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ABSTRACT

Modeling fluid flow around wellbores with conventional reservoir simulators
is inaccurate because radial flow occurs in the vicinity of the wellbore and these sim-
ulators use cartesian coordinates. In this research, we present a more accurate well-
bore simulation by incorporating the finite element method (FEM) to simulate the
radial flow in the vicinity of the wellbore and interfacing this finite element wellbore
model with an existing finite difference method (FDM) reservoir simulator.
Although this technique was developed for a vertical well, it could also be used to
accurately model a horizontal wellbore. This “hybrid” solution is for three dimen-
sional - triphasic fluid flow and allows a more rigorous treatment of the near-well
flow. The reservoir region, where flow geometry is linear, is simulated with the car-
tesian grid using finite differences.

The reservoir simulator used for this research was the US Department of
Energy’s Black Oil Applied Simulation Tool (BOAST II). Two problems furnished
by the Department of Energy were used to test the effectiveness of our solution. The
first was a single stratum three phase system. The second was a three strata three
phase gas injection problem.

Finally, our stand alone model could actually be interfaced with almost any
other finite difference fluid flow simulator; whether it is for petroleum reservoirs,

underground water, or hazardous waste management.
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CHAPTER 1. INTRODUCTION

Oil and natural gas are two of the world’s most important natural resources.
They are building materials of modern life. Together, oil and natural gas are called
petroleum and remain in a reservoir until produced. In general, a reservoir is both
the reservoir rock and its fluid content [1]. The life of a reservoir can be classified
into primary or secondary recovery phases. In the primary recovery phase of a reser-
voir, oil is obtained by natural drive mechanisms. In the secondary phase a recovery
process can be initiated to maintain the pressure in a reservoir by injecting water or
gas. The later type is the focus of this research. Actually, there can be recovery pro-
cesses after the secondary process but the mechanism for these is beyond the scope
of this research.

Reservoir simulation has a key role in the development and management of
petroleum resources. One objective of this research is to provide better tools for the
understanding of the complex physical fluid flow processes that occur around a well-
bore in a reservoir. A better understanding of this process could lead to increased
recovery and reduced expenses. Classical reservoir simulation deals with the fluids
on a gross average basis and does not account adequately for the flow pattern varia-
tions in the reservoir and fluid changes in the wellbore caused by pressure and time
[1]. While many advances have been made in reservoir engineering and well drill-
ing, the modeling and technology have lagged. The development of an accurate sim-

ulation tool that can be used to study flow in the vicinity of the wellbore is needed.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The accurate computer simulation of the multiphase fluid flow processes
continues to be a difficult endeavor. Such problems feature near-discontinuities in
the solution which are not sufficiently resolved by standard domain discretization
procedures without extensive grid refinement. Meanwhile, the problem domains are
often large-scale, irregularly shaped, and exhibit heterogeneous characteristics.
Methods which are developed to simulate these processes are often useful in a num-
ber of other disciplines in which the differential equations are analogous (e.g. the
flow of heat). Such processes as groundwater flow and hazardous waste migrations
are closely related to reservoir engineering problems, and improvements in the mod-
eling of one type of fluid flow problem may be utilized in obtaining an improved
solution to another.

The direction of flow and rate of flow depend on the physical features of the
flowing medium such as its viscosity, phase behavior, and the nature of the reservoir
rock in which it is flowing such as permeability, pore geometry, etc. Viscosity is a
fluid property responsible for the frictional drag or shear resistance which develops
when one layer of a fluid slides over another. Permeability is a property that mea-
sures the ability of the reservoir rock to transport fluids through itself. Permeability
is independent of the nature of the fluid and is determined solely by the structure of
the porous media. Porosity measures the reservoir rock’s ability to store petroleum,
which may be defined as one minus the fraction of the bulk volume of the rock com-
prised of solid matter. Viscosity, permeability, and porosity are expressed as per-

centages.
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New technologies have changed the way we search for the petroleum. We
study the ground beneath the surface using technology that gives us a three-dimen-
sional view of what that ground is like. All of these high-tech tools help pinpoint
where the oil and natural gas are-and where they are not-so we drill fewer wells.

Engineers are constantly in search of tools that could help in enhancing the
recovery of petroleum. Reservoir simulation has a key role in the development and
management of this activity. Reservoir simulation is a process for predicting the
behavior of a real reservoir from the analysis of a model of that reservoir. The model
could be a scaled physical model examined in a laboratory, or mathematical. The
mathematical model developed in this research is a set of nonlinear partial differen-
tial equations that describe the activities occurring within the reservoir. These activ-
ities are the simultaneous flow of three phases (water, oil, and gas) along with the
mass transfer between these phases.

The mathematical model accounts for various factors affecting the behavior
of the fluids. It takes into account gravity, pressure, heterogeneity, and geometry.
The mathematical model begins by combining Darcy’s flow for each phase with a
simple differential material balance for each phase. Henry Darcy originally
designed a flow tube to determine the most efficient means of filtrating the munici-
pal sewage water in Dijon, France, in 1865. He found that the rate of water flow
through a porous bed of a “given nature” is proportional to the pressure and to the
cross-sectional area normal to the direction of flow and inversely proportional to the

length of the flow path. He also determined that the quantity of flow is related to the
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nature of the porous medium. Darcy’s Law was initially developed for one-dimen-
sional flow through a porous media. However, combining this relationship with cal-
culus, this law has been extended to flow in two or three dimensions .

1.1 Statement of the Problem

The purpose of this research is to develop a more accurate numerical model
of three dimensional three-phase fluid flow in a porous media, specialized for the
treatment of the wellbore vicinity where majority of fluid activity occurs. Most res-
ervoir simulations models available today, obtain solutions to fluid flow equations
that are usually nonlinear partial differential equ ations by replacing derivatives with
finite-difference approximations [4,6]. The use of these approximations introduces
an error known as truncation error. For many problems the error is small and the
approximate solutions of the subsequent finite difference equations are sufficiently
accurate. However, truncation errors can cause significant solution inaccuracies for
certain types of problems in which viscous forces are much larger than capillary
forces.

Available public domain reservoir simulators represent the behavior of fluid
flow in the wellbore vicinity with Cartesian coordinates and fail to provide robust
and correct answers for the large pressure and saturation changes in this vicinity.
One reason is that these reservoir simulators often make simplifications of the equa-
tions that are not physically realistic. Another reason is that they use a finite differ-
ence method to represent the wellbore vicinity where high mobility and large

changes in the saturation of the fluids and pressure occur.
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An important step for this simulation of physical phenomena is the transfor-
mation of the underlying differential equations into a finite discritized space. In the
considered domain, the resulting partial differential equations are approximated
using numerical methods on finite discrete intervals.

In spite of the enormous commercial potential and interest in this field, an
extensive literature survey has shown that commercial modeling of the “wellbore”
region has been extremely limited. Commercial simulators are proprietary in order
for the companies to protect their investment from competitors. Therefore, commer-
cial tools are not available to us in a form that can be modified for use with this
research.

In order to develop a reservoir simulation tool, understanding of the physical
problem is required. Mistakenly, it is thought that petroleum is found underground
in a pool from which production occurs. On the contrary, oil and natural gas are
trapped inside tiny rock holes or pores of rock which complicates the task of simulat-
ing the process. In the secondary recovery phase, petroleum is forced out by inject-
ing another fluid through another well (injection well), Figure 1.1.

To produce petroleum from a production well, engineers generally drill in an
approximate range from 1,000 to 20,000 feet deep for vertical wells and the same
depth plus a horizontal length for horizontal wells. The well radius usually ranges
between 4 to 6 inches at the reservoir depth. There are other issues associate with
drilling wells that affect reservoir simulation. However drilling engineering is

beyond the scope of this research.
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- N

Figure 1.1: Oil Reservoir (not to scale)

A readily available public reservoir simulator BOAST II (Black Oil Applied
Simulation Tool) from the United States Department of Energy could be modified to
simulate the conditions encountered in the wellblock region of interest. Hence, our
reservoir wellblock region model uses BOAST II as the basic building block because
it was the best working simulator that supplied the source code to which our model
could be interfaced.

BOAST II has several drawbacks, some of which are:

1. It is based on the finite difference model, which divides the entire
region of interest into equally spaced blocks. This arrangement gives no
special consideration to areas of high activity. For the production well-
block, we use finite elements to create more points (sub-blocks) closer to

the wellbore. Our results show that most activity takes place within the
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first 20 feet or so from the well in a wellblock. Finite elements also bet-
ter model radial flow in this region.

2. It uses one average pressure value for each reservoir block. To make
modeling of this highly active block more accurate, we developed a finite
element model to further examine this wellblock. Once we are finished
producing a detailed map of pressure and saturation activities at various
points in that block, all these values are averaged and inserted back into
BOAST as an improved value for the block.

In building our simulator, we follow four basic major steps. First, a physical
model of the flow process is developed incorporating as much physics as is deemed
necessary to describe the essential phenomena. Second, a mathematical formulation
of the physical model is developed, usually involving coupled systems of nonlinear
partial differential equations. Third, once the properties of the mathematical model,
such as existence, uniqueness, and regularity of the solution, are sufficiently well
understood and the properties seem compatible with the physical model, discretized
numerical approximations of the mathematical equations are produced [9]. Finally,
a computer wellbore model is developed, executed, and results obtained which are
compared with actual observations of this physical process to demonstrate its valid-
ity. The actual observations for testing where furnished by the United States Depart-
ment of Energy - National Institute of Petroleum and Energy Research.

An important aspect of the wellbore research problem is that the geometry of

flow is radial [10], which must be taken into account to accurately simulate
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multiphase flow in the neighborhood of the wellbore. The simplest case is that of
perfect radial flow of homogeneous fluid into a well. Such flow is obtained if the
well completely penetrates the rock stratum and the distant fluid acts uniformly in all
directions radiating from the axis of the well bore. From a practical point of view,
this perfectly radial flow is too idealized because it implies an exactly uniform pres-
sure imposed on a circular boundary.

It is anticipated that even cases with only a single well will, in general, have
nonuniform pressure distribution over their external boundaries and the boundaries
themselves over which the pressure distributions are pre-assigned and known will be
other than circular in shape. In all cases, the flow into the wells will be unsymmetri-
cal and the pressure distributions on the external boundary wil! be nonuniform.

If a localized region around the wellbore can be considered homogeneous,
the flow is radial, and the fluid flow equations for a single phase can be formulated
and solved analytically in cylindrical coordinates. In this case, it is known that a
“radial” grid system provides much better results than the use of a rectangular grid
system. As the distance from the wellbore increases, the flow becomes more linear.
This means that a rectangular grid system can be applied at some distance from the
wellbore with confidence to discretize the fluid flow equations and a Cartesian coor-
dinate system would be accurate. Therefore it is necessary for reservoir simulators
to properly represent the fluid flow in the regions of interest and then couple the var-

ious systems together.
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Since the regions in the vicinity of the wellbore often have significant pres-
sure and saturation changes, an implicit treatment of the transmissibility in this
region is needed. On the other hand, in reservoir zones distant from the wellbore,
the transmissibility may be treated explicitly. We employ a finite element method
(FEM) for the wellbore region [93] and the finite difference method (FDM) from
BOAST II for the other regions of the reservoir. The FEM is necessary for the well-
bore region where large condition changes are exhibited. The FDM is adequate for
other regions of the reservoir where more uniform conditions are likely to be found.
The simulator then has to couple both regions together for the exchange of data. As
part of this research a FEM/FDM grid interface is developed and employed as illus-
trated in Figure 4.3. Boundary conditions beiween these two methods are also
developed. All fluids are treated as compressible and transient, unlike a common
practice of assuming the opposite to reduce complexity.

To accomplish the objectives of this research, the following aspects of reser-
voir simulation were addresses:

* animproved representation for the wellbore vicinity;
e more accurate treatment of the wellbore/reservoir interaction;
* acoupling of the FEM wellbore region model with the FDM reser-
voir model;
» utilization of parallel computing.
Our wellbore model can be used with other reservoir simulators provided the

interface is done at the source code level. The model works independently except
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10

for the initial input of data. However, if the input data is faulty, the wellbore model
will produce faulty results. The model can predict the wellbore behavior and can
produce detailed history information about the fluid pressures and saturations at var-
ious locations within a wellblock; these were not available from BOAST II.

In addition to the output files that our wellbore model produces, we also
developed and added a web-based multimedia visualization tool [90,91]. This tool
reads the simulation output files, generates a web-based table showing the results,
and then passes that data to a Java appellate for colored and animated visualization.
This prototype model also suggested a bilingual graphical user interface and was

presented at a visualization conferenice in Toronto, Canada [90].
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CHAPTER 2. LITERATURE REVIEW

This chapter reviews petroleum engineering and computer science literature
pertinent to this research. The topics covered include current simulations for the
wellbore vicinity, examples of two types of current reservoir simulators, the devel-
opment of domain decomposition in reservoir simulation, the coupling of FDM/
FEM, some aspects of FEM, and parallel reservoir simulations.

2.1  Current Reservoir Simulations

Most of the current mathematical models for reservoir simulation are pre-
sented in [1,4,5,6,7,8,9]. There are many other sources and the number of publica-
tions about reservoir simulation indicates that this is a very mature field. However,
very tew of these models utilize the finite element method and even fewer couple the
finite difference method and finite element method to produce a more accurate simu-
lation. The finite difference method is often not very accurate in the vicinity of well-
bores.

Results for a finite element method (FEM) simulation of a two-dimensional
and two-phase (water and oil) reservoir simulation have been published [9]. This
simulation was to model an injection and a production well. The injected fluid was
water. Another FEM publication [10], simulated a two-phase two-dimensional con-
ing problem. Both of these finite element simulation papers stated that the results
were more accurate than the same simulation using finite difference methods. How-

ever, there was no published model using finite elements with 3-D and three-phase.

11
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12

2.2 Well Models

Reservoir simulators use both numerical and analytical models to determine
the flow within the wellbore vicinity. A well (wellbore) model should account for
the “geometry” of flow as well as reservoir properties in the vicinity of the wellbore.
Since the pressure calculated for a grid block that contains a well can differ from the
actual wellbore bottom-hole flowing pressure, an auxiliary formula is required to
resolve these differences in pressure. Assuming the flow around the wellbore is
radial, single phase, and one-dimensional, an analytical solution exists for the differ-
ential equation in cylindrical coordinates for this problem [11,12]. These analytical
solutions are often used as the formulas between the wellbore bottom-hole flowing
pressure and the simulator calculated pressure.

2.2.1 Peaceman’s Well Model

This section covers the more popular well models used in current reservoir
simulations.

In the Peaceman well model [4], the pressure of the block containing the well
is not necessarily equal to the average pressure of the block. In this model the pres-
sure calculated for the well block is the same as the steady state flowing pressure at
an equivalent radius, r,. This equivalent radius can be used to relate the flowing

bottom-hole wellbore pressure, P f to M ; the mass flow rate M, of compo-

p cp
nent c in phase p , with the average wellblock pressure P o » a5 shown in the fol-

lowing equation:
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“ep emprP ’rcp; 2"0d ] w (2,[)

where r}) is the density of phase p, r o is the equivalent radius, - is the weli-

bore radius, Xep is the mass fraction of component ¢ in phase p, S is the skin fac-

tor, Dz = 2y 173 is the Cartesian coordinate difference, k and ky are the
permeabilities in the x and y directions respectively, k = kxky , and krp is the

absolute permeability in the radial direction of phase p.

Peaceman [4] showed how to calculate the approximate equivalent radius for
the well using the equation for the pressure drop between injection and production
wells. He also extended the interpretation of well block pressure to “rectangular”

grid blocks. The equivalent radius was determined as a function of the aspect ratio

g = 8—; of the grid block. A frequently used equation for the well block
radius was:

r, = 0.144Dx2 + Dy? 2.1

Babu et al. [13] developed a general analytical equation for calculating the
equivalent well radius r . Their equation can be used for both vertical and horizon-
tal wells and for any well location. For wells that are essentially centered inside the

drainage area, they proposed the use of the following simplified equation:
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2 29172
r = 0.14(1;"‘/:"/)1/4[%4-@,:%] 4BC (2.2)

where;

I +expf2.215-

3.88n_n .
X vp
1
4BC = .

(%

| +0,533820 ]
env

n, and n, are the number of grid blocks in the x and y directions respectively, Dx
and Dy are mesh dimensions in feet, £, and ky are the permeability, and coefficient

n s

-

k
=0x v ~
0 = Lx . (2.4)

This equation is valid for uniform grids.
2.2.1 Transmissibility in Vicinity of Wellbore

Blair and Weinaug [14], MacDonald and Coats [15], and Behie [16] claim
that pressure and saturation dependence on time of the first term of (2.2) and (2.3)
must be consistent with the phase transmissibility coefficient of the grid blocks, oth-
erwise convergence problems due to saturation oscillations can occur [17]. This is
especially true for problems involving high capillary forces and/or small well
blocks. Therefore, the well transmissibility coefficient should be treated implicitly.

Others [18,19,20] state that the use of a fully implicit well can also be used with
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IMPES models to obtain stable solutions with no increase in computing time per
time step. In this research, the Implicit Pressure/ Explicit Saturation (IMPES)

method for the block containing a well was used to obtain a solution.

2.3  Black-Oil Reservoir Model

A Black-Oil model treats water, oil and gas as three separate liquid phases
with the gas having limited solubility in both the oil and water phases. The water
and oil phases are assumed to be immiscible with no mass transfer between them.
The oil phase at reservoir conditions is a mixture of stock tank oil and dissolved gas
and the water phase is a mixture of stock tank water and dissolved gas. This model
[1] ignores both reservoir temperature change and mass diffusion in fluid flow. Sev-
eral previous studies applied finite elements to reservoir simulation, however, the
black-oil and truly three-dimensional case has been avoided because of its complex-
ity [21]. Our research uses the Black-Oil model because the available reservoir sim-
ulator BOAST II used this model. A Black-Oil reservoir simulator is most often
used for primary recovery and waterflooding simulations.

There are other types of reservoir simulators that are used for enhanced oil
recovery (EOR), that are discussed in details in the literature and are out of scope for
this research [22,23]. These are compositional, thermal, and chemical flooding sim-
ulators. The wellbore vicinity model developed in this research will work in these
types of simulators with the appropriate modifications. The techniques used in this

research can serve as an approach to improve the models of the wellbore vicinity.
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2.4 Domain Decomposition

The decomposition of domains has been used to numerically solve problems
for over one hundred years. The main idea behind domain decomposition is based
on a philosophy of divide-and-conquer. The domain of interest is divided into
smaller subdomains, the problem is solved independently in the subdomains, then
the solutions of the subdomains are combined to approximate the solution to the
original problem. In general, the domain decomposition process has to be repeated
until some convergence criterion using these subdomains is satisfied.

Bramble et al. [24] solved a system of equations resulting from the discreti-
zation of symmetric elliptic boundary value problems via the finite-element method.
They developed a preconditioned algorithm for use with domain decomposition.

Apart from being able to solve these subproblems independently on different
processors, these methods have other advantages. One advantage is to split a prob-
lem with complex geometry into a problem with regularly shaped subdomains. The
ability to subdivide the original problem into smaller subdomains permits approxi-
mate solutions that could not be obtained otherwise for the highly structured flows in
fluid dynamics, and resolves localized phenomena at fluid interfaces of multiphase
flow in reservoir simulation [17,25].

There are several domain decomposition methods that have been devel-oped
for solving large problems [17]. These methods differ through partitioning of origi-
nal domains, solutions used with the resultant subdomains, and the approach used

for interface problems. The partitioning can have overlapping, no overlapping,
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strips, or boxes. The resultant subdomain equations can be approximated either lin-

early or non-linearly.
2.5  Coupling of FDM and FEM

Most reservoir simulators use either finite difference or finite element meth-
ods for the discretization of the governing partial differential equations. Each
method has advantages. The finite difference method requires less computing time
and storage compared to the other methods. However, the finite difference method’s
domain (reservoir) boundary representations often require special logic and are gen-
erally inaccurate. On the other hand, the finite element method is good at modeling
the flow around arbitrarily shaped geometries. The finite element methods usually
require more computing time and storage than the finite difference methods for the
same problem. The finite difference method and the finite element method each
have some properties that are better suited than the other for use in the simulation of
fluid flow in complex geometries. There has been very little published [26,27,28]
on the use of both FEM and FDM methods together in a model for compressible
flow problems.

In recent years, there has been a renewed interest in finite element approxi-
mations in reservoir simulations, mainly due to their ability to more accurately
approximate complex geometries, discontinuities, solutions for wells
[29,30,31,32,33], and tracer injection studies [34]. However, to approach the perfor-

mance of finite difference simulators requires that special attention be given to all
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parts of the finite element solution technique. The most time consuming computa-
tion of the finite element method is in the solution of the resultant system of equa-
tions.

Nakahashi and Obayashi [28] presented a finite difference / finite element
(FDM/FEM) zonal approach to analyze compressible flows in turbine cascades and
compressor blade rows. In their approach the regions near turbine cascades or com-
pressor blades used a boundary-fitted grid which is connected by the finite element
mesh.

Ikegawa, et. al [27] presented a numerical technique to solve viscous incom-
pressible flow problems which couples the finite element method and the finite dif-
ference method. Their computation w2s based on an overlapping girding system.
where finite element meshes are generated around arbitrarily shaped bodies and a
finite difference grid is partially superimposed on finite element meshes.

2.6  Parallel Computing in Reservoir Simulation

Architectural advances in the computer industry have resulted in a significant
effort in the development of parallel software models for the simulation of reser-
voirs. For instance, for several years, the idea of using domain decomposition tech-
niques was ignored until the interest in these methods was renewed to partly fulfill
the need to develop simulations with parallel computers.

A great deal of work has been done on building efficient parallel reservoir

simulators and efficient solvers which reduce both the required time and storage
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[25,31,35,36,37,38]. Unfortunately, few of these parallel applications have found
their way into a production environment [39]. Because numerous parailel solvers
are available in the public domain that can be incorporated into reservoir simulators,
we found it of little value to developing another parallel solver was considered of
little value to investigate the development of another parallel solver. The need for
parallel computation arises from the fact that reservoir simulations require the solu-
tion of very large systems of equations and this requires enormous amounts of com-

putation.
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CHAPTER 3. FINITE ELEMENT METHOD

The finite element method (FEM) is a computer-aided mathematical tech-
nique for obtaining approximate numerical solutions to the abstract equations of cal-
culus that predict the response of physical systems subject to external influences.
Such problems arise in many areas of engineering, science, and applied mathemat-
ics.

The FEM solves partial differential equations by first discretizing these equa-
tions in their space dimensions. The discretization is carried out locally over small
regions of simple but arbitrary shape (the finite elements). This results in matrix
equations relating the input at specified points in the elements (nodes) to the outputs
at these same points. In order to solve equations over large regions, the matrix equa-
tions for the smaller sub-regions are usually summed node by node, resulting in glo-
bal matrix equations. The finite element method is described in details in many
textbooks and articles [41,42,43,44].

3.1 FEM Introduction

Before outlining the FEM problem solving procedure used in this research,
the following concepts and related terminology are offered as an introduction to
FEM.

The problem begins with the engineer or analyst who wants to describe or
predict the response of a system that is subjected to external influences that change

the state of the system. S/he is basically looking for a numerical solution to the

20
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governing equations and loading conditions that characterize and determine the
behavior of that system. The problem thus becomes mathematical.
Let’s define: system, domain, governing equations, and loading conditions.
The system to be analyzed is typically, but not always, a physical object com-
posed of various materials: solids, liquids, gases, plasmas, combinations of these,
etc.

