W. J. Parkinson, G. F. Luger, R. E. Bretz, and J. J. Osowski,
“An Expert System for Screening Enhanced Oil Recovery
Methods,” paper presented at the 1990 Summer National
Meeting of the American Institute of Chemical-Engineers,
San Diego, California, August 19-22, 1990.

AN EXPERT SYSTEM FOR SCREENING ENHANCED OIL RECOVERY |
METHODS

W. J. Parkinson
Group MEE-4
Los Alamos National Laboratory
Los Alamos, NM 87545

G. F. Luger
Department of Computer Science
University of New Mexico
Albuquerque, NM 87131

R. E. Bretz
and
J. J. Osowski
Department of Petroleum Engineering
New Mexico Institute of Mining and Technology
Socorro, NM 87801 |

ABSTRACT

Many potential users argue against using expert systems for solving
problems, -The two main reasons for this argument are (1) the relatively -
high cost of specialized LISP Machines and the large expert system shells
written for them, and (2) some expert systems are used for jobs that the
average professional could do with a relatively short literature search, a
few hours. of reading, and a few calculations. This paper demonstrates how
a small expert system can be written with inexpensive shells (CLIPS and
EXSHELL) and run on inexpensive personal computers. CLIPS is a forward-
chaining rule-based system written in the C language. Rules are entered in
. LISPike format. EXSHELL is a backward-chaining rule-based system
written in the PROLOG language. These shells were used to write a small
expert system, an expert assistant, which is used to help petroleum
engineers screen possible enhanced oil recovery candidate processes.
Though the final candidate process is selected on the basis of an economic
evaluation, the expert assistant greatly reduces the amount of work
involved. Rather than having to do exhaustive economic calculations for all
possible processes, the work is reduced to an economic comparison
between two or three candidates. Rather than having to glean information
and data from graphs or charts in technical papers, the user and the



system work interactively to obtain the needed information. The system
-selects the optimal collection of paths to the solutions and 1s easily updated
as new data become available. This paper also demonstrates the utility
and ease of use of these inexpensive shells, compares the approach used
by each, and demonstrates the relative advantages of forward-chaining
versus backward-chaining for this problem.

INTRODUCTION

Some of the reasons to study enhanced oil recovery (EOR) are listed
in a 1986 paper by Stosur (1). At the time his paper was printed, only
27% of the oil ever discovered in the United States had been produced.
Under current economic conditions about 6% more will be produced using
existing technology. This leaves the remaining 68% as a target for EOR.
Currently, only about 6% of our daily oil production comes from EOR.
These numbers indicate that, even in these times of reduced awareness of
an impending energy crisis, the study of EOR can be rewarding because of
the hLigh potential payoff.

EOR 1is expensive. It is necessary for engineers to pick the best EOR
method for the reservoir in question to make or optimize profits. The
entire screening method is expensive and typically involves many steps.
The first step is to consult the technical screening guide. Screening guides
consist of a table or several charts that list the rules of thumb for plckmg '
the proper EOR technique as a function of reservoir and crude oil
properties. The candidate techmiques are often subjected to laboratory
flow studies. Data from these studies are often used to demonstrate the
viability of the¢ selected technique. Economic evaluations are usually
carried out throughout the screening process.

Our. expert assistant was developed to replace the tables and graphs
presented in’ the technical screening guides and computerize this part of
the screening process. The expert assistant provides essentially the same
information as the old table and graph method, but it is more .
comprehensive than the tables and is easier to use than the graphs. At the
end of each sessionm, 1t provides the user with a weighted list of potential
techniques. Developing such a list is difficult to do with the tables. The
expert assistant 1s user friendly; it asks all the questions and leads the user
through the first stage of the screeming process. Although the final choice
of a technique will be based upon economics, the first screening step is
quite 1mportant because of the high cost of going through all the steps of
the screening process and determining and choosing the most economically
optmum EOR technique.



A prerequisite for our expert assistant was to make it easily
available to several users. So rather than use our sophisticated hybnd
expert system shell and LISP machine, we used expert system shells that
were inexpensive and designed to run on a PC. It was then a simple
matter for users to request a floppy disk containing the shell and the
expert system. With a few instructions they could be "in business” with
this user friendly expert assistant.

THE PC-BASED EXPERT SYSTEM SHELLS

We felt fortunate to find two inexpensive PC-based shells CLIPS (2)
and EXSHELL (3) that were adequate for our expert assistant.

CLIPS was developed by NASA. It is a forward-chaining, rule-based
shell written in the C programming language, which emulates the LISP
programming Language. To program with the CLIPS shell, it is helpful,
though not essential, to know both the C and the LISP programming
languages. '

EXSHELL was developed by the University of New Mexico Computer
Science Department. It is a backward-chaining, rule-based shell written in
the PROLOG programming language. One must know some PROLOG in order
to program with EXSHELL.

Both of these shells are valuable tools, even though they have
different features. One significant result of our study is that the
comparisons of the shells and the programs may be useful to other
investigators in the future. For this reason we have included a section on
program comparisons. |

Even though our expert assistant is not large, compared with some
expert systems, it does use over 300 rules. Both shells handle this expert
system easily and it appears that neither will have any trouble as new
rules are added in the future.

THE EOR SCREENING PROBLEM

For this study we define EOR as any technique that goes beyond
water flooding or gas recycling to increase oil well production. This
includes the injection of materials not usually found in the reservoir. The
expert assistant we have developed relies mainly on the work of Taber
and Martin (4) and Goodlet et al. (5,6) for its rules.



