain than the hot waterflood $123,464.24.
The steam drive cumulative o0il production is 8,248 bbls
which is double the hot waterflood of 3,896 bbls
production. This double incremental production agrees
with the profit gained.

The in-situ combustion process profit is $238,897.82
in ten months. As an accelerated project with a quicker
rate of return, the steam drive process is a better
choice.

A pilot steam drive process is being conducted in the
deeper producing zone (D-deep) at 1,000 ft. depth. It may
be too early to reach a conclusive result about the

project (0il and Gas Journal,2 1982).

5.4 Discussions

In general, the simplest model should be tried first,
for additional accuracy is apt to require additional cost

and time. The performance model simulates the thermal
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process and the multi-criteria programming optimizes the
outcomes; however, the modeling assumed ideal conditions.
The model is not a specialized model tailored for any
production problems, e.g., fracture, corrosion, sand, and
channeling. If any of these probléms arise during
production, the engineer will consider shutting-in the
well and may suggest a work-over job. Models that takes
into account such uncertainties are called "stochastic."
Formulation of a model in stochastic terms poses another
fundamental question: What 1is meant by an optimum
solution in the face of uncertain outcomes? In other
words, the uncertainties introduced in the stochastic
model effectively present a guaranteed solution. In
8

Bentsen and Donchue's paper (1969), the authors

discussed the idea:

"The problem is not in finding a means for comparing
policies, taking into account the possible fluctuation
of outcomes, but rather to find a unique measure. It
develops that there is no one method that can be
considered “best". However, it has become a generally
accepted procedure to use some average of the possible
outcomes as a measure of the value of a policy. This
particular average possesses an important invariant
property - 1linearity - that greatly simplifies the
functional equations describing the process. As a
consequence of this property, future decisions can be
based solely upon the present state of the system,
independent of the past history of the process.”

A stochastic model required considerably more

computation and memory storage in the computer.
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However, the author suggests a stochastic model could be a
good research topic provided a bigger computer system is
available

By the same token, there is another problem posing on
the expansion of the model. This model uses the reservoir
data which is an average data point. The author only used
the average data point on a single injection well of the
inverted 5-spot and simulated the production well process
parameters. Evidently, the reservoir heterogeneity could
only be simulated by using a number of wells' data and
their pressure and production history, etc. The author
suggests that the well-to-well data base will be used when

the computer simulation group works on the modeling.
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VI. SUMMARY AND CONCLUSIONS

6.1 Summary of Modeling

The modeling concept has began with a pilot test
applied to a reservoir evaluation, and this concept is the
usual evaluation procedure being wused by the ©oil
companies. In fact, the engineers carefully design a
pilot and collect the process parameters from these wells
or from the observation wells. The process parameters can
perform any type of reservoir evaluation when the pilot is
successfully run. The given reservoir parameters are only
a single representation; therefore, the inverted 5-spot
pilot test is designed. Then, the given data has been
applied to the injection well and the four producing wells
respond from the process performance model, which
generates the process parameters. These process
parameters can be considered the same as the actual pilot
test has been conducted in the field.

Therefore, the performance model has been carefully

designed. In the performance model, a screening criteria
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is set for both steam drive and in-situ combustion
processes. The criteria screens through the undesirable
candidates and validates the potential pilots for evalua-
tion. The performance model consists of two individual
process models; namely, the Marx and Langenheim steam
drive model and the o0il recovery/volume burned in-situ
combustion model. In the steam drive model, the author
included Van Lookeren's sweep efficiency approach for
maximum injection rate and pressure, and also included the
Mandl-Volek refinement on the hot water bank. This steam
drive model is a good simulation for most of the reservoir
cases (i.e., the problem is reasonably resolved for the
Marx and Langenheim solution for thin layer formation
modeling). In the in-situ combustion model, the author
applied the o0il recovery/volume burned method which is a
result of both field and experimental tests. The
relationship 1is generalized on a graph with o0il recovery
versus volume burned and a prediction can be made by
curve-fitting on those curves. The inverted 5-spot pilot
test is selected for this process, and a radial flow
equation 1is wused for the calculation of air injection
pressure and injection rate.

The performance model has been used to simulate 42
steam drive and 32 in-situ combustion field cases and

generates both process parameters for regression analysis.
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The current process parameters provide a good foundation
for regression modeling.

Regression modeling is employed to formulate the
objective functions for the optimizaion model. Several
SAS regression analysis procedures have been used in the
modeling: RSQUARE, STEPWISE, MAXR, and BACKWARD. These
procedures formulate the basic terms for the dependent
variables such as o0il recovery, injection rate, injection
pressure, and production rate. These regression equations
were screened through by the REG procedure to get rid of
outliers and collinearity problems. The accuracy of
prediction has also been considered for those eguations.
In this particular regression system, the model's
dependent variables are also the independent variables of
some other regression equations; therefore, intérdependent
relationships are established among the equations. Those
relationships can -cause more serious regression errors.
The SYSREG regression models are confirmed with a 95-99%
weighted R-square. The residusl plots further reveal that
the equations are reasonably fit and most of the
prediction points fall within the 95% confidence limits.
The AUTOREG further checks the possibility of time serial
problems which are not significant in the regression
modeling for both processes. Regression analysis
formulates objective functions and they can be used for
the optimization model with confidence.
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In the S.E. Pauls Valley and Loco fields case studies,
the performance model has been used again to evaluate the
process parameters optimization model. Those praocess
parameters are substituted as constants into the objective
functions obtained from regression analysis. The
multi-criteria objective functions have been successfully

applied in the optimization model.

6.2 Conclusions

1) This model indicates that a bridge has been
successfully built between the engineering aspect and
decision-making aspect. In the engineering aspect,
optimized oil recovery, injection rate, injection pressure
and production rate are obtained from the multi-criterisa
optimiztion model. An engineer can simply assign those
optimized parameters as the designed requirement. In the
decision-making aspect, the process profit is optimized
with the preemptive priorities of engineering parameters.
The profits of each process can be compared and the
engineer can reject the uneconomical proposal.

In the field case studies, these two aspects were
demonstrated very well. In S.E. Pauls Valley field, the
screening criteria suggested both the steam drive and the

in-situ combustion process could be applied. The perfor-
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mance model has also simulated both processes as if they
are promising. The multi-criteria programming technique
minimizes the deviational variables and evaluates the
achievement of weach goal. In the in-situ combustion
process, the high permeability case could possibly be
better because a lower air injection pressure is applied
(avg. 450-540 psia compared to 580-630 psia). The process
achieves a higher o0il recovery (43% compared to 39%) and
yields a much higher profit, i.e., $334,176.90 as compared
to $270,000.00!

The steam drive process, in Pauls Valley Field, is
unfavorable both in the engineering and economic aspects.
The achievement indicates the production rate has to
"jack-up" 600 to 770 B/D which is wunusual for such heavy
crude. The profit is a very great loss in comparison with
the other process. Apparently, this candid evaluation of
both processes could never be achieved with only the
performance model!

Conoco operated the Loco field as early as the 1950s.
This field has a reputation for shallow but fresh water

sand (Suchard,é2

1983), and so is a good candidate for
either steam drive or in-situ combustion processes. Since
the hot waterflood proved an increase 1in injectivity,
Conoco decided on a full-scale steam drive project. From
the optimization model solutions, the steam evidently

boosts up the injectivity substantially. As a result, the
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injection pressure is doubled; and the production rate is
pushed up to 5 times higher (640 B/D compared to avg.
1508/D). Although the in-situ combustion pilot also has
performed reasonably well in this field, the steam drive
pilot is an accelerated process, i.e., 3 months compared
to 10 months. The steam drive process has a quicker rate
of return with a higher profit.

Therefore, the steam drive process is a favourable
choice. This fact confirms with Conoco abandonment the
in-situ combustion pilot in this field. The process safety
and environmental pollution were also problems.

2) The steam drive model has proved two basic effects
for oil recovery and production:

a) decreasing the oil viscosity,

b) increasing the injectivity.

But, the in-situ combustion has only the effect of
decreasing o0il viscosity. The increasing injectivity
éffect usually enhances a higher o0il recovery for the
steam drive process. In the S.E. Pauls Valley field ,
there is only a slightly higher o0il recovery in high
permeability 2zone for the in-situ combustion process
(Figure 5.5). However, a comparatively higher o0il
recovery results in the steam drive process (Figure 5.6)
than in the in-situ combustion process for the same high

permeability zone. In the Loco field, the injectivity
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effect of the steam drive is even more apparent that the
process is much more accelerated, 1leading to a quicker
return in the investment.

3) In this model, the optimized design parameters and
the profit decision analysis are obtained simultaneously.
Due to the wunidimensional 1limitation of the 1linear
programming, the engineering optimization applications are
usually not practical. This multi-criteria optimization
model has proved to be a more practical engineering
application. The injection pressure, injection rate, and
production rate are the design parameters; the o0il
recovery and profit are the decision analysis. The
optimization model can also be applied in most engineering
design. This easy application has been illustrated in the
field case studies (Appendix D).

Furthermore, the multi-criteria optimization model
also has the advantage of small size. The model only needs
35k core memory for storage and execution in the
minicomputers. With a slight modification, the program
could be executed comfortably with a 48k Apple computer or
any other desktop microcomputer.

4) A one-dimensional performance model has been
successfully applied for screening and evaluating both the
steam drive and in-situ combustion processes. In the

model, the screening criteria, the Marx and Langenheim

149



solution and o0il recovery/volume burned method, are
incorporated as the basics which are supplemented with
other theories in ordet to prefect the deficiencies, such
as thick layer and frontal drive mechanism.

5) In thermal processes regression modeling, series
SAS procedures have been successfully used to formulate
the equations, and REG procedure checks out the possible
outliers and collinearity. The SYSREG procedure has been
applied to formulate the regression equations
simultaneously in one system; the regression models are
confirmed with weighted R-square 95-99% for both
processes. This system regression technique has been
intelligently adopted in the engineering application.

6) This work has demonstrated the successful
application of PDS data for the reservoir evaluation. An
inverted 5-spot pilot design has been used for the thermal
recovery performance evaluation. The pilot results can be
projected on the entire reservoir. The minicomputers VAX
11/780 and PDP 11/70 were used for this research work.
The computer programs can be executed on any desktop
microcomputer with a slight modification in the programs.
The use of a stochastic and well data may prove to be a
more realistic approach; however, it is not the purpose of

this research.
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NOMENCLATURE

A = entire reservoir area, acres

AE = area sweep efficiency, fraction

ACR = air-o0il ratio , Mcf/bbl

AR = vertical conformance factor, radial flow case

ASR = air-sand ratio, Mcf/ acre-ft

API = o0il gravity, °

CAI = cumulative air injection, MMscf/acre-ft

Cor Cyr Cp= heat capacity with respects to o0il,

water and rock

CNp = projected total production of a whole
reservoir, bbls

D = thermal diffusivity of cap rock (Kh/pc),

££2/D

FB = fuel burned, B/acre-ft

GOR = gas-o0il ratio

h = pay thickness, ft

n = net pay thickness, ft

w latent heat of vaporization at Ps’
Ts’ Btu/1lb.

st = the enthalpy of wet steam at Ps’
Tg» Btu/lb.

er = the enthalpy of saturated liquid at PS,
Ts, Btu/lb.

Ht = the specific enthalpy of steam Pi’ Ti at

reservoir conditions

Iinj = no. of injection patterns

is2 = maximum allowable steam injection rate, B/D

isl = initial steam injection rate, B/D

kh = thermal conductivity, Btu/ft-hr-OF

kg = permeability of steam, md

mg = steam injection rate, B/D/pattern

Np = cumulative production, bbls
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0il saturation porosity

Prof = profit, dollars
inj = injection pressure, psi
Pl = initial injection pressure, psia
P2 = increamental injection pressure, psia
PS = steam injection pressure, psia
qinj= injection rate, MMcf/D
qnp = production rate, B/D
a5 = production rate, B/D
Rec = o0il recovery, %
Ros = o0il-steam ratio, bbl/bbl
tC = production time peroid, days
TAOR = air-oil ratio for the entire reservoir,Mscf/bbl
TCRI = air requirement for the active reservoir, MMscf
TNp = cumulative production for the total
reservoir, bbls

AT = temperature difference, °F

r = reservogrzggmperature, O

s = 115.1PS : , OF
TRS = transmissibility, (kh/pu )
Xi = steam guality, fraction
Xi = steam quality at the sandface, fraction
VISD = dead o0il viscosity, cp
VISO = 1live o0il viscoisty, cp
Vg = volume burned, %
VISW = vertical sweep efficiency, fraction
Vs = total steam injection rate, B/D

¢ = porosity, fraction

(PC)R+F= heat capacity of fluids saturated rock,

Btu/ft>-OF
(pc),,= heat capacity of overburden rock,
Btu/ft’-OF

p, = 5.06 e2-00033%8 _ 5 1p 0, pt

Po Fepli s 62.4 , 1b/cu-ft

ks = 0.0000517Ts + 0.00049 , cp
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Rppendix A

Thermal Process _Screening Guide

Within the performance model, the author included an
initial screening guide for the candidate reservoirs. 1In
this case, the candidate reservoir has gone through an EOR
screening procedure and missing data can be validated.