The domain of the problem is the region of space occupied by the system

with known dimensions.

The governing equations may be differential equations expressing a conser-
vation or balance of some physical property such as mass, momentum, or energy.
They may also be integral equations expressing a variational principle, such as the
minimization of potential energy for conservative mechanical systems. They may
include constitutive equations, which describe particular types of material behavior;
these contain experimentally determined physical properties of the materials that
constitute the system.

Loading conditions are externally originating forces, temperatures, currents,
fields, etc., that interact with the system, causing the state of the system to change.
Loads acting in the interior of the domain appear as part of the governing equations.
Loads acting on the boundary of the domain appear in separate equations called
boundary conditions.

With the above concepts, a brief description of some of the terms used in the

finite elements method follows:
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+ The domain of the problem is divided (partitioned) into smaller regions (subdo-
mains) called elements. Adjacent elements touch without overlapping, and there
are no gaps between the elements. The shapes of the elements are intentionally
made as simple as possible, such as triangular and quadrilateral in two dimen-
sional domains, and tetrahedral, pentahedral “pyramids”, and hexahedral
“bricks” in three dimensions. The entire mosaic-like pattem of elements is

called a mesh (grid).

» Mesh generation, the process of partitioning a domain into a mesh of elements,
was performed manuaily during the early years of the FEM. However, computer

programs have automated this process.

* [n each element the governing equations, usually in differential or integral form,
are transformed into algebraic equations, called element equations, which are an

approximation of the governing equations.

» Theterms in the element equations are numerically evaluated for each element in
the mesh. The resulting numbers are assembled (combined) into a much larger
set of algebraic equations called the system equations. The later characterize the
response of the entire system and usually comprise a very large number of equa-

tions, typically hundreds or thousands.

* At this point in an FEM the governing equations have been transformed and
include the interior loads. The boundary conditions which contain the boundary

load have not been dealt with. These are now imposed by modifying the system
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equations. This involves adding values to existing terms and/or shifting terms

from one side of the equations to the other.

» The resultant system equations are then solved with a computer using conven-

tional numerical analysis techniques.

« The final operation, called postprocessing, displays the solution to the system
equations in tabular, graphical, or pictorial form. Other physical meaningful
quantities might be derived from the solution and also displayed.

3.2  Finite Element Discretization

The starting point of the finite element method is the subdivision of the
domain into small subdomains called elements. An element is described by its verti-
ces and other points on the edges; These points are called the nodes. The FEM mesh
is its nodes and elements, Figure 3.1.

For every element, the sought solution is approximated by a polynomial. The
approximation is determined at the nodes of the elements which is sufficient infor-
mation to represent the approximation for the total element. The problem is to deter-
mine the value of the approximate solution at the nodes of the FEM mesh for the
given PDE and boundary conditions. The weak formulation of the PDE (more gen-

eral: the functional equation) is evaluated for specific shape functions N ; Where:
N is equal to one at the i® node in the FEM mesh.
* N; isequal to zero on all other nodes.

* N is a polynomial on every element.
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So one obtains a system of equations. The system has NDEG equations (n
degrees of freedom), one equation for every node, and NDEG unknowns arising
from the values of the sought approximate solution at the nodes. NDEG denotes the
number of elements in the FEM mesh. In general, this system is nonlinear and there-
fore often requires an iterative method be used to calculate the solution of this dis-
crete problem.

3.3 Convergence of the FEM

The mesh quality is important for the finite element method to ensure that a
good approximation to the sought solution is calculated. The error e of the FEM
approximation depends on the mesh size 7 . Where h is the maximum mesh

size of elements in the mesh:
” ¢ " = ”Ni_Nh “:ﬁ Ch® . 3.1)

C is a real number which depends on the solution of the governing PDE and the
mesh quality but is independent of the mesh size A . This estimation holds only
under the assumption that the error from the numerical integration and from any
stopping criterion can be neglected. The value for the convergehce order s is
determined by the smoothness of the sought solution. However, the actual values for
C and s cannot be computed, thus the inequality cannot be used to estimate the
error of the FEM approximation. The possible values that can be used are found in

the published literature.
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One can assume s = 2 if the solution is approximated by piecewise polyno-
mials of order two. With s = 2, the bisection of the elements reduces the size of all
elements in the mesh by one half which reduces the error by a factor of 0.25. If the
solution approximation is improved by one digit, all elements have to be subdivided
into four elements, thus the number of elements used in the problem grows by the
factor 4x4x4 = 64 for a three-dimensional problem. The maximal convergence
order s = 2 holds only if the solution is smooth enough (the integrals of the square
of the third spatial derivatives exist). Thus weused s<2 .

Typically the smoothness of the solution is destroyed by singularities. The
behavior of the solution in the neighborhood of a singularity allows an approxima-
tion of the solution in an optimal manner. In other words, the solution is smooth as
long as singularities and small neighborhoods of the singularities are not considered.
To reduce the error from the FEM discretization significantly, local refinement of the
finite element mesh is necessary in the neighborhood of the singularities. A-priori to
a solution, the locations of the singularities are unknown. Likely singularity candi-
dates are re-entrant corners in the domain, but this is not reliable. Therefore, the dis-
tribution of the a-posteriori error estimators is inspected to find the locations of
large errors and thus refinement of the FEM mesh is performed in a suitable way.
For this research all mesh refinement was done manually.

3.4 Possible FEM Benefits

The FEM is a very modular technique. The element equations can be used

repeatedly, not only for all the elements in a particular mesh but also for other
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problems and in other programs.. New types of elements (and hence new sets of ele-
ment equations) can be added to programs as the need arises, gradually building up
an element library, that can be moved from program to program. Then, a user can
select from the element library a mesh of different element types, much like a child
using different blocks to build a structure. This has a definite impact on human
resources, because when a person develops an FE computer program, it can be used
to solve not just one specific problem but a whole class of problems that differ sub-

stantially in geometry, boundary conditions, and other properties.
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CHAPTER 4. MESH SYSTEMS

To obtain approximate solutions to the nonlinear partial differential equa-
tions that describe multiphase flow in porous media, finite element discretization of
space and finite difference in time are commonly used [45]. This requires a calcula-
tion of flow between elements using the pressure for each element. Consequently,
this requires knowing the location of both spacial mesh nodes and well mesh nodes
(grid points). The number and location of the spacial mesh nodes and the location of
boundaries with respect to these element nodes can influence the accuracy of FEM/
FDM approximations.

To obtain the desired accuracy in a reservoir simulation, refinement of the
mesh is often necessary in regions of significant change, for example the regions
arcund wells. When a node is refined in some simulators, additional refinement
cccurs in regions that do not need to be refined. This problem can be avoided by the
use of “Local Mesh Refinement” (LMR) techniques.

Some LMR techniques and examples of different meshs are presented in this
chapter. Much of the discussion is for a one-dimensional problem, but this can

be used to explain a similar mesh with more dimensions.

4.1  Block Centered
A block-centered mesh (grid) is a system used for the simulation of reser-

voirs by petroleum engineers [1]. In this method, element sizes are chosen: Dxl.,

28
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i = 1,2,3, 4 n ;and then the nodes x; are determined so that they are at the cen-

ter of these elements. The distance between adjacent nodes can be computed from:

Dx.+Dx.
distance = 'TM 4.1)

The nodes are located at the center of each element; there are no nodes located at the
mesh boundaries. This is the type of mesh system used in BOAST II. BOAST II

can support up to three dimensions with a block centered model.

4.2  Coarse Mesh

A coarse mesh for reservoir simulation is often used in a preliminary subd:vi-
sion of the reservoir, Figure .4.l.a. The coarse mesh can be selectively refined by
reducing the size of some of its elements. Depending on how elements in the base
mesh are subdivided, a mesh can be classified as:
4.2.1 Fine Mesh

A fine mesh could be formed by further subdividing all elements in a coarse
mesh, Figure 4.1.b. A fine mesh has smaller elements than a coarse mesh.
4.2.2 Conventionally Refined Mesh

In the conventional approach to mesh refinement, only the area of interest is
refined, but the fine mesh lines are extended to the external boundary of the reser-
voir, Figure 4.1.c. This refinement introduces extra elements in areas far removed

from the region of interest.
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Figure 4.1: Coarse Mesh and its Refinements
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423 Locally Refined Mesh

A locally refined mesh could be considered a special case of a conventionally
refined mesh. In this, the fine mesh lines are not extended to the external boundary
of the reservoir, Figure 4.1.d, but are all within the region of interest. Consequently,
the total number of elements used is less than the number used in either the fine
mesh or the “conventionally refined mesh”. Using a locally refined mesh achieves
the desired accuracy of a fine mesh but with substantially fewer elements. This
results in less computation time being needed
4.3  Cylindrical Mesh

The near-well flow in an isctropic porous media has radial streamlines and
circumferential equipotential lines. A cvlindrical mesh system should be used for
the well region, as shown in Figure 4.2,
4.4  Treatment of Irregularly Shaped Elements

The elements on the boundary between the wellbore vicinity and reservoir
require special treatment because the transmissibility at this boundary must be con-
served. This boundary can be described as transitional, i.e., going from radial to
rectangular. These surfaces represent radial flow (all the elements in the well block)
and linear flow (the reservoir outside the well block).

The flow through a curvilinear surface of an element is radial for an isotropic
porous medium in the vicinity of the well. To obtain the necessary consistency in

the transmissibility at the boundary between the well block and the remainder of the
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Figure 42: Cylindrical Mesh
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reservoir, we used the transmissibility calculated by the original reservoir simulator
(BOAST 1I) and distributed this to the nodes on the curvilinear surface with the
physical properties of the well block. Our approach uses smaller elements that fit
exactly into the space of the original well block which is “removed”, Figure 4.3,

with no overlap and no omissions.

4.5  Wellbore Vicinity Model

The accuracy of our representation of a well should be improved because the
FEM hexahedral elements used in the vicinity of the well block, as shown on Figure
4.3, represents the physical flow process much better. The pressure and saturations
»within the vicinity of the well obtained during the simulation can be used to rerine
mesh accordingly. This is a viable well model for others te consider. To interface
our new well block model requires the transmissibilities at the boundaries of the well
hlock plus either the well production or pressure historics. These histories may be
either actual or estimated.

The transmissibilities of the three phases (oil, water and gas) that are needed
for the interface between the well block and its neighboring blocks are already com-
puted by the reservoir simulator (BOAST II). These transmissibilities were used and
coupled our new well model with BOAST II. This coupling assumes Darcy flow at
all interfaces. Using this assumption, an average phase volumetric flow-rate can be
computed from the transmissibility for each face of the well block. Additional

details of this interfacing are presented in Chapter 6.
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CHAPTER 5. NUMERICAL MODEL

The approximation of the solution of the fundamental equations for the flow
of fluid in a porous media; i.e., an oil reservoir, requires a numerical approach. The
most popular numerical approach to the simulation of an oil reservoir is the finite
difference method. The primary reason for this is that this method is exceptionally
easy to understand and use. In addition, almost all of the early and many current oil
reservoir simulations are performed using the finite difference method. Finite differ-
ence simulation of reservoirs started with Peaceman & Rachford [4].

The first use of the finite element method (FEM) for oil reservoir simulation
used Galerkin’s method and rectangular elements. With rectangular elements, the
FEM has the potential to produce more accurate solutions than the finite difterence
method by using mesh refinement or higher degree polynomiais as basis functions.
FEM simulations of oil reservoirs began with Price [4€]. Although FEM has the
potential to overcome several known numerical deficiencies of the finite difference
method, its growth in oil reservoir simulation was slow. Eventhough the FEM could
be more accurate than finite differences, it was viewed as too computationally diffi-
cult to be practical. Much of the early FEM development has occurred in other
fields of engineering [10], [47], and [48]. Today, the FEM is often used for oil reser-
voir simulations [29]. We chose to use the FEM and Galerkin’s method because we
wanted the potential for increased accuracy. We also used hexahedral elements (3-

D) instead of rectangles (2-D).

35
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In the finite difference method, instead of computing a continuous, suffi-
ciently smooth function for the solution which satisfies the fundamental PDEs, aver-
age values are sought that approximate the average solution for a finite set of nodes
inside the problem domain. In the FEM, one seeks a solution function which mini-
mizes (Galerkin method) the integral of the residual of the fundamental equations
among all functions that are sufficiently smooth and that satisfy the boundary condi-
tions. One advantage of the FEM is the ability to handle arbitrary boundary geome-
try.

Another important feature of FEM is the ability to handle truly arbitrary
boundary conditions and to include non-homogeneous materials. These features
mean that we car: more accurately simulate oil reservoirs of arbitrary shapes that are
composed of many different material r;gions. These differert material regions could
have constant properties or properties that vary with spacial location. We also have

more freedom in applying boundary conditions.

5.1  Discretization of the Flow Equations

The equations for a finite element method oil reservoir simulation will be
developed. These equations can be used to approximate the triphasic flow of com-
pressible-variably saturated fluids through a porous media. The governing equations
for triphasic flow will be developed using the BOAST technical manual [5] as a
model. The equations that govern the flow of variably saturated-immissible fluids

through porous media are derived from combining the equation of continuity of
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mass equation and Darcy’s Law. The fundamental law of momentum conservation
cannot be applied to describe the fluid flow in a porous media because it would
require a precise knowledge of the system’s geometry.

The geometry of the porous space in rock is very complex and irregular, and
is not reasonably defined for oil reservoirs [46]. Therefore, instead of the momen-
tum, Darcy’s Law is substituted, which relates the fluid flow velocity components,
and the flow potential gradient for each phase using the fluid pressure P and the
porosity | of the porous medium.

Figure 5.1 represents flow of a fluid into and out of a single reservoir right

parallelpiped (hexahedron):

Dx

/‘| X
t.( x+0x 2
/'

y

Figure 5.1: The Coordinate Convention Follows BOAST’s

As shown by the arrows, the fluid that flows into this right parallelpiped
(hexahedron) at x is t_ and the fluid that flows out of the right parallelpiped (hexa-
hedron)at x+0x is t ., p.. t denotes the fluid flux and is defined as the rate
of flow of mass per unit cross-sectional area normal to the direction of flow. Invok-

ing various simplifying assumptions, the conservation of mass yields:
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mass_entering - mass_exiting =

accumulation_of _mass_in_parallelpiped (5.1)

If the parallelpiped has length Dx, width Dy, and depth Dz, then the mass

entering and the mass leaving are:
mass in = [(tx)tDyDz+ (ty)vaDz-t- (t,) DxDy]D: (5.2)
= /
mass out (tx)x . DnyDz + \ty)_v . DyD.rDz

+ (t,).

-
-

+D,D.tDy]Dt+quDyDth (5.3)

where ¢ is a source/sink term that represents the effective mass pumped into this
paralielpiped (a source) or the mass withdraw from the parallelpiped (a sink). Both
the sink and the source are “wells”.

The accumulation of mass in this parallelpiped of each phase p is the
change of concentration of that phase ¢, in the time interval 0t . If the concentra-
tion ¢, is defined as the total mass of phase p (oil, water, or gas) in this paral-

P

lelpiped divided by its volume, then the accumulation term for phase p is:

[{c,) ~(c,) JDxDy0z (54)

CP t+0¢

Mass In - Mass Out = Mass Accumulation (5.5)
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[(!x)nyDz + (ty)nyDz + (tz):Dny]Dt

- [(tx)x . DnyDZ + (ty)y . DnyDz

+(t.) _DxDy(De +-4DxDyDzD:)

z+0

= [(cp)t +0¢” (CP)t]DnyD:

(t-t).r +0x (t-‘)x- “.V)v +Dy (t)')v
—|: Dx -[ .‘

D: ] (5.6)

SR g B (5.7)

Each phase satisfies the mass conservation equation (5.6). In this formula-
tion, we consider three fluid phases: oil, water, and gas. It is assumed that a one-way
transfer occurs in the form of gas into either water or oil. The oil component refers
to the residual liquid at atmospheric pressure left after a differential vaporization and
the same for the water phase. The gas component refers to the remaining fluid.

The flux in a given direction can be written as the density of the fluid (r p)

multiplied by its velocity (Vp) in that given direction, where the subscripts used
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were o - oil, w - water, and g - gas. To account for volume changes due to different
pressures at the reservoir and the surface, a “formation volume factor” is introduced
for each phase (Bp) : Bp is the volume of phase p as aratio of its volume measured
at reservoir conditions to its volume measured at standard surface conditions
(60° F and 14.7 psia). The dissolved volume of gas measured in cubic feet (SCF) at
standard surface conditions per barrel of stock tank oil is given as the ratio R, and
R_  is the volume of gas measured at standard conditions dissolved in a barrel of

sSw

stock tank (STB) water. The units for R, and R_, are SCF/STB.

IS fOVo

(t)o =B (5.8)
0 .
»
Vv

My = 2

w B
w (5.9)
> > >

R t Vg R_r Vo R_r Vw
(t)g=g +sog +swg

B, B, B, (5.10)

1 rtogz
(vg) = -"_t'oa[”o‘ 1443 ] (5.11)

(5.12)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



41

1 re 82
= - - R A
(Vg).r - leg!x[Pg l44gc] (5.13)

Let'sassume g = g . Similar expressions for the velocities can be written for the

y and z components. Each phase mobility factor !p is defined as the ratio of

K
the relative permeability to flow of the phase divided by its viscosity, | p = H’E .
P
The phase densities can be expressed as:
¢ = [ +R_ ¢ ]
o Bu [/] SO0 g (514)
e, = —l—[r +R_t ]
woB tw swg (5.15)
-z
“¢ =B (5.16)
g
and the phase concentrations as:
I"55,
c, = B, (5.17)
lrHISMI
c, = —
w— B, (5.18)
S R_.S R_S
_ T8, 5070 “sww
g = ”g[B *7B, "B ] (5.19)
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where | is the porosity and Sp is the saturation of phase p. Combining these

equations!, (5.7) through (5.10) and (5.17) through (5.19), which perform volumet-
ric balances with respect to surface conditions, gives the following conservation

equations for the individual phase components:

0il
12, & vefly @ |e'ov a 12i 53,50
- +Co +=ee=V_ . |-q = ;¢
l.tho X0, !ygBo Yo, I:gBo 20, 90 !rg Bo 0 (5.20)
Water
r 1 arw 6 1 arw [} 1 Er“) 6’ Iajr“-s‘vs
~| =68 Vew: *38B Vywl TT2EE Vel [T T TR B 521
By, Yo 1yeB,, YWa 128, Iw,! e S, 2 (5.21)
Qas
L[:& Rsorgv sw'gv .l_i_ri&V +Rso'gv swrg ]
1x| B xg Bo xo Bw .rwJ l_\-lBg ve Bo Yo Bw YW
R R

1 [ Ef& + Rsoso + stsw‘z ] (5'22)

1. All densities are at standard surface conditions.
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where ¢, q,,, and ¢ g are the production rates of oil, water, and gas per unit vol-

ume of the porous medium.

The densities at standard conditions are constants, and these equations can be

reduced as:
Qil:
. . . IS 5
_[L¢L 5,tel, 5 lel, o'I_.({2='_§’_0?
l,:eBo xoe IyeBo Yoo |zeBo 0] 1, ”eBoe (5.23)
Water:
[‘elv Godely slat, ¢] % 12156 (5.24)
b Tre 68 Vywe YT Vawe [T S THEB .
l,reBw xwo I’eBw ywd 120 L‘w e | rw ”eBwo
Gas:
R_V R._V & vV R_V :
1& A . .0
__g_.(&+ SO XO Iw .KW?— g_“'&“’ 50 Yo SwW \W:-
1xi B B B 1vi B B B
V. R.V. R.V.5q S R.S R_S.;
127, 2 z 2 0
R 52
€ %g o w 0 rg e 2 o w @ (5.25)
(5.23) through (5.25), can be written:
? .
Luo 9o 121550
-R B "¢ ith 0 (5.26)
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B, 1, T VigB g (5.27)
| ? > g
R lug Rpu0 stuw',: g 12 Eg_ RioSo RewSw 0 528
"N *tTg T VT Tudle tTB tTB | (5-28)
178 o w ! g 0 w 1€
I D
where the vector notation represents:
=L L X (5.29)
N Up = ap * 1ylyp T 12lap

These continuity equations for each phase can also be found in [1], [6], or
[481.

Define a phase p potential, Yp as:

L =P (5.30)

Then we introduce a dyadic notation M,, My, and M to represent a ten-

sor of rank two for the mobility of each phase.
° 2>

Mo = a-lkkro) (5.31)
o

where (zliro) is the permeability matrix whose terms are given individually by

1. The density is in Ib(mass)/f> and the division by 144 converts this into psi.
A density of 1gm/cm3 = 62.41bs/ft3 .
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the product kijkk where k;;; is alocal absolute permeability and k,, the rela-

ro’

tive permeability of oil, and m  the viscosity of oil. A similar dyadic can be devel-

oped for the water and gas phases:

1 .»3
My = —(kkpw) (5.32)
w
Mg = ~(khrg) . (5.33)
&
Then let:
; _ ﬁ’g _ kro
o= = ™
Bo BT, (5.34)
< oM, K
by = 'Bfw = B L. (5.35)
w W oW
LooMe A
g = = .
8 5.
Bg Bgmg (5.36)
and the Darcy velocities may be written as:
vo = My RY, (5.37)
hw = =My, NY (5.38)
Vg = Mg Y, (5.39)
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Using this notation, (5.26) through (5.28) become:

N q 12]50"
o 0@
* A, 1215
. _lw 127w
N - RY ) s "ngé (5.41)
7 : . 9
N llg ' NYS +Rsoj0 . NY0+st!W ) NYW]-}J&:
S R_S R_S 5
,l,[itg&*"—-';’ 24T W?} (5.42)
€%g 0 w 9

Equations (5.40) through (5.42) form the required system of partial differ-
ential equations for triphasic flow in the “black oil” reservoir system. Exam-
ining these three equations reveals nine unknowns, namely, ¥
Yo Yg, Ko K krg' Sor S and Sg . To solve these three equations will

require six auxiliary equations to obtain a general solution. The first four of these

auxiliary equations are:

km = kro(so' Sw:l (5‘43)
krw = krw(su' Sw) (544)
krg = krglSqSy) (5.45)
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SO+SW+Sg= 1 (5.46)

The remaining two auxiliary equations come from considering capillary
pressure. “Capillary pressure exists because of the interfacial tensions between the
liquids and the contact angles between the rock and the fluid phases. In general, a
capillary pressure associated with two fluid phases is defined as the difference
between pressures of the nonwetting and wetting phases. Because we have three flu-
ids (oil, water, and gas) flowing together it is necessary to introduce two capillary

pressures, ...” [48]. The capillary pressure of ocil-to-water P_.,  and the capillary

w
pressure of gas-to-oil P, g0 T€ what we will use to express these capillary pressures.