Enhanced oil recovery processes may be divided into four general
categories: thermal, gas injection, chemical flooding, and microbial.
Thermal techniques may be further subdivided into in situ combustion and
steamn flcoding. To be technically and economically feasible, thermal
methods must be applied in reservoirs with fairly high permeabilities.
Steam flooding is the EOR method that accounts for the highest daily
production in the US at present. Traditionally, steam flooding has been
applied to relatively shallow reservoirs containing heavy, viscous oils and
this traditional use of the method is reflected in the screening criteria used
for the expert systems developed here. Recently, however, studies and
field tests have indicated that steam injection may be attractive in deeper
reservoirs containing lighter, less viscous oils. One of the advantages of an
expert system over the compilations of charts and graphs of present day
screening guides is that the expert system may be modified by changing a
few program steps to reflect advances in our understanding of techmology.
Thus, we could modify the expert systems presented here to reflect the
.- development of steam flooding in light oil reservoirs when an expert in
that technology becomes available to us, without changing other
information - already resident in the program.

Miscible gas injection techniques are, in a sense, the opposite
extreme to steam flooding. - For these methods to be feasible, the reservoirs
must have considerable depth so that the process pressure is adequate for
achieving miscibility between a displacing fluid and the displaced fluid.
However, the reservoir permeability is usually not a critical factor and it is
easier to generate miscibility in light oils. Miscible gas injection may be
subdivided into hydrocarbon, nitrogen and flue gas, and carbon dioxide
injection. And similarly to new developments in steam flooding, there has
been a considerable development of immiscible gas flooding technology
sirice the .screening guides used for the rules for our expert systems were
presented. Likewise, when an expert in immiscible gas flooding becomes
available to us, we can easily modify our programs to reflect this new
knowledge.

Chemical flooding may be divided into polymer, surfactant-polymer,
and alkaline flooding. With chemical flooding, feasibility imposes some
restrictions on reservoir permeability. But more often, reservoir
characteristics such as temperature, formation brine and rock composition,
which affect the chemical stability, are the limiting parameters.

Miscrobial techniques are relatively new and primarily experimental
at this time and thus were included for completeness. We did not



subdivide this category. Figure 1 illustrates the EOR categories and
" subdivisions, or EOR methods, as the search tree for the expert assistant.

We often hear this comment: "We have excellent papers on this
subject with graphs and tables and information to help us solve the
problem. Why do we need an expert system?” Although you don't
absolutely need an expert system for this problem, you can solve it more
quickly, and often better, with.one. Table 1 (from Ref. 4) is a matrix of
eight EOR techniques and nine EOR criteria.

Theoretically, if engineers know the values of the EOR criteria for the
reservoir in question, they should be able to pick some candidate processes
from Table 1, even if they know very little about the subject of EOR. Some
simple examples will show some of the problems with this argument. For
Example 1, we will use the following EOR criteria with Table 1:

(1) Gravity = 18 deg API

(2) Viscosity = 500 cp

(3) Composition = high percent C4 - Cy
(4) Oil Saturation = 50%

(5) Formation Type = Sandstone

(6) Payzone Thickness = 35 ft

(7) Average Permeability = 1000 Md
(8) Well Depth = 2000 ft

(9) Temperature = 110°F

If we search the table by starting at the top and moving left-to-right
before moving down a row, we are using the backward-chaining or goal-
driven method. With this method, we first assume a solution, e.g.,
hydrocarbon gas-injection, then check the data either to verify or to
disprove that assumption. With the data-driven or forward-chaining
approach, the search would begin in the upper left-hand corner of the
table and move down row by row to the bottom before moving to the next
column. Thus, the search would start with the datum value for the oil
gravity and check that value against every EOR method before moving on
to the other data. In this example we use backward-chaining to find that
steam flooding is the only good method to use for this case. The resulis of
this search are shown in Fig. 2. Although it is possible that in situ
combustion techniques would also work, it is not perfectly clear what is
meant, in Table 1, by "greater than 150°F preferred.”



This situation is not ideal because we have only one candidate
"method for the next screening step. This candidate method could be
eliminated, for other reasons, in a later screeming step, and we would then
have no candidate recovery methods for this case. Having a reservoir that
is not recommended for EOR is certainly legitimate. But we should not
eliminate the possibility because of too little knowledge. If we change our
example just a little, we can have the opposite problem. Example 2 has the
following values for the EOR criteria:

(1) Gravity = 35 deg API |

(2) Viscosity = 10 cp

(3) Composition = high percent C4q - C7 and some organic acids
(4) Oil Saturation = 50%

(5) Formation Type = Sandstone

(6) Payzone Thickness = 10 ft

(7) Average Permeability = 1000 Md

(8) Well Depth = 5000 ft

(9) Temperature = 150°F

If we search Table 1 again with a backward-chaining technique, we
obtain the results shown in Figure 3. This time only one potential EOR
method, steam flooding, has been eliminated. Thus, we go to our second
step with possibly too many candidates.

This is not a criticism of Ref. 4 or of tables like Table 1. In fact, for
every case like the examples above, there are several that will fall in
between these extremes. It is merely an effort to point out that we will
often need more information than is available in these tables to do a good
first screening step. Much of the information is available in Refs. 4, 5,
and 6. References 5 and 6 also have Tables similar to Table 1. Table 2
contains all of the material from Table 1, as well as some of the
information from the table in Ref. 6, including another EOR method,
microbial drive. Although this additional information helps to improve the
results of our search, we still need more information on the impact of a
formation temperature of 110°F when a temperature greater than 150°F is
preferred.  We need information that will help us rank two or more
methods when they all fall within the acceptable range. What we need
from this screening step is a ranked list of methods. A ranked list can be
obtained, even by a nonexpert, by reading the papers and, in some cases,
by conducting a short literature search in addition to using Table 1 or 2.
The time invested by the nonexpert in this screening step is now greater

than just the few minutes required for searching the tables. - If the exercise
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has to be repeated several times or by several different nonexperts, a
"small PC-based expert system can easily be justified for this job.

Figures 4-14 demonstrate the basis of our scoring system for the
various EOR criteria and EOR methods. Figures 5, 11, and 12 were taken
from Ref. 4 and modified. The others were created by studying Refs. 4-9.
Figures 4-14 show the relative influence of each of the EOR criteria on each
of the EOR methods. Our scoring system is empirical, and it is desigred to
add some of our qualitative judgements, based on our expertise, to the
expert system. The scoring system is based on the key words in Figs. 4-14,
and works as follows:

Not Feasible -50
Very Poor -20
Poor 0
Possible 4
Fair 6
Good 10
Not Critical 12
Preferred 15

Note that Not Critical is a very good situation to have.