33

The screening criteria (Hayes, 1976) are 1listed as

follows:

Screening guide for stream floods

a) API gravity < 25
b) o0il viscosity (cp) > 20
c) depth (ft) < 5000 but > 200
d) payzone thickness (ft) > 20
e) permeability (md) 2 20
f) oil saturation > .50
g) min oil content (STB/AF) ) 500
Screening guide for in-situ combustion

a) API gravity < 25
b) o0il viscosity (cp) 2 20
c) depth (ft) { 5000
d) payzone thickness (ft) > 10
e) o0il saturation .50
f) min 0il content (STB/AF) 500

The screening method has been programmed in the main
program.
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Appendix A

Marx and Lanoenheim solution

This model was first introduced by Marx and
Langenheim44 in 1959 and was further clarified by Faroug
Ali24 in 1966. Although the authors did not discuss the
basic assumptions upon which the model was formulated,
they have implicitly assumed that the reservoir base and
cap rock are geometrically, hydrologically and thermally
homogeneous and isotropic, and that radial heat conduction
can be ignored. In addition, they have assumed that only
steam displaces the o0il, without a hot water bank ahead of
it, and that the fluids are incompressible.

cap rock, Tr

reservoir rock, Tr
base rock, Tr

Fig. A.1 1Initial Temperature of reservoir,
base and cap rock.
The figure above shows the reservoir base and cap rock at
an 1initial temperature Tr. The tﬁickness of the base
and cap rock are assumed infinite. At time t = 0, heat is
applied to the face of the reservoir rock and the tempera-
ture Ts is sustained. Consider the origin of the vy
coordinate to be at the contact between reservoir and cap
rock. The differential equation which describes the heat

flow in the y direction is given by:
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oT 2T

-é-l-:DaTi (F\.l)
The initial and boundary conditions are: T(y,0) = Tr
for 0 = y>o ; and T(0,t) = T D is the thermal

S,
diffusivity of the cap rock (overburden) which is defined

as K‘((PC),

where:

Kh = thermal conductivity, BTU/ft-hrO.F
density of the cap rock, 1b/ft>
c specific heat of the cap rock, BTU/1bO-F

The solution to equation A.1 is given by:

T(yt)=T.- AT ___erf(x) (A.2)
2VDt
where:

x = y'/4Dt
AT = (Tu'Tr)

2 2 2
[ J " dt
erf(x) = f ¢

Equation A.2 gives the temperature at any point, y, in
the cap rock, at any time t, following the application of
sustained heat at the face of the reservoir rock. The heat

Ht’ conducted in the vertical direction, is given by:
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He=~ Kh[’aa_}]y =0

or (R.3)
o KeAT
He Dt

If a continuous supply of steam or hot water is injec-
ted into the reservoir, then the heat will propagate in the
reservoir and hence, the area of the cap rock through which
heat is 1lost will expand continucusly with time. The
following figure A.2 shows three stages of heat
propagation, assuming no temperature gradients in the sand
in the vertical direction, and that the temperature
distribution is a step function. Figure A.2a also shows

the heat wave occupying an areaAAl, at time *=0

(a)
AA,

T‘ TY’

r=0, AA;

(b)
AA;

T‘ TY

r=1, A

Fig. A.2a,b Progation of unit step heat wave
(from van Poolen66)
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(c)
' AA;

T, | Tv

r= 2, AA)

Fig. A.2cPropagation of unit step heat wave

(from Van Poollen®®)
where:
T = time step
t = total time since beginning of injection
T<t

From Equation A.4, it is evident that at time t, the

heat loss to the cap rock is given by:

KolT
.H"mM' (A.42a)
Fig. A.2b shows that at time 7= 1, the heat wave

occupies an area AA then at time t, the total heat loss

2 ’
is given by:
Ht= K.AT AA + K\ AT _ (A.l&b)
’_—-RD(--I- -0-—) . ' ——"——,—_._"D“.l) (AA; - AA)

Likewise, the total heat 1loss when the heat wave

covers an area AA3 Fig. A.2c is given by:
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He = —K0AT _ 4a, 4+ KeAT
T Jabao) L Jaben

+ KidT _ aa. - 4aA
’———wD(t-Z)( 3 2)

(AA: - AA)
(A.4c)

Therefore, as the heat wave travels in the reservoir,

the total heat loss to the cap rock is given by:

1 .
H= 2 -%(%(AM|°AAT)8MAAO=0 (A.4d)
=0 -

Since in the limit AAnl-AA,-.%%;dn

the above expression may be written as:

t

H = KiAT  OAr
A j——L—-m AL or (A.4)
[+

The above equation gives the total heat loss to the cap
rock, and if the base rock has the same thermal conductiv-
ity, density and heat capacity as that of the cap rock,
then the total heat lost to the base and cap rock combined
would be twice that given by Eguation A.5. The heat U

utilized in heating the reservoir at time t is given by:

U=hZ2 pop,e ot (.5)
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where: h

thickness of the reservoir, feet

U = heat in heating the reservoir, Btu/hr
(PC)R+F = heat capacity of saturated rock, BTU/ft>-OF
Therefore, the rate of heat injected into the formation is

given by:

M_H,= 2 7"_'-__,_,47 2A .
s f #D(t-7) dr dr +(c)p,p AT de (A.6)
[
where:
Ht = specific enthapy of steam, Btu/lb
m, = mass rate of steam injection, 1lb/hr .

Briefly, Equation A.7 states:

The rate The rate of the rate of

of energy|= energy loss + energy accumulation

injected to cap and - in the heated oil
base rock sand

Laplace transformation is applied to obtain the heated

11

area (Carter, 1957):

m, H, h(pc)n.p D

A) t
4Kz AT '

16 (AR.7)
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where:

e,loncflagrfc(V f/0)+z—T==“:li -1 (A.7a)

and

o = Kngy (Plon
hZ(m):’F (A.7b)

which is the dimensionless time

Ht = the specific enthalpy of steam Pi’ Ti at
reservoir conditions
He = X;H + H,g - H (BTU/1b)

1wy wr'
pay thickness, ft

=
n

and the complementary error function is defined as:

erfe(x) = 1 - erf(x)€
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34
35

37
38
39

PERFORMANCE MODEL FOR STEAM DRIVE AND IN~SITU COMBUSTION
“‘..“O“‘.‘.“".“‘.‘.‘t‘t0“‘...“‘.'.“‘.' (2 X 1331317
THIS IS5 A PROGRAM THAT USES PDS SUPPLIED DATA .
AND REGENERATES A NEW PIIE FOR DATA VALIDATICN
THEN ,INITIAL SCRZENING FOR THERMAL PROCESS .
SELECTION FOR STEAM DRIVE OR IN-SITO COMBUSTION ¢
C P33T SR TSI TI ISR IS SIS IR RIS 3232 33223 23232 22 2 2
REAL*4 MS1,N,NP
DINERSICN PRES (4S),TENP{45),ACRE (45) ,DEPTH (45) ,CKOS (45) ,TS (45) ,
1THICK {45) ,API (45) , PERN (45) , VISC (45) , POK (45) , ICAI (45) , TCAOF (45) ,
28ATSAT (45) ,RS [45) ,0ILSAT {45) ,GASAT (45) ,BH1 (45) ,BCS (45) , THP (45) ,
3M51(45),00(45,30) ,PINJ (45) ,N(45) ,RECUT (45) ,V5 (45),VISO (45) ,TES (45
4) ,ASR(45) ,CAI (45),VB {45) ,LAOR(45) ,FE(45) , NP (85) ,CAOF (45) ,CKP (45,32)
5,QMAX (45) , QNP (45) ,PEAX (45) ,QNA (45) ,REC (45) ,CF {45) , PIS{45),ND& (45)

g

annan

COMNON , FRAME s STATE (28) ,CRTY (35),P1ELD (40)

CCHMCN /RESPAR / PRES, TEMP, ACKE, DEPTH, THICK, API,
1 PERM, VISC,POR, WATSAT,0ILSAT,GASAT, E5,PIS,TES
COMMCK / FPARM / ORICRU, AGSCH, CUCRU

CommON , STEANP/EH1,BOS,#51,00,PINJ,N,RECUT,VS,CNP,CROS, TS
CCMMON s IKSITP/ VISO, ASR, CAI. VB, AGK, FE, NP, CAOR,
1 QNAX, QNP, PMAX, QNA, BEC, CF,TNP,TCA9E,TCAI,NPRL
DATA EPS5,EPS6/1.E-5,1.E-6/

READ (5,99)M

DO 80C I=1,M

BREAD(S,100) STATE, CNTY, FIELD

BEAD (5, 150)
10RICRU,CUCED, A5SCH, RS (I) ,GASAT {I),CILSAT (1)

BEAD (5,200)
2DEPTH(I) ,PERN (I) ,THICK (I),PRES (I), VISC (I} ,ACKZ (I)
READ (5, 201)

1TEMP (I),POR (I) ,SATSAT (I) ,API(I)

WRITE(6,350)

CALL PRINT(I)

17 (ORICRO.LE.EPS6) ORICRU=EPSS

1F (CUCRU.LE. EPS6) CUCRU=EPS5

IF {AGSCE.LE.EPS6) AGSCH=EPS5

IF (PRES (I).LT. EPS5) PRES (I)=EPS5

1F (TEXP(I).LT.EPS6) TEN? (I)=EPSS

IF (ACRE (I).LT.EPS6) ACRE(I)=2PS6

1P (DEPTH (I) . LT.EPS6) DEPTH {I)=EPS5

1F (THICK (T) .LT.EPS6) TRICK (I)=EPS5

IF (API(I).LT.EPS6) ARI (I)=EPSS

1P (VISC(I).LT.EPS6) VISC(I)=2PS5

1F (PERM [I).LT.EPS6) PZRH {I)=BEPS5

IP (POR (I).LT. EPS6) POR (I)=EPS5

IF (OILSAT(I)«LE. EPS6) OILSAT{I)=EPS5

1P (WATSAT(I).LE. EPS6) WATSAT(I)=EPSS

1P (GASAT {I) .LB.EPS6) GASAT {I)=EPS5

CALCULATION OF SOME BISSING DATA

non

1P (TEXP(I). LE.EPSS) TENP (I)=60.4.02¢DEPTH (I)
1P (PBES (I) . LE.EPSS) PRES [I)=.5*DEPTH (I)
1F (ORICRU.LE.BPS5) ORICRU=7753.%PUR(I) *OILSAT(I)
1F (GASAT (I) .LE.EPS5) GASAT(I)=(1.~CILSAT (I)~WATSAT (I))
1IF (VISC(I) . GE. EPSS) GOT0 300
CALL LIGVIC (I,TEA?,API,PRES,VISC,RS)
300 COMTINOE
RRITE(6,370)
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81
82
83

1

85

74
75

76
kX

nnn

ann

400

530
603

700
800

99
100
150
200
201
350
370
420
520
620

630
640

CALL PRINT(I)
SCRIZENING GUIDELINE VALUES POR STEAM DRIVE PROCESS

I91=0

IV2=0

IP (API {I).LE.25 .AND.

1VISC(I)+GE.20. oAND.

2DEPTH (I) .GT.200. «AND.

3DEPTH{I) .LE5000. <AND.

APERM (1) .GTe 20+« AND. ORICRU. GE.500. .ARD.
SOILSAT {I).GE.0.50) 1Iv1=9

IP(IV1.K2.9) GOTO 530

SCREENING GUIDELINE VALUES POR IN-SITU COMEUSIICN PROCESS

IF (API (I).LE.25. AND.
1VISC(I) .GE. 20 -AND.

2THICK(I) .6TeBe «AND.

30KICRU.GE.500. .AND.

8CILSAT () .GE.0.50) I¥v2=10

IF {IV2.¥E.10) GO TO 530

IF(IV1.EQ.9) WRITE(6,420)

CALL STEAM[I)

IF (IV2.EC. 10) WRITE(6,520)

CALL INSITU(I)

IF(IV1.1T.9 OR. IV2.5T.10) GO TC 600
GO TO 700

WRITE(6,620)

SRITE(6,630)

RRITE(6,640)

CONTIRDZ

CONTINUE

PORNAT {I2)

PORNAT (24A1,/35A1/4041)

POREAT {6F10.3)

PORNAT (6710. 3)

PORAAT (4F10.3)

PORMAT {181,/////)

PORNAT (181,////7)

PORNAT {1HD,20X,*COANENT:  S™EAN DRIVE IS RECOMMENDED!)
PORMAT (1HO, 20X, *CONNENT: IN~SITO CONBUSTION IS RECOBMMENDED')

PORMAT [1HO,20X,*CONMENT: THESE DATA CANNOT BE PRCCESSED FOR

sv)

PORMAT {30X,*THERBAL PROCESS AT THIS TIME FCR LACK OF')
PORMAT (30X, *INSUFFICIZNT DATA OE CANNOT PASS SCREEMNIKG?)
sTO0P

END

SUBROUTINE PRINT {I)

DINERSIOR PBES (85) ,TENP(45) ,ACRE [45),DEPTH (45) ,
11RICK {35) ,APY [85), PERN (45) ,VISC (45), POR (45),

2WATSAT (85) ,RS {85) ,0ILSAT (45) ,GASAT (45) ,PIS (45) ,TRS (45)

COMNMCN / PVANE / STATE[24) ,CATY (35) ,PILLD (40)

COMNON /RESPAR ; PRES, TEMP, ACRE, DZPTH, THICK, API,
1 PERN, VISC,POR, WATSAT,0ILSAT,GASAT, RS, P1S,TRS
CONNON s PPARN , ORICRU, AGSCH, CUCRD

WRITE(6,1692)

ARY
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78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105

106
107
108
109
110
(R R
112
113
AL
115
116
117

118
119
120
121
122

123

124

1692
1683
1694

287C PORMAT [ 1HO, 20X,%17%,10% ,*STATS KANS :
2880 FORKAT {1HO, 20%,%2',10%, COUNTY NAME:
2890 FORMAT {1HD, 20X,*3*,10i,° EIELD NAMNZ :

WRITE(6,169])
SRITE(6,1694)

WRITE(6,2870) { STATE(J),J=1,24)

SRIT2(6,2880)
WRITE(6,2890)
WAITE(6,3120)
FRITE(6,3200)
WRITE(6,3400)
WRITE(6,3800)
WRITE(6,3810)
WRITE(6,3820)
WRITE(6,3830)
BRITE(6,3840)
WRITE(6,3850)
WRITZ (6,3860)
WRITE(6, 3870)
SRITE (6,3520)
®RITE(6,3880)
BRITE(6,3890)
WRITE(6,3900)
WEITE(6,3910)
FORMAT (321, '
FORNAT (32X, "

cN1Y

PIELD

ORICRU

COCRD

AGSCH

PRES (I)

TBNP (1)

ACBE (I)

DEPTIA (1)

TRICK(I)

PERY (I)

API(I)

VISC (1)

BS (1)

POR (I)

OILSAT (I)

BATSAT {I)

GASAT (I)

PDS SUPPLIED DATA OF A BESEEVOIR')
.“"“ﬁt.O‘.‘.““‘t“‘tt.*‘t.t‘)