-Equations (5.40) through ¢5.42) have representing the phase

YorYw g
potentials and representing phase pressures P, P, , and Pg these unknowns can

be reduced with the use of capillary pressures:

Peow = Po=Py (5.47)
Pr:go = Pg-Pa (5.48)

Experimentally P (capillary pressure of oil-to-water) and P cgo (capillary pres-

cow

sure of gas-to-oil) can be measured and are assumed to be functions of S, S, and

w'

\) o only. Using these equations and (5.30), the water and gas

potentials are:
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|
“°

g 0o " cgo
r Z
(4]

yo - pn,,l_

48

(5.49)

(5.50)

(5.51)

Combining (5.49) and (5.51) with (5.40) through (5.42), we obtain the following oil,

water, and gas equations:

Qil:
- 2 2l 0265 4
N (lp - NPy) -8 clo Ropope: -
vo
Water:
3 8P ) - - fEw
(- NP,) - elw ém+Pcowee
Gas:

- r Z.
. . N&@ ge
N-1lg NéP0+ch - +R

o~ 1440

- r Z

-Nep _p w2

¥
+stIW ¢ o cow 1440]r

4

s 1 -*f&,,
BT Ing

|
so9

(5.52)

(5.53)

(5.54)

Equations (5.52) through (5.54) and (5.46) are the equations to be solved for P,
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S,.S,.and S . All other physical properties are known either as functions of the

w?
unknowns, or from field and laboratory data. In the IMPES procedure used in our
FEM-BOAST model, we first obtain an implicit solution of one of these equations

for the pressure P,. To do this we will combine the flow equations (5.52) through

(5.54) and (5.46).

Since
So = 1=5u=5, (5.55)
we have:
ds ~ ds;, ds, }
_— m—— -
dt 4t dr (5.56)
and
12155 15, S 4 ey "By
‘_'GE-Q Bo KT R ”+150xe,-;5 ’a (5.57)
. . 1P
1 d 0
L_4.._9°
1t dP t (5.58)
[/
1B dB_ 1P
o 2 _o0
W =, T (5.59)
Therefore,
1295 _ | Sy Soq d5'P0 oeBy5!”
B, ~ B, 11 B_¢dPo i onpa (5.60)
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1S . dB ;1P
=l|e,sid 100 o (5.61)
B,| 1« “ofjdP, B dP_ 4 1t g

Similarly, we have:

l?’ we i i“giﬂ B 18, (5.62)
“éB,, B, W Bt 8% ! T
. . P
1 d 0
T= ;Tf’L T (5.63)
o
'8 dB. 1P
w w _ o
KRR NT (5.64)
[
lajsw‘.j i '—‘Sw s 2] d; 1 dBw‘SIP()q (5.65)
ot ir-aat BE e et s T Y .QD
10§Ba B, tt “widP, B dP , nJ
For the gas equation, we treat it as three parts.
S, R.S R_S 5
1.2 wo
J| &g Tsoo swiwdi
s +—+——::| =L, +L,+L (5.66)
u[ 8, B, B, o 1772773
where L, , L,, and Ly are as follows:
S5 S, 1S [S 1B
po=ita el s Uele (5.67)
1 ”eBga Bgn B‘g 1t g2 1t
8

By using the following two equations:
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Y_d o

1t dP_ 1
0

1B dB P

8 __8_20©

1 dPo 1t

we have:

- 1r

S - 1P - 1S S rdB 1P
- _&[L‘L]_"+_L_& Pe[Zg] o
B 1 Bg 1t g2

LR S . dB 1P
_ J__'.&J,‘_s[i_di__L_s]_z
Bg t Bg jdP, BgdPOJ tr

RsoSoLi 5p'Rso 1R51S, IR,S

[44 S0 0

vl &

= - —
[ dP,"ap_ "B, dP,
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o [+ [2] o

So[Rso dj dR, R 48,17, szolso
= 22,39
1t Bo

51

(5.68)

(5.69)

(5.70)

(5.71)

(5.72)

(5.73)

(5.74)

(5.75)
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_ RowSwrj 154 'Ry ]st'_‘si' lewsw‘_f_v_;_/ 5.76)
=B u'B_1r "Bt g2 1 G.
w w w w

= ls_“’[l‘ri"_d.l_P d_R.SW_Ii‘ﬁd_B‘V:Ii’+JR3“’ﬂV (5.77)
B, | dpP, dP, 8,dP, |1t B, U
Combining L,L,, and Ly we have:
1S jR_1S JR_1S
Ly+Llo+l, = =L, 22 0, SW W,
17 =27 "3 Bg” B, w B, 6 u
85 % Rt e
B, dP, B dP, " B, dF " B, dP,

RSOSOBg 1 dBa+stSng_:_lj_+Sw8g‘lR5w
g2 BgdP,” B, dP," B, dP,
_Bg stSWdBw§ _‘_&
B2, 4P, ' (5.78)

15
(5.46) is now used to eliminate T;E from (5.78). Differentiation of (5 46) by ¢

and rearranging gives:

15 1§ 1§
o w
EARRSTRETS (5.79)
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substituting (5.79) into (5.78) and simplifying:

so_ 8% 28 315
]

RypS o_lj_ JS Reo oJRsoi
1P BZ 1P B 1[’ B ‘PO 820 'Po

stsw_lj_+ls Rsu IR.vaw|Bw§1‘f’£ (5.80)
Bw ‘Po Bw 'P BZW ‘Poﬂ 1 .

Equations (5.71), (5.77), and (5.80) are three equations in three unknowns
P,. S, and S,. Multiplying (5.71) by (B,~R.,B.} (577)by (B, ~R,,B,).

(5.80) by B 2 and adding:

(B,-R B, iL, +(B, 8g)L2+BgL3=

g “Rsw

15 i 'Sw

! [
(B -R_B )——+(BW-RSWBS)B =TS
[] w

8 aszo 815, ajR '3,
+B ¢—— - o=
8B, By 't 8§B, By \
S, 4 IS1B1P,
23
+(B, - R, 2'98 P Bzwola r
+(B R B ):_w._‘l. J_Sﬂ‘_B_W?IQ
woTswhgliB 1P, B&'Paé 1
. 2d ”_S Jﬁg_ g 5001 BylS "Rso
$i° "B P, " B 1P "B 1P
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SoJRso'_l_gg & sw Wi BSJSW'st

+ +
320 ‘Po Bw lPa Bw !Po

'IBgstSW‘Bw§ &
BZW ‘Poe 1t

After simplification:
- \ . -
(8, R;,BglL, +(8,, stBg)L2+BgL3 =
S 1B B 1
, IR P LALY
[\SO+S“,+~Sg)I SR +15‘0§B P

P o g o o "o
A B L T _l-‘&ﬂ‘_fe
Bo"pu@ x WeBw 1Pa BW‘POéJ 1

Compressibilities of oil C , waterC, , gas € . and rock C :
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(5.81)

(5.82)

(5.83)

(5.84)

(5.85)

(5.86)
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and the total compressibility:
C, = C,+5,C,+5,C, +5,C, (5.87)
Employing these definitions in (5.52) through (5.54) and (5.46) in (5.82)

' q
L. 03 [
(Bo-RsoBg)[N kg \P0+coo_—]

r
[+ osc

! q
B W
+(Bw-stBg)|:N k- z=NP +CG - ]

r
w wsca

+8B [N‘f:'
8

- R

! R._' R !z q
L300, WWIRp vcG &
Bg R, B,6,qa ° g r

. ‘Po
where
&° er'ozaé (5 89)
CcG, = -N glo Ng 144;”-,
y.a et 68
CGW = -N" g'w : ém+PcoW08 (590)
and
- r Z. - ar' Za
_N-2_ -Re _80 _ 2
CGg =N élg Nécho 1449 Rso"’Ng 144,
- 2.
2 W oo
RSWIWNéPC0W+ 14408 (5.91)
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We assume that the capillary pressure for oil-to-water P, is a function of

the water saturation only, and the capillary pressure for gas-to-oil P, 20 is a function

of the gas saturation only. Then:

e = Jeow MPeow k‘Pcow (5.92
cow =Ty Ty * 1z 92)
15 15 1S _dP
W A W p _Wo__Cow
= 8— 4 j—+hk—0—— (5.93)
¢ Ty 1ze dS,
or
. dF
cow g .
NPCOW = —'JS'.;-NAW (5.94)
and
"Pego 'Pego ! Pc&)
— * A g
Ncho =it +k i (5.95)
e e S e
= ety Yy ke ds, (5.96)
or
ch 0
Ncho = —S—dsg N.S‘g (5.97)
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Equation (5.88) is the pressure equation. Our approach solves three-dimen-
sional triphasic flow by implicitly solving equation (5.88) for P, then explicitly
solving equations (5.61), (5.65), and (5.46) for the phase saturations at each time
step. The Fortran source code of BOAST II and the computational implementation

of this IMPES solution is presented in Appendix A.

5.2 Finite Element Formulation

In the finite element method, trial functions composed of a linear combina-
tion of shape functions are used to approximate a solution for the problem domain’s

{e)

pressure and saturation. The shape functions N]:e are initially localized over single
elements and then these trial functions are jnined together with trial functions of
adjacent elements in a process called assembly. In the approximation of pressure for
each element Po(e) (5.92), of saturation for each element So(e) (5.93), and Sw(e)
(5.94) a linear combination of shape functions are used but all of the independent
variables are not in the shape functions. Using the classical separation of variables
technique, the shape functions are constructed to be dependent upon the spacial vari-
ables and their coefficients to be dependent on time. The approximations for P o(e) ,
So(e) and Sw(e) follow.

The element trial solution for the oil pressure:

ple), Z plediamel(x,y, 2) = : PN. (5.98)
o . J J .
j=1 =
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The element trial solution for the oil saturation:

ste), ¢ lsc(,j)(t)Nj(e}(x. y3) = j=¢ St (5.99)

The element trial solution for the water saturation;

n n
slely 4 Sf.fj)(!)Nj(e)(-r..v.:) = & SN,
=1 j=1 (5.100)

The element trial solution for the gas saturation:

n n
(e) sle)l nntelie v 2] = ‘N
sg ,‘e 53 _z)A.J\ ix,y,2) -a SN
i=1 ji=1 (5.101)

The same trial functions are used for the fluid density but these have coeffi-

cients which depend upon the depth (z). The approximation for r is:

ry & (ronjN}e)(x. yz2) (5.102)
where the Nj':’ (x,y, z) are the shape functions and n is the number of degrees of
freedom (DOF) in each element (hexahedral elements are used).

It should be noted that our pressure and saturation equations are highly non-

linear and are coupled. Each solution of these equations will result in a distribution
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of the pressure P, oil saturation S, and water saturation S for the problem’s
domain at a given time. Then the problem is solved step by step in time space.

The discretization of a problem in the finite element method begins with an
element formulation for each equation as follows.

Conductance Term:

o (N (1o NP_)INaV (5.103)
v
where
1 1 > 1
N = 7-'-;+},—y+k§ (5.104)
n .
5 Pleifn. 5
NPO;,;'J PJ\ NNJ (5.105)
Using Green’s Theorem:
000(M2g + N - Ng)av = oofi8da (5.106)
v s

000(M2g)dv = ~300(8f - Nglav + ébf:_fdA
£}

v v

(5.107)

Green'’s Theorem applied to the conductance term:

(e) - (e) -
o N-(Io- NP JNAV = -0 (Ip-RP,) - AN dV

\4 v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



60

(e) .
+ 0 (g NPO) : 71N‘.ds (5.108)
5
>
where 7 is the unit outer normal vector to the surface S of an element. Observe
that I, - RP_ is the oil flux, and we represent this oil flux normal to the surface S as

tle)

o . (5.109)

¢ Nyds (5.110)
5

For sufficiently small time steps and elements, we assume that the flux on
each face in an element ¢ is constant.
For a quadrilateral face of a hexahedrai:

(e) tiela

el =
el'o was = 2

(5.111)

5

That is 1/4 of the flux is assigned to each node of the quadrilateral face of the hexa-

hedral.
Then assuming a medium with no mixed permeability terms

(k. k. and k) produces:
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(e) . (e) n
—é(lo'NPo)-NNidV.-a 8 (1,,.0 NN) NNdv
v vi=l (5.112)
n i(c)
= 8 10 [l NN ) - BN, ]av
PP e (5.113)
Lt e
’"Bomojjl ¢ él_( rolxl,:' ( ro) 1y

“iile MR} AN AV (5.114)

n ) INAN,
= - s g 6 l( R
‘ r()“ Ix 1re

INAN. INAN.
+3(k ) Lo eg ) —1—‘°]dv (5.115)

ro'v ‘) ‘\0 e fo:" Iz@

let,
(e) INAN, INAN, ININ,
Al(?)=6—l[( e K;———l (x)—'—-l]dv
7] Bom ro‘y1x 1x re‘y iy 1y ro’- 1z 1z 6 116)
Gravity Term:
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(] "IN S n ..(e) "5
-0 [N tlo - G M??]N.dv R
j=1 (5.117)

let:

r, (K,.a) (CJIN
D, = —m B,m_ 0 Jodv (5.118)

v

Injection/Production term:

We can either handle all injection/production with the flux terms or choose to
use (5.119) as shown.

Saturation Capacity Term.

(e )_J_e % _.L(e) A e_.l 0 L » 'S_“’Ié(e)

; 2
aT ONav 3 6 FANINAV G b [é o NNdV] (5.120)
v 2vji=1 "j=l v

(e) 15, i E&[“(e)
0 2% N.dV) a [ﬁ" 0 6NNdV]
, Bt 112 Bojoql® 118, (5.121)
(e}
o EL o NNdv
oy (5.122)

Compressibility Term:
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let:

(e) . | 1B, P, VP, 1P
5 -g-[c e ][ s —2_5 ——]Ndv

63

(5.123)

(5.124)

The following saturation trial functions are to be solved at the kh timestep or

the previous timestep represented by the k superscript:

\
SSe” ° ()M

S;C/ v[ O l(Sk;l i

-~
'
—
i~
U

~—

(5.126)

(5.127)
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(e). - n .
~op b (sk)Ng 6 3O N Nav
vil= =1 J
noipig ™ {e)
- 4 ‘g—o.g ] ( )IoN'VNdV
=1t 10 L
d (5.128)
jco n P (e]
R TIIL NNdv
oj=1 Jy
n
21P5 & T
PRI [‘w z°N N/""] (5.129)
J =1 =1L
Define:
, (e)
flid) s NN;av {5.130)
v
and
(e)
FACY R NN NdV (5.131)
1%
Then:

ja (e 1p 1P 1P,
6[—-9--3 —2_5 ] nielav

jqo. n ~ n
Lol @%.[ b [(5),+ (58, rylai ]
=1

noips J]
2280 !
j=1 0
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joo n n I k k . . l_] .o, 1P5
5 l[a,= FCARERATY z){fz(z.n}g,—,gj 5132
(e) jar m g £y ek i
oly= ) (5.133)

The element stiffness matrix components for the oil phase using a dot to rep-

resent the partial derivative with respect to time:

1 . R sy ¢ \
AI(J?)P;‘* +COI(J?)I{,+ Cii{Sw+Sglj+ aie)+plel = 0 (5.134)

The element formulation for the water phase begins as follows:

Conductance Term:

(e} . te) . s
=0 (b NP} -ANdV+ 6 (4 RP_) - nNds (5.135)
1% 5

tle) = (1, - NP} 2

(5.136)
(e) (e) tlela
o )N dsytlel o Nds, =
; s (5.137)
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n e INAN

1 i

- & P.o [(x ) i

rwietx 1V

w Hr'j_.__l j v x t X
IN.IN. IN.IN.

AT Y it s
L TNT: 1K) 37 Jev (5.138)

e) ININ ININ, ININ,
R \ i A SN
H‘(j - -mew 0 (K"W't‘t 1x I"W)yl} Ty *a rw)~ 12 l:]dv (5]39)
v
Gravity Term:
R T n el wWE
-oR glw NgmésNidV = § H‘-j'[m}i (5.140)
J=1
NS Ne’_'w_366 (e}
., glw glM;;NidV =D, (5.141)
Injection/Production Term:
(e)q
w
-6 =NV = ole) (5.142)
v w
The oil saturation equation is:
B Dt
0o m+1
j [[Aij](Po)j +D,;+ on]*‘"ﬁ; =
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dB
m+ | e 1 008 ym+ 1 mg
Soj l:“'g(‘r B dPoa (P j (Po)j a]

Similarly, the water saturation equation is:

dB ;
m+ 1 & 1 wo "
S . 1+¢C _—.-__,?(p )rn-t-l_(,, ){no
[ $°r7B_dpP_ze'0 o)'o

Using (5.54); the element formulation for the gas phase begins as follows:

(Conductance Term is:

(el . ()
o N (g NP NV = - ¢ (i Np )N av

1 4 v

té(;) ={ig-Np,) n
{e} tlela
tle) s Nds = £—
i 4
5
(e) . n i(e) . ;
-o(lg QP ) -ANAVy- & | [(lg-NNj)-NNi]dej
v j= 1ty c
e )
)—Bgms;': 1Pj delfrg i

67

(5.143)

(5.144)

(5.145)

(5.146)

(5.147)

(5.148)
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IN!N INAN,
1K) Ty + K ) T o
yly 1y 8'z1z 1z
(5.149)
let
(e) INAN. IN.IN. INAN,
Ele) = 6[ B, ) T+ ) e (k) A v
L Bgm, x e gy ly 1y S rglz 1z 120 | (5.150)
Capillary Term:
(‘)(IP dP (f) .
“"[Q u ﬂS\INdV:-d—;.&'{)(ﬂ-(!,,'ﬂsg))N,dV (5.151)
ap, (e ap, lej .
_-ES_ 5 (! NS ) - Rw dvT-EL 3ilg ng} nds (5.152)
Y 8 s
as before,
dp_, te! .
-3 o (lg Ns, ) NNdv
8 v
S [
P ; \g)j\g)?( )ifs.w
d e 1 1
aSg 1 =18gMg ¢ TExTx Ix
IN.1 INJIN.
(6,) o+ (6, ) i Jav
yoy e e (5.153)
{e) ap IN.IN. IN.IN. INJIN.
e)o 5 <8O i i i
G'(f o ngBgmg[( rg'c1x 1x +(’Krgy1y 1y +(Krg): 1z 1z ]dV (5.154)
1%
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Saturation Capacity Term is:

n (f)

_le )EJ__. - il
TNy == b 0 g I v 6.155)
j=1v &8
Let,
() .
fo=-0 -LNNdV (5 156)
v
Gravity Term is:
(e)r’ e N _8.. " e)rr a \e) (5.157
- ¢ Neglg NdV——éE D AD
LR T ) - >
Injection/Production Term is:
(e)q \
-6 ';&N‘.dv = Qéf) (5.158)
v 8

Finally, using the finite element equations that we have developed for three-dimen-

sional three-phase fluid fiow, the IMPES pressure equation is:

|
(B,-R B)[N»k-iﬂpo+coo-q—"]

S0 B r
g o osc

+(B_-R__B )[N k- —NP +CG -rqi]

wo Tswig
B, wsc
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(5.159)

After substituting and reducing terms, (5.160) becomes:

n+l 1
(B,=Ry,By) I:Al(je)Pj +D£‘;)+Q‘("~;)J

n+1
+(8,,- stBg)[H:(je)Pj + DSV"‘) + Q&f)]

! 1 .
+Bg[5}ie)Pjn*l+R5n";{icJPinF] R H(")Pn+l]

swotf

-1 _L—_..i.. [
+Bngi+BgQgi'|C (£.160)

-
&
~

[ .

Collect terms,

i
! e
:_D:[(BO - Rng)Al(j )(8,, - R,,8,) w(e:

+BElf)rB R Ale) R Hle) |-ic, "
D

= D'(Bo—Rsoeg)[Dz(a?) * Qt()f]l

+ (Bw _stBg)[Dtl(DS:z) * Q'(Vel))
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+agol[0§g) + Qg)] -ic,p (5.161)

After simplification; the IMPES pressure equation becomes:

gon+1 n
Dl.BoAj+B Hyj+ B, 5( ) _ic ,)pj = fl}- 1C,P; (5 162)

where,

fly = D'(Ba—RsoBg)[Dgﬁh'QS)?)l

+(B - 0 (ple) + ofe)) +B, n;[o(e +Q( )| (5.163)

w™ Rsw g

To write the stiffness matrix in 4 compact form.

(X] = E;BOAU+3wHiJ.+Bg5,(J.¢’i-,cr;ﬁ: (5.164)
and
[ale)] = 1, - jctPj" (5.165)
then
[xI[P{2}] = [ale)] (5.166)
or
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[Ple)] = [x]1[pale)] (5.167)

The size of the stiffness matrix |X| depends upon the number of nodal
points in the mesh, which has a major impact on the accuracy of the solution. This is

the pressure equation that we soive for implicitly.
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CHAPTER 6. COMPUTATIONAL MODEL

An available public reservoir simulation model, BOAST I (Black Oil
Applied Simulation Tool), was modified to better simulate the conditions in the
vicinity of the wellbore. The U.S. Department of Energy released the original black
oil model named BOAST in 1982. BOAST II was released in 1987 to provide more
flexibility and to overcome some limitations of the original model. Our research
uses BOAST II as the reservoir simulator to demonstrate our results. Often we refer
to BOAST II simply as “BOAST.” We recognize that this reservoir simulator has

several drawbacks, some of which are;

« BOAST Il is based on the finite difference model, which divides the entire “res-
ervoir” of interest into blocks. Its mechanisms to simulate areas of high activity
are not accurate. For production in the vicinity of the wellbore, we added our
finite element code, creating more nodes in this region where most activity

occurs, especially within the first 20 to 30 feet of the wellbore.

» BOASTII calculates one average pressure for each mesh block in the reservoir.
To model the highly changing region in the vicinity of the wellbore more accu-~
rately, the finite element equations from Chapter 5 where interfaced to demon-
strate and produce better results for this region. Then for each timestep, in the
simulation after the FEM pressures and saturations were computed at nodes in
the well block, the FEM pressures and saturations obtained are averaged and

inserted into BOAST II to improve the average values for the well block.
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* A major problem with BOAST Il is that it uses IMPES without any iteration to
solve for pressures and saturations at each timestep. The BOAST II results for
some simulations are well known to be in error and the problem has been identi-
fied as IMPES. That is BOAST II answers have been compared to other reser-
voir simulators that use fully implicit solutions and this identified the problem.

We are interested in better simulation of the activity in the wellbore vicinity,
thus our FEM model of this activity spends its computational time accurately simu-
lating the flow within this region. BOAST II does not support the simulation of the
wellbore vicinity region and our FEM routines where integrated into BOAST Il to
allow the study of the wellbore vicinity region. Earlier work by our research group
had developed fully-implicit finite element (FEM) equations for two phases and two
dimensions. This research simulates three phases (oii, water and gas) for three.
dimensions using an implicit pressure / explicit saturation (IMPES) solution for our
FEM equations.

The IMPES method implicitly solves for the pressure distribution at each
time step, then uses this pressure distribution to explicitly solve for the saturations at
the same time step. IMPES requires less computation per time step; hence it is
faster than a fully implicit solution for the same problem. IMPES also requires less
storage than the fully implicit formulation. However, the solution obtained by
IMPES is not as stable as the fully implicit method for many simulations. This is

specially true in simulations in which there are rapid changes in saturations that
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result from high flux rates. Our model was sensitive to this problem but its effect

was reduced by either adaption of the mesh or a reduction in the size of the timestep.

6.1 System Requirements

Our FEM well vicinity model can be interfaced or adapted into other simula-
tors for which we have the source code. The FEM well vicinity model is written in
Fortran 77. The well vicinity model was designed to be modular so that important
routines, e.g., the mesh generation routine MESHGEN, can be easily replaced with
one that includes dynamic adaptive meshing. No external libraries are required, i.e.,
it is self-contained. The input datafile for BOAST II is used and the formats shown
in Appendix B and Appendix C are examples of this.