For the microbial drive method, the affect of viscosity, and to a large
extent, porosity, are unknown. Until we have more information, we are
assigning a score of 6 for an Unknown (the same as the grade for a Fair).

As an example of the scoring system, turn to Table 5 and consider an
oil with a viscosity of about 500 cp. The hydrocarbon gas injection,
surfactant-polymer, and alkaiine chemical flood techniques are all Poor
and all score zeros. The other two gas injection techniques, nitrogen and
flue gas and carbon dioxide, are both Fair and each gets a score of 6. The
polymer flooding technique cannot be used with a viscosity this high, so it
gets a score of -50. Each of the thermal techniques i1s Good and each gets a

score of 10. The microbial drive method has an Unknown, so it gets a score
of 6.

Some of the EOR criteria carry more weight than others, and in some
cases, a given criteria may affect one method more than another. In the
program, the scores listed above have been adjusted slightly up or down to
- reflect these differences. Score adjustments have also been made in these
cases. Much of the relative scoring and many of the adjustments to these



scores have been made on the basis of experience and judgement. They
" were also influenced by a study of the more than 200 enhanced EOR
projects listed in Ref. 9. The scores are listed in the program and can
casily be changed by someone with different experience or with new
information.

An important task of the expert system is to give the user
meaningful advice about the individual EOR methods based on the raw
scores computed by the program. For the CLIPS programs, we designed a
system that produces numbers that are similar to the confidence factors
found in many shells, including EXSHELL. The scores are computed on the
basis of a maximum possible score of 100% for the best possible process.
The best possible process is steam flooding. Thus, if all of the methods
were to receive the best possible score they could get, steam flooding
would get the highest, with 148 points. This method has the highest
pumber of "Preferred” ratings in Figs. 4-14. The other EOR methods, with
the exception of microbial drive, are all quite close. The raw score of 148
corresponds to 100%. All raw scores are divided by 148 to produce their
relative confidence factor. ‘

At the end of a session, the scores are tallied. The user now has a
ranked list of candidates to take to the next screening step. So far, this
approach has given realistic results. We have run these. expert systems,
with much of the information given in Ref. 9, for actual EOR projects. In
about 60% of the cases run, the method ranked highest by the expert
system was the method used by that project. In most other cases, the
actual method used was ranked in the top three by the expert system.
This is not too unusual because these data did influence the scores used by
the expert system. That's the way expert systems. are built. We keep
comparing the resulis of the expert system with the results given by the
experts and keep modifying until it is as good as the experts. This
approach gives us confidence in the results predicted by our expert
system. This approach is data-driven or forward-chaining, as opposed to
the goal-driven or backward-chaining technique, which works well when
using data given-in the form of Tables 1 and 2. For this reason we built
expert systems using both the forward-chaining and the backward-
chaining modes, as will be discussed in the next section.

THE EXPERT ASSISTANTS -- HOW THEY WORK

If engineers were solving the EOR screening problem by hand, using
the backward-chaining or goal-driven method, they would first pick a goal
(e.g. the hydrocarbon gas injection method) from the left-hand side of



Tables 1 and 2. The engineers would then pick subgoals that must be met
" before the original goals could be satisfied (e.g., the gas injection category).
The selection of subgoals would go on as long as necessary. In our case, we
have only one subgoal, so it would stop here. The engineers would ask
only those questions that are necessary to determine whether gas injection
is a feasible category. When the gas injection category was established, the
engineers would ask only those questions necessary to determine whether
the hydrocarbon method would be feasible. If not, another goal would be
picked. If yes, the problem will be solved unless more than one solution is
desired. In this case, another goal is picked and the process is continued.
The PROLOG-based EXSHELL works this way, with the PROLOG language
doing much of the program control.

With the forward-chaining or data-driven approach, the engineer
lets the data help find the way through the search tree. The system keeps
asking questions until it is clear which node to move to mext. The CLIPS
shell is designed to work in this manner. CLIPS can also be programmed to
do backward-chaining, but it normally requires more programming steps
than forward-chaining. In either case, the programmer has more
responsibility for program control than does the EXSHELL programmer.

Qur first EOR expert assistant was written with CLIPS and with
forward-chaining. The approach is to first find an acceptable EOR category
from the list (chemical flooding, gas injection, thermal, or microbial) by
asking for the values of the three EOR criteria that best delineate the
categories (permeability, well depth, and viscosity). A category score is
computed on the basis of average category scores represented by Figs. 5,
11, and 12. If the. category score is less than a preprogrammed threshold
value, the entire category is eliminated from further consideration.

The. program -then goes to the first acceptable category and tries to
eliminate individual methods with the questions about oil temperature,
gravity, and composition. The category methods are individually scored at
this point. If the score is less than a second preprogrammed threshold, it
is eliminated from further consideration. If all of the category methods
are not eliminated at this point, the program goes on to ask questions
about the salinity, and the remaining reservoir properties and the methods
are scored further.

The program checks to see if there are any more acceptable
categories to investigate. If there are, it repeats the process just described.



If there are not, it stops and prints the scores of the remaining candidate
" methods. A flow diagram for this version of the expert assistant is given
in Fig. 15. '

The first backward-chaining expert assistant was written with
EXSHELL. This program works basically with Table 2, with several
modifications from Figs. 4-14. The approach is to first assume that
hydrocarbon injection is going: to work. In order for hydrocarbon injection
to work, the category of gas injection must be applicable. In order for gas
injection to be applicable both to the oil property data and the reservoir
characteristics data must fall within the limits shown in Table 2.

The program starts by trying to verify these subgoals, by asking
questions about gravity, viscosity, oil composition, etc. It continues until
the final goal is met or until an assumption is rejected at some level. When
an assumption is rejected, that branch of the search tree is pruned. The
program then moves to the next unpruned branch to the right and picks
that EOR process as a goal and continues until a solution is found. In this
case, since we want a ranked list of candidate EOR methods, the program
searches the tree until all possible solutions are found. When the search is
finished, the solutions are printed with a confidence factor for each
process. The confidence factors give a ranking to the candidates. They are
similar to the rankings in the first program, but not exactly the same.