FORXAT (180, 40X," { ORIGINAL DATA )°}

',24A1)
',35a1)
', 4CAT)

3120 FORMAT (1RO, 20X,%4, 10X, CRIGINAL OIL
*F14.2)

3200 FORMAT (1HO, 20%,%5', 10Z,°CUN. CRU. PRCD. (BBLS):',24,F14.2)

3400 FORNAT (180,20X,%6%,10X,"ASSO. GAS PROD. (8SCF):',2X,F14.2)

3890 FORMAT (1HO, 19X,* 7*,10X, 'PRESSUEE(PSIA) = ', 7X,F14.2)

3810 FORMAT (1H0,19X,* 8%,10X,*TEMPERATURE (DEG):*, 7X,Fi4.2)

3820 FORMAT {1H0,19X,® 97,10X, 'PROVED ACBEGE{MCEE): ¥, 3%,F14.2)

3830 FORMAT (1RO, 19X,"10",10X, 'DEPTH(FT) = ', 8X,F15.2)

38B4C FORNAT (18, 19%,*119,10%, *2ONE THICKNESS (PT) :',4X, Fl4.2)

387C FORHAT (1H0, 19X, 14, 10X, 'VISCOSITY SUAFACE(CP) : ', 1X,F14.2)

3860 PORMAT (1RO, 19X,%139,10%, "API GRAVITY (DEG) : ',3%,F14.2)

3850 PORNAT (1H0, 19X,%12¢,10X, 'PERMEABILITY (D) :',6X,F14.2)

3880 FORMAT (180, 13X, 16',10X, 'POROSITY : *,13%Z,F14. 3}

{BBLS/AF): °,

3890 PORMAT (1HD, 19X,'17',10X,'0IL SATURATION : ',3%,
*F14.3)
3900 FOEMAT (18D, 19X,°18%,10X,*RATER SATUEATION : ', 34,
*714.3)
3910 FORMAT(1HO, 19X,°19',10X,*GAS SATURATION : ¢,3%,
*F14.3)
3920 POBH;T(IBO,19X,'15‘.1OX,'GAS-OIL RATIO (SCF/S13):%, 11X,
$F14.2)
RETURN
END
C
SUBROUTINE LIQVIC (X, TR, API, PR, VISC, EKS)
c .
c CALCULATE DEAL OIL VISCQSITY AND LIVE GIL VISCOSITY
c BELOW THE BUBBLE POINT PRESSURE USING THE EEGGS AND
c BOEINSON CORBELATIONS. JPT, (SEPI. 1975),P1140.
C
c CALCOLATE DEAL OIL VISCOSITY,CP

DINENSION TR (45),API (85) ,PR(35), ¥1SC (45) ,RS (45),
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125
126
127
128

129
130
131
132
133
134

135

136
137

138
139
180
141

182
143

184
145
146
7
148
129
150
151

anoaon

nnanonoao

(2]

nnNnnon

o0n

eYISD (45)

Z = 3.032% -(.02023%API(1))
Y = 10%ez

I = Y/(TR(I)**1.163)
VISD(I) = {10.%%X) -1.

CALCULATE LIVE OIL VISCOSITY,CP

GAS-OIL RATIO FOB AEAVY OIL IS USING COEW & CONJALLY
CORRELATION CHART

IP (BS(I).LT.0.001) BS(I) = 40.

A = 10.715/(RS(I) + 100.)**.515

B = S.44/(R3(I) +150.)#%.338

VISC(I) = A®{VISD(I)**B)

FETURN
END :

BEBEIRREEEPRRRERREERELES RS PR SR RE R LR RENE LR ER A IS S LGNSR E
THIS MODEL IS BJILT BASING ON MARX~LANGENHREIM »
SOLITICH:"BESERVOIR BEATING BY HCT PLUID IBJECTICN #
TRANS. AINE({1959) P216-312 .

SESERREE S SRS RROESRERESE SR IR PR L REEL UL EREREEEEESRR NS

STEAE PERFORMANCE MODEL
SESRREISNERL 4008080088

SURROUTIRE STEAN (I)

REAL®4 MO,MSA,¥S1,8S2,M53,5,4P,K,INJ,NVT

DINZNSION H(45),K{45), PE(45), TE(45), VISO(45),

156 {45) , SG(45), API(45), A(45), EGB(45), SO(45),
2ERB1{45), ROS(45S), MST{45), QO(45,30), PINJ (4%), NP (45),
3RECUT(4S), VS(8S), Z[45), MU([45), RS(45), CNE(45,30),
4CROS [45) , TS (45), PIS(45), TRS(45), THP(US), TCACR (45),
5TCAI (45)

CONMON /BESPAR PR , TH , A s 2 « H ¢« APIL,
1 K, MO , POR, SW, SO ,3G ,BS, PIS, IRS
CONMON / STEANP/EH1,ROS,NS1,Q20,PINJ, NP,RECUT,VS,Cd2,C505,7S

LATA RO,XSU,Q,B,DIA,RW,PXH,EB/38.,0.9,810.,1.01,467.,
%0.3,34.,0.8/
CATA BOI,T,50R,AE/1.0,2.5,42,0.7/

STEAN INJECTICE PRESSURE & BATZ OPIIMIZATION 2ROCEDURZ

IP (PR(I) .GT. 1000. .AND. 23(I).LT.2000.) PINJ1=2B (I)
CALL OPTINJ(I,PR, TS, PINJ1, K, API, B, XSU, PINJ, A
*,8SA, VISV, ¥S), 2, Q) -

CALCULATION OF THE STEAR DRIVE PROCESS PEE PATTERN
THERNAL EFPICIENCY

BRR = 91.% (PINJ () *%.2574)

BWO = 1318.% (PINJ(I)e®* (~.08774))

RS = 1119.% (PINJI(I) *¢.01267)

BP = (18.08%S0(I) + 48, 8%SH(I) -32.2)*POR(I) + 32.2
C¥ = 1.0508 =-(6.05E~4)*T5(X) +¢(1.79B-6)% (TS (1)e*2)
852 = #SA*350.

IAD = XSO - ({20.%Q%Z(I))/ (MS3%350.%HRU))

TH = XAU*HNU # BWS - HER
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152
153
158
155
156
157
158

159
160

161
162
163
164
165
166
167
168

169
170
171
172
173
178
175
176
177
178
179
180
181
182
183
184
185

186
187
188
189
190
191
192

183
194
195

196
197
198

onNnoOnn

(e X 2]

1

2
3
4
5
6
11

10

Ir(A(I).LE.100.) HN = H(I)

IP(VISW.1E.0.6) VISW = 0.6

B = H(I)SVISW

Al = 0.6%43560.

AP = 5,

WRITE(6, 1)

PORMAT {1d41,4X,*RESULTS OF FPIVE-SPOT PILOT TEST IN THE BESERVOIR
% {STEAN TDRIVE PROCESS)?')

WRITE(6,2)

FORMAT {1HO,3X, ' #8080 0040804006000 0 000 SR0ARE SRS RS 44
SREEISEESRE008080887)
WRITE(6,3)
FORMAT [8X, El1= THERMAL EFFECIENCY; ROS= OIL-STEZAM RATIO({B/B); ')
WRITE (6,4)
FORMAT (8X,*QNP= OIL PROD RATZ (B3,/D) QINJ= STEAM I3J RATE (3/D) ;')
WRITE(6,5)

FORMAT {B8X,*PINJ= STEAM INJ PRESS (PSI) NP= CUM PRDO A PATT. (5):'")
WRITE (6,6)

FORMAT (7X,* VISO= OIL VISCOSITY # RES TEMP(CE); E2C= OIL hLECOVZIKY
4 (FRACTION);*)

GRITE(6,7)

FORMAT {BX,'PIS= POROSITY®OIL SAT.; 1T2S5= TRAKSMISSI3ILITY;!')
WRITE(6,8)

PORMAT {(7X," VS= VOL STEAM INJ. (BELS); TS= STEARM TEM2?(DEG F);')
11 =1

Il =11 + 1

TII = (II -1)*1.

IA0 = { Q. *PRB®RO* (TI))/ ((B(I)**2) *(RF**2))

IT =1

Cy¥P{I,IT) = 0.0

CO{I,IT) = 0.9

SXIP = 0.0

IT = IT + 1

TP = (IT -1)%1. + TI

TAT = (4.*PRHSBO*TP)/((H (I)**2) ¢ (RF%*2))

SKIP = SKIP ¢+ 1.

IP (SKIP.GE2.30.) SKIP = 0.

0SZ MANDL-VOELK REPINEMZNT POR HOT WATER BANK COERECTION
“HEAT AND MASS TRANSPORT IN STR2AM DRIVE PRCCESS:ZS",SPE J
(BAB. 1969) ,P59

PHD = (HWO*XAU)/( TS(I)- TR(I))*Ci

BETA = 1/(1+ FHD)

ELSI = ABS(TAU - (.48% (PED$*1.71)))

TAU1 = 1.~ (BRF (SQRT (TAU)))

IF {TAU.GE.178.0) TAT = 174.0

ELPSI = EXP(TAU) ©TAU1 ¢ (28 (SQRT (TAU))/S2RT(3.14)) -1
MVT= (SQRT(2LSI/3. 14))® (BETA¢ (( (ELSI-3.)/3.) *EXP (TAD) *TAUY)
$- (BLSI/(3*SQRT(3.148TAT))))

STEAM FLOODING AREA AS

AT = (d(I) *RF*ELPSI)/ (3.%PKH*RO* (TS (I)~TR (I))*43560.)
THT = 15.6%NSASIAD*HNY

AS = THI®AT

BOT-WATEE AREA AW

TH2 = 14.6%45A (HUR+IADSHRU -CR* (TB(I)-32.))
A9 = TE20AT

IP (AV.GT.AS) GO 70 18
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199
200
201
202
<203
204
205
206
207
208
208
210
211
212
213
214
215
216
217
218
219

220
221

222
223
228
225

226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
208
245
246
247
248
289
250

nnNnnn

1%

15

12

EE1(I) = ELPSI/TAD

IP (ZH1(I}<GT.1.) GO TO 14

EJ1(I) = (ZLPSI~-NVT)/TAU

™™ = 11

IF{2H1(I).GT.1.0) GO To 11

BP(I) = 7758.AL*VTSH®AP®H (I) *POR(I)* (S0 (I)~SOR) /(E0I)

OIL~-STEAS RATIO, PBODUCTION RATE, OIL RECOVERY PER PATTERN
BO1=((62.4%POR (I) *H (I) *EB1 (I)) /(B (X) *(TS(I)=TR (L)) *RF))* (XAD
198U0% (SO (I) ~SGR) )

BOS(I) = (1000./(CU®(TS(i) ~75.) ¢ZSUSHEU))*BO1

CALL LICVIS(I,TR,API,PR,VISD,VISC,H0)

IN3 = A[I)/5.

¥S(I) = NSASTP

CNP(I,IT) = ROS (I) *ASA*30.

£O(I,IT) = CEP(I,IT)/30.

CNP(Z,IT) = CN2{I,IT) ¢ CNP(I,(IT-1))

RECIT(I) = CRP(I,IT)/(NP(I))

EEC = 50(I) -~ SOR

CROS{I ) = NP (I)/VS(I)

TRS(I) = K{I)*H{I)/VISC(I)

EIS(I) = POR(I)*S0(I)*13000.

ES1(I) = MSA

IF (SKIP.LE.0.0) GO TO 15

IC = IT - 1

CALL ANS(I,IC,EH1,ROS,30,451,PINJ, 8P,VI50,CKE,V5,CRIS,RECTT,TS,
1E1S,T5S,POR, SC)

IP(IC.GE.8 ) 50 TO 12

SOC = SO(I) =~ 0.15

IP (RECUT(I).GE.50C) GO TC 12

Ir(0.17 - ROS[I)) 10, 12,12

PRINT TRZ PERFORMANCE EVALUATION FCR THE ENTIRE BESEEVOIR

PROJECTION TO IBE WHOLE B2SERVCIE

INJ = A(I)/S.
CNP(I,IC)=7758.%A28 VISR®A (I) ®H [T) ¢POR (I) * (SO (I) ~SOB) / (30I*1J00.)
YS{I) = NSA®INJ/1000.

