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INTRODUCTION

For a number of years (since 1955), I have been involved in the
evaluation of wells, well testing, reservoir engineering and reservoir
modeling. The objective of all studies in these areas is to predict the
performance of individual wells, petroleum reservoirs, aquifers, a.d ground-
water basins under production or injection of liquids.

Throughout the years several techniques have been used to make these
studies, Originally only analytical techniques were used to solve simpler
problems. Statistical techniques were used when only production histories
were available (decline curves), next material balance calculations were made
when entire reservoirs were studied with available pressure histories in
addition to the production histories. In the latter instance, the effects
of aquifers (water drives) on the pressure volume behavior were incor-
porated. These water drives were included in the calculations as analytical
solutions, RC networks or analog computers and during the last ten years
reservoir models were used to simulate such behavior.

These techniques are described in somewhat more detail in the next
paragraphs.

Decline curves are plots of rate of withdrawal versus time or cumulative
withdrawal on a variety of coordinate scales. Usually a straight line is
drawn through these observations and extrapclated to give ultimate recovery
and rates of recovery. Decline curves only use rates of withdrawal and pay
relatively little attention to reservoir or flowing pressures.

In material balance studies, the pressure-volume behavior of the entire
field is studied assuming an infinite permeability for the reservoir. By
assuming an initial oil-in-place from volumetric calculations, the pressure
is allowed to decline following fluid withdrawal. This decline is matched

against the observed pressure behavior and, if necessary, the original



oil-in-place figure is modified until a match is obtained. In the presence
of a water drive, additional variables are included by allowing water
influx. Water influx is governed by mathematical relationships which are
simple solutions of the diffusivity equation.

Another attempt to calcul.te the woter influx into the reservoir
during material balance calculations has been by RC networks; the R standing
for resistance and C standing for capacitance. This RC network simulates
the flow of fluids through the aquifer under transient conditions; by
changing values for both R and C, eventually a match between cbserved and
calculated reservoir performance may be obtained.

Similarly, analog computers have been used to simulate the transient
aquifer behavior.

For the purpose of displacement studies, various models and techniques
have been used. They include mathematical front tracking. When employing
unit mebility ratios, elsctrolytic models have been used. Similarly,
Hele-Shaw models have been used to study displacement in the laboratory.

The Buckley-Leverett relationships allow for varying mebility ratios due
to saturation changes and relative permeability effects., Short cuts have
been offered for more complicated systems using the Higgins-Leighton models.

During the last ten years aumerical reservoir modeling has been used

to study reservoir behavior and individual well performance.

What is Numerical Reservoir Modeling?

In numerical reservoir modeling one first writes the fundamental fluid
flow equations in partial differential form for each of the phases present.
These partial differential equations are obtained by writing the conven-
tional equations such as the continuity equation, equation of flow, and
the equation of state. These three are then comhi-.d into a single partial

differential equation. The continuity equation expresses the conservation




of mass. For most fluid flow through porous media situation, the equation
of flow is Darcy's law. The equation of state consists of a description

of the pressure-volume or pressure-density relationship of the various fluids
present. Next, the partial differential equation, possibly following com-
bination, is written in finite differences form, both in space and time,

A finite differences grid is laid over the field as shown below. Each
grid point or node is assigned a value for permeability, Fhlckncss, porosity,
fluid content, elevation, and pressure., The fluids are assigned with value:
for viscosity, formation volume factor® solution gas-oil ratio, and density.
The rock is assigned a value for compressiblity. Rates for one of these
produced fluid phases are assigned to the well. Then, for a finite time

difference (time step), new pressures and rates for all producing phases

are calculated. The rates for the wells are calculated from the saturations
existing at each point in the grid system. This process is repeated for a

number of time steps, and in this manner both rate and pressure histories

are calculated for each well in the system,

#The formation volume factor is reservoir volume per surface volume account-
ing for fluid compressibility, temperature and solution gas.
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Input Data

for each node in the grid system, a value for the following param-
eters is required:

Permeability

Porosity

Thickness

Elevation

Grid dimensions

Initial saturation for each phase
Initial pressure

Rock compressibility

Fluid characteristics are assigned by the following relationships:

0il formation volume factor vs. pressure
Water formation volume factor vs. pressure
Gas formation volume factor vs. pressure
04l viscosity vs. pressure

Water viscosity vs. pressure

Gas viscosity vs. pressure

Solution gas-oil ratio vs. pressure
Solution gas-water ratio vs, pressure
Liquid to gas ratio vs. pressure