Figure 16 is an and/or graph for a portion of the search space for the
EXSHELL -version of the expert assistant. It is called an and/or graph
because the branches connected by an arc are "and" branches, that is, all
the leaves must be true before the branch is resolved. The unarched
branches are "or" branches. They require a single truth for. resolution.

An important feature of EXSHELL is that it has an explanation
facility. Users may ask “why” to any query. EXSHELL will present the
rule that it is trying to resolve with that particular query. Users may also
ask "how" when they want 1o know how EXSHELL obtained a particular
fact. EXSHELL will present the branch of the tree (the list of rules) that led
to that fact. When the solution i1s found, EXSHELL will ask users if they
want a trace. EXSHELL can give the entire logic set that led to the solution.
One problem with this version of the expert assistant is that it does not
capture the numeric score associated with the "goodness” of the EOR
criterion for each EOR method, as demonstrated in Figs. 4-14, as well as the
CLIPS version does. This will be discussed in the next section.
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On the basis of our experience with this particular problem, we feel
that it is more easily understood and that the expert assistant is easier to
write when it is done in the goal-driven or backward-chaining mode. For
this reason, we wanted a backward-chaining method that handled the
relative scores as well as the first CLIPS version did. We had the choice of
working more with EXSHELL or more with CLIPS. This time we chose to
work with CLIPS. We forced CLIPS into the backward-chaining mode and
used minimal scores, based on-Figs. 4-14, for tree pruning or for
eliminating unlikely candidate methods. This version works much like the
EXSHELL version, except for the scoring. Figure 17 shows a portion of the
search space for this version of the problem in and/or graph form. We
have also added a simple explanation facility. At the end of the session,
the user can ask why a given EOR method was eliminated from
consideration. The program will explain which set of EOR criteria values
caused the score to drop below the threshold, and therefore, caused that
candidate to be eliminated. An example session with this program is
described in the appendix.

PROGRAM COMPARISONS AND SUMMARY

The forward-chaining version of the expert assistant was very
difficult to write, for this problem, though this is not always the case.
Expert system problems are often different, each requiring a different tool
or a different approach for the optimal solution. We have used -CLIPS and
the forward-chaining approach with an expert control system and an
advisor to help engineers pick the best equation of state for a given
problem (10,11). In.the expert systems described in Refs. 10 and 11, we
have been able to prune the search tree easily and early. In both of these
cases, the categories were more clearly delineated. With the EOR screening
problem, even though it is sometimes possible to eliminate all but one EOR.
category with a few questions, it isn't always possible.

In our first attempt to work the EOR screening problem we tried to
write a system that would eliminate all but one category early in the
session. We used this approach because it has worked so well for us in the
. past, that is, we have had problems in which the data have guided us
easily through the search tree. In our attempt to try and prune the tree to
one category, we had to program in so many contingencies that, quite
often, we would not find the best category until we had found the best
method.

Another difference with the EOR screening problem 1s that we are
trying to find a ranked list of candidates as opposed to one solution. In
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Ref. 11, we produced a small ranked list with our CLIPS program, but all
candidates nearly always came from the same category. With the EOR
problem, the first and second ranked candidates often come from different
categories. With this problem, we don't have to find the "best” path
through the search tree, we just have to find all acceptable paths. This
reduces some of the advantages that a data-driven approach may have
over the goal-driven approach.

Because our first attempt at the forward-chaining approach was so
cumbersome, we scrapped it. Our second attempt ended with a program
that did a forward-chaining exhaustive search. This program gave a score
to every method.

We then wrote our first backward-chaining program with EXSHELL.
This was easy because we could actually see how we were progressing
with an individual method as the gquestions were being asked. Writing the
backward-chaining approach gave us better insights into the problem. We
were then able to go back to the forward-chaining approach, with the new
insight, and prune the tree. Our third effort produced an expert system
with some intelligence, and it produces answers as good as those produced
by the exhaustive search program. With the exhaustive search, CLIPS
fired over 300 rules every time with no problems. It actually ran quite
fast on a PC-386. This might not be the case with a much bigger expert
system that conducts exhaustive searches.

Our EXSHELL version of this program was not without its problems.
EXSHELL is written in PROLOG, which deals best with symbolic logic and
truth. It deals very well with questions such as, “Is the formation thin and
dipping? Yes or no.” It has more problems with questions like, "Whar is
the viscosity”? In our program, the user may need to answer a question
such as, “Is the viscosity less than 15”7 and later on answer the question
“Is the viscosity less than 10”7 This makes the program a little awkward.
The real problem, however, is the scoring system. It is easy for EXSHELL
to handle probabilities or confidence factors but much more difficult to
“handle a scoring system such as the one described for the CLIPS versions.
For this reason, we lose some of the information shown in Figs. 4-14. On
the plus side, EXSHELL has an excellent explanation facility, and it is
essentially free. We do not have to program it in.

EXSHELL is easier to program than CLIPS. CLIPS, on the other hand,
is more flexible, putting more program control in the user's hands. We
were therefore able to force CLIPS to do backward-chaining. We were also



able to write a simple explanation facility, but we had to program it
-ourselves.

We have written three expert assistants, all of which help users
perform the first screening step in the selection of an EOR process. Each of
the expert assistants is slightly different, but each gives nearly the same
results. We have tested them against available data, and they have
performed well. '
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APPENDIX -- SAMPLE SESSION WITH THE EXPERT ASSISTANT

We have chosen the backward-chaining version of the CLIPS expert
assistant for the sample session because it is the one we like best and
because it is the one we have polished the most.