CROS (I) = CHP{I,IC)/V5 (I)

1Y (RECUT (I) . GE.50(I)) B2ZCUT(I) = SC(I)

RRITE (6, 100)

WAITE(6, 105)

BRITE(6, 106)

WRITE(6, 107)

WRITE(6,110)
RRITE(6,121)
SRITEZ(6,122)
WRITE(6, 124}
WRITE (6, 125)
WRITE(6, 126)
BRITR(6, 127)
WRITE(6, 128)
¥RITE(6, 129)
SRITE(6,130)
WREITE(6,131)
WEITE(6, 132)
WRITE(6, 140)
BRITE(6, 150)
WRITZ(6,203)
SRITE(6,202)

1

A {I)
K{I)
z(I)
A(T)
PR(I)
TR{I)
POR (1)
50(I)
S6(I)
API(I)
SU(I)

v1s0(I)
£0{I1,I1C)
as1{I1)
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251
252
253
254

255
256
. 257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
2717
278
279
280

281

282
283

284
2835
286
287
288
289
290
291
292
293
234
295
296
297
298
299
300
301

NnNaanNnon

100
105
105
107
110
121
122
124
125
126
127
128
129
130
131
132
140
150
202
203
204
205
206
203

WRITE(6,204) PIRJ(I)
WRITE{6,205) RECDT (I)
WRITE({6,206) CNP(I,IC)
WRITE(6,208) VS(I)

PORBAT (181,////7)

FORMAT (180,251, *STEAR DRIVE PROJECI PERFORMAKCE MODEL')
'ORHAT{26‘.'“."“.““.‘.“““““““".“"‘ ‘)
PORAAT (27X, " (PROJECTION TO THE WHCLE RESERVOIR)')
PORNMAT (180, 20X, *RECOED #°,I3,10X,'INPUT DATA')
FORMAT (1H0, 20X, B2T THICKNESS (FT): v, 7X,F20.2)
FORMAT (1RO, 20X, 2ERMEABILITY (3¥D): ', 5%,r20.2)
FORNAT (1HO, 20X, 'DEPTH (PT): ', SX,r20.2)
FORMAT { 1H0, 20X, ABEA {ACKZ): . 51,F20.2)
POENAT (1B0, 20X, "RZSERVOIR PRESS. (PSIA): ', SK,F20.2)
FORNAT [1HO, 20X, *RESZRVGIR TESP. (DEG F): ', 5X,F2).2)
PORMAT (1HO0, 20X, "POROSITY: ', 5%,P20.3)
FORNAT (110, 20X, *CIL SATJRATION BEFOEZ STEAMEE:#,F20.3)
YORMAT (160, 20X,'GAS SATOBATION BEFORE STEAMDE:',F20.3)
FORMAT (180,20%,°API GRAVITY (DEG): ',5%,F20.2)
FORMAT (150, 20X, *WATER SAT. BEFCRE STEANDR:',4X,F20.3 )
FORMAT (180, 40X, *OUTPOT RESULT')

FORMAT {10, 20%,'VISC0S1TY ,RES. T2ME. {CP):',7X,F17.2)
FORMAT {1H0,20X,*OPTIA. MAX. STEAM INJ BATE (E/D):',217.2)
FOBRMAT [1HO,20X,'OIL PRCD RATZ (8/D/PATTEBN):',3X,719.2)
FORNAT (1HO,20X,*OPTIN. MAX. INJ PRESSURE (PSIA):',1X,F17.2)
FORMAT (1R0,20%,"OLTINATE OIL RECCVERY: ¢,5%,220.3)
FORNAT (1H0,20%,CONDLATIVZ 2ROD (NBBLS): ',5X,F20.2)
FORNAT {180, 20X, *STEAN BECUIREMZNT (MBBL):',53,F20.2)
BETURN

END

THIS SUBROUTINE BASED ON VAN LCORZEEN:*CALCULATICN METHODS
POR LIBEAR ANI RADIAL STEAM PLOW IN OIL RELSEBVOIRS,"
SPE 6788

SUBBOUIINZ OPTINJ(I,PR,TS,PINJ1,K,API,H,X5U,EINJ,A
*,85A, VISN, A53, Z, Q)

REAL®4 BS1,KS,M0S,NS3,K,INJ,HS2,85C, 85
DINENSIGN PR (45), K{45), ARI(45), B(4S), 2INJ(45), 2(45),
#1(4S), TS (4S)

IF (PR (I) .LE. 1000) PIRJ1=PR {I)

IP (PR(I) .GE. 2000) PINJ1=2000.

BS1 = 350.

asC = 1000.

BIRJ2 = PINJ1 +50.

BS2 = us1

BS2 = 52+ 10.

SLOPE = ((ALOG (PINJ1/PINJ2))/(35C-KS51))
PINJ(I) = PINJ18 (EXP (SLOEZ® (352-A51)))
1P (PINJ[I) «GT.2000.) PINJ[I)=2000.

1S({I) = 115. 19 (PINJ (I)*%0. 225)

LO = (181.5/ (API[I)+131.5))%62.4

DS = (5.06%{RXP(.000355%PINI(X)))) = S.
BOS = (0.0000517#TS(I) ¢ .00049)

RS = K{I)/1000.

AS3 = BS2

BRO = 1318.% [PINJ(I)**(-.08774))

IAU = XS0 ~((28.%Q8Z (I))/(NS3*350.%ANU))
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302 AR = SCRT((5900.%XUS¢sS24XAD) /(3. 14% (DO-D3) ® (H(I)ee2) ¢

$KS$9S) )
303 ¥I5% = 0.626%AR
304 8SA = MS2
305 IT{VISS.1E. {0.6) .AND. MS3.LE.1000.) GO TO 5
306 BETURN
307 END
c
308 SUBROUTINE ANS(I,IC,ER1,EOS,0,%51,PIN3,NP,V1IS0,CNP,VS,
1C30S5,RECOT,TS,PIS,TRS,POR,S0)
309 REAL®4¢ EP, MU, ASB,WP2.a51
310 DIBENSION EH1[45), ROS(45), 20(45,30), PINJ45), KB(45),

1VISO (45) , CNP(45,30), VS(35), CROS({45),RECUT{45), TS(45),
2EIS (45), TAS(45), AS1(4S),POR(45), SO(45)
311 DIMZNSION EH2(45,13), EOS2(45,13),G02(45,13),BINI2(45,13),
*ND2 (85,13) ,VIS02 (45, 13) ,CNP2 (45, 13),VS2 (45, 13) ,CROS2 (45, 13) ,
$RECUT2 (85, 13) ,TS2(85,13) ,PI52(45,13) ,1K52(45,13) ,¥SB(45,13),

*£OB2 {45, 13)
312 ER2(I,IC) = RB1(I)
313 BOS2(I,IC) = ROS(I)
34 £02¢I1,IC) = 3C{I,IC)
315 PINJ2{I,IC) = PINJ(I)
316 BP2(I,IC) = BP(I)
317 YIS02{X,IC) = VISO(I)
318 CHP2{I,IC) = CHP(I,IC)
319 ¥$2(1,IC) = VS(I)
320 €30S2{I1,IC) = CROS(I)
321 RECUT2{I,IC) = RECTT {I)
322 152(1,IC) = TS(I)
323 PIS2(I,IC) = PIS(Y)
324 1552 (1,1C) = TBS(I)
325 ASB(I,IC) = AS1(I)
326 IF (RECUT2(I,IC).GZ.S0(X)) BECIT2(X,IC) =50 {I)
327 WRITE (6, 10)
328 10 PORYAT 1RO, 2X, MONTH', 3X,'EH1',6X,°VISO*,7%,TS' ,9X, REC',5%,
s'pPIS?,72,72NPY)
329 aRITE(6,15) IC,2R2{I,IC),VISO2(I,IC),TS2(I,IC),RECUT2(I,IC),
*£IS2(I,IC),Q02(1,1C)
330 15 PORJAT(2X,I3,F10.3, 5F10.2)
331 WRITE(E, 20)
332 20 FORMAT (1HO,SX,‘¥P',B8X, 'VS',9X, "TR5',9X, "ROS® ,4X, *2IHJ*, TX, ' 214J"
333 WRITE(6,25) CNP2{(I,IC),VS2(I,IC),IBS2(I,IC),BC52(I,IC),nss(1,IC)
*PIRJ2(I,IC)
3318 25 FORNAT (2X,6F 10.2)
335 BETORN
336 END
c
337 SUBROUTINE INSITU(I)
c
c IN~SITU COABUSTION PERFORMANCE MCDEL
c

CHEICREPREB S0P 0200 0PSCSSESENEN 02 LIBECECCEEEEVS3000 BB REERESE
C BOCIFIED OXL-RECOVERED/VOLUNE-BURNED METHOD *
€ T8IS MODIPIED NETHOD 1S BASEL ON GATES & RANEY:"A BETACD FUE ¢
C ENGINZEBIKG IN-SITU COMBUSTIQN OIL RECCVERY PBRGJECTS™,JPT, bd
C (PEB 1980) ,P285-294. THE AOTROR SODIFIED FOR PIBLD DATA FPRON *®

C AN ALGORITHS PUBLISRED BOTR 1F¥ SUPRI & DOE REPCRT(OCT 1981) ¢
CHISSOSS00S00SSRE0I0PESIONEISERINSSSEIEPINEREEOSEETIECEORSEES
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338
339

340
m

342
343

344
34s

346

347
348
349
350

351
352

353
354
355
356

357
358
359
360

361
362

363
364

365
366
367

(s XeNe N R Xzl

a0 oo

nanNnn

BEAL®S BO, WP, WPA,ND,NOUA,BPR,B2,K,KA .
DINZNSION H(&5),K(45),N0 (45),Z (45) ,A(45),PR(45) ,IR {45),
#SG (45) ,API (85) ,SH {45) , VISO (45) ,ASR {45) ,CAZ (45) ,VE(4S),

#AOR (45) ,FB(85) ,BP (45) ,CAOB (#5) ,QNAX (45) , QNP (45) , EAAX (45) ,
‘SO(MS).c!l(lS),POB(QS),BIC(uS),CF(QS),RS(RS),CHP(“S),CROS(HS)
1S (45) , PIS (45) , TRS (45), THP (#5) , TCAOR(45) , TCAL (45) ,NPR (45)

ccumoN /BESPAR / PR , TR , A , 2 ¢« B s API,

1 K, 80, POR, SN , SO , SG , BS, PIS, TRS

COH!OI /7 IISITP/ VIS0, ASH, CII, VB, AOR, FE, NP, CAOR,
WNAX,QNP,PHAX, QM%) ,BEC,CF,ITNP, TCAOE,TICAI,NER

DATA €0,C02,02,82,VH,TINJ,BUA,KA,RHE,BOI,AP/121,15.2,.2,83.2,
Ce5,1000,00186,25.,0276,1¢,5./
LATA B,CHN,AO,DO,84/8860. ,.46,3080.,970.,2940./

SIKCE ¥O CONBUSTION TUBE BUY & ®E USZ THE PIELT TEST DATA,
FUEL CCNC IS CALTED BY USING CAU'S COREZLATICN. "A STUDY
OF PIREPLOOD FIEBLD PROJECTS™,JPT(1977) P111-120.

WE CALCULATE FJEL CONC BY USING CHU'S CORRELATION

CALL LICVIS (I,TR,API,PR,VISD,VISC,AU)
CE(I) =-.12+(.00262¢H(I))* (.000114%K (I))+(2.23#5C(I))
C-{.000189%Z (I) )= {.0000652¢ VIS0 (I)) +(.000242% ((K (I}
C*H(I))/VI30(I)))

HYDROCARSON EATIO
BCE = (4%({.2653%N2 ~C02-C2~.5¢C0))/(C02+CO)

AIR-FUEL BATIO & AIR-SAND BATIO

AFR= (479.7%82)/ ((CO2+CC) #(12. +HCR) *1000.)

ASR{I) = (AFR®CP?(I)*43.56)

WRITE (6,4)

FORNAT (141,4X,*R2SULTS OF PIVZ-SPOT PILOT TEST IN T3IE RESSEVCIR
¢ (IN-SITD COBE. PBOCESS)')

¥BITE(6,6)

FORNAT (150, UX, 006838808 4003400038088803088380888580088202820880
.“‘...‘...O..0.0.‘..‘..I,

NRITE(6,1)

PCRYAT (8X,* REC= OIL RECCVEBRY(X); AOR= Al&-CIL FATIO(MCE/B}; ')
BRITE(6,2)

FORNAT (8X,* QINJ= NAX AIR INJ RATZ(BMCE/D); EINJ= INJ PBESSURZ (
2IA) ;') '

WRITE(6,3)

FORYAT (8X,' P1S= POEOSITYSOIL-SAT. ; TRS* TEARSMISSIBILITY ;')

WRITE(6,7)

FORYAT (8X,' ASB= AIB-SAND BATIO (NCP/AF); FB= FUEL BURNED([3/AF)
*)

RRITE(6,8)

FORMAT (BX,* CAI= CUM. AIR REQUIRED (AMCF/AF); ygNP= OIL PRCD EATZ|
*1/D) ;")

WRITE(6,9)

PORNAT(8X,® WP= CUN. OIL PROD. (BELS); VB= VOL BURNED(X) ;')

THE FOLLOVING STEPS ARE CUBVE~-PITTING PROCZ2DURES
VCL BOBSED AT INITIAL GAS SATURATION

$G1 = 'SG(I) ¢100.

¥80 = 0.0

TINER=0.0
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368
369
370
n
372
373

374

375
376

377

378
378
380

381

382
383
384
385

3e6
387
388

389
3%0
an
392
393
394
395

396
399
398

393
400

401
402
403
404
405
406
607
808
809

N nNo

(2X2}

nno

10

16
15

¥BO = . 18714838561 + .010714% (SG1%+2)
VB(I) = VBO

SKIP = 0.0

DO 5 E=1,12

TINER = IINER + 1.

VBI) = VB(I) + 1.0

FRACTION OF THE VOL BURKED
X=ABS{(VB{I)-VEO)/(100.-VBO))

EAXINUE DEVIATION

BD=26.82295 ~(.36787#5G1)

DYIDX=6.775267~ (31.3955839X) ¢ (40.561561% (X#92) )~ (28.05336%
1{x%e3))

SLO2P= {100./{100.-VB0) ) + ({3D/ (100. -VEQ) ) *DYDX)

CUBRENT AIR~CIL BATIO

KPA =(7758.%50 (I) *POR (I))/BOI
REO = NP2 - (CP(I)*[43560.,/350.))
AOR(I) = ASR(I)*1000./ (SLOPZ*REQ)

CURJLATIVE PRODUCTIOS, PUSL BUBNED ESTINATION PER PATTZRN
Y=6.775267%X~ [15. 947794 (X#¢2) ) ¢ (16. 137167 (X*#3)) ~ (7.01
CUS699 (X*e4. ))

NPR(I)= (100.%X) + (Ys#D)

RP{I) = (NPR[I)*ZBOSAPSH (I))/100.

FB(I) = CP(I)*(43560./350.)

SOR = FE(I)/(7758.¢POK (I)})

ESTINMATION OF INJECTION BATZ AND PaEESSURZ AT
€5% AREAL SWEEP PER PATTERN

v1 =0, 125

D1 =SGRT (AP*43560. /2.)

BA = SQET(2%(21/2) *#2)

ESTINATION OF AIR BECUIREAENT PER PATTERN
KPP = (NPR(I)*RED)/100.

CAOR(I) = (VB(I)*ASR(I))/ (NPP*100.)

CAI(I) = (CAOR(I)*NPP*AD®H{I)) /1000,

AIR = (8.72+.0365¢H (1) $9.996¢50(I) +. 00069 R (I))*1000./43560.
CHAX (I) = 8.77¢Vi®AIR®BA®3 (I)/1000.

T = (CAI(I)*1000.)/(QYAZ (I)*30)

CIP(I) = (QMAX(X)#1000.)/(ACR(I)*4.)

ESTINATION OF INJECTION ERESSURE PZR PATTERN
TNAX=CNAX(I)/[2.%3. 1416%E (I) eAIRSVAS YY)

CNA(I) = ZNAX(I)#1000.