Our FEM well vicinity model was designed to use the BOAST [I data with-
out any additional input data except adding the location of the well block to be mod-
eled.

6.2  Simulation Process

Reservoir simulators are engineering tools that require some training before
use. Reservoir simulators provide many useful estimates for reservoirs and well
models. These estimates, together with economic evaluations, are used to make
improved management and field decisions.

The major steps in a simulation are:

* Input data gathering

« Simulation runs
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* History matching
» Reservoir predictions

6.3 Input Data Requirements

All the necessary input data for one execution of the BOAST II simulator are
contained in a single file. A complete description of all possible input data is con-
tained in the BOAST II manual [S].

6.4  Coupling of Well Vicinity and Reservoir Simulators

After BOAST 1l establishes the reservoir being simulated (initializes its
tables, arrays, etc.) and completes the simulation of the first time step, our FEM well
vicinity model begins its execution as shown on Figure 6.1.

BOAST II calculates one average pressure and one average saturation for
each phase for the “center” of each block in the reservoir for each stratum. The
wellbore vicinity model uses these average values from BOAST II as input and fur-
ther processing. The first time our model is called after BOAST II completes the
simulation of the first time-step, it generates the finite element mesh to be used, ini-
tializes each nodal pressure and each nodal saturation for all phases in this finite ele-
ment mesh.

All the initial values for our model are obtained from BOAST II, e.g., reser-
voir properties (permeability, porosity, etc.), reservoir pressure, saturations, etc.
These are used as the initial value to estimate behavior within the well vicinity.

After each FEM computation (each timestep), the FEM model computes an average
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Reservoir | Initialization !
Region T
Madel Time-step in BOAST” i

—

: ttitime = ttitime + delt
]

—
| BOAST calculates average
pressure and saturations

‘ - FEM Well

i Calculate boundary pressure . Region Model
; and saturations using the |
E | values from BOAST
i
| reduce the time step ‘
if desired. '
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|
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|
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. and saturation. insertback |
| into BOAST JI

Figure 6.1: Interfacing our FEM model with BOAST II
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for the FEM nodal values of pressure and each saturation, and inserts into BOAST II
a single value for each of these per stratum for use in the next BOAST II time step in
the simulation.

The pressure and saturations at each node in the wellbore vicinity are initial-
ized to the same values for the BOAST II wellblock. After this initialization, all
nodal pressures and saturations computed with the wellbore vicinity model are
stored and kept for further use when the FEM wellbore vicinity model is called
again.

To interface our wellbore vicinity model the following transitional mesh was

used at the boundary of the wellblock for the three layered problem:

; 2 3 4 5

6 7 8 9 10
11 12 13 14 15
16 17 18 19 20

Figure 6.2: Wellbore Boundary Interfacing with BOAST II

Figures 6.2 and 6.3 show the FEM nodes per layer at each of the vertical four sides

of the boundary of the wellbore vicinity model. The flow rate per boundary node at
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for these nodes the nodal Qs at the
interface boundary of the reservoir with the wellblock
stratum 1 and 2; or stratum 2 and 3 are added

each of these nodes only Q/10
for each direction e, w, n, and s

Figure 6.3: Determination of Nodal Fluid Distribution at Wellblock Interface
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the interface was computed by using values from BOAST II and distributing these
values as:
Q(layer#1 from BOASTII)/ 10=
Q, per node at wellbore interface for layer#1
Q(layer#2 from BOASTII)/ 10 =
Q5 per node at wellbore interface for layer#2
Q(layer#3 from BOASTII)/ 10 =
Q5 per node at wellbore interface for layer#3
The nodal values for the interface flow rate are determined in our FEM model as fol-
lows:
q (node 1,2,3,4, or 5) = Q,
q (node 6,7,8,9,0r 10) =Q, + Q,
q (node 11,12,13,14,0r 15) = Qy + Q3
q (node 16,17,18,19, or 20) = Q3
for each vertical interface surface.
6.5  Wellblock Nodal Pressure Distribution
This 2-D areal view for one stratum (k) of the wellblock using BOAST II
indices (i,),k) is shown on Figure 6.4. In BOAST II a wellblock is identified by
selecting one value for the indices i and j and allowing k to range over all its values
(one value of k for each stratum). In BOAST II the block containing the well shown

in Figure 6.4 is (i,j,k) and the FEM interface nodes that were used are shown as
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nodes 1 through 8. Nodes 1, 3, 6, and 8 are at the corners of the (i,j,k) block and

nodes 2, 4, 5, and 7 are at its mid points also shown on Figure 6.4.

(-1,j-1.5) (-1,4.k) (i1 j+1,K)
3 5
(ij-1,k) 2 Ggk)y 7 Lk
I . 4 6
(i+1,j-1,k) (i+14.k) (i+1,j+1,k)

Figure 6.4: Wellblock with Indices (i,j,k)

For Case 1 with the well located in reservoir block, i=6, j=5, k=1, or block
(6,5,1), the BOAST II-FEM interface pressure to be used for node 6 for example, at

each timestep, is calculated as follows:

..oy Y
R% _ [dx(:,‘{, k)] +[dv(:,4{, k)] ©6.1)
R% = [[d.t(i,j, k)] + [d::(i"‘ l,j+ 1, k)]lz (62)
LU j k)] +[dir(i+ Lj+1,&)]]2 63)

Then,
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Pe - P(i.j. k) _ P+l j+ 1, k)= P(ij k) (6.4)
logRl - |°8R2 .

simplifying,

. rlogRl )
Pg = [Pli+1j+1,k)=P(i j k)]l ]+P(i.j,k) (6.5)
L

logR,

where the “P(i,jk)’s” are the pressures, the “dx(ij,k}’s” and “dv(i ) k)’s” are the
lengths of “x and " for each block calculated by BOAST II at each timestep. The
nodal interface pressures at other nodes shown on Figure 6.4 are calculated in an
analogous manner. Any additional nodal interface pressures are obtained by a linear
interpolation (average) between a corner (such as Pg) and the appropriate (closest)
mid-point pressure. The FEM-BOAST I{ interface saturations tor each phase (il,
water, and gas) for all eight nodes, are calculated analogous to the pressure using
phase saturations between the appropriate blocks in BOAST IIL

For Case 2 the wellblock is located on a corner of the reservoir as shown on
Figure 6.5. The pressure for FEM nodes 2, 3, and 5 are obtained as in Case 1 with-
out any modification. But equations 6.2, 6.3, and 6.4 must be modified for use with
nodes 1 and 8. This modification is required because BOAST II pressure
P(i+1,j+1,k) does not exist for Case 2 because node (i+/j+1,k) falls outside the
boundary of the reservoir.

The pressures for nodes 1 and 8 are obtained by “reflecting” the appropriate

BOAST II pressure so that the existing formulas can be adapted for use in Case 2.
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“Reflecting” means P(i-1,j, k) is alsoused for P(i-1,j+1,k) to determine
Pg and P(i,j-1,k) for P(i+1,j-1,k) toobtain P, in Case2.
To interface our FEM model to BOAST II requires equations 6.2, 6.3, and

6.4 to be modified for node 8 as:

R? = [dx(ij k))2 + ['i.t(i-l,j.;. L k) ]2 )
NE) ENA} k)2 -

where “dx” and “d)” represent reflected lengths that are consistent with the reflected

pressures. Then,

Py—Plij kY _ 'P(i-1,j+1,k) - Plij k) 6.8)
logR; logR,
7. . .. logRl ..
Py = [Pl s 1,k) = Pl O] oot ]+ Pasi &) (6.9)

where P(i,j k) and 'P(i-1,j+1,k)' are calculated at each timestep by BOAST IL
The pressure for al! FEM interface nodes at the actual FEM-BOAST II inter-
face, nodes 2, 3, and 5, are calculated as in Case 1. The remainder of the wellblock
boundary nodes for Case 2 do not actually require interfacing with BOAST II
because the boundary nodes 4, 6, and 7 are no longer on an interface with the simu-

lated reservoir. Nodes 4,6, and 7 in Case 2 are actually located on the reservoir
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boundary and are considered internal boundary nodes for the FEM wellblock vicin-
ity model by specifying a zero flux for each of these three nodes.

The pressures for the remaining boundary nodes are obtained by using the
distance x for the node from the corner (node 3) of the wellblock with following
interpolation formula:

(- )
node = T o *F Py (6.10)

where, 1= 1 or 8, Dx is the length of the wellblock side and x is the distance of the

node from comer (node 3) of the wellblock along this side, Figure 6.5.

(i-1§-1.%) {i-1§.k)
-
{ 5 8
(g-1.ky 2 (i3.k)
b 4

Figure 6.5: Wellblock (10,10,3) with Indices

6.6 Transmissibilities

The BOAST 1II calculated transmissibilities, saturations and pressures are

used for both the initialization and then for the interfaces at each timestep between
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BOAST 0 and the wellbore vicinity model. After transmissibilities are calculated,
by BOAST II, they are subsequently used to determine the volumetric flow for each
phase at each interface of the wellblock. The volumetric flow for each phase is cal-
culated in the BOAST II subroutine SOLMAT and stored in arrays for this interfac-
ing. These values are read once at the start of the simulation.

The transmissibilities for the gas phase calculated in the BOAST II subrou-
tine SOLMAT were not saved but are used here to explain the BOAST notation.
Because the transmissibilities are required for interfacing, six arrays were added to
store each phase transmissibility for each stratuh at the wellblock boundary. For

example the gas transmissibility is:

GW (ij.,k) = AGW gas west-face
GE (14.k) = AGE gas east-face
GS (i,),k) = AGS gas south-face
GN (i,j,k) = AGN gas north-face
GT (ij.k) = AGT gas top-face
GB (ij,k) = AGB gas bottom-face

Similar arrays were established for the water and oil phases using analogous nota-
tions of w and o for g.

Next, an average volumetric flow-rate for each phase is calculated for the
“BOAST II side” of the wellblock boundary. These volumetric flow-rates will be

distributed for the “FEM side” of this boundary as previously described in section
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6.4. That is, for wellblock indices i and j fixed, the flow rate for each layer (k) into
the wellblock is calculated. The arrays used to store these flow-rates are:
Water Phase
QWW (k) =DP1 * WW(,j k)
QWE (k) = DP2 * WE(,j,k)
QWS (k) = DP3 * WS(ij,k)
QWN (k) = DP4 * WN(i,j,k)
QWT (k) = DPS * WT(i,j,k)
QWB (k) = DP6 * WB(i,j,k)
Oil Phase
QOW (k) = DP1 * OW(i,j,k)
QOE (k) = DP2 * OE(i,,k)
QOS (k) = DP3 * 0S(i,j,k)
QON (k) =DP4 * ON(i,j,k)
QOT (k) = DP5 * OT(i,j.,k)
QOB (k) = DP6 * OB(i,j,k)
Gas Phase
QGW (k) = DP1 * GW(i.j,k)
QGE (k) = DP2 * GE(i,,k)
QGS (k) = DP3 * GS(i,),k)
QGN (k) = DP4 * GN(i,,k)

QGT (k) = DP5 * GT(i,j,k)
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QGB (k) = DP6 * GB(i,},k)
Where the “DP” is the BOAST II calculated pressure drop across the interface. The
right hand side of each equation is already BOAST II calculated and the left hand
side is used for the interfacing of our FEM model. The new array naming conven-

tion used for the volumetric phase flow-rate is: Q, phase, face (subscript).

6.7 Node Numbering
An important feature of the finite element method is its accuracy for irreguiar

boundaries. The wellblock boundary is regular hexahedral but the flow within the
wellblock changes from “linear” to “radial”. FEM is well suited to approximate this
change.

The mesh for the wellblock is divided using elements as shown on Figure
6.6. There are eighty elements per stratum in Figure 6.6 and each of the hexahedral
elements has eight local nodes. If one considers a surface of a stratum, there are
ninety-six global nodes to be enumerated on Figure 6.6. It helps in the discussion to
introduce a grouping of the nodes located the same distance from the center of the
wellbore plus the nodes on the interface between the reservoir and the wellblock
calling each group a band. Then, there are six bands shown on Figure 6.6. The
“wellbore” band is composed of global nodes one through sixteen. The “radial” dis-
tance between these bands is not uniform.

Since fluid flow is usually of interest within approximately 20 to 30 feet of

the wellbore, additional bands were placed in this vicinity. Qur research, with this
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data, has shown little change in results when we used more than seven bands for this
calculation on these test cases.

To number the nodes, we started at the top of the first layer with the inner-
most band starting with 1 and continued counter-clockwise until all the nodes in the
first band are numbered as shown in Figure 6.6. Then continue numbering the
nodes in the next band sequentially until all these nodes have been numbered and
repeat this method for the remaining bands on the top of the first layer. Once all
nodes on the top are numbered, continue with the bottom of the first layer. If we
have more than one layer, only the bottom of each additional layer requires node
numbers because its top layer is shared and already numbered. The bottora of layer

one has the same nodes as the top of layer iwo, etc., as shown in Tabie 6.1.

Table 6.1: Wellblock Node Numbering

Top of Layer Bottom of Layer |
Layer #1 1-96 97-192
Layer #2 97-192 193 - 288
Layer #3 193 - 288 289 - 384
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Figure 6.6: FEM Refined Wellbore Vicinity Region

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 7. PARALLEL MODEL

For approximately 40 years, high performance computing has had an influ-
ence on the evolution of numerical predictive methods for fluid flow in a porous
media. Improved fluid flow approximations for reservoirs have evolved. The com-
plexity of reservoir simulation results, with respect to computational requirements,
have helped drive the development of faster computers.

Parallel computing was introduced to use architectural features of computers
to increase the computing speed, thereby making the numerical solution of even
larger scientific and engineering problems possible. One focus of this research cen-
ters on how to cost-effectively introduce strongly coupled parallelism into reservoir
simulation.

Despite the numerous approaches (31,35,36,49,50,51] that have already been
developed and implemented on different parallel computers, several problems
remain before parallel computing becomes commonplace as a tool for applications.
Important areas of concern for reservoir simulation are: load balancing, data struc-
tures, linear equation solvers, etc. Recently proposed parallel numerical algorithms
are based on, or closely related to, the principle of domain decomposition used.

One issue that slows the utilization of distributed memory parallel comput-
ers is the conversion of existing programs [31] which continues to be difficult.
Some progress has been made with shared memory systems with parallelization

through the use of language dependent parallel directives. This approach was
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chosen to parallelize the FEM wellbore vicinity code. Existing tools were used to
determine which portion of our sequential code was best suited to convert to parallel.
The code selected could have been done on either a shared memory or a distributed
memory parallel platform.
7.1 Wellbore Vicinity Parallelization

One focus of current Computer Science research is to develop parallel algo-
rithms; and this wellbore vicinity model is a good choice because of the computer

time required. To develop the parallel FEM algorithm, we:
» Used single subscripts where possible.
+ Used multi-nested DO-loops.
+ Studied the effects of unfolding each DO-loop to improve performance.
» Used subroutines outside of the Do-loop where possible.

* Reduced the number of subroutine arguments passed by utilizing com-

mon blocks.

¢ Used /O statements only at the end of the computations.

The wellbore vicinity code was initially compiled on an IBM SP/2 at the
Comell Theory Center using IBM Data Explorer and parallel high performance For-
tran (pHPF) to profile and visualize the code. This profile identified the solver and
the assembly as arrays that would benefit most from parallelization. The parallel

code that we developed used these Cornell obtained results.
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The parallel wellbore vicinity code was executed on an SGI Origin2000 with
four nodes and shared memory. The parallel code was compiled with SGI’s
MIPSpro Fortran. Then it was executed using one processor, two processors, three

processors, and four processors shown in Figure 7.1.

[o . J0ES I+ <N
/]

Execution Time (hours)

Q- N W W

l 2 3 4
Number of CPUs

Figure 7.1: Timing of Parallel Execution

The code showed reasonable speedup as more processors were used. However, a
natural extension of this work would be the application of parallel linear equation
solvers to the FEM reservoir simulation model.

For parallel execution the following steps were used:

* The number of threads to be used when executing the program was defined as:

setenv MP_SET_NUMTHREADS 4.

» The -mp option used allowed access to the Fortran multiprocessing library.
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» The wellbore vicinity Fortran code parallelized was stored in a file named “Well-

BoreVicinity.f”.

 Toexecute: f77 -mp WellBoreVicinity.f .

With these steps, the SGI Origin2000 system created executable code to execute
with its four processors. The Unix “ps -Af” command was used to verify that four
processes were running in interactive mode. The “-mp” argument created another
copy of “WellBore Vicinity.f” as “WellBore Vicinity.f.f” which contained the paral-
lel directives: DO-loops were unfolded, arrays were distributed, variable names were
resolved, etc.

The user flexibility for controlling the parallel code was substantial, e.g.,
some of the “Data Distribution Directives” applied to the code to obtain the desired
parallelism is shown in Figure 7.2 and 7.3. The parallel implementation of the code
in Figure 7.2 was found to execute better with a distribution for the two-dimensional

arrays SOSTIFF(BLOCK,*) and SWSTIFF(BLOCK,*).

c$doacross

doi=1, num_nodes*4
doj =1, num_nodes*4
sofl(i) = sofl(i) + sostiff(i,j)*pfem(j)
swil(i) = swil(i)+swstiff{(i,j ) *pfem(j)
enddo
enddo

Figure 7.2: Parallel Example #1
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The parallel implementation of the code that executes better with

SOSTIFF(*,BLOCK) and SWSTIFF(* BLOCK) is presented in Figure 7.3.

c$doacross
doi = I, num_nodes*4
sosum=0.0
swsum=0.0
doj =1, num_nodes*4
sosum=sosum-+sostiff{(i,j)
swsum=swsum-+swstiff(i,j)
enddo
sofl(i)=sofl(i)+sosum*pfem(i)
swil(i)=swil(i)+swsum*pfem(i)
enddo

Figure 7.3- Paraliel Example #2

Although nested parallelism was not supported by SGI, parallelism was
exploited across the “perfectly nested DO-loops™ in Figures 7.2 and 7.3. The restric-
tion “perfectly nested” means that no code was allowed between the do-i and do-j
statements or the enddo-i and enddo-j statements.

Another example shown on Figure 7.4 was also tested. The “c$doacross
nest (i,))” directive specified that the entire set of iterations across the (i, j) loops
could be executed concurrently. Another parallel directive used was ONTO.
This directive specified the processor topology when an array of more than one
dimension is used and one of the dimensions could use more processors than the

other.
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do i = |, num_nodes*4
sosum=0.0
swsum=0.0
c$doacross
doj = I, num_nodes*4
sosum=sosum-+sostift(i j)
swsum=swsum-+swstiff(i )
enddo
sofl(i)=sotl(i)+sosum*ptem(i)
swil(i)=swifl(i)}+swsum*ptem(i}
enddo

Figure 7.4: Parallel Example #3

For instance, in the nested DOACROSS shown in Figure 7.5, the ONTO directive

divided the available processors among the multiple parallei loops

c$doacross nest (i,j) onto (2, *)
doi =1, num_nodes*4
doj =1, num_nodes*4
stiff(i,j) = 0.0
enddo
enddo

Figure 7.5: Parallel Example #4

The ONTO directive assigned processors in the ratio 1:2 to the two dimensional

array STIFF(num_nodes*4,num_nodes*4). Both i and j indices were block distrib-

uted and two processors were allocated to the outer DO-i loop, the remaining proces-

sors were assigned to the DO-j loop.
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After converting the wellbore vicinity code to parallel, execution profiles
were examined to determine the effectiveness of each conversion. The SGI tool
chosen for this was TIMEX, which provided the information used to determine
whether or not the parallelized version performed better than the equivalent serial
version. The number of threads used for a parallel execution of the code required a
matching number of profile data files; one tile per thread. Each data file was exam-
ined.

7.2  Other Parallel Implementations

Load balancing addresses the assignment of parallel tasks to processors to
keep each processor doing useful work. The best parallel performance for our FEM
code favors large granularity. That is, when subdivided into parallel tasks, these
tasks should be as large as possible to reducc the overhead from interprocessor com-
munication. Load balancing usually requires that each of the parallel tasks be
approximately the same size (require the same execution time). Wheeler and Smith
[52] addressed load imbalancing caused by irregularly shaped grids through a redis-
tribution of the active cells among the processors achieving load balancing.

Emerging new parallel architectures may alleviate some problems associated
with load balancing, message passing, and well management [36]. These new paral-
lel computers have increased the interprocessor communication rates to speeds
approaching direct memory access (about 200 Mb/s). One remaining question is

whether distributed memory architectures can efficiently be utilized for simulation ?
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The shared memory architectures used such parallel reservoir simulation are some-
what mature [25,36,50,51,53].

The solver for this research was a direct solver based on LU decomposition
with pivoting. This solver was chosen because it is stable and fast for the small
number of global nodes in our system. The time complexity for its factorization

with pivoting and backsubstitution is estimated to be:

2
T, y(M) = M3 + M2+ M2 (7.1)

where an MxM system of equations is assumed for A in:
Ay = f. (7.2)

This estimate is for a single processor system.

The finite element method develops an equation for each element and then
assembles these elemental equations into a stiffness matrix which is solved. This is
repeated for each timestep. An efficient parallelization of this would speed up the
overall parallel performance. Our calculations showed that a better parallel direct
solver is needed.

Existing sequential reservoir simulators do not achieve a desired level of par-
allel performance when converted to parallel, as was shown in Figure 7.1. More-
over, it is difficult to efficiently change sequential codes to parallel because the data

structures employed are not specifically designed for parallel computers.
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Methods such as domain decomposition at reservoir levels that allow local
grid refinement around wells and localized fluid interfaces as well as parallel solvers
should result in significant performance improvement [25].

Iterative solvers, such as GMRES, SOR, and bi-CG, have parallel implemen-
tations and would be an excellent improvement to BOAST II. Any improvement in
the implementation of these solvers on shared-memory systems and distributed-
memory systems would improve parallelism. The matrix-vector products used in
these simulations are easily parallelized on shared-memory system by splitting the
matrix into strips corresponding to the vector segment. Depending on bandwidth of
the stiffness matrix, communication between processors may lead to communication

bottienecks.
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CHAPTER 8. MULTIMEDIA VISUALIZATION

The information super-highway with other technologies, make it economical
and possible to show and better utilize research results around the world. The reser-
voir simulation tools developed in this research can be used in reservoirs that exist in
other countries.

Proper management of these reservoirs would be facilitated with the use of
accurate simulations. The process of numerically modeling underground reservoirs
is very difficult due to the complexity of fluid flow but is also very useful. For
example, in petroleum reservoirs, the amount of oil and gas ultimately produced can
be increased significantly with proper management which depends upon simula-
tions.