The example is the first sample problem in this paper, with two
added conditions from Table 2. The salinity is 50,000 ppm, and the
porosity is 28%. When engineers use this information with Table 2, they
will get the same solution that we obtained in our sample session (shown
in Fig. 2 and described in the text); the only method that can be used is
steam flooding. The expert assistant, however, produces a ranked list of
five different candidate processes. They are, in order

SCORE
(1) Steam flooding 89%
(2) In situ combustion 85%
(3) Alkaline flooding 76%
{(4) Polymer flooding 73%
(5) Microbial drive 72%

The expert system solves the two problems we had earlier, when we
only used Table 1. We get a ranked list of candidates instead of just one
candidate or a large unranked list of candidates. It allows methods like
in situ combustion to be ranked because it uses a relative score to "weigh”
problems like "What does it mean to have a temperature of 110°F when
the table says greater than 150°F preferred”?

The session with the expert assistant is self-explanatory. Some

explanation has been built in to this program but the explanation facility is
not as sophisticated as the one with EXSHELL.
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(reset)
"CLIPS> (run)

What is the oil saturation (%)? 50
What is the payzone thickness (ft)? 35
Which best describes the reservoir formation?

= Mostly sand,

Mostly homogeneous sandstone,
Mostly heterogeneous sandstone,
Mostly homogeneous carbonate,
Mostly heterogeneous carbonate
= Nonspecific or Unknown 2

no

1
2
3
4
5
6

What is the formation porosity (%)? 28
What is the formation salinity (ppm)? 50000
What is the formation temperature (°F)? 110
What is the oil gravity (API)? 18

Which best describes the oil composition
. Note: The choices are in increasing order of importance.

Asphaltic components and Organic acids (0.4 mg/g oil),
Asphaltic components & any weight of oil,

Organic acids (0.4 mg/g oil) & any weight of oil,

= A high % of low-weight components (C1-C7),

A high % of medium-weight components (C2-C7),

= A high % of high-weight components (C5-C12), or

- No predominant major components mentioned above. 5

o

S = R T R N PU S
|

What is the formation permeability (md)? 1000
What is the oil viscosity (cp)? 500
What is the well depth (feet)? 2000

The method, Microbial was found to be a
suitable EOR process with a certainty of - =~ 72%.
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The method, In-Situ-Combustion was found to be a
‘suitable EOR process with a certainty of - 85%.

The method, Steam-Flooding was found to be a
suitable EOR process with a certainty of - 89%.

The method, Polymer-Flooding was found to be a
suitable EOR process with a certainty of - 73%.

The method, Alkaline-Flooding was found to be a
suitable EOR process with a certainty of - 76%.

Would you like to see an explanation of
why the methods not show in the final
results were eliminated (‘yes” or ‘no”)?

The category, Gas-Injection did not score
well enough (>25) to continue investigating
any methods in this category. The reason
for this is based on the ratings assessed for
the parameters;

Permeability Grade = 10
Well Depth Grade =0
Viscosity Grade = 11

Would you like to continue (‘yes” or 'no")? yes

The method, Surfactant-Polymer's oil
characteristics score was not good enough
(>25) to continue investigating this method.
The reason for this based on the ratings
assessed for the parameters;

Temperature Grade = 10
Oil Grade =0
Oil Composition Grade = 11

The method, Carbon-Dioxide's oil
characteristics score was not good enough
(>25) to continue investigating this method.
The reason for this is based on the ratings
assessed for the parameters;
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Temperature Grade = 12
Oil Gravity Grade =

1
3
01l Composition Grade = 6

The method, Nitrogen-Flue-Gas's oil
characteristics score was not good enough
(>25) to continue investigating this method.
The reason for this is based on the ratings
assessed for the parameters;

Temperature Grade = 10
Oil Gravity Grade =2
0Oil Composition Grade = 10

301 rules fired
run time is 75.1640625 seconds

REFERENCES

1.

J. J. G. Stosur, "The Potential of Enhanced Qil Recovery,” International
Journal of Energy Research, Vol. 10, 357-370 (1986).

J. C. Giarratano, CLIPS User’s Guide, Version 4.3 of Clips Artificial
Intelligence Section, Lyndon B. Johnson Space Center (June 1989).

G. F. Luger and W. A. Stubblefield, Artificial Intelligence and the
Design of Expert Systems (the Benjamen/Cummings Publishing
Company, Inc., Redwood City, California, 1989).

J. J. Taber and F. D. Martin, "Technical Screening Guides for Enhanced
Recovery of Oil,” paper presented at the 58th Annual Society of

Petroleum Engineers Technical Conference, San Francisco, California,
October 5-8, 1983 (SPE 12069).

G. O. Goodlett, H. M. Honarpour, H. B. Carroll, and P. S. Sarathi, "Lab
Evaluation Requires Appropriate Techniques--Screening for EOR-1," Oil
and Gas Journal (June 23, 1986), pp. 47-54.

G. O. Goodlet, H. M. Honarpour, H. B. Carroll, P. Sarathi, T. H. Chung, and
D. K. Olsen, "Screening and Laboratory Flow Studies for Evaluating EOR

-17-



10.

11.

Methods," Topical report DE87001203, Bartlesville Project Office,
USDOE (Bartlesville Oklahoma, November 1986).

E. C. Donaldson, G. V. Chilingarian, and T. F. Yen, Eds., Enhanced Oil
Recovery, I, Fundamentals and Analysis (Elsevier, New York, 1985).

F. H. Poettmann, Ed., Improved Oil Recovery, The Interstate Qil
Compact Commission (Oklahoma City, Oklahoma, 1983).

"Enhanced Recovery Methods are Worldwide" (Petroleum Publishing
Company, 1976). (Compiled from issues of The Oil and Gas Journal.)

W. J. Parkinson, P. D. Shalek, E. J. Peterson, and G. F. Luger, "Designing
and Expert System for the Production of Silicon Carbide Whiskers,"
presented at the TMS Annual Meeting, Symposium--Expert System
Applications in Materials Processing & Manufacturing (February 19-
22, 1990, Anaheim, California).