PMAX (I)=5QRT ( (PR (I)%¢2.) ¢ (QNA (1) $HUAS [TR (1) +460.))
C/{oTO3*KA®H [I))) ® (ALOG ((RA®#2) / [RW®VNSTHNAX) ) ~1.233))
1RS (I) = (K{I)*H(I))/VI50(I)

PIS(I) = POR {I)*SO(I)*10000.

FROJECTION TO THE WHOLE BESZRVOIB

NI = A(I)/S.

TEP(I) = (NPR(I)*REO®AD®H(I)*INJ),/100000.

TCAOR(I) = (VB(I)®ASR(I) *INJ)/ (THP (I})*100.)

TCAI(I) = TCAOR (I) *NPP*AP®H (I) $INJ/1000.
IP(T.GE.360.) GO TO 20

IP (T - TIAER) 10,10,15

1T =17
IC = §

CALL RESULT(I,IC,XPR,AQR,Q8AX,FB,CAI,NP,Q8P,PNAX,VISO,VB,PIS,TRS
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810
11
12

413
813
815
816
817
G818
419
420
421
422
423
424
825
426
427
428
429
430
431
832
433
§34
835
836
837
§38
439

440
441

442
843
Ry
845
846
447
448
449
450
451
452
453
854
8§55
856
457
458
459
860
461
462

anNnOn

20

100
102

103
104
110
1214
122
124
125
126
127
128
129
130
13
132
140
209
250
290
820
430
830

*ASR,TEP,TCAOR,TCAI, POR)
SOC = (SO{I) ~ 0.20)*100.
IP(SOC.LE.KPR(I)) GO TO 20
CONTIKUE

PRINT THE PERFORNANCE EVALUATIOX OF THE EUTIZE RESEBRVOIR

PROJECTIOF TO THE EXTIRE BESEBRVOIR
INP(I) = (NPR{I)SRZ0%A (I)*H (I))/100000.
TCAOR(I)=[VB(I)*ASR (X)) /WP (I)
TCAI(I) = TCAOR(Z)*NP (I) *a (I)*H(I) /1000000
BRITE(6, 100)

WRITE(6,102)

FRITE(6, 103)

®BITE(6,104)

BRITE(6,110) I

WRITE(6,121) H(I)

WRITE(6,122) X[I)

WRITE(6,128) 2 (I)

WRITE(6,125) A[I)

WRITE(6,126) PR(I)

BRITE(6,127) 1R(I)

BRITE(6,128) POR(I)

WRITE(6,129) SO(I)

WRITE(6,130) SG(I)

RRITE(6,131) ARI(I)

WRITE(6,132) S8 (I)

WRITZ(6, 140)

WRITZ(6,209) VISO(I)

WRITZ(6,250) TCAI(I)

WRITE (6,290) TP (I)

BRITE(6,450) NPE(I)

WRITE(6,480) 2NP(I)

WRITE(6,420) QJMAX(I)

WRITE(6,430) PHAX({I)

PORNAT (1H1)
FOENAT (/////190,21X,IN-SITU COKBUSIION PROCESS PERPORMANCE
*0)

FORMAT (22X, S 80880068808 0200808080048858008008880880048880)

FOEYAT (27X, * (PROJECTION TO THE WHCLE BESERVCIR)®)
PORMAT (1HO, 18X,9 RECORD #',13,10X,'IKPIT DATA')
FORMAT {1H0, 18X, NPT THICENESS (FT): ', 1%,220.2)
PORMAT (180, 18X, *PERNEAPILITY (ED): v, 1X,P20.2)
PORMAT (1HO, 13X, DEPTH (PT): ', 1X,720.2)
POGSAT [1HO, 18X, ARZA [ACBE): ', 1X,F20.2)
PORMAT (180, 18X, RESERVOIE PRESS (PSIA) : ', 1X,F20.2)
FORKAT (180, 18X, RESZRVOIE TEZ9P (DEG P): ', 1X,F20.2)
PORNAT [ 180, 18X, * POROSITY: ', 1X,220.3)

FORMAT {1H0, 18X,*0IL SATOBATION BEFORE PROCESS:', 1X,r20.3)
PORSAT {110, 18X,GAS SATUBATION BEFORE PRGCESS:®, 1X,r20.3)
PORMAT {180, 18X, *ARPI GRAVITY (D2G): v, 1X,720.2)
PORMAT (180, 18X,* YAT®R SAT. BEPORE PROCESS: v, 1%,F20.3)
FORNAT (1HO, 38X,°00TPUT RESOLI')

FORMAT (18O, 18%,° VISCOSITY, BZSERVCIR TEHP. (CP):*, 1X,220.2)
FORMAT (1RO, 18X, AIR REQUIRZNZNT (NBSCZ/AF): ', 1%,720.2)
PORMNAT (1HO, 18X, CUSULATIVE PROD (NEBBLS): ¢,11,020.2)
FOUMAT (1HO, 18X, OPTIS HAX IRJ RATE (ASCP/D/8):*,X,P20.2)
FORNAT (1HO, 18X, °OPTIN NAX INJ PRESS (PSIA): *,1X,r20.2)
PORNAT (1HO,181,°0IL PROD RATEZ (BELS/D/PATTERN):!,220.2)
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463
464
465

466
867
468

469
470
871
872

473
474
475
476
477
k78
479
480
481
482

483

884
485

486

487
488
489
490
491
892
493
894
495
896
8497
498
499
500
S01

850 PORAAT (1RO, 18X,YDLTINATE OIL RECOVERY (X): ' 1X,r20.2)

c

anNnOononnn

nnNnnn

FETORN
END

SOBROUTINE LIQVIS (I,TR,API,PR,VISD,VISO,NT)
REAL®4 NU
DINERSION TR (US) ,APX (4S),PR (45), VIS0 (45) ,MT(45)

CALCOLATE DEAT OIL VISCOSITY AND LIVE OIL VISCOSITY BELOW
THE BUBBLE POINT PRESSURE USING THE BEGGS ANT ROBINSON
CORBELATIONS. (JOURNAL OF PETROLZUS TECANOLOGY, SEPTZMBER,
1975, P.1140)

CALCULATE DEAD OIL VISCOSITY,CP
Z = 3.0328 ~(.02023#API(I))

Y = 1082

I = Y/(TR(I)**1.163)

VISD = (10.%eX) - 1.

CALCULATE LIVE OIL VISCOSITY, CP
GAS-OIL BATIC POR MEAVY OIL IS USIMG CHEW & CONNALLY
CORRELATION CHART

B = HOU(I)/VISD

IP (R.1E.0.7) GOR = 200.

IF(R.LE.0.8 ~AND. B.GT.0.7) GOR = 100.
IF({R.LE.0.9 .AND. R.GI.0.3) GOB = 50.
IP (R.GT.0.9) GOR = 20.

A = 10.715/(GOR #100.)%%.515

E = 5.44/(GOR #150.) #+.338

VISO(I) = A® (VISDe*B)

BETURN

END

SUBROUTINE RESOL? (I, IC,NPR,AOR,QNAX,PB,CAX,NP,2UP,PMAL,VIS0,V3,
$PIS,TRS,ASR, INP, TCACR, TCAI,POR)

RZAL*4 MNP,NPB,BPR2,KP2

DIMENSIOK PR (45),AOR(45),CNAX (45) ,PB(4S),CAT(85), NP (45) , 8P (45)
SENAX (45) ,VISO (45),VB(45) ,PIS (45),TES (45) ,ASR {45) ,THP (45) ,POR {45
*,TCAOR (45) , TCAI (35)

DINENSIOE NPR2(85,13),A082 (45, 13), J8AL2 (45,13) ,CAI2 (45, 13) .
sNP2(45,13), INP2(&5,13) ,PAAX2 (45, 13),V1502 (45,13) ,VB2 {45, 13),
*PIS2 (45,13) , TRS2 (45, 13) ,A3R2 (45, 13), TNP2 (45, 13) ,TCAVZ2 (45, 13)
*,TCAI2{45,13) ,POR2(4S,13),¥B2 [U5,13)

N2R2(I,IC) = NPR(I)

AOR2{I,IC) = AOR(I)

CMAX2(I,IC) = CMAX(I)

FE2(1,IC) = PB(I)

CAI2(I,IC) = CAI(I)

AP2(I,IC) = NP(Y)

CUP2(I,IC) = GNP (I)

ENAX2(I,IC) = PHAX(I)

VIS02(1,IC) = VISO(I)

VB2 (I, IC) 8 (I)

F152(1,IC) = PIS(I) :

T8S2(I,1C) = 1RS[I)

ASR2 (I,IC) = ASR(I)

THP2(I,IC) = THP(I)

1CA0R2 (I,IC) = TCAOB(I)
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502
%03
S04
$0S

506
507
508
509
510
511

512
513

2CAI2(X,IC) = TCAI(I)
EOR2(I,IC) = PCR(I)
WRITE(6,14)

14 FORMAT (1HO,2X,"HMONTH®, X ,' REC* ,5X, *PIS',7X, FB*,9X, CAL",5%,
*YDINJ?,9X,*KPT)
WRITE(6,15) IC,BPR2(I,IC),PIS2(I,IC).PB2(I,IC),CAI2(I,IC),
SENAX2(X,IC),8P2(I,IC)

15 PORYAT {2X,13,6F10.2)
SRITE(6,20)

20 PORMAT (1HO,4X,'ASE',7X,*TBS',9X,'AOR?,7X,'VE",7X," 8P, 7X,
#'7IS0?,5X,'GINRIY)
WRITE(6,25) ASR2(I,IC),TRS2(I,IC),N0R2(I,IC),VE2(I,IC),
*(KP2(X,IC),¥15C2 (I,IC),2BAX2(I,IC)

25 FORIAT(7E10.2)
EETORK
END

321EC
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08T

STEAM DRIVE PFRCJECT PEEFORMANCE HOLLIL
kakekkgkkkk kb gk fkkkkkekokokkkkk ki k&

{PROJECTION TC THZ WHOLE RESERVOIK)

STATE WARE : caLrr CaLLE aRK caLir
COUNTY NARE: KERN SANTA -DAREARA OUACHITA HONTERREY
FIELD WARE : M.SUMSET-1p.  CAT CANYON . SHACKOVER SAN ARDO (LCHDARDI)
NET THICKNESS (PT): 150.00 45.00 25.00 115,00
PERMEABILITY ([aD): 1000.00 $00.00 2000.00’ 6000.00
DEPTH (PT): 1900.00 3800.00 1920.00 2100.00
AREA (ACRE): 43.00 22.50 90.00 49.00
RESERVOIR PRESS. (PSIA): 950.00 1900.00 1050.00 1050. 00
SBSERVOIR TEWP. (DEG P): 115.00 130.00 130.00 125.00
POROSITY: 0. 350 0.280 0. 350 0.325
OIL SATURATION BEFORE STEANDR: 0,650 0.990 0.500 0.700
GAS SATURATION BEFORE STEASNDR: 0.000 0.000 0.000 0.000
AFI GRAVITY (DEG): 16.00 10.00 20.00 11.00
WATER SAT. BEPORE STEANDR: 0. 350 0.010 0.500 0. 300
OUTPUT BESULT
OIL PROD RATE (B/D/PATTERN): 376.86 350,20 229.21 377.79
OPTIN. HAX. STEAN IXNJ RATE (B/0):1010.00 1010.00 1010.00 1010.00
OPTIA. NAX. INJ PRESSURE (PSLA): 901.79 1850.54 1001 56 1001.56
ULTIAATE OIL RECOVERY: 0.235% 0.528 0.482 0.298
CUMULATIVE PROD (BBELS): 3310.08 729.70 269.79 2983, 64

STEAN REQUIRENENT (NNBAL): 8.69 8.54 18. 18 9.90

HOLLAND

SCHOOMEBECK
80.00°

$500.00
2800.00
43.00
1000.00
100.00
0. 300
0.850
0.000
14.00
0. 150

439.36
1010.00
951.67
0.417
2185.71
8.69

CALIP
NONTERREY
SAM ARDO{AUSIGKAC))
100.00
2200.00
2200.00
702,00
1100.00
145.00
0. 390
0.730
0.000
13.00
0.270

499.06
1010.00
W51.45

0.357
47279.86
141.480

XTpuaddy
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Appendix B

Curve-fitting Procedure of 0il Recovery/Volume Burned

From the Gates and Ramey work, the oil recovery/volume

burned experimental results were correlated in the

“' Voria ¥

:: 00'3425;?uu PZ

7 A7 //

TIPS

N7 444

T VAAA
MY Y

20 30 40 80 & 70 80 %0 ®0
VOLUME BURNED « %

following figure:

OIL RECOVERY.-%NOF OiL, AT STARY LESS FURL

o§8
N

Figure B.1 0il recovery vs. volume burned

In the above correlation chqrt, knowing the volume
burned of the in-situ combustion process allows us to
predict oil recovery of the process, or vice versa. This
correlation chart can be curve-fitted into an equation for
computation purposes.

In order to curve-fit the correlation chart (Figure

B.1), we have to redefine both the vertical and horizontal
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axises so that we can put all the curves into a single
curve. The procedures can be done as follows:

1) We assumed the recovery curves could be
approximated by straight 1lines with intercepts VB(O) at

initial o0il breakthrough as shown in Figure B.2.
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Figure B.2 0il recovery vs. volume burned
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2) Redefine the horizontal axis as:

x = Vg~ Vg(0) (B-1)
100 - Vg(0)

in order to put all the straight lines into a single line
then, we have to define the relationship between VB(O)
and gas saturation. This step can be done by replotting
percent volume burned at oil breakthrough, VB(O) Versus

gas saturation, %PV shown in Figure B.3.
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Fig. B.3 Volume burned at o0il BT vs. Gas Saturation
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And the above curve can be fitted into equation as follows:

2

g (B-2)

VB(O) = 0.14714g + 0.01071S

3) It was found that for each level of gas saturation,
there is a maximum deviation from the straight line. The
maximum deviation of each gas saturation can be found from
Figure B.1. The maximum deviation is plotted versus gas
saturation, %PV in Figure B.4 and then curve fitted into

equation as:

Maximum Deviation = 26.8229 - 0.46785g (B-3)

o
O

N
O

MAXIMUM DEVIATION,%

S

o 1 1 1
0 10 20 30 40 50 60

GAS SATURATION, % PV.