A manager simulating a reservoir, could and probably should avoid both the
complexity and the cost of developing a simulation program. One can avoid these
costs by utilizing and customizing the existing simulation programs. With localized
versions of operating systems, browsers, and database management systems, com-
puter trained personnel can develop “front-end” applications in their language to
visualize results of existing simulators. For example, with the aid of web browsers,
one could translate outputs of simulators into the local language for presentation.
This presentation can be text, audio, video, graphics, or all of these. A prototype
was developed [91,92] that displays the simulator’s results in a table format and

dynamically animates these results using Java or VRML using the world wide web.
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8.1 Wellbore Vicinity Prototype Model

The prototype model that we developed to visualize results of this fluid flow
numerical model is based on the world wide web (the web) because it is platform
independent and it supports various forms of media [90,91]. The webs’s basic lan-
guage is hypertext markup language (HTML). We used HTML specification 3.2
because of its support for tables to organize textual output of our simulation. The
web also supports the new programming language Java. Java applets support inter-
active and dynamic applications that use audio, tex, sound, video, and images.
Using JavaScripts, table entries can be modified by the end user, captured, and sent
back to the executing simulation. With the Common Gateway Interface (CGI), the
visualization server can deliver to the web browser information that was not readable
by the browser, such as SQL database entries.

Traditional graphics tools provide only a limited visualization. To truly
understand the underlying, physical phenomena of fluid flow in reservoirs, scientists
need visualization tools that are in the language of the user, flexible, powerful, and
easy to use.

The wellbore vicinity prototype system is a novel approach to create visual-
izations that are sufficiently powerful yet easy to use by scientists in their language,
Figure 8.1. Computer scientists who implement this model should not have to be
concerned with the details of the complex reservoir simulator. They only need to
program the output files and understand any user feedback requirements if interac-

tion with the simulator is desired.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



101

Figure 8.1: Wellbore Vicinity Visualization
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In the last several years the need to visualize complicated dynamical pro-
cesses in the geological sciences has been stimulated by the increasing availability of
computers. The usual practice of visualizing the outputs of time-dependent simula-
tions, such as hydrocarbon reservoirs, has been to postprocess the data after the sim-
ulation has finished. This approach has drawbacks when dealing with large data
sets. It would involve a substantial financial investment in disk-space, exceeding
tens of gigabytes, and a tremendous human effort to just retrieve and reload the data
versus the less expensive visualization. Our approach here was the visualization of
hydrocarbon reservoir simulations plus the concept of interactive visualization,
making use of available systems.

8.2  Distributed Visualization

Recent research has been focused on interactive co-processing of visualiza-
tion and flow field simulations using a cluster of available workstations. Parallel
reservoir simulation can be monitored by transmitting a small subset of intermediate
simulation results to a graphics workstation for each time step. This works for small
problems but is prohibitive for other parts of reservoir simulation problems because
these visualize the entire flow field. The amount of data transmitted in this could be
enormous.

There exists a novel tool (COVISE) for the interactive visualization between
distant sites which integrates visualization and simulation tasks across heteroge-

neous hardware platforms in a seamless manner.
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For our simulation, we utilized the world wide web coupled with the emerg-
ing Java and VRML. These tools can be used with Microsoft Access or other
database management systems to retrieve data and produce visualization that inter-
acts with the running simulator.

Our wellbore vicinity prototype system is distributed and platform indepen-
dent. Using the Hyper Text Transport Protocol (HTTP), the system modules, each
residing on a different server located any where in the world, Figure 8.2, exchange
information and collaborate to produce a unified simulation output to the end user.

For multilingual reservoir simulation, the simulation program and its outputs
are all in English. However, with support from the web tools discussed, the end
user’s browser would determine the language used for presentation of the simulation
results. The end user does not need to know about the details and complexity of the
underlying simulation programs, rather s/he is delivered a browser interface module.
This module translates communications between the visualization modules and the

13

end user’s “client browser”. The client browser can use any linguistic form.
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Figure 8.2: Distributed Visualization System

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 9. RESULTS

A 3D triphasic finite element-finite difference hybrid black oil reservoir pro-
totype simulator has been developed to improve and provide simulations in the
vicinity of the wellbore. The finite element simulation of the wellbore was inter-
faced with BOAST II. The source code listing for the FEM wellbore vicinity is pre-
sented in Appendix A. This prototype has improved accuracy for heterogeneous
wellbore regions composed of horizontal layers including high permeability. This
prototype also supports the study of flow behavior in the wellbore vicinity.

To refine the solutions around the wells, the finite element method was used.
To demonstrate the proposed use of this new wellbore vicinity simulation, solutions
are obtained for a one-layer reservoir and three-layer reservoir.

The two SPE simulation problems selected are for a single production well.
The production well had a constant rate and was located in the center of a square res-
ervoir for the one-layer reservoir; Case 1. The production well was located at a “cor-
ner” in the three-layer reservoir with a varying rate and gas being injected to
maintain the reservoir pressure; Case 2. In the gas injection demonstration problem
(Case 2), the production well was located at the comer of the reservoir with zero flux
at two of the boundaries in this wellblock.

All test data was furnished by Dr. Ming-Ming Chang, senior research engi-
neer, U.S. Department of Energy’s National Institute for Petroleum and Energy

Research (NIPER).
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Our improved results are compared with published results for these same
simulations [3, 12, 35, 36, 69, 70, 72, 80, 81].
9.1 Case 1l

The simulated reservoir in Case 1 is divided into 99 blocks (Figure 9.2) with
only one production well located in block (i=6,j=5k=1). Wellblock (6,5,1) has a
flux at all boundaries; i.e., it has flow at the side boundaries of the block. The indi-
ces used for each block in the reservoir are given in Figure 9.2. The well vicinity for
this is 120 feet long, 120 feet wide, and 50 feet in depth with the wellbore at its cen-

ter, Figure 9.1.

........................

<—— 120 feet ——

Figure 9.1: Well Vicinity (6,5,1)

Only the block with the production well is refined with the FEM mesh
shown in Figure 9.3. Reservoir properties, pertinent data, and parameters for this

problem are given in Appendix B.
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Figure 9.3: FEM Refined Well Region (6,5,1)
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Initially, there were two liquid phases (oil and water) present in the reservoir.
All gas was dissolved in the oil or water phases. The water phase was immobile
because its concentration always remained below the critical saturation of water
needed to cause mobility for this simulation. As the oil pressure decreases (oil is
being produced) the gas comes out of the oil phase (the bubble point) or from the
water phase producing free gas in the reservoir. The oil pressure decreases during
this simulation as expected and free gas saturation appears in regions that are below
the bubble point pressure.

We found no simulation results for this simple test case and cannot include a
comparison to known results. Figure 9.4 presents a history of the average oil pres-
sure in the wellblock for Case 1. The pressure decreased sharply at the beginning of
the simulation, followed by a long time period of decrease at a steady rate. The FEM
wellbore vicinity model interfaced with BOAST II was stable for the entire simula-
tion time of 1500 days. The results were consistent with those obtained from
BOAST II without the wellbore vicinity model; Figure 9.5. Figure 9.6 presents a
history of the average saturation for the three phases.

Figures 9.7, 9.8, and 9.9 present results that are not possible with BOAST II.
These results show that this FEM wellbore vicinity model can determine the behav-
ior of fluids at any nodal point within the wellblock. Figures 9.7, 9.8, and 9.9
present oil pressure versus distance from the wellbore at simulation times of 10,
1000, and 1500 days respectively. Figure 9.10 demonstrates that pressure drops over

time and increases when moving away from the wellbore.
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Case 1: Pressure History
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Figure 9.4: Case 1: Average Pressure History
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Figure 9.5: Case 1: Average Pressure Comparison
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Average Saturation History - Case 1
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Figure 9.6: Case 1: Average Saturation History
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Case 1: Pressure History (node 114)
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Figure 9.7: Case 1: Pressure After 10 Days
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Case 1: Pressure History (node 114)
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Figure 9.8: Case 1: Pressure After 1000 Days
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Case 1: Pressure History (node 114)
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Figure 9.9: Case 1: Pressure After 1500 Days

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



116

Case 1. Pressure History Comparison
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9.2 Case 2

The reservoir simulation used for Case 2 shown on Figure 9.11 has two
wells, an injection well and a production well; also known in the literature [12] as
SPE Problem 1, Case 1. The reservoir is subdivided into the 300 blocks shown on
Figure 9.12. The injection well is located in block (1,1,1) and the production well is
located on the comer of the reservoir in block (10,10,3). The simulated reservoir is
1,000 feet long, 1,000 feet wide and 100 feet in depth. The top layer, in which the
injection well is located, has a thickness of 20 feet, the middle layer has a thickness
of 30 feet, and bottom layer, in which the production is located, has a thickness of 50
feet. The production well actually produces from layer 3 only or block (10,10,3)
presented on Figure 9.12. The FEM wellblock vicinity for this simulation consists
of the three blocks described with the original BOAST II indices as (10,10,1),
(10,10,2), and (10,10,3) and shown on Figure 9.13.

The wellbore vicinity is shown on Figure 9.14 with nodal numbering repre-
senting the bottom layer (10,10,3) of the well vicinity from which the production
occurs. Figure 9.14 is used as a reference for various results.

The FEM mesh is constructed radially out from the wellbore using 6 bands as
described in section 6.7. The reservoir properties, pertinent data, and parameters
used for this simulation problem are given in Appendix C.

Figure 9.15 presents a history of the average wellbore pressure from the
FEM wellbore vicinity model simulation. Figure 9.16 presents the average satura-

tion computed with the FEM wellbore vicinity model.
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Figure 9.14: Node Numbering (at bottom of layer #3)
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The FEM wellbore vicinity model was stable for the approximately four
years. An explanation for this stability problem will be discussed later.

The results presented on Figures 9.17 - 9.24 are not possible with BOAST II.
The figures demonstrate that the FEM wellbore vicinity model can model the
behavior of fluids at any nodal point within the wellblock. Figures 9.17, 9.18, and
9.19 present oil pressure versus distance from the wellbore at simulation times of 10,
1000, and 1500 days respectively. Figure 9.20 demonstrates that the pressure drops
over time and increases as we move away from the wellbore.

Figures 9.21, 9.22, and 9.23 present various nodal pressures at different loca-
tions within the wellblock. The results shown are consistent with the dynamics of
fluid flow.

Figure 9.24 presents a comparison of pressure history at various nodes on the
outer boundary of the wellblock; that has zero flux. The figure shows that the pres-
sure at 50 feet above the bottom of the wellblock is higher than the pressure at 25
feet above or even at the bottom of the wellblock; represented by nodes 371, 369,
and 383 respectively.

Table 1 presents a portion of output data that cannot be obtained by BOAST
II. The data presents oil pressure versus distance from the wellbore for all three lay-
ers. The pressure at layer #1 is slightly higher than the pressure at layer #2. The

pressure at layer #2 is slightly higher than the pressure at layer #3.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



125

Case 2: Pressure History at Day 10

5

T

Pressurs (pai)
o
8

§ 8 &8 8§ &

»
8

1

§

g

Figure 9.17: Case 2 - Pressure History at Day 10
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Case 2: Pressure History at Day 1000
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Figure 9.18: Case 2 - Pressure History at Day 1000
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Case 2: Pressure History at Day 1500
v 1] L]

-
-

Pressure (ps!)

Figure 9.19: Case 2 - Pressure History at Day 1500
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Figure 9.21: Case 2 - Nodal Pressure History
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Case 2: Prassure History
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Case 2: Boundarty Pressura History
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Figure 9.24: Case 2 - Boundary Pressure History
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Table 1: Case 2: Pressure History versus Distance from Wellbore

Pressure at a node and its corresponding nodes in
all three layers at a distance from the wellbore as
shown at each of the three layers.

Distance
1
2
4
8
16
60
500

Distance
1
2
4
8
16
60
500

Distance
1
2
4
8
16
60
500
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After 1 Day

Layer #1

3878.2342
3910.5131
3992.5740
4109.1347
4254.3415
4420.8992
4724.2622

Layer #2

3875.2068
3907.4878
3989.5880
4105.9637
4252.5788
4416.0482
4732.6831

After 6 Days
Layer#2 Layer #3

Layer #1

3623.5436
3653.7350
3730.6630
3838.7230
3977.9347
4113.0247
4523.3082

After
Layer #1
1769.0662
1855.5820
2082.7827
24219774
2874.4097
3426.6763
4377.5210

3620.8545
3651.0575
3727.9913
3835.9639
3976.2181
4109.2080
4531.7360

11 Days

Layer #3

3869.5934
3901.8208
3983.9515
4100.2119
4247.3401
4409.1121
4732.6831

3615.8356
3645.9907
3722.9453
3830.8349
3971.4865
4103.1495
4531.7360

Layer #2 Layer #3

1766.8512
1853.4285
2080.8578
2420.1215
2875.0803
3425.7105
4385.9325

1762.1003
1848.6067
2076.0639
2415.2566
2870.7191
3420.2911
4385.9325



Distance
1
2
4
8
16
60
500

Distance
1
2
4
8
16
60
500

Distance
1
2
4
8
16

60
500

Table 1:

(continued)

After 826 Days

Layer #1

4122.3628
4167.1958
4281.8874
4443.1156
4653.4938
4852.3839
5479.1729

Layer #2

4119.1034
4163.9652
4278.6458
44398731
4651.3216
4849.0082
5487.5796

After 1001 Days

Layer #1

4256.5676
4307.3931
4437.5030
4620.9674
4859.5100
5091.9480
5768.6663

Layer #2

4253.2096
4304.0666
4434.1703
4617.6406
4857.3546
5088.6955
5777.1054

After 1316 Days
Layer#2 Layer #3

Layer #1

4238.8628
4399.6801
4628.1980
4925.5671
5223.6141

Layer #3
4112.9068
4157.7038
4272.4090
4433.5388
4645.4784
4841.5945
5487.5796

Layer #3

4246.7599
4297.5453
4427.6758
4611.0421
4851.2824
5080.9808
5777.1054

4176.2668 4172.9809 4166.5065

42355847 4229.0090
4396.4046 4389.8653
4625.0155 4618.3643
4923.4000 4917.3103
5221.7139 5213.9534
6043.7746 6049.7830 6049.7830
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9.3 Comparison of Results

In January of 1981, the Society of Petroleum Engineers published an article
by Aziz Odeh [12]. Then in March of 1986, the Journal of Petroleum Technology
published another similar comparison by Weistein, Chappelear, and Nolen [80].

Odeh reported results of the pressure computed using several different simu-
lators for case 2; Figures 9.25. The commercial simulators tested were stable for
about 10 years of simulation. Our FEM wellbore vicinity pressure does not match
the pressures reported by Odeh, however it improved on the pressure from the
BOAST II simulator. These new pressure results are compared to the same calcula-
tions without our FEM wellbore vicinity code; Figures 9.25 and 9.26. The reason
for the differences from the published is that our FEM wellbore vicinity model uses
as input the already inaccurate results calculated by BOAST II. Since the input data
to our model are the inaccurate values supplied by BOAST II, our simulation results
are inaccurate and cannot be expected to match Odeh’s. Some of the reasons for

BOAST H’s inaccurate results are:
» The IMPES method is used without any iteration.

* One average pressure is used for the center of each block, to represent pressure

for the entire wellblock.
» Finite difference method is used for the entire reservoir.

* Does not do a fully implicit calculation.
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Comparing our FEM well vicinity pressure values with those from BOAST
IT, we actually improved the simulation, Figures 9.26. Based on flow principles, we
conclude that our results are sound. We believe that with accurate input to our FEM
model the answers would be more accurate.

Our triphasic flow system of equations is classified as a hyperbolic system
because its eigenvalues are all negative. Peaceman [8] reviewed hyperbolic equa-
tions, solved sample problems, and concluded that this type of system is expected to
exhibit either numerical dispersion or some oscillatory behavior. The influence of
nonlinearity in the system was not explained by Peaceman. Though he suggested
making a trade off between numerical dispersion and oscillatory behavior by adjust-

ing the weighting factors. Both cannot disappear.
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CHAPTER 10. SUMMARY

The finite element wellblock vicinity model was developed and interfaced
with BOAST II. Our method of interfacing routines with BOAST II is unique and
cost effective because it is not necessary for our model to return to BOAST II for any
static data once the initial reservoir description was obtained. The data required was
in the original BOAST II Fortran COMMON statements.

The simulation results obtained are consistent with reservoir engineering
principles. To conduct the simulation, we used two data files furnished by NIPER.
After simulation of approximately 1300 days of fluid flow, our model exhibited
oscillations and the system became unstable. An improvement resulted from an
improvement in the numerical representation of the activity and the use of improved
boundary conditions. The specification of boundary conditions at a well had always
been an active research problem.

The Case 1 dataset from NIPER was used to test our one layer 3-D model
with two phases (oil and gas). We modified the equations to describe a three layer 3-
D model, Case 2, with 3-phase flow (oil, gas, and water) in the wellblock. The Case
2 dataset, also from NIPER, had a gas injection well and a production well that pro-
duced from the deepest layer only (layer #3). Complicating matters, the production

well has zero flux boundary conditions on two sides (east and south).
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CHAPTER 11. CONCLUSION AND RECOMMENDATIONS

A numerical 3D-FEM solution for the simulation of multiphase fluid flow in
porous media was developed. Such problems continue to be a difficult endeavor.
We implemented this numerical solution into an existing simulator to model the
vicinity of the well.

We implemented our wellbore model solution in a manner, which can be
interfaced, in a similar way, into other reservoir simulators. For this research, our
wellbore model was successfully interfaced with the Department of Energy’s black
oil simulator BOAST IL

Our wellbore model was tested with two (standard) data sets supplied by the
United States Department of Energy - National Institute for Petroleum and Energy.
For the first case, there were two liquid phases (oil and water) in the reservoir, which
is often true for the primary recovery stage. Gas was dissolved in the oil and water
phases. Figures 9.4 and 9.5 present the reservoir pressure versus time computed
from our model. These reservoir pressures are comparable to what would be
expected from this rate of production. Figure 9.6 shows that the computed saturation
of oil and the computed saturation of gas are mirror images of one another. To fur-
ther interpret these figures, after approximately 180 days gas appears from the oil
phase and the bubble point pressure is reached. There is free gas in the wellbore
even though the average reservoir pressure for the wellblock still more than the bub-

ble point. The water phase on Figure 9.6 was constant (immobile) at 30% and
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remained below the critical saturation for the whole simulation. Figures 9.7, 9.8,
and 9.9 are the simulation results for node 114 located in the first quadrant on the
second band and also shown on Figure 9.3. These nodal results are produced for
every node shown on Figure 9.3. The reservoir pressure increases as the distance
from the wellbore increases.

For test case 2 there were two wells in the reservoir, a gas injection well and
a production well. This reservoir has three distinct strata. The production well is
located at the corner of the reservoir with two sides of the wellblock having zero flux
in all three strata. The injection well injects gas into the uppermost stratum and the
production well produces from the lowest stratum. Figure 9.15 presents a history of
the reservoir pressure at the production well. This pressure is initially drops and gas
is below the bubble point before the pressure begins to increase due to the injected
gas from the injection well to the wellblock. Figure 9.16 presents a history of the
saturations at node 306 in the first quadrant second band shown on Figure 9.14.
Both of these figures show oscillatory behavior after 1200 days of simulation. This
instability is due partially to the inaccurate interface data passed at the interface at
each BOAST II time step and used by our model.

To demonstrate the additional applications of our model Figures 9.18 - 9.24
were produced. These results are not possible with BOAST II. These figures are the
simulation results for node 305 in the first quadrant second band. These nodal
results are produced for every node shown on Figure 9.3. Figure 9.18 is the pressure

versus distance from the wellbore at node 305 at the first day of simulation. Figures
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9.19 and 9.20 also show the pressure history at node 305 after 1000 days and 1500
days of simulation respectively. The pressure decreases as the distance from the
wellbore increases. Figure 9.20 compares the pressure history at node 305 after 1,
1000, and 1500 days of simulation. Figures 9.21 - 9.24 show results that cannot be
provided by BOAST II either. These figures show a comparison of pressure at van-
ous nodes in the wellblock.

A comparison of our wellbore model using BOAST II with published results
from several commercial reservoir simulators is presented on Figures 9.25 and 9.26.
Our wellbore model improved these results over BOAST II alone. However, the
results from our wellbore model were not as accurate as the commercial simulator
results. The reason for this is that BOAST II was badly in error and this error is
passed through the interface to our model. Although our model improved these
results, the error in BOAST II continues to negatively affect the results throughout
the simulation. Unfortunately, the SPE paper [12] results presented were much more
accurate than BOAST II and our model.

Additionally, parallel experiments were conducted using an IBM SP/2, a
cluster of IBM RS/6000 computers, and an SGI parallel computer. These parallel
experiments indicated that the most intensive computer use was in our solver. How-
ever, the other parts of the calculation do not use significant computing. Because
parallel solvers are ready available, developing another parallel solver was consid-
ered of little value. The decision was to concentrate the parallel implementation on

other parts of the problem and use a publicly available parallel solver.
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A prototype was developed [91,92] that displays the simulator’s results in a
table format and dynamically animates these results using Java or VRML to use the
world wide web (with its distributed nature) for reservoir simulation. We suggested
using a web-enabled database engine, such as Oracle, to read in the simulator’s out-
put data, store it in tables, then serve it to the user.

With this, users can locate needed data more efficiently in a presentable for-
mat. Furthermore, it is possible to make the simulation process interactive. After a
user reviews the results, s/he can modify certain input data and proceed with the sim-
ulation. Some of the benefits to this approach are to view simulation results from
any part of the world, to display these results in a native language, to visualize
results interactively, and to distribute data and results on many different computers
(distributed computing).

Even though our boundary conditions worked properly, our model is more
sensible to the conditions used than FDM is. The use of 3D dynamically adaptive
grid refinement; the use of fully implicit solver with FEM for the entire reservoir
(i.e. rewrite BOAST II); and the use of iterative solvers would produce an excellent
reservoir simulation.

Several hurdles remain to be overcome before parallel computing may
become commonplace as a tool for applications. These are: load balancing, a data
structure for the reservoir data, and adapting of the mesh. An active research area is
in domain decomposition techniques for these problems. Another area is the devel-

opment of 3D dynamic adaptive grid refinement. A third area of active research is
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the development of robust parallel solvers for complex systems of equations, like
those FEM equations found in Chapter 5.

Iterative solvers, such as GMRES, SOR, and bi-CG, have parallel implemen-
tations and would be an excellent improvement to BOAST II. Any improvement in
the implementation of these solvers on shared-memory systems and distributed-
memory systems would improve parallelism. The matrix-vector products used in
these simulations are easily parallelized on shared-memory system by splitting the
matrix into strips corresponding to the vector segment. Depending on bandwidth of
the stiffness matrix, communication between processors may lead to communication
bottlenecks.

The following are the major contributions of this research:

* The 3-D, 3-phase FEM equations, presented in Chapter 9, are original and
to the best of our knowledge have not appeared in print. These equations
have been tested with computer programs and are consistent. A manuscript
is in preparation.

* The wellblock model, presented in Chapters 5 and 6, is a significant
improvement to simulation results. Since the region around any well is the
most active, an accurate model for this has an important value in the study

of its flow [93].

* The web-based multimedia prototype, presented in Chapter 8, for interac-

tive visualization of the simulation results has not been implemented
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before. Two manuscripts have been published and presented at confer-

ences [90,91].