W. J. Parkinson, G. F. Luger, and R. E. Bretz, "Using PC-Based Shells to
Write an Expert Assistant for Use with the ASPEN Computer Code,"”
Paper presented at the AIChE Annual Meeting, Session on Applications
of Artificial Intelligence in Chemical Engineering (April 2-6, 1989,
Houston, Texas). '

~18-



"8=9 qoqogop Yy ‘oosproupay ung ‘soustsfucy Jporuyos ] wax:w. £861 841 9D poguasedd 9071 ads wedpd
2 F120 SO Axsdcoey paoubyuy oy aof sepiny Buiussaog woruoaL, 1'q g WD pup Cp ‘p “asdpg
: : , sugaurbuy umejougsg fo frar009 ‘99671 1ybrafdoy

b edusal8) WoI4

don) pw 004 < AlQissiusues| q
~doa) pw 0z< Alfqisswsues) e

(B JoU = ON
‘ . Asolod uby yim
ON QO0S-00¢ qooz=< 0z« BUOISPUBG IO PUBS  Ad %40§-0p< ON rAd gz> bupoo(weeg
palinjeld poJlejoid ) Alsolod ybiy yim $lusuodiloa {Alpwiou ¢z-01)

051< 2184 B 001 <. Qi< 8UQItplBg Jo pusg  Ad % 0%-0b< oz_qgauu owes  pong> Op> Yepsnguon

. jetiay g
poLjerd |anpisal poo| PRy
oz 008> 0z< ON auoispuUEg “-lojem BA0qy ojuuBlo ewog oo ge-gl sulEyY
S_ac.cos. ojgieted ejevogregy o o__pmz
coZ> 0006> 0l ON  pousjeid oUoispURS  Ad %04< ON 051> s2< sawkjoy
peljsep
i . pollejesd to1gjpous

Sil> 0008> 0g< i< suoIspuEg Ad %08< Jepe - oo B A Jswhpogavmoepng

Bulpos)y teajwreyy
Buiddip slsucqIey 10 , , Yo mw ‘
ON 0002< ON F30jUn UYL slolspusy Ad %08< ¢ 0% ybiH gi> §2< opx01Q Vogqien
. Buidd)p 88ULqEY Jo to- 1y N0 5g< ) Pt
ON 005 ON sso[un by sUolspurg Ad%oE< o % YOI o> rg< ¥8D) onjd » vabosy
se8 gH 0005> Ol . Buddjp alsUogEQ Jo : Loty

ON {Dd7) 0002« ON $36{Un UYL oUolspueg Ad %0g<  jo % UBlH o> 8p< voqUeotIpA

. spoylep uojivoful teg
{40) {1) {puw) () 0dA Uopeinjeg  uofjseduion (do) 1dYo
einjstedwe | deg Aligeeuuod  s1euNop L bopuliod o Aseas|p Ajavp
abuiaay- 18N o
SO[IS|IRIOEIRY TIOAT858 $61L800Id [0

0 SAOHLIW AHIAQOIH AIONVHNI HOA VIHILIHO DNINZZHOS HO4 AHYIWWNS
[ 318Vl



‘9 PUEB ¥ 'Sj8Y W0l PRLIPCIN 2

70 < AYsolod sewy) uonesnies )i stoubj p
8070 < Aysosod sawy uoleimes j asoub| o
dopl put 00} < Aljigiss|wsuelL q
dony pw gz< Agliqissiwsue)) e

B0 ION = ON

JuBg8Id 36pP0|G ON

6]BUOQI8D *$[BJOW JO "OUCS
ori> 000> 05i< ON 1o guolspusg ON 000°001>  o{x0} jo solesqy - Gi< BAlP [BIQORIN
lB[goiofp
_ Aiisodod yBjy Y ,
poes ON 000'5-008 qoog< 0e< BUOISPURG 10 PUBS  Ad %05-0F< ON ON oz< e/ Bupoojuealg
pasyeld &sosod 4BY Yym slueUodILCo {Arewou g2-04) .
902< [+1-385 006< po0l= 0f< aUQISpURS 10 pUBG  Ad %03-0F< ON ofifsydse suwog 000} > . Op< uonsnguwon
|lgwlay
~ palejeid ~ [snpjselpooy sppy
0z< 00z 0006> 0z< ON guolspUBG -I8JBM BAOQY  0O0'00)>  o|uublo alog 00z Se-gl sulEYY
_ {Aeuwirou) algissed ajsuoqis) |0 BlIqON
02< 002> 0006> 01< ON pesiojeid 8UAISPUBS  Ad %0L< 000'001> ON 05> 52< sswhpd
. pelisep
. pelisjeid ssigipel :
02% SLV> 0008> 0g< Ol< eudlEpUES Ad %0E< 000'0p }> -1e3up 1487 og> §z< mwhodpurioepng
Bupoold |gojweyn
Buddip alruoqgag Jo thgS g
ON ON 0002< ON ssajun Uy suospleg Ad %0E< ON 19 % Ybiy gi> 92< 8pixolp Uoqie)
Bujdd)p aleuoqien jo Ly.lg. 2y 10} gg<
ON ON 0og¥< ON $36jUn UYL suolspussy Ad %0g< ON o % vliH 0> yZ< s88 en|| ¢ uebonlN
(sed dH} 000g< o Buidaip elruUoqIe) JO LoZg
ON ON (od7 000z<  ON ssofn Lyl euaispues Ag %0E< ON P%YH o> ge< uogles0ipAK
spoyleWw ueopioafu| 89
% (3o) () {pw) ) od4) uojieinies (wdd) vopjseduod {do) ld¥o
Allsosod  alnmeladwe] yideq Anqesiiied  ssaoqyL vojislwiod o - Aues Alsoosip AaBin
ebuioay 19N .
SOlSIIB10RIBYD JOAIBSOY se|pedold 10