Figure B.4 Max deviation vs. gas saturation
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4) The curve-fitting of 0il recovery/volume burned method
has been shown in Fassihi's DOE report (1981)74. In the
report, the author used a combustion tube results for the

data points in the curve plotting and fitting.

VB = 25% Sg = 10%
VB(o) = 2.54% MD = 22.145 Deviation = 18
X = 25 - 2.54 = 0.23
100 - 2.54
Deviation = 18 = 0.812
MD 22.145

The deviations were normalized on the basis of maximum
deviations and were graphed with respect to x in Figure

B.5.

DEVIATION
MAXIMUM DEVIATIO|

o) [ 1 1 L
() 02 04 06 08 10
Vg~ Vg (0)

Figure B.5 Curve fitting graph
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The data points of the above curve is fitted into a

fourth order polynomial equation as:

2 3

Deviation = 6.7752x - 15.9478x
Maximum Deviation

+ 16.1872x

- 7.0146x%

As shown in figure B.6, that the actual o0il recovery is a
combination of oil recovery at zero gas saturation and oil

recovery due to deviation of gas saturation.

100

o
o

=
(=]

OIL RECOVERY, ¥ OF OIL .
S

VOLUME BURNED ,%

Figure B.6 0il recovery vs. volume burned
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The actual oil recovery can be formulated as follows:

Rec(%)

0il recovery at zero gas saturation

+ 0il recovery due to deviation of gas saturation

lOD(VB - VB(D)) , deviation

(100 - vg(0)) M.D.

100x + (y) (M.D.)

The slope can be obtained:

slope

From the oil

slope

dRec

dV

B

recovery equation:
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Figure B.7 0il recovery vs. volume burned

The above figure shows the computed results (circles)
as well as those of Gates and Ramey (straight line) for
three different gas saturations. In general, the answers

are within 1% of the actual ones.
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Appendix B

Optimum Pressure of Air Injection for In-situ Combustion

The injection pressure vs production rate relationship
during combustion is derived below for a déveloped
five-spot pattern. Similar relationships can be obtained
for other well patterns by application of the same method
to interference flow-capacity equations for the type of
well development selected (assuming the mobility ratio is
unity). In addition to the usual limitations on these
relationships, we assume:

l. Burning front is radial

2. Resistance to gas flow ahead of the zone

3. Gas mobility ahead of the burning zone is constant

4. Gas shrinkage as a result of combustion is

negligible

The derivation is based on the fact that as long as
the flow 1is radial at the burning zone, the flow dis-
tribution ahead of the zone is the same as the one that
would prevail in the absence of the burnt-out region.
Therefore, the pressure (Pr) at the radial location of the
burning zone (rf), resulting from injection at a given
rate, can be calculated as the pressure which would occur
at Tey in the absence of the burned-out region and with

injection from the well radius (rw) at the same rate.
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Since flow is assumed radial from T, to Tey
2 2 ik Te (lnrf/rw)

P. - P =
iwf 0. 703kgh

(B-7)
Also, for the five-spot development with 1:1 mobility

ratio (e.g. from M. Muskat’® Physical Principles of O0il
Production, p 688-715)

p.2 - p 2| iaKTs EZIn(a/rw) - 1.23§] (B-8)

iwf W 5503kgn

Subtracting Eq. B-7 from Eq. B-8,

In(a/r ) -1.238 -ln(rf/r,4 (B-8)

Combining the 1logarithmetic terms and noting the
assumptions that Pr = Piw
iw Py T ia“an 1n(a2/rwrf) -~ 1.238 (B-9)

0.703kgh

or in terms of the time (t) required for the burning front

to move outward to L at a velocity of Vl’

P2 -p 2% <] takaly [ln(az/rwvlt) - 1.238] (B-10)
0.703kgh

Despite the assumptions of a radial burning zone, this
relationship has been found to agree with potentiometric
model data well beyond the period of radial burning, e.g.,
when the aerial sweep is 40% of the pattern area the
burned zone is far from radial. However, values of Piw
calculated from the above equation are leséythan 2% higher
than predicted for this aeriasl sweep by model data for

infinite mobility ratio.
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161

IN-SITU COMBUSTICHN PROCLS3 2ZIFGEMAKNCL .JICDEL
SEEERERREEBERERRIRIEREEKERR IR KRR RRERRRE S ok bk
(PROJECTION TO THE W®HCLE RESERVGIBE)

STATE WABE ; ¥ro - CaLIF
CODATY manE: WATRONA ILSON LeA. H i
rreso wanz s SHANNON N 5. oLINDs Cabppo MCKINLEY
MET THICKNESS {PT): 43.00 8.1 150.00 PI'Zitj;:'n ' uos:;foo
PERMEABILITY (D) : 250. 00 1000.00 300.00 650.00 . 750.00
DEPTR (PT): 950.00 2432.00 3550. 00 1000.00 4800.00
AREA (ACRE): 5.00 544,00 31,00 15.00 1200.00
RESEBVOIR PRESS (PSIA): 475.00 800.00 1775.00 500.00 2000.00
RESERVOIR TEAP (D2C P): 78.00 113.00 135.00 90.00 185.00
POROSITY: 0.233 0.360 0.290 0.330 0.280
OIL SATUERATION BEPORE PROCESS: 0.600 0.650 0500 0.650 0.550
GAS SATURATION BEPOBE PROCESS: 0.000 0.050 0.000 0.000 0.000
APL GRAVITY (DEG): 25.00 21.90 22.00 21.00 10.00
VATER SAT. BEFORE PROCESS: 0.400 04300 8.500 0.350 0.450
OUTPOT RESULT
AID BEQUIRENENT (NASCF/AP): 0.03 0.93 0.71 0.09 1.04
CUORULATIVE PROD (NBBLS): 652.613 3456.00 1324.58 261. 39 7849.16
ULTINATE OIL RECOYERY (%)3 40.82 36.56 30,30 48.35 43.95
OIL PROD BATE (BBLS/D/PATTERN): 4g.67 21.75 202.66 49.18 64.05
OPTIN NAX INJ RATE (NWCF/D/%): 1.27 032 7.38 0.96 . 047

OPTIA MAX INJ PRESS (PSIA):  475.33 800421 1775.12 500.33 2000.09

CALI?
UBANGE
BANNLING
100.00
3000.00

2300.00
182.00
1100.00
130.00
0.340
0.550
0.000
12,00
0.1350

454
7845.66
35.78
172.10
5.09
1100. 20

g xtpuaddy




Appendix C

PDS SUPPLIED DATA OF A RESERVOIR
SEEE R IR SRR R R KRS R RRREREER SRR RE

{ ORIGINAL DATA )

1 STATE BAMNE : OKLAHOMA
2 COURTY BANE: cnnmnn,cnnv:n‘
3 FIELD BARE : SEO-VEL-TUN (DEESE)
4 ORIGINAL OIL (BBLS/AF): . 953.54
5 CUN. CRU. PROD. {BBLS): 297650900.00
6 ASSO. GAS PROD. (ASCF): 0.00
7 PRESSURE {PSIA) = 580.00
8 TEMPERATURE (DEG) 2 115.00
9 PROVED ACREGE [ACRZ): 325.00
10 DEPTH(FT) : 2750.00
1 ZONE THICKNESS [FI) : 71.00
12 PERMEABILITY (MD) = 132.00
13 API GRAVITY(DEG) = 30.00
14 VISCOSITY suarlci(CP) : 0.00
15 GAS-OIL BATIO(SCE/STE): 0.00
16 ponositr : 0.170
17 OIL SATURATION : 0.723
18 WATER SATURATION : 0.277
19 GAS SATURATION : 0.000

COMIENT: THESE DATA CANNOT BE PROCESSED FOR ANY THERMAL
PROCESS AT TH1S IIMii FOR LACKING SUFFICIENT
DATA OR FAILURT I[N SCREENING
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PDS SUPPLIED DATA OF A RESERVOIR
EERE AR PR RRL AR E AL RRE R VAR R4

( ORIGIFAL DATA )

-d

STATE NAHE : OKLAHOHNA

2 COURTY NAME: GARVIN

3 FIELD NAME : SE PAULS VALLEY

4 ORIGINAL OIL (BBLS/AF):  1370.84
s CUN. CRU. PBOD. (BBLS): 939000. 00
6 ASSO. GAS PROD. {MSCF): 0.00
7 PRESSURE (PSIA) : 1850. 00
8 TEMPERATURE (DEG) 2 110.00
9 PROVED ACREGE(ACRE): 325.00
10 DEPTH (FT) = 4300. 00
11 ZONE THICKNESS {PT) : 100.00
12 PERMEABILITY (MD) : 2500. 00
13 API GRAVITY (DEG):: 10. 00
1 VISCOSITI SURFACE(CP) : 7500.00
15 GAS-OIL RATIO(SCEF/STB): 0. 00
16 POROSITY : 0.310
17 OIL SATUBATION : 0.570
18 WATER SATORATION : 0. 150
19 GAS SATURATION : 0.280

COMAENT: STEAX DRIVE IS RECCMMENDED

IN-SITU COMEUSTION 1S RECOMMENDED
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Pauls Valley Field:

RZSOLYS OF PIVI~SPOT PILOT TEST XN INE RESERVOIR (STEA® DRIVE PROCESS)

ERts TRASRAAL PYPERCIEECY; B0S= OI1-STEAN RAT1I0(8/3):

Gi?= 0I1 PROD RATZ (B,D) QINJ= STIEAS INY BATE (B/D});

PINJe STEAB INJ PRESS {PSI) WP= COY PBIO 4 PATT. (3);

¥I50= OI3 ¥ISCOSITY § RIS TIAR(CE); BRC» OIL BRECOVRNY (PRACTION);
PIS= PORCSITY®CIL SAT.; TRS= TRIUSHISSINILITY;

S+ VOL STEAR IBJ. (BOLS}; TSe STIAN TZEP(DEC 7);

S08TH  XBY vIsc 13 B2C Prs car
)\ o. 998 499,01 621,65 0.00  1767.00 .00

w \&3 T3S ¢S QI PiN)
0.00 &49a50.00 $00.99 0.8  1010.00 9800.%8

2-VALOLS OF All T2 ABOYZ VARIABLES

D. 262383  0.255910 1.601339 ~0.990852 -0.8665633 -1.538u1d

~1.538417 0.318586 ~C. 885493 ~1.092066 0.172502 2,782578

208TH At T18C TS 2%C 1233 s
2 0.996 499,01 621.€5 0.06 1767.00 185,20
P \&] RS LK eI PIN)
5555.88 450850, 00 503.%9 0.9 3010.0C  9830.9%8

Z-9AL0RS OF ALl THE ABOYZ VARIABLES
0.8813872 9.262289 1, 715116 ~1.088717 =0.913617 =1, 115845
«1.302070 0.298%79 -0.895096 ~7.115020 O0.1788606 2.850223

aorT2  ERt ¥1s0 1s L 13 s (414
3 D.92% 895,01 621,63 0.09 1767.00 184,06
%P \H ms BOS 13 PINS
MI01. 62 ¥451876.00 530.99 0.7 1012.00 180J.%6
2~VALIZS OF ALl THY ABOVZ VARNIARLIS *

0.633773 0.372917 1.781078 ~1. 185168 ~1,011387 -0,95204)
=1 182005 Q. 2V6RRT ~0,.513089 ~0.9956D D. 188400 2.K31962

BOKTE  ZMY visc 18 L k19 ”’s [+ h]
) 0.903 095,01 621.€5 0.12  1787.4C 18¢.52
L14 s 18s RCF AUwW PINd
16637.5) 252432.00 53C.95 0.9 1912,00  1800.%3

3=YALOLS OF ALl THE ABOVE VIETARLIS
C.605752 3, J6STIRr 1, TOT604 ~1.129570 -1, 198183 ~1.02389¢
=1 116956 0, 188313 =3,552744¢ ~1.,030%61 0.171499 2.679717

BORSHE I vISC s | 44 ”s cue
L] 0.991 499,01 621.6% 0.15  1747.00 184,20
{14 ” RS 2C5 e Plp
22183.44¢ #%2090.30 $00.99 .13 101L.0¢  1800.5¢

2=VALOES GF ALl TRT 3BOVE VARIABLES
0.501277  0.362B6u  1.597358 ~1.02P317Y ~1,860137 =0.986577
«1.070199 0, 13¢515 ~C. 589037 «1.005672 0,188983 2.51780+

[ -1 3¢ SN 3 3} wse 1S REC PIS 413
] 0.989 499.01 $21.65 0.18  t7a7.00 1£3.87
Lid 1”0 TRS RCS 4 N PIRI
2767%.47 §38%00.00 300.99 0. 1%  1090.00 1830.58

$=VALORS NF ALY TAY ABOY? VARIABLES
0.570293 0,.382159 1.596558 -1, 115396 =1,892923 ~4,238172
=1 357237 0.C80900 ~0.665375 -1, 167641 0,200000 2.8742)¢.

s08TY LBy 17sc 75 RIC 1281 La2
A 0.988 §99.0¢ $21.6%5 2.21 1767.00 1€). %4
[ 34 3 s 2CS <IN PIiY
33185, 68 453%510,00 52C.9¢ .18 1010.00  ROC.%3

$-FALOLS OF ALl TWL ABOVEZ VABIARLIS
0.558623 0.287208 91,£78970 « %, 151388 ~1.613942 ~1,03072¢
=B, 350715 D, 938155 ~C.513363 - 0. 201065 0.028737 1.211133

2ONTR  PA vIsc 25 azc s 11
. 0,986  W99.01  §21.5% 0.23  1767,00 10322
»P | 198 ROS QI (201
38602, 14 %6%20.00  80C.99 0.9 1018.00  180C.%3

R=FALNLS CF A1 TAX ABOYI VirlIadils
0.50205%  0,2°2°6%  1,530099 ~3,1%809% ~1,555529 ~1,507¢%9
“t.6E99%u 3, 1IN0 -0, 553150 =9,9C72¢7 0.218218 2.13772%%
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SBSULZS OF FIVZ~SROT PILOT T2ST IN TAR BESERYOIR  {I1y-51T0 COMB. PROCLSS)