» The successful coupling of an FEM model with an FDM model, presented
in Chapter 6, is original. This is a difficult numerical problem. A manu-

script to published this effort is in preparation.
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NOMENCLATURE
Symbols and abbreviations used repeatedly are defined below
¢, total compressibility of rock and fluid

k, k. permeability, or the component of the per-
meability tensor

k., relative permeability of phase /
k,, oil relative permeability

P, capillary pressure

P, g oil-gas capillary pressure
P.ow oil-water capillary pressure
P pressure

P » phase pressure

0 i injection flow rate

o, production flow rate

r., radius of the well

Sg gas saturation

Sy saturation of phase [

S, oil saturation

S, water saturation

v; phase velocity vector

x; value of x at any grid point i

154
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Symbels
Ot time increment
(Ox,Dy, D2) mesh size in feet
F eigenvalues
] porosity
m viscosity
r fluid density
Subscripts
g gas
o oil
w water
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NIPER BLACK OIL PRIMARY AND SECONDARY RECOVERY MODEL
(HORIZONTAL/SLANT WELL & CONVENTIONAL VERTICAL WELL MODELS)

Modified by: Husam M. Yaghi
Last Update: December 23, 1997

--- AN UPDATED SLANT WELL MODEL INSTALLED

---'RESTART' SUBROUTINE INSTALLED

--- BOTH 'PRESSURE’ AND 'MAX. RATE' CONSTRAINTS APPLIED WHEN
IMPLICIT PRESSURE OPTION ACTIVATED 4

--- SAME AS "BESTVHS.FOR" EXCEPT THAT INPUT/OUTPUT FILE NAMES
NEED TO BE SPECIFIED BY SUBMITTING A COMMAND FILE

SEPTEMBER 1989
*#xexk DIMENSIONS SPECIFIED IN "PARAMETR.FOR" **#*#**s%%xsthhsss

nNonoOOoOOOO0O0O0O0On0nnOn

INCLUDE 'PARAMETR.FOR’

INCLUDE 'PARAMETR.FEM'

REAL KX, KY,KZ, KROTKRWT,KRGTMUOTMUWTMUGT,MCFG,MCFG I MCFGT,
& MCFGI,MBEO MBEW,MBEG ,MIN

CHARACTER*2 TITLE(80),FNAME,MNAME, TAG

CHARACTER*5 WELLID

CHARACTER*4 LNAME

DIMENSION OOIP(NZ),0WIP(NZ),O0DGIP(NZ),OF GIP(NZ)

COMMON /IDEN/ WELLID(NW)

COMMON /10/ NI,NO

COMMON /BUBBLE/ PBO,VSLOPE,BSLOPE ,RSLOPE PMAXT.,IREPRS,

& RHOSCO,RHOSCG,RHOSCW,MSAT MPOTMPWTMPGT,PBOT(NX.NY,NZ)

COMMON /COEF/ AW(NX,NY,NZ), AE(NX,NY,NZ),AN(NX,NY,NZ),

& AS(NX,NY,NZ),AB(NX,NY,NZ) AT(INX,NY,NZ),E(NX,NY,NZ),B(NX,NY,NZ)

COMMON /SARRAY/ PN(NX,NY,NZ),

& SON(NX,NY,NZ),SWN(NX,NY,NZ),SGN(NX,NY,NZ),
& SOI(NX,NY,NZ),SWI(NX,NY,NZ),SG 1 (NX,NY,NZ),
& AI(NXNYNZ),A2(NX NY,NZ),A3(NX,NY,NZ),

& SUM(NX,NY,NZ),GAM(NX,NY,NZ),QS(NX,NY,NZ)

COMMON /PERM/ KX(NX,NY,NZ),KY(NX,NY,NZ),KZ(NX,NY,NZ)

COMMON /TRAN/ TX(NX+1,NY,NZ), TY(NX,NY+1,NZ), TZ(NX,NY,NZ+1)

COMMON /ELEV/ EL(NX,NY,NZ)

COMMON /PRTP/ P(NX,NY,NZ)

COMMON /PRTS/ SOINX,NY,NZ),SW(NX,NY,NZ),SGINX,NY,NZ)

COMMON /SPVT/ SAT(NTE),KROT(NTE),KRWT(NTE),KRGT(NTE),PCOWT(NTE),
& PCGOT(NTE),POT(NTE),MUOT(NTE),BOT(NTE),BOPT(NTE),RSOT(NTE),RSOPT
& (NTE)PWT(NTE)MUWT(NTE),BWT(NTE),BWPT(NTE),RSWT(NTE),RSWPT(NTE),
& PGT(NTE)MUGT(NTE),BGT(NTE),BGPT(NTE),CRT(NTE)

COMMON /SRATE/ PID(NW,NL),PWF(NW,NL),PWFC(NW,NL),KIP(NW),

& GMO(NW,NL),GMW(NW,NL),GMG(NW,NL),LAYER(NW),QVO(NW),
& QVW(INW),QVG(INW),QVT(NW),CUMO(NW,NL), CUMW(NW,NL),CUMG(NW,NL)

COMMON /VOLFAC/ BOINX,NY,NZ) BW(INX,NY,NZ),BG(INX,NY,NZ)

COMMON /RATE/ QO(NX,NY,NZ),QW(NX,NY,NZ),QG(NX,NY,NZ)
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COMMON /TERM 1/ GOWT(NX,NY,NZ), GWWT(NX,NY,NZ),GGWT(NX,NY,NZ),
& OWWNX+1,NY,NZ),OE(NX+1,NY,NZ), WW(NX+1,NYNZ), WE(INX+1 NY,NZ),
& OS(NX,NY+1,NZ),ON(NX NY+1,NZ),WS(NX,NY+1 ,NZ), WNINX,NY+1,NZ),
& OT(NX,NY,NZ+1),O0B(NX,NY,NZ+1), WT(NX,NY,NZ+1), WB(NX,NY,NZ+1)
& ,GW(NX+1,NY,NZ),GE(NX+1,NY,N2Z),
& GS(NX,NY+1,NZ),GN(NX,NY+I,NZ),

& GT(NX,NY,NZ+1),GB(NX,NY,NZ+1)

COMMON /TERM2/ QQOWG(NX,NY,NZ)

COMMON /COMPRS/ CT(NX,NY,NZ)

COMMON /PORE/ VP(NX,NY,NZ)

COMMON /VECTOR/ DX(NX,NY,NZ),DY(NX,NY,NZ),DZ(NX,NY,NZ)
COMMON /IQN/ IQNT(NW),IQN2(NW),IQN3(NW)

COMMON /IQH/ IQHI(NW,NL),IQH2(NW,NL),IQH3(NW,NL),COND(NW)
COMMON /CODE/ KSM1,KSN1, KCO1,NN,FACTI FACT2, TMAX KSOL MITER,
& OMEGA,TOL,TOL 1, KSN,KSM,KCO,KTR,KCOFF,DSMAX,DPMAX.WORMAX,
& GORMAX,PAMIN,PAMAX

COMMON /ADD1/ IM,JM KM.ETILFTFTMAX

COMMON /ADD2/ COP,CWP,CGP,CWI,CGI

COMMON /PSCNTL/ KPI KSI

COMMON /MBE/ MBEO,MBEW MBEG

COMMON /NUMBER/ [1,JJ KK

COMMON /VOL/ SCFQ,SCFW,SCFG,SCFGL,STBO,STBWMCFGMCFG! MCFGT,
& MCFGI,STBOIL,STBWI,RESVOL

COMMON /BAL/ OP,WP,GP,WI,GI,PAVGO.PAVG,0PR,WPR,GPR,WIR,GIR,CWOR,
& WOR,CGOR,GOR

COMMON /PRTCNT/ IWLCNG,ICHANG.IWLREP,ISUMRY,

& [PMAP,ISOMAP ISWMAP,ISGMAP,IPBMAP

COMMON 7102/ NO2

COMMON /CHRCTR/ FNAME MNAME(NUM),LNAME,TAG

COMMON /TTEST/ NUMPRD,SONTVL

COMMON /SWTCH/ NGRSW,NTRSW,NRESTART,NTS

COMMON RIXYZ/R11X,R2IX,R31X,R41X RIT1YR21Y,R31YR41Y,

& RI1Z,R21ZR31ZR41Z

COMMON /TIXYZ/ TIX, T2X, T3X, T4X, T Y,T2Y,T3Y,T4Y,T1Z,T2Z,T32,T4Z
COMMON /DXYZ/ DX0,DXP,.DXM,XW.DY0,DYP,DYM,YW,DZ0,DZP,DZM,ZW
COMMON /RXYZ/RX RY,RZ AX AY,AZ1JK

COMMON /COUNT/ NIREAD,N2READ

COMMON /RS/ROS

COMMON /DECLINE/ DEC(NW,NL)

COMMON /FEMRATE/ QWWW(NZ), QWE(NZ), QWS(NZ), QWN(N2),

& QWT(NZ), QWB(NZ),

& QOW(NZ),QOE(NZ),QOS(NZ),QON(NZ),QOT(NZ),QOB(NZ),

& QGW(NZ),QGE(NZ),QGS(NZ),QGN(NZ),QGT(NZ),QGB(NZ)
COMMON/MESHPTS/ i1(num_elemts),12(num_elemts),

& 13(num_elemts),i4(num_elemts), rl

common/glstiff/stiff(num_nodes*nzp,num_nodes*nzp),
& fl(num_nodes*nzp),xl(num_nodes*nzp),ipvt(num_nodes*nzp),
& sofl(num_nodes*nzp),sofl I (num_nodes*nzp),sofl2(num_nodes*nzp),
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& sgfl(num_nodes*nzp),sgfl | (num_nodes*nzp),sgfl2(num_nodes*nzp),
& swfl(num_nodes*nzp),swill(num_nodes*nzp),swfl2(num_nodes*nzp)

common/stiff0/stiffO(num_nodes*nzp,num_nodes*nzp),
& sostiff(num_nodes*nzp,num_nodes*nzp),
& sgstiff(num_nodes*nzp,num_nodes*nzp),
& swstiff(num_nodes*nzp,num_nodes*nzp)

common/oldpweg/pold(num_nodes*nzp),swold(num_nodes*nzp),
& soold(num_nodes*nzp), sgold(num_nodes*nzp)

common /global/ xyzcds(num_nodes,3),ptem(num_nodes*nzp),
& sofem(num_nodes*nzp),swfem(num_nodes*nzp),

& sgfem(num_nodes*nzp),pbotfem(num_nodes*nzp),

& qofem(num_nodes*nzp),qwfem(num_nodes*nzp),

& qgfem(num_nodes*nzp),phi(nz)

IFEM =2

i_signal = -1
NI=5
NO=6
NIREAD=0
N2READ=0
DIFCNT =0
DIFTOT =0
C  OPEN(NILFILE="tyler2.dat’,STATUS="OLD"
OPEN(NILFILE="tyler2.dat")
open(30.file='Set1-fem-s.out’)
open(60,tile='Set ] -fem-p.out’)
open(6 1 file="nodal-p.out’)
open(62,file="nodal-so.out’)
open(63,file="nodal-sw.out")
open(64.tile="nodal-sg.out’)
open(71 file="node285.out")
open(72,file='node287.out’)
open(73,file="node300.0ut")
open(74 file="node3 10.out’)
open(75,tile="node350.out’)
open(76,file="node360.out’)
open(77 file="node370.out’)
open(78,file="node376.out’)
open(79,file="node380.out’)
OPEN(NO,FILE="boast.out')
OPEN(14,FILE="boast.rates.out’)

10=MCLOCK()

C
C**** ESTABLISH RESERVOIR AND BLOCK DIMENSIONS
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C
CALL GRID1

C
C**** ESTABLISH POROSITY AND PERMEABILITY AT EACH ZONE
C

CALL PARMI

g**** CALCULATE INTERBLOCK TRANSMISSIBILITIES

c CALL TRANI

g"" EMPIRICAL DATA

c CALL TABLE

g**** ESTABLISH INITIAL CONDITIONS

c CALL UINIT1

g**"‘* SOLUTION METHOD, DEBUG PRINT, AND TIME-STEP CONTROL PARAMETERS.
- CALL CODES

READ(NI69)(TITLE(IH),IH=1,40)
69 FORMAT(40A2)
D3615 = 1./5.615
D288 =1./288.
DIl4 =1./144.
IW1=]172+1
JW1=1J/2+1
KWi=KK/2+1
NMAX=80000
¢ NMAX=NN+l
ttitime=0.
DO 1000 N=1,NMAX
C
C*** NLOOP DEFINED TO AVOID INDEX MODIFICATION WARNINGS IN
C CALLS TO MATBAL, SOLMAT, LSOR.
NLOOP=N
C
C***+ RECURRENT DATA.
C
[F(FT.LTFTMAX) GO TO 46
[F(N.EQ.1) THEN
READ(NL*) IWLCNG,ICHANG,IWLREP,ISUMRY,
& [PMAP,ISOMAP ISWMAP,ISGMAP,IPBMAP
READ(NIL,*) DAY,DTMIN,DTMAX . HOUR ,MIN,SEC
ENDIF
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¢ enforce delt = 0.01 day
¢ DAY=1.00

DAY=1.00

DTMIN=DAY

DTMAX=DAY

HOUR=O0.

MIN=0.

SEC=0.
[F(IWLCNG.EQ.0) GO TO 45
CALL NODES(NVQN,NVQNH,NVQNS)

IWLCNG=0

C ESTABLISH WELL-BLOCK FEM MESH

if (i_signal.lt.0) then
CALL MESHGEN (IFEM)
endif

45 DELT=DAY+HOUR/24.+MIN/1440.+SEC/86400.
FTMAX=ETI+ICHANG*DELT
46 [F(N.EQ.1)DELTO=DELT
[F(N.EQ.1DGO TO 1050
c DELT NOT CHANGED
FACTI=1.
FACT2=1.

[F(DSMC.LT.DSMAX.AND.DPMC.LT.DPMAX)DELT=DELT*FACT |
[F(DSMC.GT.DSMAX.OR.DPMC.GT.DPMAX)DELT=DELT*FACT2
IF(DELT.LT.DTMIN)DELT=DTMIN
[F(DELT.GT.DTMAX)DELT=DTMAX
[F(ETI+DELT.GT.FTMAX)DELT=FTMAX-ETI

1050 FT=ETI+DELT

¢ enforce delt=0.01
¢ ==== Yaghi
DELT=10.00
DO 99 J=I.NW
DO 99 K=1,NL
99 [F(KIP().EQ.-110)PWF(J,K)=PWF(J K)*EXP(DECJ K)*DELT)

[F(ETI+DELT*0.5.GE. TMAX) GO TO 1010
C****[TFLAG COUNTS THE NUMBER OF TIME STEP REPITITIONS.
[TFLAG=0
C***»*REENTRY POINT FOR REPEATED TIME STEP.
1060 CONTINUE
DIVl = 1/DELT
[F(IN.GT.1.OR.ITFLAG.GT.0) GO TO 105
RESVOL=0.0
SCFO0=0.0
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SCFG=0.0
SCFG1=0.0

DO 102 K=1,KK
OOIP(K)=0.
OWIP(K)=0.
ODGIP(K)=0.
OFGIP(K)=0.

DO 100 J=1,JJ
DO 100 [=1,11
PP=P(I,J.K)
BPT=PBOT(I,},K)

¢ This needs to be changed to allow more than one layer phi(#layers).
if (I_signal.lt.0) then
c if (i.eq.ignl(ifem).and.j.eq.ign2¢ifem)) then
if (i.eq.10.and.j.eq.10) then
phi(k) = vp (ij k)
endif

VP(L,J,K)=VP(I,JK)*DX(I,J.K )*DY(I JK)*DZ(JK)
RESVOL=RESVOL+VP(LJ,K)
C***+* NOTE: WE ARE ASSUMING INITIAL PHI IS AT INITIAL RESERVOIR PRESSURE

CALL INTPVT(BPT,RSLOPE,POT,RSOT,MPOT,PP,RSO)

CALL INTERP(PWTRSWT,MPWT,PPRSW)

CALL INTPVT(BPT,BSLOPE,POT,BOT,MPOT,PP,BO(,J,K))

CALL INTERP(PWT,BWT,MPWT,PPBW(L,J.K))

CALL INTERP(PGT,BGT,MPGT,PP,BG(I,J.K))

I FORMAT(5X,RSO ="F15.5;RSW ="F15.5/BO="FI55BW =",

& F15.5,BG ='F15.5)

FF1=SO(I,J.K)/BO(L,J K)

FF2=SW(LJ KYBW(I.J K)

SCFO=SCFO+VP(LJ K)*FF1

SCFW=SCFW+VP(LJ.K)*FF2
SCFG=SCFG+VP(IJ K)*SG(L,J. K)YBG(,J,K)
SCFG1=SCFG1+VP(l,J.K)*(RSO*FF | +RSW*FF2)

CALL INTERP(POT,BOPT,MPOT,PP,BODER)

CALL INTERP(POT,RSOPT,MPOT,PP,RSODER)

CALL INTERP(PWT,BWPT,MPWT,PP,BWDER)

CALL INTERP(PWT.RSWPT,MPWT,PP,RSWDER)

CALL INTERP(PGT,BGPT,MPGT,PP,BGDER)

IF(PP.GT.PBOT(l,J K))BODER=BSL OPE

IF(PP.GT.PBOT(1,J K))RSODER=RSLOPE
CO=-(BODER-BG(LJ,K)*RSODER)/BO(I,J.K)
CW=-(BWDER-BG(I,J,K)*RSWDERYBW(LJ.K)
CG=-BGDER/BG(L,J K)

CALL INTERP(PGT,CRT,MPGT,PPCR)

CT(LJ,K)=CR + CO*SO(LJ,K) +CW*SW(I,J K) + CG*SG(LJ.K)
OOIP(K)=00IP(K)+D5615*.000001 *SON(LJ,K)*VP(LJ KYBO(LJ,K)
OWIP(K)=OWIP(K)+D5615* 000001 *SWN(L,J,K)*VP(LJ,K¥YBW(1,J K)
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ODGIP(K)=ODGIP(K)+.001*.000001 *(RSO*SON(,J K)*VP(1,J K)/BO(LJ K)
& +RSW*SWN(I,J. K)* VP(LJ KYBW(L.J,K))
OFGIP(K)=OF GIP(K }+.001* 000001 *SGN(I,J,K)*VP(LJ K)/BG(I,J.K)
IF(KCO1.EQ.0)GO TO 100
21 FORMAT(1X,313,8E15.6)
100 CONTINUE
110 FORMAT(/,1X, LAYER',I3,’ INITIAL FLUID VOLUMES:",
& /,10X,'OIL IN PLACE (MILLION STBY,T60,F10.4,
& /,10X, WATER IN PLACE (MILLION STBY,T60,F10.4,
& /,10X,'SOLUTION GAS IN PLACE (BILLION SCFY,T60,F10.4,
& /,10X,FREE GAS IN PLACE (BILLION SCFY,T60,F10.4/)
102 CONTINUE
TOOIP=0.
TOWIP=0.
TODGIP=0.
TOFGIP=0.
DO 103 K=1 KK
TOOIP=TOOIP+00IP(K)
TOWIP=TOWIP+OWIP(K)
TODGIP=TODGIP+ODGIP(K)
103 TOFGIP=TOFGIP+OFGIP(K)
115 FORMAT(/,1X," TOTAL INITIAL FLUID VOLUMES IN RESERVOIR:,
& /,10X,'OlL. IN PLACE (MILLION STBY,T60,F10.4.
& /10X, WATER IN PLACE (MILLION STBY,T60,F10.4,
& /,10X,'SOLUTION GAS IN PLACE (BILLION SCFY.T60,F10.4,
& /,10X, FREE GAS IN PLACE (BILLION SCFY,T60,F 10.4/)
STBO=SCFO*D5615
STBW=SCFW*D5615
MCFG=SCFG*0.001
MCFG1=SCFG1*0.001
STBOI=STBO
STBWI=STBW
MCFGI=MCFG+MCFGl
IF(MCFGLLE.1.D-7.AND.MCFGT.LE.1.D-T)MBEG=0.0
105 IF(N.EQ.l.AND.ITFLAG.LE.0) CALL PRTPS(N,DELTO)
IF(N.EQ.NMAX) GO TO 1010
C
C**#+* ESTABLISH RATES & CALCULATE BHFP(IF PID IS NONZERO)
C
[F(NVQN.NE.0)CALL QRATE(I NVQN,NVQNH)
[F(NVQNH.NE.0)CALL QRATE(2,NVQN,NVQNH)
[F(NVQNS.NE.0)CALL QRATE(2,NVQN+NVQNH,NVQNS)
C CALL QRATE(NVQN)
C
C#*#*** CALCULATE SEVEN DIAGONAL MATRIX FOR PRESSURE SOLUTION
C
1160 CALL SOLMAT(DIV1,D288,D144,N)
C
C**** MODIFY MATRIX ELEMENTS FOR WELLS UNDER IMPLICIT CONTROL.
C
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IF(NVQN.NE.0) CALL PRATEI(1,NVQN,NVQNH)
[F(NVQNH.NE.Q)CALL PRATEI(2,NVQN,NVQNH)
[F(INVQNS.NE.O)CALL PRATEI(2, NVQN+NVQNH,NVQNS)

C CALL PRATEI(NVQN)

C

C***+* CALCULATE NEW PRESSURE DISTRIBUTION

C

1170 CALL LSOR(DELT,DELTO,N)

C

C**** CALCULATE IMPLICIT RATES.