o SAOHLIW AHIAQDIY AIONVHNE HOd VIHILIHO DNINIIHOS 40 AHVWIANS
¢ 319vL



"JURYSLSS® 343dX3 Byl U0} 3343 Ydodeas 7 adnbly

3d1X01d
NOdHYD

ddWAT0d
/LNV.LOV4HNS

ONIJOOTd
WVY3LS

SVD ENTd ®
NIDOHLIN

(NogHvD
-OHAAH
TVISOHOIN é % |

NOLLSNEWOD
NLIS-NI

ONIQOOTd
JVOINIHO




2 dunbl4

[EO1110 JOU = DN

SN $8A $8h soh seh sok ON LTS S6A Buipool4 Weslg
ou sek SeA sk seA SeA seh ST seh LoNsSNQUIos |
Mm::mch
~ ou $84 suIEN]Y
~f ou 18WA|0d
~ ou JewAjodaueiorung
Buipoold [eojweyd
- ou 8pIX0Id UOGIE)
~— ou SBY) 8N|4 3 UsBOIIN
- ou UOQIBO0IPAH
aimesadwa] |ydea|Ailiqesiused PSOUNOUL|  edAL  |uojeinieg |uoisodwoD |ASOOSIA | AlABID | spoulsiy Uooo(U| seD
afelioAy 18N JUOliEWIO o

L INFT790Hd d1dINVXd OL NOILNT0S




£ aunbly

[EONO 10U = DN

ou Buipool4 wesis

$0A UoKSNQWoD

[ewney],

seh aUlBN|Y

SOA leWwAtod

seA 18WA|0dAUBIOBUNG

Bulpoo|4 [eoiway

SeA sah epixolq uoglen

ON seh ON 30 seA seh 3o seA seh seo eny4 % uebosN

ON ST ON 30 s8h soh 30 $64 seh UOQIBOCIPAH

ainjesadws | yidaqAlliqeeusied psauioyL|  edAL  |uopeinjes |UONSodwoD (A1s0dsiA | Aaeio | spoylepy uopos(uf seD
afeioay JeN  |uUopBuLIoY IO

Z N3190Hd T1dNVXT OL NOILNTOS




b 94nBLY

‘Aiaeib s|y) 1e Jueseld sle spioe ojUello ON |

quswaeor|dsip seb o|qIosINWI 8]GISSOd L.
"‘usBouyiu 1o} gg pue sefl any) 1o} 2 ‘pasiejsid WnWIUIA

poofh l00d
lood laud | ey
Jo0d e} yold | die)
Ie} m_umtmo_ma pood
polisje.d lood
pailsle.d 1o00d
pPoof ey i ,,8jqissod
pa.lejald x 100d
pallejeld sleleld lood
0014 o_m o*@ o .o_m
(Ido)

m>_5 [EIQOIOIN
Buipoo|d weslg
LONSNQUWIOD Nis-U|
@c_n.oo_n_ SUIEAY
Buipoo|4 18WAjod
lsWAjodaueloeung
8pIXolq uogie)

SBL) an|4 ¥ usboluN
8]qIoSIN UOGIeo0IPAH

V.ivd ONIN3dHOS ALIAVHD 1O



G aJ4nbl4

umousun
118 poofH w IE} 100d
a|qIsea) J0u m PooB Jood
e|qises) jou | Jood le} pooh
| a|qises} Jou Tooa Umtﬁma_ “ e}
9|qIses) jou lood e} pooB
jood e} poob _.Ea
Jo0od e} poob
Jood ey | poob | jeud
00000} oo%ow omor om_i o_w 0't
(d0)

1’0

V.Lva ONIN3ddOS ALISOOSIA 110

8ALIQ [BIGOJOIA -
@c%oo_m wesis
UOIISNQUIOD niis-U|
buipoold sujey)y
Buipoo|4 18WwAjod
18WA|04/AURIORLNG
apIxXolq uoglen

ser) anj4 ¥ UsbolIN
B|qIOSIA UOQIEO0IPAH



g 24nbL4

[0} 10U = QN

ON ON ON ON ON SALIQ [BIQOLIN
ON ON ON ON ON Buipood weaelg
paiisje.d ON ON ON ON uolisnquiod nys-uj
ON | palsjeud| ON . ON ON Buipool4 sulfex|y
ON ON ON ON ON Buipool4 JswAhjod
9N ON pealisjeid ey 1e} 18WA|0d/AURIOBUNG
SN 9N peJleleld e} ie} BpIX0I(] uog/en
SN SN e} patiajeld poofh SEL) anj4 ¥ usboliN
N ON irej poof | pausjald |e|gosiy UOQIBOOIPAH
mEmcanmo spioy ' ein-Snl Lo 1o ley- ¢n

opeydsy — oueBIO % UBIH % UBIH o4 uBIN

V.LVQd ONINTIHOS NOILISOdINOD 110



[ danbL4

poob =1
Jood Jie} ) pallejaid 9AIlQ |BIGOIDIN
[e013110 jou Buipoojd wesg
[B0[}110 10U UORSNQqWoD nyis-uj
100d ey poob pelisjeid Buipoo|d suley|y
J00d mw | o pa.iejeud Buipool4 teWwAjod
lood e} |9 peliaje.ld JaWwAjodAueioRUNg
|BOI}I0 10U mm_xo_o uogien
\=jel}iNie) Hoc SBY) en|4 ¥ uabolIN
|01 10U B1qI0SIN UOQIROOIDAH
000000} oom.ooﬁ oom.S oom; oM: 0}
(wdd)

V1VQd ONINI3JHOS ALINITVS NOILVINHOA



g adnbL

'6 "loy Aq pejuswinoop se sjjem Bupnpoud

Alinj$S800NS O SUOHEBINIES 10 [BNPIS] BUILELS B} UO peseq S| sniels pells)ald .,

[Bo11110 Jou
.palisjeud pool ey lood
[palisje.d poob ey 100d
| | ._m%_wm: POO|jI81eM BA0QE
.psadisjeud e} oqissodiood
s|qissod pe.iajeid 100d
poob lood
poob Jood
[pedlelaid poob lood
0014 08 mo mw mm

(Ad%)