2XC= OIL BECOVERY(S); AORs AIS-OIL BAZIO (BCP/B);
QI WAX AZR IBD BASRIRACY/D); PINJ= INJ PRESSORE (PS1));

Pau 8 Valley Field P15 POROSITY®OIL-52%. ; TRSe TRANSAISSIDILITY ;

ul- AIR=SAND BATIO (SCF/AT): PR« FORL BDAWED (B/AY) ;
= CUM. ATR BEQDIRED{NACI/AP); QUP= OIL $R0D BAIL (BEL,D);
n- CPS. OIL FROD. (DRLS); VBe VCL BOURNID(S) ;

»orIn BIC s 75 Cal P18 ) 4
1 2.2 1767.00 121.23 0.52  1850.12 13606.00
ASR s 409 \{J gy v1s0 QI
T.69 $10.9% 2.86 13.52 880,99 499.01 S. 04

Z=YALORS OF All 2RE ABOVE VARIABLES
=9, 328256 ~0.877111 =1, 956398 8.227872 2.286393 -0.43151%
=3 956349 =0.377575 ~0.582605 R.169082 1.684925 1.418438 0.963299

BOBTE 22C xS 1 44 €A1 PIBY 114
2 830 167,00 121,23 0.55  1850.12 26006.95
ASK 18s 203 e [-LH 1250 QINS
7.6% 530.99 2.9 1. 52 829,47 489,013 9. 08

Z-YALULS OF A1l TIRE ADOVE VABIARLIS
=1,880722 =0.877311 ~1.156399 2.108087 2.246353 -0.817067
-1, 136309 =0,377575 ~0.655037 3. 308746 1.796351 1,818436 0.90129%

BONTH L1114 ns s cal I3 L13

3 €37  1767.00 12%.23 0.60  1950.12 397%4.92
Ase s 0B Al ] (113 ¥Is0 W21
7.89 S$00. 99 .01 5. 52 N&LU 499.01 Sedu

T-VALUZS OF ALl THE ABOYE VARIAERLIS
=9.626529 ~0.477191 «1.156398 1.819297 2,286393 ~0.809139
=1 956365 =0.377575 ~0,789805 2.293591  1,902049 1,418e38 0,963295

sontn 3¥C P1s 8 caY PINI n»
L) 6.3%  1767.00 121,23 0.68  1850.12 52801.87
ASR s AQK \i] 114 risc <INy
7.689 %02.94 3.09 16.52 $09.4) 49%.01 904

2-VALUES OF ALY TAE ABQY® WARIABLES
~2.362897 ~0,508602 =1.356201 0.912956 2.573533 ~0.41619:
=1.356247 ~0.390816 ~0.999054% 2.92737 981127 127146 0.551659

BORTA 349 ns n CAZ PINS L1
L] 15.98 1767.00 121.23 .79  1850.12 998a3,.0¢
ASP <ur 03 e L1 V250 IR
7.6% $60.99 3.8 2052 370.7¢ 499.01 S.04

2~VALJILIS OF A%l THL AROYE VARIANLLS
=1, 681066 ~0.508602 ~1.35620) 0.932587 2.%573536 ~0.01890¢
~1.350247 ~0.39391€ ~0.926371 I, 890902 1.87892¢  .27132 J.93Ve76

RORTH | 119 ns b4 cal PINY | ¥4
L] 22.0% 1767.00 12%.23 J=96¢  1850.12 W3 7C
sy 155 ACR e WE w°sc eIk
7.69 $00.97 3.73 28.52 338,49 499.01 $e 3w

2~YALUZS OF A%l TAZ ATOVE PARIABLIS
=% 107871 <0, 809491 ~1,572503 0.980353 2.868375 0.222272
«1,573118 =0, 379255 -0.879007 &.672957 T1.7576%1  1,2771727 0.978305.

208TH 3¢C ”s 73 caz 1210 "
7 29.2)  1767.00 121.23 1.0 1850.12 182599.6C
(314 s #0R \i] L 0230 QInd
7.69 500.99 8,05 28.52 311.27 09N 5004

T-VALOES OF ALl TAL ABOVEZ VARIABLES
0. 619083 =0,797110 -1, 478830  1,020902 2.747021 0.383003
«1.678756 =C, JE69T ~0.008200 S.923087 1.631350 1,201780 0,900740

[ [ 4403 1 349 ns 78 (13 P13 »
] 13,65 1767.00 1231.23 .21 1950.92 210207, 5%¢
AS: 75 303 \L3 .4y 180 N3
.89 $30.99 8.2 31,52 293. 20 499,01 5,09

2-YAL0ULS OF ALl THZ APOVE VARIAZLIS
=0.858256 =0.753901 =1.7BR882 O.BW5EI6 2.40%6505 J.8072)7
-9, 789488 =0.330718 «0.010773 6.857581 1.608466 V. 163876 0.902103

20PTH R7C 1S L4 (4 24 PN $?
] 35,19  1767.C0 121.23 1,37 1950.192 284821.5¢C
ASK s 203 \] oh? ”?sc Lt
.69 %c0.99 8.6 35,92 278,03 499.0¢ S, 3¢

R-VAL3EIS OF AL TAE ABOYL VARIMILES
=0, 109442 ~0.8%285¢ =1.798152 S.915200  2.736751 Q. aM9I8D
«9, 79864 =0.273828 ~0,695876 6.000988 1,307023 1,07984¢ 0. 963251
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COMMENT:

PDS SUPPLIED DATA OF A RESERVOIR
KEER X AR SARESRRERR SR E LRSS S XS

( ORIGINAL DATA )
STATE RANE : OKLAHOMA

COUNTY NAAE: GARVIN

PIELD HARNE : SE PAULS VALLEY
ORIGINAL OIL (BBLS/AF): 1370.84
CON. CRU. PROD. (BBLS): 939000.00
ASSO. GAS PROD. (MSCF): 0.00
PRESSURE {PSIA) : 1850.00
TEMPERATURE (DEG) 2 110.00
PROVED ACREGE {ACRE): 325.00
DEPTH(FT) = 4300.00
20NE THICKNESS (FI) 3 100.00
PERMEABILITY (MD) : 878.00
API GRAVITY{DEG) : 10.00
VISCOSITY SURFACE(CP) : 7500.00
GAS-0IL BATIO[SCE/STE): 0.00
POROSITY : 0.310
0IL SATURATION : 0.570
WATER SATURATION : 0. 150
GAS SATUBATION : 0.280

STEAM DRIVE IS RECOMMENDED

IN-SITU COMEUSTION IS RECUMMERDED
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Pauls Valley Field:

RESTLIS OF PIVE~SPOT PILCT TEST I ZEI RRSERVOIR  (S3RAS DRIVE PROCRSS)

KNl TRZINAL BFPICIZNCY; 20Sw O3IL~STEAR BATIO (B/B) ;

QEre OIL PROD BATE (B/D) QIR STEAR N3 2ATE (B/D);

PINJ= STIAR IND PRESS(PSI) BP= CUS PRDO & PAIT. (8) ;

VISOw OIL VISCOSITY  EES TLE?(CT); BEC« OXL RECOVERY (PSACTION):
913= PCROSITY®OIL SAT.; %BSe TRANSHISSIEILICY;

¥Se VOL STLAR INJ, (BDLS); TS+ STRAR TEBP (DIG ¥):

sorts gt 9130 TS REC 73S (114
] 0.99%8 499,01 621.65 0.03  1747.00 0.00
14 ” ns R0S o PINI
0,00 889450.00 175.95 0.18 010,08 1800.58

S-VALOES OF AL1 TEE ABOYE VARIABLIS
0.262348 0.2355918 1.6873)9 ~0.990052 ~0.866683 ~3.5383 1)
«%. 530017 0.374506 ~0.500800 ~1.0920466 0.172502 2.782578

BONTR 2RV v1so s neC ”s one .
2 0.996  499.01  621.6% 0.06 1767.00 185,20
»”» s ”ns ROS  QIW 100
3555.88 #30860.00  175.9% 0.48 1010.00 1800.%8

S-VALD2S OF AL1 TAZ ABOVE VARIABLR2S
0871872 0.262209 1,715116 =1, 088717 =0. 913617 ~1.1158¢5
«1.382070 0C.29EE7% ~C.509729 ~1. 115820 0.170806 2.85022%

SOETN BNV 1sC S 32C P1s ({14
3 0.995% 499.01 621,65 0.09  1767.00 184.8¢
114 s T8Ss BCS 23 1 PIND
111065 #51870.00 175.95 0.18  101C.00  1900.52

8~VALUES OF ALD TRI APOVE VARTABLAS
0.630773 0.372%17 1.781379 «1, 185168 =1.011347 ~0.492080
=2 182805 0, 216845 -C.61232¢ -0.995610 0.168800 2.8119¢2

AO¥IR  2B1 1180 15 Liid S (¢.13
L] 0.992 l!ﬁoﬂ' 62165 0.12 1767.00 184,53
P \A] s A0S Q182 PINY
16617.53 852820, 00 175.95 0.98  1010.00 1833.52

B~YAL0ES OF ALl T9E ABOYE WARIABLES
0.,805752 0.36%78¢ 1,707608 =1.129570 =1.118198 =1,02399¢
=1,136956 0, 138813 ~0.689473 =1,030561 0.171659 2,679717

aorTE  rm 7sc s BEC r1s (114
L] 0,921 499.01 $21.65 %9.15  1767.00 184,20
wP s Ins 3¢S I8 Plad
22163.84 ¥53890.00 175.95 0.1%  101C.00  1900.%R

3-7ALORS OF All TBE ABOVE VARIABLIS
0,501277  C.362068  1.597358 «1,02037 -1,
«1.074199 0, 136515 =0.678838 ~1,005610 0.

64137 -0, 986577
188983 2.51756¢

078 TN v1s80 18 BEC P1s (114
6 B.9%9 499,01 621.65 0.3 1767.00 10327
114 ” s ROS Fr e PINI
27679.87 4S83500.00 175.95 0.8  1010.00 1800.58

E-VALORS OF ALl TEE 8BOVE VARIABLRS
0.97029)  0.382959  1.596559 ~1,115396 ~1,492928 ~1.238172
«9.357237 0,080908 ~0.709807 =1, 167681 G.200000 2.47823¢

worTs BN viso s e ms onp
7 0.908 9901 82085 0.21  1767.00  183.5
» - nsd scs  oIm 180
33105.68 ¥35510.00  175.95 0.18  1010.00  1000.58

S~VALORS OF ALl TAZ ADOY® VIRIANLES
6.55862) 0.277208 1.678970 =1, 151388 ~1,612982 ~1.600728
«8,060715 0.95¢155 ~0.733849 ~1,281065 0.028787 1.21113)

aoes et 1380 23 BEC s (1.4
[ ] 0.9%¢ 499.01 $21.65 Q.28  ¥77.00 18).22
" 8 283 B80S 0nn PINS
IR682, ta 836220, 00 175.95 0.18  1010.00  t900.58

8-VALOES OF ALl THZ ABOYVE VARIARLES
8.55285% ©.29276% 1. 386099 =1, 19829 ~1,555520 ~9,5078%9%
~%.669988 0, 135380 «0.770271 -9, 167267 0.218218 2.377359
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PDS SUPPLIED DATA OF A BRESERVOIR
SERELRNEEERESEEEEL S SRS L SR 2408 SR

{ ORIGINAL DATA )

-h

STATE BANE 3 OKLAHOMA,S

2 COURTY NAME: JEFFERSON

3 FIELD NAME : 1L0CO (IDA BILLY)

4 ORIGINAL OIL (BBLS/AF): 1153. 89
5 CUM. CRU. PROD. (BBLS): 0.00
6 ASSO. GAS PROD. {HSCF): 0.00
7 PRESSURE (PSTIA) : 330.00
8 TEMPERATURE (DEG) 2 "~ 60.00
9 PROVED ACREGE(ACRE): 213.00
10 DEPTH (PT) : 526.00
" ZONE THICKNESS (FT) = 12.90
12 PERMEABILITY(MD) : 2553.00
13 API GRAVITY (DEG) : 20.80
14 VISCOSITY SURFACE(CP) : 588.00
15 GAS-OIL BATIO(SCE/STB) : 0.00
16 POROSITY : 0. 256
17 OIL SATURATION : 0.581
18 WATER SATURATION : 0.316
19 GAS SATURATION : 0.103

CONMMENT: STEAM DRIVE IS RECCMMERDED

IN-SITU COMBUSTION IS RECOMMENDED
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Loco Field:

RESDLTS OF FIVE~SPOT PILOT TEST IK THE RESERVCIR {STEAS DEIVE PACCLSS)

SUSSS82 20800000808 080080000ECREI00SE0000SS00SRURENRLIENERINISIRESED
BH1= TRERRMAL EFPECIERCY; ROS= OILl-STZAM EATIO(B/3);
QUP= OIl PROID BATZ (EB,/C) QINJ= STEZAN IRJ RATE (B/D).
PIRJ= STEAR IBJ PRESS (PSI) KP= COY PRDC A FAIT.(B);
¥150= OIL YISCOSITY # RES TEMP[CP); RIC= OIL EECOVEB! {FEACTICN)
PIS= PORCSITYSCIL SAT.; TBS= TRAWSMISSIBILITY;
¥S= VOL STEAN INJ, {BBlS); TS= STEAN TEN2(DZG P):

BOETE @@} visc s BEC BIS (44
1 0.96% 240.09 §922.71 0.21 1487. 36 d.0C
| 3 ¥s TRS .BCS CINg PINJ
0. 00 €£A0.00 137.17 0. 33 430,00 324. 32

2-VALJES OF ALl THE ABOVE VABIABLES
=2.590625 ~0.335676 ~C.20085% 0.891327 ~1.334925 ~1.534418
=1.530417 -C.865275 ~C.59221E =0.76239) ~5.7515%¢ =0.574473

BONT2 EHY v1lso TS RZC £1S wiP
2 0.92° 280,09 322.71 0.42 18a7. 3¢ 141,26
NP \L] TR3 RCS N PIRJ
§231.93 7210.0C 137.17 0. 43C.00 324,32

2-VALJES OF ALl THZ ABOVZ VARIAZLES
=3.546228 ~0.327556 ~0.215460 0.993794 -1.388823 -1.221601
~1.394904 =0, 873825 «0.631020 ~0.821760 ~5.6383913 ~2.545026

80%TH  EH! visc <35 RIC ?Is (43¢
3 0.977 240.09 422.71 053 148736 133.3%
NP \ <Rs RC3 QINa PINJ
8248.54  7740.00 137.17 0. 30 430.92 324.32

2-VALUES OF ALl THT ABOVE WARIADLES
=5.303879 -0.232358 «0.529705 2161108 ~1.871699 ~1,11009C
~1.216304 -0,833R86 =0.624170 ~0.741116 ~5.263293 ~D. 742193
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Appendix D
OPTIMIZATION MODEL PROGRAM USER'S GUIDE

This user's guide provides some background with respect
to the computer program used to solve the multi-criteria
programming algorithm. The author used the S.E.Paul's
Valley in-situ combustion formulation as an illustration.
This computer program is general in nature and may be used
to solve any multi-criteria programming formulation. The
computer has been modified to adopt the IBM 360 mainframe
computer and the VAX 11/780, and PDP 11/70 minicomputers.