C
IF(NVQN.NE.O0) CALL PRATEO(1,NVGN,NVQNH)
[F(NVQNH.NE.Q)CALL PRATEO(2,NVQN,NVQNH)
[FINVQNS.NE.O)CALL PRATEO(2,NVQN+NVQNH,NVQNS)

C CALL PRATEO(NVQN)

2051 CONTINUE

C

C**** CALCULATE NEW FLUID SATURATIONS

C
SCF0=0.0
SCFW=0.0
SCFG=0.0
SCFG1=0.0
RESVOL=0.0
DO 400 K=1 KK
DO 400 J=1,1J
DO 400 [=1,11
PPN=PN(LJ K)

PP=P(1,J.K)

BPT=PBOT(L,J K)

CALL INTPVT(BPT,RSLOPE,POT,RSOTMPOT,PP,RSO)
CALL INTERP(PWT,RSWT,MPWT,PPRSW)

CALL INTERP(PGT,CRTMPGT,PPN,CR)
BPT=PBOT(,J.K)

CALL INTPVT(BPT,BSLOPE,POT,BOT.MPOT,PP.BBO)
CALL INTERP(PWT,BWTMPWT,PPBBW)

CALL INTERP(PGT,.BGTMPGT,PP,BBG)
VPP=VP(LJ.K) * (1.0+CR*(P(1,J.K)-PPN))
RESVOL=RESVOL +VPP

DP1=0.0

DP2=0.0

DP3=0.0

DP4=0.0

DP5=0.0

DP6=0.0

IF((1-1).GT.0) DP1=P(I-1,J K)-PP
[F((I+1).LE.IT) DP2=P(1+1,] K)-PP

¢ Yaghi. Testing.... Added next line to fix a problem with [+1
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IF((I+1).LE.II) DP2=P(l.J,K)-PP

IF((J-1).GT.0) DP3=P(1,J-1,K)-PP
IF((J+1).LE.JJ) DP4=P(1,J+1 K)-PP

¢ Yaghi. Testing.... Added next line to tix a problem with [+]
IF((J+1).LE.JJ) DP2=P(1,J K)-PP

IF((K-1).GT.0) DP5=P(1,J K-1)-PP
IF((K+1).LE.KK) DP6=P(.J K+1)-PP

ct e g
¢ This was added to capture the phase volumes that are associated with each
¢ face of the well-block. These are to be used later in an FEM well-model.
CHIHHHRHHRHHHH R R R
c if (i.eq.iqnl(ifem).and.j.eq.iqn2(ifem)) then
if (i.eq.10.and.j.eq. 10) then
gwww(k) =dpl * ww (i,j,k)
qwe(k) = dp2 * we (i,k)
qws(k) =dp3 * ws (i,},k)
qwn(k) =dp4 * wn (i,j k)
qwt(k) = dp5 * wt (i,j,k)
qwb(k) = dp6 * wb (i,j,k)
qow(k) = dpl * ow (i,j,k)
qoe(k) = dp2 * oe (i,j,k)
qos(k) =dp3 *os (i,j.k)
qon(k) = dp4 * on (i,j,k)
qot(k) =dp5 * ot (i, k)
qob(k) = dp6 * ob (i,},k)
qgw(k) =dpl * gw (ij.k)
qge(k) = dp2 * ge (i,k)
qgs(k) = dp3 * gs (ij.k)
qen(k) = dp4 * gn (i,}.k)
qgt(k) =dp5 * gt (i,j.k)
qgb(k) = dp6 * gb (i,j.k)
wnte(60,*)
write(60,*) ww(10,10,k)="ww(10,10,k)
write(60,*) we(10,10,k)=",we(10,10.k)
write(60,*) ws(10,10,k)=",ws(10,10,k)
write(60,*) wn(10,10,k)=",wn(10,10,k)
write(60,*) wt(10,10,k)='wt(10,10,k)
write(60,*)’ wb(10,10,k)=",wb(10,10,k)
write(60,*)
write(60,*) ow(10,10,k)=",ow(10,10,k)
write(60,*)' 0e(10,10,k)=",0e(10,10,k)
write(60,*) 0s(10,10,k)=,0s(10,10.k)
write(60,*) on(10,10.k)=",0on(10,10,k)
write(60,*)' ot(10,10,k)=",0t(10,10,k)
write(60,*) ob(10,10,k)=,0b(10,10.k)
write(60,*)

0006006000060 0600O0
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write(60,*) gw(10,10,k)=,gw(10,10,k)
write(60,*) ge(10,10,k)=",ge(10,10,k)
write(60,*)" gs(10,10,k)=",gs(10,10,k)
write(60,*) gn(10,10,k)="gn(10,10,k)
write(60,*)' gt(10,10,k)=",gt(10,10.k)
write(60,*)' gb(10,10,k)=",gb(10,10,k)

00606060

===== Yaghi. testing
write(60,*)
write(60,*) ' from Main Prog. while K='k," '
write(60,*ydp1=",dpl,’ dp2=".dp2, dp3="dp3
write(60,*)'dp4=".dp4," dp5=".dps,’ dp6="dp6
write(60,*) we(10,10,k)=",we(i,j,k}
write(60,*) qwww(’ k,)=",qwww(k)
write(60,*) qwe('.k,)=', qwe(k)
write(60,*)' qws(' K, )=, qwsik)
write(60,*) qwn('k,)=", qwn(k)
write(60,*) qwt(’,k,)=', qwi(k)
write(60,*) qwb('k,)=", qwb(k)
write(60,*)" qow(’,k,)=", qow(k)
write(60,*) qoe(’.k,)=", yoe(k)
write(60,*) qos(,K," =", qos(k)
write(60,*) qon(’.k,)=', qon(k)
write(60,*) qot(’ .k, )= got(k)
write(50,*) qob(’,k,=", qob(k}
write(60,*)" qgw(’,k,)=". qgw(k)
write(60,*)" qge(’ .k, )=, qgek)
write(60.*)' qgs(.k,)=', qgs(k)
write(60,*) qgn(’.k,)=, ggn(k)
write(60,*) qgt(’.k,)=, qet(k)
write(60,*) qgb( k)=, qgb(k)
write(60,*)

endif

060000600060

006 0600606060606 0060606CG06

(2]

DAODP=0W(I,J, K)*DP 1+OE(l,J,K)*DP2+0S(1,J,K)*DP3
& +ON(LJ.K)*DP4+OT(1J,K)*DP5+OB(L,J,K)*DP6
DAWDP=WW(LJ K)*DP 1+WE(I,J K)*DP2+WS(I,J K)*DP3
& +WN(J,K)*DP4+WT(1,J K)*DP5+WB(LJ,K)*DP6
SW(LJ.K)=(DAWDP+GWWT(I,J,K)-QW(LJ,K))*DELT +VP(LJ,K)*
& SWN(LJ KYBW(LJ,K)) * BBW/VPP
SO(L,J.K)=((DAODP+GOWT(LJ,K)-QO(LJ,K))*DELT +VP(L,J K)*
& SON(L,J K)BO(1,JK)) * BBO/VPP
SG(1,J,K)=1.0-SO(L,J.K)-SW(LJ K)
IF(SG(L,J.K).GT.0.0) GO TO 404
SG(I,J.K)=0.0
SO(L,JK)=1.0-SW(LJ.K)
404 IF(SO(LJ,K).LT.ROS) SO(I,J,K)=ROS
IF(SW({,J.K).GT.(1.-ROS)) SW(,J.K)=1.-ROS
405 CONTINUE
C
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IF(KCOFF.EQ.0) GO TO 397
RHO1=VPP*SO(1,J K)/BBO
RHO2=VP(l,J K)*SON(LJ,K BO(LJ,K)
DIFFO=RHOI-RHO2
RHW I=VPP*SW(I,J,K)/BBW
RHW2=VP(I,J K)*SWN(I,J KYBW(LJ.K)
DIFFW=RHW1-RHW2
RHG1=VPP*SG(l,J,K)/BBG
RHG2=VP(1,J K)*SGN(,J,K)/BG(LJ,K)
DIFFG=RHG|-RHG2

397 VP(1,J K)=VPP
BO(I.J,K)=BBO
BW(I.J,K)=BBW
BG(1,J,K)=BBG
FF1=SO(I,J,K)/BO(I,J K)
FE2=SW(L,J,K)YBW(LJ.K)
SCFO=SCFO+VP(I,J K)*FF|
SCFW=SCFW+VE(L,J K)*FF2
SCFG=SCFC+VP{LJ,K)*SG(I,J KYBG(I,J.K)
SCFG1=SCFG1+VP(LJ,K)*(RSO*FF | +RSW*FF2)
CALL INTERP(FOT,BOPT,MPOT,PP,BODER)
CALL INTERP(POT,RSOPT,MPOT,PPRSODER)
CALL INTERP(PWT.BWPT,MFWT,PP,BWDER)
CALL INTERP(PWT,RSWPTMPWT.PPRSWDER)
CALL INTERP(PGT,BGPT,MPGT,PP,BGDER)
[F(PP.GT.PBOT(1,J.K))BODER=BSLOPE
[F(PP.GT PBOT(I,;,K))RSODER=RSL.OPE
CO=-(BODER-BG(I,J,K)*RSODERYBO(I,J.K)
CW=-(BWDER-BG(I,J,K)*RSWDERYBW(L,J.K)
CG=-BGDER/BG(L,J.K)
CALL INTERP(PGT,CRT,MPGT,PP.CR)
CT(L,J,K)=CR + CO*SO(L,J K) +CW*SW(I.J.K) + CG*SG(LJ.K)

c

400 CONTINUE

C  AUTO. TIME STEP CONTROL CALC. OF PRESSURE AND SAT. MAXIMA.
PPM=0.
SOM=0.
SWM=0.
SGM=0.
DO 240 K=1,KK
DO 240 J=1,JJ
DO 240 [=1,1I
DPO=P(I,J K)-PN(LJ.K)
DSO=SO(LJ,K)-SON(,J.K)
DSW=SW(LJ,K)-SWN(LJ K)
DSG=SG(LJK)-SGN(L,J.K)
IF(ABS(DPO).GT.ABS(PPM)) PPM=DPO
IF(ABS(DS0).GT. ABS(SOM)) SOM=DSO
[F(ABS(DSW).GT.ABS(SWM)) SWM=DSW
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[F(ABS(DSG).GT.ABS(SGM)) SGM=DSG
240 CONTINUE
DPMC=ABS(PPM)
DSMC=ABS(SOM)
[F(DSMC.LT.ABS(SGM))DSMC=ABS(SGM)
[F(DSMC.LT.ABS(SWM))DSMC=ABS(SWM)
C****REPEAT TIME STEP?
[F(DSMC.LT.DSMAX AND.DPMC.LT.DPMAX) GO TO 402
[F(DELT.LE.DTMIN.OR.FACT2.GE.1.0) GO TO 402
ITFLAG=ITFLAG+!
DELT=DELT*FACT2
IF(DELT.LT.DTMIN) DELT=DTMIN
FT=ETI+DELT
[F(FT.GT.FTMAX) DELT=FTMAX-ETI
C****RESET VARIABLES.
DO 250 [=1,11
DO 250 J=1,JJ
DO 250 K=1,KK
P(LJ.K)=PN(,J.K)
SO(L,J,K)=SON(,J.K)
SW(ILJK)=SWN([JK)
SG(L,J,K=SGN(,J K)
250 CONTINUE
C
33 FORMAT({/)
C
GO TO 1060
402 CONTINUE
C
C****UNDERSATURATED GRID BLOCK SATURATION CALCULATION.
C
DO 410 1=L1II
DO 410 J=1,JJ
DO 410 K=1 KK
IF(P(1,J.K).GT.PN(1,J,K)) GO TO 410
IF(P(1,J,K).LTPBOT(,J,K)) GO TO 410
[P=[+1
IM=[-1
JP=]+1
IM=J-1
KP=K+]
KM=K-1
[FAPGT.II) GO TO 412
IF(SGN(IP,J.K).GT.0.0001) GO TO 410
412 IF(IM.LT.1) GO TO 414
[F(SGN(IM,J,K).GT.0.0001) GO TO 410
414 [FJPGT.JJ) GO TO 416
IF(SGN(L,JPK).GT.0.0001) GO TO 410
416 IFUM.LT.1) GO TO 418
[F(SGN(I,JM,K).GT.0.0001) GO TO 410
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418 [F(KP.GT.KK) GO TO 420
IF(SGN(1,J,KP).GT.0.0001) GO TO 410
420 [F(KM.LT.1) GO TO 422
IF(SGN(,J,KM).GT.0.0001) GO TO 410
422 SG(1,J K)=0.0
SO(L,J.K)=1.0-SW(L,J.,K)
410 CONTINUE
C**** REPRESSURIZATION ALGORITHM.
IF(IREPRS.EQ.1) GO TO 51
DO 50 I=1,I1
DO 50 J=1,JJ
DO 50 K=1 KK
IF(SG(I,J.K).LE.0.0001) GC TO 50
PP=P([,J.K)
IF(P(I,J,K).GT.PBOT(,J K)) PP=PBOT(L,J.K)
CALL INTERP(POT,BOT,MPOT,PP,BBO)
CALL INTERP(POT,RSOTMPOT,PPRSO)
CALL INTERP(PGT,.BGTMPGT,PP,BBG)
IF(SO(L,J,K).EQ.0.0) GO TG 50
RSONEW=RSO + SG(1,J, K *BEO/ASO(:,J K*BBG)
CALL INTERP(RSOT,POT,MPOT,RSONEW,FBONEW)
PBOT(IL,J.K)=PBONEW
50 CONTINUE
51 CONTINUE
C#*** UPDATE OLD FLUID VOLUMES FOR MATERIAL BAILLANCE.
STBOI=STBO
STBWI=STBW
MCFGI=MCFGT
C**** JPDATE NEW FLUID VOLUMES.
STBO=SCFO*D5615
STBW=SCFW*D5615
MCFG=8CFG*0.001
MCFG1=SCFG1*0.001
MCFGT=MCFG+MCFGlI
C
C***** DEBUG PRINT OF PRESENT AND FUTURE P,SO,SW,SG VALUES.
I[F(KCOFF.EQ.0)GO TO 291
DO 290 K=1,KK
DO 290 J=1,1J
DO 290 [=1,11
290 CONTINUE
291 CONTINUE
C
C**** WELL REPORT (ALL RATE & PRESSURE DATA APPLICABLE THIS STEP)
C
[J=0
TOR=0.
TGR=0.
TWR=0.
TOC=0.
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TGC=0.
TWC=0.
N2=NVQN+NVQNH+NVQNS
PWFAVG1=0.

DO 2059 J=1,N2
GOR=0.
WOR=0.
=1J+1
IF (J.LENVQN)THEN
IQI=IQNI(D)
1Q2=IQN2(J)
[Q3=IQN3())
LAY=IQ3+(LAYER@J)-1)
ELSE
[Q3=1
LAY=LAYER(J)
ENDIF
DO 2050 KKK=IQ3,LAY
K=KKK
IF (J GTNVQN)THEN
[QI=IQHI(J,KKK)
[1Q2=IQH2(J,KKK)
K=IQH3(J,KKK)
ENDIF
QO0=QO(IQ1,1Q2,K)*D5615
QWW=QW(IQI,IQ2,K)*D3615
QGG=QG(IQ1,IQ2,K)*.001
CUMO(J KKK)=CUMO@J,KKK}+QOO*DELT*.001
CUMW(J KKK)CUMW(U, KKK)*QWW*DELT*.001
CUMGJ . KKK)=CUMG(J , KKK)*+QGG*DELT*.001
[F(JEQ.1.AND.KIP(1).GT.0)PWFAVGI=PWFAVG I+PWFC(l KKK)
[FU.EQ.1.AND.KIP(1).LT.O)PWFAVG |=PWFAVG1+PWF(1,KKK)
[FAWLREP.EQ.0) GO TO 2050
[F(FT.GT.0.999.AND.FT.LT.1.001) GO TO 891
IF(ABS(FT-NUMPRD*SONTVL).GT.0.001) GO TO 2050
891 continue
5911 FORMAT(/,T56, —---- RATE ', 22X, —~- CUMULATIVE -,
& [ 13X,WELL LOCATION' 4X,CALC SPEC SPEC'4X,
&'OIL GAS WATER GOR WOR'5X,
& 'OIL GAS WATER'/,
& 14X)ID',3X,1 J K BHFP BHFP PI,
& 3X,STB/D MCF/D STB/D'20X,MSTB MMCF MSTB'/)
[F(QOO0.EQ.0.)GO TO 998
GOR=QGG*1000./QO0
WOR=QWW/QOO
998 continue
592 FORMAT(11X,A5,1X,313,F8.2,F8.0,F7.3,3F9.0,F7.0,F7.3,3F8.0)
TOR=TOR+QOO
TGR=TGR+QGG
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TWR=TWR+QWW
TOC=TOC+CUMO(J,KKK)
TGC=TGC+CUMG(J,KKK)
TWC=TWC+CUMW(J KKK)
2050 CONTINUE
IFU.EQ.1)PWFAVGI=PWFAVGI/LAY
2059 CONTINUE
IF(IWLREP.EQ.0)GO TO 2052
IF(FT.GT.0.999.AND.FT.LT.1.001) GO TO 791
[F(ABS(FT-NUMPRD*SONTVL).GT.0.001) GO TO 2052
791 continue
5912 FORMAT(12X,102(-"/,
&12X,' TOTALS',31X,3F9.0,14X,3F8.0./)
2052 CONTINUE
C
C CALCULATE MATERIAL BALANCE ERRORS & AVERAGE RESERVOIR PRESSURE
c
if (i_signal.lt.0) then
CALL FEMWELL ( ifem,i_signat)
endif
CHEHHHHHHHHR R R R SRR R R R
¢ At this entry the fem can evaluate the well-bleck. There should be a
¢ switch to allow the bypass of this calculation if desired

c FHHHE R

==== Yaghi
write(30.*) ' This simulation is set in the data file’
write(30,*) " to run for ttltime=35000, to change it,’
write(30,*)* simply edit tyler2 dat and change the '
write(30,*)" TMAX variable. )
write(30,*)’ '

c o6

[e 2N ¢

CALL FEMETHOD(ifem,deltttltime)

¢ Yaghi. delete the next line (stop).

if (tiltime .gt. 2500) then
t=MCLOCK()-t0
write(66,*)’ The Yaghi-FEM Code took °,

& t, ' on the J30'

write(66,*) delt =", delt,’ ttltime = ",ttltime
write(66,*)' Looped 3 times in FEMETHOD'
STOP

end if

ttitime=ttitime+delt

DELTO=DELT
ETI=ETI+DELT
CALL MATBAL(DELTO,D5615)
o
[F(WOR.GT.WORMAX) GO TO 1002
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[F(GOR.GT.GORMAX) GO TO 1003
IF(PAVG.LT.PAMIN) GO TO 1004
[F(PAVG.GT.PAMAX) GO TO 1005
C
C***x* SUMMARY REPORT.
[F(MOD(N,NTS).EQ.0)THEN
PIDRES I=(OPR+WPR)Y/(PAVG-PWFAVGI)
ENDIF
987 FORMAT(I6,2F8.2,F10.2,F9.0F9.1,F10.0,F7.2,F7.1,F9.0,3F8.2,
& F8.3)
[F(NGRSW.EQ. . AND.(ETI-NUMPRD*SONTVL).GE.0.0)CALL GRPHCS
IF(ISUMRYEQ.0) GO TO 2057
NLP=N+]
691 CALL PRTPS(NLP,DELTO)
2057 IF(N.NE.KCO.OR.KCO1.EQ.0)GO TO 500
c only write the value at well block
GOTO 583
DO 300 K=1,KK
DO 300 J=1,JJ
DO 300 I=1,11
300 CONTINUE
583 WRITE(NO.*AT WELL BLOCK'
¢
¢ ====== Yaghi. Check this for multiple layers
c
i=10
j=10
k=3
WRITE(NO,2)LJ.K,VP(LJ,K).CT(L.J,K).BO(1.J,K),SO(1J K),
&BW(1,J,K),SW(LJ.K),BG(1,J K),SG(L,J K)
C
500 CONTINUE
[F(N.EQ.KSN)KSN=KSN+KSN1
[FIN.EQ.KSM)KSM=KSM+KSM
[F(N.EQ.KCO)KCO=KCO+KCOl1
C**** UPDATE ARRAYS.
DO 1150 K= KK
DO 1150 J=1,1J
DO 1150 [=1,11
QO(L,J,K)=0.0
QW(,J.K)=0.0
QG(L,J.K)=0.0
PN(LJ,K)=P(I,J.K)
SON(1,J.K)=S0(1,J K)
SWN(ILJK)=SW(I,J,K)
SGN(I,J,K)=SG(LJ K)
1150 CONTINUE
Cc
591 FORMAT(//T5,10(*),” WELL REPORT FOR ALL ACTIVE WELLS",
&4XELAPSED TIME = F11.6, DAYS FROM BEGINNING OF SIMULATION °,
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&10(*)/N
C

[F(WOR.GT WORMAX) GO TO 1002

[F(GOR.GT.GORMAX) GO TO 1003

IF(PAVG.LT.PAMIN) GO TO 1004

IF(PAVG.GT.PAMAX) GO TO 1005
1000 CONTINUE
C
1002 WRITE(NO,2002}

GO TO 1010
1003 WRITE(NO,2003)

GO TO 1010
1004 WRITE(NO,2004)

GO TO 1010
1005 WRITE(NO,2005)
1010 CLOSE(UNIT=NI)

CLOSE(UNIT=NO)

[F(NRESTART.EQ.1)CALL RESTART

STOP
C
2002 FORMAT(/T15;MAXIMUM WOR HAS BEEN EXCEEDED --- SIMULATION',

&' [S BEING TERMINATED'//)
2003 FORMAT(/TI5,MAXIMUM GOR :{AS BEEN EXCEEDED -- SIMULATION',

&' IS BEING TERMINATED/)
2004 FORMAT(/T15;MINIMUM AVeRAGE RESERVOIR PRESSURE WAS NOT",

&' ACHIEVED --- SIMULATICN IS BEING TERMINATED'//)
2005 FORMAT(/T15;MAXIMUM AVERAGE RESERVOI[R PRESSURE

&HAS BEEN EXCEEDED --- SIMULATION IS BFING TERMINATED'//)
C

END

Cc === p—

SUBROUTINE MESHGEN (ifem)

This is a subroutine that generates the mesh for a well-model that
interfaces with BOAST. This generation is based on using a
radial approach out from the well. The angles are in the first
quadrant. That is, they start from the x-axis
INCLUDE 'PARAMETR.FOR’

INCLUDE PARAMETR.FEM'
dimension itemp(4)

dimension s(n_theta),f(nbands),kl(num_nodes),k2(num_nodes),

& k3(num_nodes),k4(num_nodes)

COMMON /VECTOR/ DX(NX,NY,NZ).DY(NX,NY,NZ),DZ(NX,NY,NZ)
COMMON /IQN/ [QN1(NW),IQN2(NW),IQN3(NW)
COMMON/MESHPTS/ i 1(num_elemts).i2(num_elemts),

& 13(num_elemts),i4(num_elemts), rl
common/gauss/gauss_pts(2),gauss_wts(2),num_gauss_pts
common/shape/phif(Imt_nodes),

& dphd(lmt_nodes,3),coords(Imt_nodes,3)

00060606
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common/glstiff/stiff(num_nodes*nzp,num_nodes*nzp),

& fl(num_nodes*nzp).xl(num_nodes*nzp),ipvt(num_nodes*nzp),

& sofl(num_nodes*nzp),sofl I(num_nodes*nzp),sofl2(num_nodes*nzp),
& sgfl(num_nodes*nzp),sgfl |(num_nodes*nzp),sgfl2(num_nodes*nzp),
& swfl(num_nodes*nzp),swfll (num_nodes*nzp),swfl2(num_nodes*nzp)

common/stiff0/stitf0(num_nodes*nzp,num_nodes*nzp),
& sostiff(num_nodes*nzp,num_nodes*nzp),
& sgstiff(num_nodes*nzp,num_nodes*nzp),
& swstiff(num_nodes*nzp,num_nodes*nzp)

common/oldpwg/pold(num_nodes*nzp),swold(num_nodes*nzp),
& soold(num_nodes*nzp), sgold(num_nodes*nzp)

common /global/ xyzcds(num_nodes,3),pfem(num_nodes*nzp),
& sofem(num_nodes*nzp),swiem(num_nodes*nzp),

& sgfem(num_nodes*nzp),pbotfem(num_nodes*nzp),

& qofem(num_nodes*nzp),qwfem(num_nodes*nzp).