0il density

Water density

Gas density

The interaction of forces between rock and fluids are given by the fol-
lowing saturation dependent functions:

Relative permeability for each phase
Capillary pressure between oil and water
Capillary pressure between gas and oll

Additional data may come from wells and include:

Producing interval

0il production rate vs. time
| Water production rate vs, time
| Gas production rate vs, time
| Observed pressures vs. time
|
|
|



PRACTICAL APPLICATIONS

Probably the best known application of numerical rcco;vcir modeling is
that of matching and prediction of oil field behavior. In matching, one
uses the best data available for all those listed in the previous paragraph.
Then the wells are allowed to produce at the observed rate for one of the
phases. Next, pressure behavior for all wells and the production rate of
the remaining phases are calculated. Calculated plots are compared with
observed pressures and rates. Comparison between these two will indicate
how good an initial guess was made at the input data. Next, it may be
necessary to modify some of the input data until all observed and calculated
data compare sufficiently favorably. In this manner, a rather sophisticated
black box has been outained, and it can be used to predict the future
behavior of the field.

In this manner, various exploitation schemes may be evaluated, economics
may be applied to the results, and the "optimum" exploitation scheme may be
selected.

Although reservoir mcdeling was initiated to study overall field perfor-
mance and to predict that performance following matching, it has many other
applications. Reservoir models are used to study well problems such as
pressure buildup and drawdown behavior, gas-oil behavior, and water-oil
ratio histories. It has the advantage over other techniques that it can

handle more complex systems,

THEORY
One, two and three-dimensional single-phase flow equations for slightly
compressible fluids have been used for studying verious aspects of reservoir
fluid flow. Among others, these models are used to study single well problems
(simulating pressure buildup and drawdown behavior with cylindrical or

cartesian coordinate systems).



The three-dimensional flow equation for a slightly compressible fluid,

neglecting gravity and assuming tnat the pressure gradients in the x, y and

z directions are small, reads:

‘where
P = pressure of the fluid
p = density
k, = x direction permeability
k, =y direction permeahility
k, = z direction permeability
# == VISCOSIty
¢ = porosity
X,y,z = distances and
t = time.

In one-dimensional flow only one of the terms on the left remains and
the other two are zero. And for two-dimensional flow only two terms remain.

The equation for two-dimensional flow for constant thickness, permeability
and viscosity becomes
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in one-dimenslonal radial coordinates.

in cartesian cordinates and

This equation for the radial flow of fluid of small and constant com-
pressibility is one of the most often used in petroleum engineering. It
forms the basis for most of the transient pressure analysis techniques used
today. Analytical solutions to this equation has been obtained for a well

located in an infinite media, for a well located at the center of a closed




circular reservoir, for a well located at the center of a circular reservoir
having a constant pressure at its outer boundary, for a well located at

the center of a radial discontinuity, and for a well located nezr a linear
discontinuity, to name a few examples only.

However, many of these analytical solutions contain complicated mathe-
matical terms which necessitate the use of a digital computer for their evalu-
ation. Also the permeability has to be uniform. In these cases one might
prefer the use ot fin te-difference techniques over analytical techniques.

To incorporate varjing formation thickness, the two-dimensional flow

equation may be rewpritten as

dfhep\ 2 fhh2p 2p
=4 =] — — )= dch —
?n\u 2% 2y\u 2 2t

To solve this equation when kx’ ky’ ¥, or h is not constant, one must
resort to finite-lifference methods, This equation can be written in

finite-difference form as:
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The pressures on the left-hand side of the above equation may be taken at
time level n + 1 so that an inplicit finite-difference scheme is used, and

q is a source or sink term that represents a production or injection well.




A system of N simultaneous equations will be formed by writing the

above equation about each node in the system and including the appropriate
boundary conditions.

This system of equations may then be solved by several methods some
of whic: are Gaussian elimination, alternating direction implicit, or
successive over relaxation.

The flow equations can be written in a cylindrical-coordinate system--

especially useful when studying single well problems. This gives the fol-

lowing equation:
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This equation assumes angular symmetry about the well.

This equation can be written in finite-difference form as it stands.
In setting up the finite-difference grid the best results would be obtained
using small increments of r around the well and letting the increment size
increase logarithmically with the distance from the well. This effect can
be accomplished by making a logarithmic transformation to the space dimen-
sion, r.