(1) Double precision statements were added to the
program to handle the round-off errors during the pivoting
in the modified simplex algorithm.

(ii) Computer codes were modified for the character
string in FORTRAN variables coding.

(iii) This program is capable of solving problems

with a maximum

NUMBER OF VARIABLES = 125 (NVAR)
NUMBER OF ROWS = 60 (NROWS)
NUMBER OF PIRORITY LEVELS = 20 (NPRT)

However, the <capability can be expanded with a
modification in the defined subscribers and it is only

limited by the memory storage of the computer.
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In-situ Combustion Formulation (First Timestep)

Main objective function:

. _ - + + - + -
Min Z = P1 (dl + dl) + P2d2 + P3d3 + Pada + P5d5

‘Real constraints: X N < REC
)(2 < PIS
Xz L FB
xa's;CAI
x5 <PIND
Xg< NP
X 5 < ASR
)<855TRS
)(955A0R
X10< VB
X 11SANP
xleEVISO

Goal constraints:

Recovery G : REC = -1.099288Xg- 0.832598X3
+ 0D.572264X3 + 0.14612%,

+d; - dI
Prod. rate G,: QNP = -.091530X1g9 - .081230Xs
+.117596X12 +0.600794Xg
- +
+d, - d,
Inj. rate G3: QINJ = -0.02794X5 + 0.099275X37
+ 0.521800X4 + .27496Xg
+ 0.443930%X7 + 0.235473Xg
-~ 0.338854Xp - 0.362949Xg
- +
+ d3 - ds

Inj. Press. G4 PINJ = -1.577117Xy4 + 0.170476X)12
+ 0.891372X35 + 0.048741Xg
+ 0.506780%Xg + 0.67741X3;

+ 0.834522Xg + d; - d}
Profit Gg:  PROF = (32.25Xg - 675X4)/100,000 +dy -d}
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Input

Introduction

The computer program is designed to automatically
provide the proper deviational variables for execution.
The user must specify the following data:

1. Number of constraints or goals (rows)

2. Number of choice variables (columns)

3. Number of priorities

4. Coefficients of choice variables for each
constraint or goal

5. Direction of each constraint or goal (equality or
sense of inequality)

6. Value of the right-hand side has to be positive.
If the given value is negative, then it is necessary to
reverse the sign by multiplication by (-1)

7. Objective function to include the priority level,‘
the location and sign of the deviational variable, and any
differential weight to be applied to the deviational
variable.

The input data deck requires five basic sections to
provide the reguired information. Each of the five
sections will be described in detail below using data

examples.
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The Problem Card Section

The problem card supplies the first three items of
data specified above as required and initializes several
key variables intermal to the program. The format for the
problem card is as follows:

Columns 1-4 PROB

Columns 5-7 Number of rows

Columns 8-10 Number of columns

Columns 11-13 Number of priorities

Columns 14-16 QOutput switch

Columns 17-19 Blank

Columns 20-79 User comments

: 1 2 3
12345678901234567890123456789012345.

PR0OB170012005001 MODEL TIMESTEP ONE

The number of rows specifies thz total number of real
and goal constraints. The number of columns specifies the
number of choice variables in the problem. This is not to
include any deviational or slack variables since the
program will generate these as required. The number of
priorities specifies the distinct level of priority.
Artificial variables necessary for solution will be

generated by the computer program as required.
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The output switch is a request by the user have to

program print out each iteration of the simplex table as
opposed to printing only the final solution table. This
option may be activated by specifying any positive value
in this field. If no value is specified, the program will
default to zero and only the final solution table will be
printed. This option should be used with caution since
the number of iterations can be large and an excessive
volume of output may be produced.

Sixty columns are provided for the user to enter any
comments desired to aid in identification of the program
run, input data, date, etc. This information will be

printed on page one of the output.

The Sign Card Section

The sign card is used to describe the direction of the
constraints. There are four possibilities:

1. B will allow the minimization of either the
negative or positive deviational wvariable or ©both
deviational variables in the objective function, when the
absolute achievement is expected in a goal constraint.

2. E will not allow deviations in the solution from
either the negative or positive direction. E is always
used for real constraint variables.

3. G will allow only a positive deviation when

206



underachievement is desirable for the goal constraints.

4, L will allow only a negative deviation when
overachievement is desirable for the goal constraints.

If either B or G is specified, the program will
generate a positive deviational variable. If either E or
G is specified, the program will generate an artificial
variable. At least one deviational variable from each
constraint (row) must appear in the objective function.
If neither wvariable appears, it 1is possible for the
program to generate a solution in which both deviational
variables end up in the basis and the constraint dI X
d] = 0 will be violated. If both deviational
variables appear in the objective function, they may be
assigned different priorities. -

The format of the sign card is as follows:

Column 1 sign of lst equation

Column 2 sign of 2nd equation

.

Column n sign of nth equation.

1 2
12345678901234567890. ..

EEEEEEEEEEEEBGLGL
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The Main Objective Function Section

The main objective function cards specify all
information required in item seven above. These cards
must be prefaced by a card with 0BJ3 in the first three
columns to signal the computer program that the objective
function follows.

The format for these cards is as follows:

Columns 1-3 POS or NEG to indicate the sign of the
deviational variable to be minimized. If POS is
specified, it is mandatory that either B or G be
specified on the sign card for the corresponding
TOW.

Columns 8-9 The row in which the deviational variable
appears

Columns 10-12 Blank

Columns 13-14 The priority assigned to the deviational
variable. The priorities must be sequential with
one indicating the highest priority.

Columns 15-25 The coefficient or differential weight
to be assigned to the deviational variable within

this priority.
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SIGN ROW PRI WEIGHT

1 2
1234567890123456789012345. ..

POS 13 01l
NEG 13 01
POS 14 02
NEG 15 03
Pas 16 04
NEG 17 05

et e et
OO0 O00O0o

The Data Section

The input cards in this section specify the
technological coefficients for the —choice variables.
These cards must be prefaced by a card with DATA in the
first four columns to signal the computer program that the
technological coefficients are to follow.

The format for these cards is as follows:

Columns 1-7 Blank

Columns 8-9 The row in which the coefficient is located

Columns 10-12 Blank

Columns 13-14 The column in which the coefficient is

located

Columns 15-25 The value of the coefficient.

ROW CoOL VALUE

1 2
1234567890123456789012345. ..
01 01 -1
0l 02 -1
01 03 -1

etc.
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The Right-Hand Side Section

The last section of the input data deck is the
right-hand side section. These cards specify the value of
the right-hand side of the constraints or goal equations.
These cards must be prefaced by a card with RGHT in the
first four columns to signal to the computer the end of
the data section and the start of the right-hand side
values.

The format for these cards is as follows;

Columns 1-10 Value for the lst row

Columns 11-20 Value for the 2nd row

Columns 61-70 Value for the 7th row,
If there are more than seven rows, continue rows eight

through fourteen on the second card, and so on.

1 2 3
12345678901234567890123456789012..
RGHT
1.223490. 0.9938150 0.162652 0......
0.798112 0.9551670 0.009367 0O......

etc. L1} 11}
etc.

A complete data deck set wup 1is illustrated 1in the
following figure:
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PROB170012005001

EEEEEEEEEEEEBGLGL

POS 13 01

NEG 13 01

POS 14 02

NEG 15 03

POS 16 04

NEG 17 05

DATA 0l 0l -1
02 02 -1
03 03 -1
04 04 -1
05 05 -1

b b b e

O0O0O00O0

099288

.835296

572264
146120
09153

081230

.356053

.117596

600794

.017494

099275
521800
27496

443930
235473
338854

.362949

06 06 -1
07 07 -1
08 08 -1
Q9 09 1
10 10 1
11 11 -1
12 12 1
13 09 +1,
13 02 -0
13 03 ° -0.
13 04 -0.
14 10 -0.
14 05 -0.
14 04 -0
14 12 - -0
14 06 -0.
15 05 +0
15 12 -0.
15 04 -0.
15 06 -0.
15 07 -0.
15 08 -0.
15 02 -0.
15 09 -0
16 04 +1.
16 12 -0.
16 10 -0.

16 09 -0.
.506780

16 06 -0

16 11 -0.
16 08 -0.
17 06 +0.
17 04 -0.

RIGHT

1.23494 0.993815 0.162652
0.798112 0.955167 0.009367
0.891466 0.358125 4.098842

577117
170476
891372
048741

677410
834522
003225
067500

0.917785 0.358125 0.895290 0.162613
1.029610 0.257618 1.223494 1.029610
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Output

The computer program provides the following output:

a) A complete printout of the input data to include the
righthand side values, the substitution rates, and the
objective function, b) the final simplex solution table to

J
functions; c) the slack analysis presents the values of the

inlcude the Zj'c' matrix and evaluation of the objective

right-hand side, and also values of the negative, positive
variables for each eguations. d) an analysis of the
variables, and e) a summary of the objective achievements.
The output listings are self-explanatory. The results of the
program are basically obtained from (d) and (e).

VARIABLE ANALYSIS

VARIABLE AMOUNT
3 0.336562
5 2.246393
7 0.336596
4 1.227771
11 0.389944
9 1.434628
8 2.681349
10 4.169042
ANALYSIS OF THE OBJECTIVE
PRIORITY ACHIEVEMENT
5 4,098442
4 2.349988
3 0.000000
2 0.000000
1 0.227122

Since the above example has been run in Z-value and the
conversion can be done with a f77 program, the program is
listed as following and the converted results have been

listed in the S.E. Pauls Valley case study of Chapter V.
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F-77 2-values Conversion Program
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g1

Di1,d) * €11,3) = C(RLJ) / C(KV,K2) ¢ C(1.K2)

290 CcoRYiROR

B0 300 Jet,

BIR1,J) = C(K1,J) / CiK1.X2)
399 coszieoe

2O 305 1=1,m308S
308 B(I,R2) = 0.0

DK, K2) = 1.0

€(1.3) = 0(I1,J)
2P (DABS(C(1,J)) .LT. TOLB) C(X,J) * 0.0

310 conrimor
ITZR » ITES o ¥
2172 ALL SUBSTITOTION TABLSS IP ITAB 1S POSISIVE
IY(ITa8) $0,50,320

320 WRITE (6,5000)

3

WAITE {6,5002) Y{I),8AS (%)

3002 PORIAT{IND, 152,°808°,P0. 0,717, 6)

310 cosTiNER
50 WD Je1,NB08S
RyTe (6,9

S00) POFRAT (1RO, 15X, *BOV*, 1)

RITELS,5008) (C(I1,J),3=1,BVAR)

SG08 PORRAT(153,5P12.6)

S000 FORAAT (133,°TAE BISRT RASD SIDE°,

$307 rOoRMATY (15X, °

380 CONTINUL
6o 10 SO

BOVE TO SEXIT LOWER PRIORITY LEPIL

30 LY=Lt et
8o T0 80

SRITR PIUAL AESULTS .

360 WRITEZ(6,500%) ITER

AT (160, V81, * ITESATIONS ... %, 20)
1TR(6,5000)

ITE(S,5006)

*OBT20T TASLE 01',//)

(I, MBS

ITR(6,3007)

8 SUPSTITUTION RATES',23K,°00TP0T TANLE 02%,.//)
S .

b 4
(C{1,3) 3= 1, BVAR)
380 cosTINeR

22
128
12%
126
"
28

120

w6
127

150
152

15)
158

155

WSITE(6,5000)
WRITE(6,500
S008 FOBYAT (151, °THE XJ-CJ SATRIE',291,'00TFOT TARLE 0)°,//)
DO 390 R=1,WPBT
I = LISP - &
SRITE(6,5009) I
$009 FORNAT {180, 151, °PRIOAITE®, 1))
WF1TZ(6,5008) (BULI (K, 3} J=1,8VA0)
390 CONTINDE

BVALOATE OBJECTIVE PORCTION

ann

00 800 R=t,mPRT
ZVAL(K) = 0
DO 400 Ts1,WBONS
TVAL{K) = TVAL(K) * RES(J) ® VALY (I,K)

400 CORTINDE
2317E(6,5000)
WRITE(S,5010)

S010 PORBAT {152, AN EVALUATION OF THP OBJECYIVE PUKCTION®,J63,
1°0UTPUT TABLE 08°,//)
50 20 & 11
KK = WPRT - K
IF(TEST .ZQ. 1.0) 3O TO 810
K e KK ¢ 1

810 BRITE(6,50VY) RK,ZVAL (K)

SO11 FOINAT (1RO, 151,°PRIORITY,13,720.6)

920 COSTIAOE

CALL FINISE TO TEZRAIFAIE PROGRAYN

ann

CALL PInisH
GO TO 999

OJTPOT APPROPRIATE ERSON NESSAGE 48D ABORT TRE 208

nen

900 WRITE(6,9000) I,BES(I)
9000 rOPS THE 91IAT HARD SIDP TALDEZ POR R0W°*,13,%8AS Gowee,
1° NEGATIVE APD EQUALS',P15.3)
Go T0 999
901 WRITE(6,9001)
9001 FORYAT(* THEEE UAS RO VAGZABLE P