SAIQ [EIGOLOIN
Buipooly wes)g
uoisngquo nis-uj
Bulpoold eulfeyly
Buipoo|4 t8WA|od
l8WA|0d/AUBIOBLNG
8pIxolI(] uogien

ser) en|4 ¥ usbBolN
‘o_g_om_z UOQIED0IDAH

V1Va ONINIIHOS NOILVHNLYS 110



6 9_:@..{

Jood pooh lood oeleld poob
ey poob e pPoob pPoob
ey poob pooBb PooB . poob
s|qises} Jous|qiseey) jou|  Jiey pelleeid 1004
lood ey poob | peusjeld | peulsjeld
lo0od poob lood pedisjeld | peilsjeid
lood poob lood poofh poob
Jocd poobh 100d pooBb poob
lood P0ooBH lood Uoom poob
SNOSUBCISISH  STOBUABRIOH  SHSLABDISGH  snosusBeSH  PUES

OALQ [BIGOIOIN
Buipoo)d Wesis
uojIsSNQWon nis-u
Buipoold sulexy
Buipoo|4 lewAjod
lswAjodaueioelng
SpIXoid uoqEd

sen en|4 ® usbollN
8|QIOSIN UQGIBO0IPAH

V.1va ONINIZHOS IdAL NOILVINHOAS



0T 9J4nbld

[8011140 Jou
pooB pelisjeid e} i Jood
e} poob e}
[BOI1LIO joU
- |00 jou
poob | pousleld  {o0d
Buiddip ssejun uiyy nmtﬂm..a
Buiddip ssejun ujyy pallsleid
Buiddip sssjun uiy} peLisje.d
0014< oﬁ_: mm mwm S¢
(L334)

OALQ [BIGOIOIN
Bulpool4 wesig
uofisnquio nys-u|
Buipool sujjeyy
Buipooly ewhjod
lswAjodaueioelng
8pIXoIg uoqien

sen an|4 ¢ usbonN
B|C{I0SI\ UOIBD0IPAH

V.LVA ONINIFHOS 40 SSINMOIHL L3aN



1T 24nbi4

poob Jood 8AlIJ [BIgoIoIN

poallsjaid e} . lood Buipoold wesg

palis)eid e} lood UOISNQUOD NyIs-U|

palisjeld 100d Jood Bulpoo|4 sujesy

e} petlsjeid Aleyielqissod Jood 1. Buipooid JswAjod

pallaje.id Jood 1ood | JaWAjodAuBloelng

sejet uopoalul poob oy ybnous ybiy | apIXoiq uoglen

LLIOJIUN I [RO11O Jou | sen) en|4 ¥ UsboslN

poof palisje.d 9qI0SIN UOQIBO0IPAH
0000} 000"} 00} o ol 10

(pw)

V.Lva ONINZZHOS ALMgvInd3d



21 8unbly
g|gises)lou =P  ojgissod = ¢

lood | pooBb oAl [BIQOIOIN
j00d i ejqissod pallejeld id BUIpoo|4 WEe}s
pooBb diN| uonsngquon nis-u|
folole petisjeid . Buipoo]d suley|y
lood paslejeld Bulpoo|4 1BWAjod
lood paJleja.d IeWAjo4AuBloBlLNG
palisield sjgissod}  Jood 8pIxojg uoglen
pe.isjeid | ey 100d SEL) oNn|4 ¥ usboulIN
poob 1IE} j00d | e|qlosiy UOQIB00IPAH

00001 oo_o.m ooo__m ooo__v 000'2 0

(133d)

V.Lvad ONINZZHOS H1ddd T1IM



£1 aanbl4

e|qises; Jou poob
[EQI11IO 10U
pelisjald poob J00d
lood | e} poob
8|qises) jou Jlood| poob | peuseid
8|q|ses] Jou lood poob Umtﬂma.
[eoi|4o Jou
lajeq poob
|eOlLIO 10U
008G oﬁ_vv omm omm omi 0
(o)

OALIJ [BIGoJOIN
Buipoo|4 wWesig
UolsSNQuoD nus-uj
Buipooj suljexy
Buipoold JswAiod
18WAJ04AUBLORLINS

- 8pIX0l( uoglen

SEE) 8n|4 % UsDOIUN
8[qIOSIN U0 B00IpAH

VL1Vad ONINIZHOS FHNLVYHAdINTL ZO_._.._.,QSEO“_



yT aunby

usmouyun Jood
paliajeid poob ajqissod i, Jood .
psilaje.ld ipooB| sjaissod | Jood
patisjeid sjqissod i 1ood
palisjold * - ipoobi Jey 100d
poob - e} lood
[e0I1110 10U lood
|B011110 Jou lood
|[eonuo lou Jood
0% o_v owm nwm o_r

(%)

SAIQ [EIGOIIIN
Buipoo|{ weslg
UOIISNquIoD nis-uj
Buipool4 suley]y
Buipool4 t8wAi|od
EE\:ombchmt:m
apIXolqg uoglen

ser) anj4 % usbollN
0|qI0S|IN UOQIED0IPAH

V.LVQd ONINTFHOS ALISOHOd NOILYINHOA



Permeability?

'

Well-depth?
Y
Viscosity?
Pick a category
Is there another Oil-temp?
acceptable Oil-gravity?
category? Oil-composition

Y

Are all EOR
method scores
high enough in this
category to
continue?

Quit

yes

Qil saturation?
Payzone thickness?
Formation?
Porosity?

Salinity

Save

Figure 15. Flow diagram for the CLIPS forward-chaining version of the problem.
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Print list of EOR methods
with suitable grades :> OUtPUt

/

Hydrocarbon | | Nitrogen/fuel | | Carbon dioxide Sg(l’)fﬁcét}aenrt-
injection gas injection injection Hocding

Oil properties
suitable?

Category Reserv_oir
; 3 properties
suitable? suitable?

Temperature?

Figure 17.

Gravity?

Composition?

type?

. - Oil saturation? Salinity?
Viscosity?
- Payzone Porosity?
Permeability? thickness?
Well depth?
. Formation

And/or graph for a portion of the search space for

the CLIPS backward-chaining version of the problem.