Let

u=In(rry
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making this substitution
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This equation can be expanded in finite-difference form. The follow-

ing figure shows a graphical layout of the finite-difference grid.
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In finite-differences form, the above equation becomes
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The logarithmic transform: tion allows for a logarithmic variation in
increment size in the radial direction if Au is chosen as constant. That
is, the increments are small around the well bore where the changes in
the pressure surface are the greatest and they are large at large distances

from the well where the pressure changes are small.

STATE-OF -THE -ART

The previous discussions briefly outlined how reservoir modeling works.
The fact that it is a standard tool in our industry and in others such as
groundwater may be borne out by the frequency of its use. All major oil
companies use the models for both individual well behavior and overall
reservoir behavior. The USGS recently purchased a couplete suite of models
to make groundwater studies. Various consultants and software firms have
models.

I myself have been deeply involved in the construction and use of

these models. Presently I am using these models commercially for clients

in many parts of the world.



Figure 7 (shown on the next page and from a report described below)
is an example of the results of a report prepared by me for the Atomic
Energy Commission entitled, "Projected Reservoir Performance - Rio Blanco
Project, March 1973" (Open File Report NV0-38-33, PNE-RB-26). All methods
used in that report are similar t; those used by Gruy in his evaluation of

the Sequoyah project.

EVALUATION OF THE SEQUOYAH WELL

A review of all available data and reports was made. The electric
logs, together with core analyses, radioactive tracer logs and the pressure
fall-off data, were used to determine formation permeability, porosity and
relative injectivity into each zone. Values obtained from this evaluation
are in agreement with those reported by Gruy. Comparison between the
initial hydrostatic pressure obtained on 6/25/71 and the extrapolated
reservoir fall off of 7/9/71 - 7/12/71 indicates an apparent increase
of 5.5 psi following the cumulative water injection of 836,000 gallons.
This increase could be explained by the finite character of the reservoir.
Assuming a pore space of 860,000 bbls, a total rock plus water compres-

sibility of 6.8 x 1078 -k

psi 7, the calculated increase would have been
3.4 psi compared to the measured 5.5 psi, However, one should consider
the possibility that the apparent increase of 5.5 psi is in the range of
measurement error,

The May 1, 1972, original report (Attachment A) by Gruy was reviewed
in detail, I concur with the method of attack; i.e., to use a finite
difference numerical model and to match the production and pressure history
observed during the fall-off period. Matching both items renders an excel-
lent degree of reliability., Evaluation of the fall-off curve and its

changes in slope when pressure i{s plotted versus a rate-time function sup-

ports the existence of sealing barriers. It is realized that the duration
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of the tests was such that not all of the boundaries of the reservoir
could be conclusively determined, However, the above-mentioned pressure
increase of 5.5 psi supports the confined pore space.

It is recommended that the finite character of the formation be deter-
mined more precisely during early injection of waste fluids (see Monitoring).
I approve of the methods used by Gruy, and I support the conclysions

obtained.

MONITORING

The process of underground liquid waste disposal should be duly
monitored. In the case of the Sequoyah well, the main problem is that of
maintaining a sealed reservoir system. The best way to observe such
behavior is by carefully meusuring the injection rate, cumulative injec-
tion and pressure behavior of the injection well To facilitate calcu-
lations, the fluid should be injected at a constant rate for a period of
from 5 to 10 days, whereafter the well should be shut in preferably at the
well head (not the plant) for a period at least equal to the previous injec-
tion period and preferably twice that time., This cycle should be repeated a
number of times. Pressures should be observed during each shut-in period.
Extrapolation of the resulting fall-off data will result in calculated
static reservoir pressures which allow for material balance calculations.

The fall-off data could also be matched with the model. However, it
should be realized that certain chemical reactions could alter the permea-
bility in the vicinity of the well. It is, therefore, advised that the
initial quantity up to 3,300,000 gallons be rendered substantially inert to
the Arbuckle Formation. This precaution is onl’ required to allow detailed

simulation but not for the purpose of material balance.
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I see no reason why additional observation wells are required to deter-
mine the sealed character of the formation., I realize that proposals have
been made to drill observation wells to determine the existence f faults.'
eross flow and reservoir pressures.

The barrier could be either a fault or a permeability pinchout. The
sealing character of the barrier was demonstrated following the injection
of fluids in 1971. More than likely the barrier is a sealing fault. How-
ever, whether it is a fault or a pinchout is academic.

With the very low permeability of the overlying formations, cross flow
should not occur. Certainly it will not be a measurable quantity in the
Simpson Formation. Therefore, an observation well in that formation is
impractical.

Pressure observation in the existing well should give at least as
reliable a measurement of the existing reservoir pressure as could possibly

be determined by means of an additional observation well.
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