& qgfem(num_nodes*nzp),phi(nz)

common/oilfem/ A(Imt_nodes,Imt_nodes),
& COLi(Imt_nodes,Imt_nodes),DO(Imt_nodes),
& COIL(Imt_nodes.Imt_nodes),QOIL.(Imt_nodes)

common/waterfem/ H(Imt_nodes,imt_nodes),

& BWAT(Imt_nodes,Imt_nodes),DW(Imt_nodes),
& CW1J(Imt_nodes,Imt_nodes),QWAT(Imt_nodes),
& CWAT(Imt_nodes,Imt_nodes)

common/gasfem/ EGAS(Imt_nodes,Imt_nodes),

& G(Imt_nodes,Imt_nodes),DG(Imt_nodes),

& WX(Imt_nodes,Imt_nodes),QGAS(Imt_nodes),

& rsodo(imt_nodes),rswdw(lmt_nodes),

& GX(Imt_nodes,!mt_nodes),rswb(imt_nodes,Imt_nodes) ,
& cacw(imt_nodes,Imt_nodes),rsoa(lmt_nodes,Imt_nodes),
& rswh(lmt_nodes,Imt_nodes) ,

& fgas(Imt_nodes,Imt_nodes),fwat(Imt_nodes.Imt_nodes)

mtemp = n_theta
n_clms= (nbands- 1)*(mtemp-1)
xmax = DX (10,10,3)/2.0
ymax =DY (10,10,3)/2.0

c rstep=(xmax-rw)/(nbands-1)
pi=3.1415926

do j=1,mtemp
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angle=0.5*pi*(}-1)/(mtemp-1)
rstep = 10.0
do i=1,nbands-2
c k is the node number along circle number "i"
k=mtemp*(i-1)+
xstep = rstep

if(2.0*angle .It. 0.5*pi) then
rl=xmax/cos(angle)
else
rl=ymax/sin(angle)
endif
if(i .ne. nbands) then
xyzeds(k, 1 )=(rw+rstep*(i-1))*cos(angle),
xvzeds(k,2)=(rw+rstep*(i-1))*sin(angle).
else
xvzeds(k, | )=rl*cos(angle);
xvzeds(k,2)=rl*sin(angle);
end if
rstep = rstep + 5
end do
end do

nstep = 32.0
doj= I, mtemp
angle = 0.5*pi*(j-1)/(mtemp-1)
k=mtemp*(nbands-2)+j
if(2.0*angle .1t. 0.5*pi) then
rl=xmax/cos(angle)
else
rl=ymax/sin(angle)
endif
if(i .ne. nbands) then
xyzeds(k, 1 )=(rw+rstep*(i- 1 ))*cos(angle);
xyzcds(k,2)=(rw-rstep*(i-1})*sin(angle);
else
xyzeds(k, 1)=ri*cos(angle);
xyzcds(k,2)=rl*sin(angle);
end if
end do

rstep = (Xmax-rw) - rstep
doj = 1, mtemp
angle = 0.5*pi*(j-1)/(mtemp-1)
k=mtemp*(nbands-1)+j
if(2.0*angle .It. 0.5*pi) then
rl=xmax/cos(angle)
else
rI=ymax/sin(angle)
endif
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if(i .ne. nbands) then
xyzeds(k, 1 )=(rw+rstep*(i-1))*cos(angle).
xyzeds(k,2)=(rw+rstep*(i- | ))*sin(angle),

clse

xyzeds(k, 1)=rl*cos(angle),
xyzcds(k,2)=rl*sin(angle);
end if
end do

¢ ==== Yaghi. testing
C write(60,*)
¢ write(60,*) ' xyzCoords in MESHGEN: '

do 50} = 1,num_nodes

xyzeds(j,3) = Dz (10,10,1)

c write(60,49)j,xyzeds(j, 1),xyzeds(j,2),xyzeds(j, 35
49 format(5x,14,5x,£12.4,5x,12.4.5x,f12.4)
50 continue

[o N o)

global nodes .

do 60 i=1,nbands

Jo 70 j=1,mtemp

if (i.eq.l.and.j.eq.1) then

klg)=l1

k2(j)=0

k3()=0

k4(j)=0

endif

if (i.eq.l.and.j.ne.1.and.j.ne.mtemp) then
kIG=kIG-1)+1

k2@)=k2(-1)+1

k3()=0

k4(3)=0

endif

if (i.eq. l.and.j.eq.mtemp) then
kl()=mtemp-1

k2(j)=0

k3(j)=0

k4(j)=0

endif

if (i.eq.2.and.k2(j).ne.0) then
k1((i-1)*mtemp+j)= k1(j)
K2((i-1)*mtemp-j)= k2()
k3((i-1)*mtemp+j)= k1(j)+mtemp-1
k4((i-1)*mtemp+j)= k2(j)+mtemp-1
endif

if (i.gt.2.and.k3((i-2)*mtemp+;j).ne.0) then
k1((i-1)*mtemp+j)= k1((i-2)*mtemp+j)+mtemp-1
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The following determines the relationship between locai nodes and
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k2((i-1)*mtemp+j)= k2((i-2)*mtemp+j)+mtemp- |
k3(G-1)*mtemp+j)= k3((i-2)*mtemp-+j)+mtemp- |
k4((i- 1 )*mtemp+j)= kd((i-2)*mtemp+j)+mtemp- |
endif

it (i.ne. L.and.k2((i-2)*mtemp+j).eq.0) then
k1((i-1)*mtemp+j)= k1 ((i-2)*mtemp+j)
k2((i-1)*mtemp+j)= k 1((i-2)*mtemp-+j)+mtemp- |
k3((i-1)*mtemp-+j)=0

k4((i-1)*mtemp+j)=0

endif

if (i.gt.2.and.k3((i-2)*mtemp+j).eq.0) then
K1((i-1)*mtemp+j)=k [ ((i-2)*mtemp+j)+mtemp-|
k2((i-1)*mtemp-+j)=k2((1-2)*mtemp+j)+mtemp- |
k3((i-1)*mtemp+j)=0

k4((i-1)*mtemp+j)=0

endif

if (i.eq.nbands.and. k3((i-2)*mtemp+)).eq.C) then
k1((i-1)*mtemp+j)=k2((i-2)*mtemp+j)
k2((i-1)*mtemp+j)=0

k3((i-1)*mtemp+j)=0

kd((i-1)*mtemp+))=0

endif

if (1.eq.nbands.and.k3((i-2)*mtemp+jj.ne.0) then
kI((i-1)*mtemp+j)= k3((i-2)*mtemp-+))
k2((i-1)*mtemp+j)= kd((i-2)* miemp+j)
k3((i-1)*mtemp—j)=0

k4((i-1)*mtemp+j)=0

endif
70 continue
60 continue

do 90 i=1,n_elms

1=1

do 80 j=1, num_nodes
if(k1().ne.0.and.k 1 (j).eq.i) then
itemp(l)=j

1=1+1

endif

if(k2(j).ne.0.and .k2(j).eq.i) then
itemp(l)=)

I=1+1

endif
if(k3(j).ne.0.and.k3(j).eq.i) then
itemp(l)=j

1=1+1

endif
if(k4(j).ne.0.and.k4(j).eq.i) then
itemp(l)=)

=l+1

endif
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80 continue
i1(i)=itemp(l)
12(i)=itemp(3)
13(i)=itemp(4)
14(1)=itemp(2)

90 continue

call gauss_3d8

return
end
c
SUBROUTINE elmtGEN (ifem,kount k)
c
¢ This is a subroutine that generates the nodal points for one element
¢ from the data that was generated for the whole mesh. It may be
¢ possible to do the global assembly without the need for doing
¢ each element. later. However, this is the siandard approach.
iNCLUDE ‘PARAMETR.FOR'
INCLUDE 'PARAMETR.FEM'
COMMON/MESHPTS/ il (num_elemts),i2(num_elemts),
& 13(num_elemts),i4(num_elemts), rl
common/gauss/gauss_pts(2),gauss_wis(2),num_gauss_pts
common/shape/phif(Imt_nodes),
& dphd(Imt_nodes,3),coords(imt_nodes,3)
COMMON /VECTOR/ DX(NX.NY,NZ),DY{NX NY.NZ),DZ(NX,NY,NZ)
cHtHriH

common/glstff/stiff(num_nodes*nzp,num_nodes*nzp),

& fl(num_nondes*nzp),xl(num_nodes*nzp),ipvt(num_nodes*nzp),

& sofl(num_nodes*nzp),sofll(num_nodes*nzp),sofl2(num_nodes*nzp),
& sgfl(num_nodes*nzp),sgtll(num_nodes*nzp),sgt12(num_nodes*nzp),
& swfl(num_nodes*nzp),swill(num_nodes*nzp),swfl2(num_nodes*nzp)

common/stiff0/stiftO(num_nodes*nzp,num_nodes*nzp).
& sostiff(num_nodes*nzp,num_nodes*nzp),
& sgstiff(num_nodes*nzp,num_nodes*nzp),
& swstiff(num_nodes*nzp,num_nodes*nzp)

common/oldpwg/pold(num_nodes*nzp),swold(num_nodes*nzp),
& soold(num_nodes*nzp), sgold(num_nodes*nzp)

common /global/ xyzcds(num_nodes,3),ptem(num_nodes*nzp),
& sofem(num_nodes*nzp),swfem(num_nodes*nzp),

& sgfem(num_nodes*nzp),pbotfem(num_nodes*nzp),

& qofem(num_nodes*nzp),qwfem(num_nodes*nzp),

& qgfem(num_nodes*nzp),phi(nz)
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common/oilfem/ A(Imt_nodes,Imt_nodes),
& COlJ(Imt_nodes,Imt_nodes),DO(Imt_nodes),
& COIL(Imt_nodes,Imt_nodes),QOIL(Imt_nodes)

common/waterfem/ H(Imt_nodes,Imt_nodes),

& BWAT(Imt_nodes,Imt_nodes),DW(Imt_nodes),
& CWL(Imt_nodes,Imt_nodes),QWAT(Imt_nodes),
& CWAT(Imt_nodes,Imt_nodes)

common/gasfemn/ EGAS(Imt_nodes,Imt_ncdes),

& G(lmt_nodes,Imt_nodes),DG(Imt_nodes),

& WX(Imt_nodes,Imt_nodes),QGAS(Imt_nodes),

& rsodo(imt_nodes),rswdw(Imt_nodes),

& GX(Imt_nodes,Imt_nodes),rswb(Imt_nodes,imt_nodes),
& cacw(imt_nodes,Imt_nodes),rsoa(lmt_nodes,Imt_nodes),
& rswh(lmt_nodes,Imt_nodes) ,

& fgas(Imt_nodes,Imt_nodes), twat(lmi_nodes,Imt_nodes)

coords(5,1) = xyzeds(i  (kount), 1)
coords(5,2) = xyzeds(i L (kount),2)
coords(3,3) =0.0d0

coords(l,1) = xyzeds(i I (kount), 1)
coords(1,2) = xyzcds(il (kount).2)
coords(1,3) = xyzceds(i 1 (kount),3)

coords(6,1) = xyzeds(i2(kount), 1)
coords(6,2) = xvzeds(i2(kount),2)
coords(6,3) = 0.0d0

coords(2,1) = xyzeds(i2(kount), 1)
coords(2,2) = xyzcds(i2(kount),2)
coords(2,3) = xvzcds(i2(kount),3)

coords(7,1) = xyzeds(i3(kount), )
coords(7,2) = xyzeds(i3(kount),2)
coords(7,3) = 0.0d0

coords(3,1) = xyzeds(i3(kount), 1)
coords(3,2) = xyzeds(i3(kount),2)
coords(3,3) = xyzeds(i3(kount),3)

coords(8, 1) = xyzcds(i4(kount), 1)
coords(8,2) = xyzeds(i4(kount),2)
coords(8,3) = 0.0d0

coords(4,1) = xyzcds(i4(kount), 1)
coords(4,2) = xyzcds(i4(kount),2)
coords(4,3) = xyzcds(i4(kount),3)

if (k .gt. 1) then
doi=1,8
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coords(i,3) = 0.0d0
end do

doi=35,8
doj=2k
coords(i,3) = dz(10,104-1)
& +coords(i,3)
end do
enddo

doi=1,4
doj=1,k
coords(i,3) = dz(10,10)
& +coords(i,3)
end do
enddo
endif
return
end

SUBROUTINE FEMWELL (item.i_signal)
¢ S—_—
This subroutine initializes the fem mesh peints for there inidal
¢ pressure, oil sat, gas sat, and water sat.
INCLUDE 'PARAMETR.FOR'
INCLUDE 'PARAMETR.FEM’
COMMON /NUMBER/ I1,JJ, KK
COMMON /SPVT/ SAT(NTE),KROT(NTE),KRWT(NTE),KRGT(NTE),PCOWT(NTE),
& PCGOT(NTE),POT(NTE),MUOT(NTE).BOT(NTE),BOPT(NTE),RSOT(NTE),RSOPT
& (NTE),PWT(NTE) ,MUWT(NTE),BWT(NTE),BWPT(NTE),RSWT(NTE),RSWPT(NTE),
& PGT(NTE)MUGT(NTE),BGT(NTE),BGPT(NTE),CRT(NTE)
COMMON /RATE/ QO(NX,NY,NZ),QW(NX,NY,NZ),QG(NX,NY,NZ)
COMMON /BUBBLE/ PBO,VSLOPE BSLOPE,RSLOPE,PMAXT,IREPRS,
& RHOSCO,RHOSCG,RHOSCW,MSATMPOTMPWTMPGT,PBOT(NX,NY,NZ)
COMMON /PRTP/ P(NX,NY,NZ)
COMMON /PRTS/ SONX,NY,NZ),SW(NX,NY,NZ),SG(INX,NY,NZ)
COMMON /SRATE/ PID(NW,NL),PWF(NW,NL),PWFC(NW,NL),KIP(NW),
& GMO(NW,NL),GMW(NW,NL),GMG(NW,NL).LAYER(NW),QVO(NW),
& QVW(INW),QVG(NW),QVT(NW),CUMO(NW,NL),CUMW(NW,NL),CUMG(NW,NL)
COMMON /1QN/ IQNI(NW‘,IQNZ(NW),IQN3(NW)

[¢]

common/glstiff/stiff(num_nodes*nzp,num_nodes*nzp),

& fl(num_nodes*nzp),xl(num_nodes*nzp),ipvi(num_nodes*nzp),

& sofl(num_nodes*nzp),sofl I (num_nodes*nzp),sofl2(num_nodes*nzp),
& sgfl(num_nodes*nzp),sgfll(num_nodes*nzp),sgfl2(num_nodes*nzp),
& swfl(num_nodes*nzp),swill(num_nodes*nzp),swfl2(num_nodes*nzp)

common/stiff0/stiffO(num_nodes*nzp,num_nodes*nzp),
& sostiff(num_nodes*nzp,num_nodes*nzp),
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& sgstiff(num_nodes*nzp,num_nodes*nzp),
& swstiff(num_nodes*nzp,num_nodes*nzp)

common/oldpwg/pold(num_nodes*nzp),swold(num_nodes*nzp).
& soold(num_nodes*nzp), sgold(num_nodes*nzp)

common /global/ Xyzcds(num_nodes,3),pfem(nunt_nodes*nzp),
& sofem(num_nodes*nzp),swfem(num_nodes*nzp),

& sgfem(num_nodes*nzp),pbotfem(num_nodes*nzp).

& gofem(num_nodes*nzp),qwfem(num_nodes*nzp),

& qgfem(num_nodes*nzp),phi(nz)

i_signal =-1
K1=10
K2=10
K3=3
write(60,*)
write(60,*) " From FEMWEL: p, so. sw, sg:'
dojk=13
write(60,%)
write(60,7) K =", jk
write(60,*) p(10,10,jk), so(10,10,1Kk),
& sw(10,10,k), sg(10,104Kk)
end do

[N o)

a6 o6

(¢}

write(60,%)

c write(60,*) ' Initializing pressure & saturations.’

¢ wnte(60.*) " From FEMWEL: pfem, sofem, swfem, sgfem: '
doj = l,num_nodes*4

pfem(j) = p(k1.k2,k3)

sofem(j) = so(K1,K2,K3)

swfem()) = sw(K1,K2,K3)

sgfem(j) = sg(K1,K2,K3)

pbotfem(j) = pbot(k1,k2,k3)

c write(60,*)
write(60,¥)j,pfemn(j),sofem(j),swtem(j),
& sgfem(j)

(23 ¢]

end do

pp=pfem(l)
bpt=pbotfem(1l)
CALL INTPVT(BPT,RSLOPE,POT.RSOTMPOT,PP,RSO)
CALL INTERP(PWT.RSWTMPWT.,PPRSW)

¢ This computes BO above or below the bubble point pressure
CALL INTPVT(BPT,BSLOPE,POT,BOTMPOT,PP,BOfem)
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This computes BW at PP pressure, this is not effected by the bubble
point,

CALL INTERP(PWT,BWTMPWTPPBWfem)
This computes BG at PP pressure, this is not effected by the bubble
point.

CALL INTERP(PGT,BGTMPGT,PP,BGfem)

(e ¢}

o6

CHARBHHHH R

foil=qo(k1 k2 k3)*bofem
fwat=qw(k 1 ,k2,k3)*bwfem
fgas=(qg(k1,k2,k3)

& -qo(k1,k2,k3)*rso

& -qw(k!,k2,k3)*rsw)*bgfem
fnum=(qg(k1,k2,k3)

& -qo(k1,k2,k3)*rso

& -qw(k1,k2,k3)*rsw)*bgfem+foil+twat
sgas=tgas/fnum
wgas=fwat/fnum
ogas=foil/fnum

return
end

Pe

SUBROUTINE SHAPE_3D8(xi,cta,zeta)

This subroutine has the shape functions for a trilinear hexahedral
element. These are taken from “The Finite Element Method” Hughes.
and modified for the "z-axis” to be the negative as in BOAST.
INCLUDE PARAMETR FEM'

common/shape/phif(Imt_nodes),
& dphd(Imt_nodes,3),coords(lmt_nodes,3)

xim = 1.0-xi

xip = 1.0+xi

etap = 1.0+eta

etam = |.0-eta

zip = 1.0+zeta

zim = ].0-zeta

[aNoNpRt

c
CRERRRRRRRRRER Shape Functions ****%kksikxsins
c

phif(1) = 0.125*xam*etam*zip

phif(2) = 0.125*xip*etam*zip

phif(3) = 0.125*xip*etap*zip

phif(4) = 0.125*xim*etap*zip

phif(5) = 0.125*xim*etam*zim

phif(6) = 0.125*xip*etam*zim

phif(7) = 0.125*xip*etap*zim

phif(8) = 0.125*xim*etap*zim
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C

cHeRerwsrraass Derjvatives of Shape Functions ***##sssssxssss
c
C-mmmnm Derivatives wrt Xi ~-===e=-n- -

dphd(l,1) = -0.125*etam*zip
dphd(2,1) = 0.125*ctam*zip
dphd(3,1) = 0.125*etap*zip
dphd(4,1) = -0.125*ctap*zip
dphd(5,1) = -0.125*etam*zim
dphd(6,1) = 0.125*ctam*zim
dphd(7,1) = 0.125*¢etap*zim
dphd(8,1) = -0.125%etap*zim
¢------ Derivatives wrt eta---eee-s-ue
dphd(l,2) = -0.125*xim*zip
dphd(2,2) = -0.125*xip*zip
dphd(3,2) = 0. 125*xip*zip
dphd(4,2) = 0.125*xim*zip
dphd(5,2) = -0.125*xim*zim
dphd(6,2) = -0.125*xip*zim
dphd(7,2) = G.125*xip*zim
dphd(8,2) = 0.125*xim*zim
c------ Derivatives wrt zeta ---e-e-mceem-
dphd(1,3) = 0.125*xim*etam
dphd(2,3) = 0 125*xip*etam
dphd(3,3) = 0.123*xip*etap
dphd(4,3) = 0.125*xim*ctap
dphd(5,3) = -0.125*xim*etam
dphd(6,3) = -0.125*xip*etam
dphd(7,3) = -0.125*xip*etap
dphd(8,3) = -0.125*xim*etap
return
end

Le

SUBROUTINE JACOBI_3D8(i_cim,det_jacobian,dn)

This subroutine uses the shape functions for a trilinear hexahedral
element. These are taken from "The Finite Element Method" Hughes.
and modified for the "z-axis" to be the negative as in BOAST.
[t calculates the 3-D Jacobian..

INCLUDE 'PARAMETR.FEM'

INCLUDE 'PARAMETR.FOR’

common/shape/phif(Imt_nodes),
& dphd(lmt_nodes,3),coords(Imt_nodes,3)

cnNnnne

common/glstiff/stiff(num_nodes*nzp,num_nodes*nzp),
& fl(num_nodes*nzp),xl(num_nodes*nzp),ipvt{num_nodes*nzp),
& sofl(num_nodes*nzp),sofl l(num_nodes*nzp),sofl2(num_nodes*nzp),

& sgfli(num_nodes*nzp),sgfl |(num_nodes*nzp),sgfl2(num_nodes*nzp),
& swfl(num_nodes*nzp),swfll(num_nodes*nzp),swfl2(num_nodes*nzp)
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common/stiff0/stiffO(num_nodes*nzp,num_nodes*nzp),
& sostiff(num_nodes*nzp,num_nodes*nzp),
& sgstiff(num_nodes*nzp,num_nodes*nzp),
& swstiff(num_nodes*nzp,num_nodes*nzp)

common/oldpwg/pold(num_nodes*nzp),swold(num_nodes*nzp),
& soold(num_nodes*nzp), sgold(num_nodes*nzp)

common /global/ xyzcds(num_nodes,3),pfem(num_nodes*nzp),
& sofem(num_nodes*nzp),swfem(num_nodes*nzp),

& sgfem(num_nodes*nzp),pbotfem(num_nodes*nzp),

& qofem(num_nodes*nzp),qwlem(num_nodes*nzp),

& qgfem(num_nodes*nzp),phi(nz)

common/oilfem/ A(Imt_nodes,!mt_nodes),
& COLJ(Imt_nodes,Imt_nodes),DO(Imt_nodes),
& COIL(Imt_nodes,Imt_nodes),QOIL(Imt_nodes)

common/waterfern/ H(Imt_nodes,Imt_nodes),

& BWAT(Imt_nodes.Imt_nodes),DW(Imt_nodes),
& CWIJ(Imt_nodes,Imt_nodes),QWAT(Imt_nodes).
& CWAT(Imt_nodes,Imt _nodes)

common/gasfen/ EGAS(Imt_nodes,lint_nodes),

& G(lmt_nodes,Imt_nodes),DG(Imt_nodes),

& WX(Imt_nodes,imt_nodes),QGAS(Imt_nodes),

& rsodo(Imt_nodes),rswdw(Imt_nodes),

& GX(Imt_nodes,Imt_nodes),rswb(lmt_nodes,lint_nodes) ,
& cacw(lmt_nodes,Imt_nodes),rsoa(lmt_nodes,Imt_nodes),
& rswh(lmt_nodes,lmt_nodes) ,

& fgas(Imt_nodes,imt_nodes).fwat(lmt_nodes,Imt_nodes)

C
[
[
c

[+
C
c
c
Cc
C
c
C
[+
c
c
[~
[~
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From Don Morton's PhD work ...this is the tie between this and his
PhD work.

el_calc_jacobian(elmt_num jacobian, det_jacobian, jacobian_inv,

num_nodes_compct, coords, dnlcl)
integer elmt_num
double precision jacobian(GLB_NUM_DIMENSIONS,
GLB_NUM_DIMENSIONS)
double precision det_jacobian
double precision jacobian_inv(GLB_NUM_DIMENSIONS,
GLB_NUM_DIMENSIONS)
integer num_nodes_compct

double precision coords(GLB_MAX_NODES_PER_ELMT,

GLB_NUM_DIMENSIONS)
double precision dnlc{GLB_MAX_NODES_PER_ELMT,
GLB_NUM_DIMENSIONS)
calculate jacobian, etc.
double precision jacobian(3,3), !jacobian matrix
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& det_jacobian, ! determinant of jacobian
& jacobian_inv(3,3) ! inverse of jacobian matrix
¢ double precision coords(8,3) ! coordinates of nodes in compact list

double precision dn(8,3) !

double precision cofactor(3,3) ! cofactors of jacobian matrix

num_nodes_compct = 8

¢ initialize jacobian matrix
do5i=13
do3j=13
jacobian(i,) = 0.0d0
3 continue
continue

w

¢ calculate jacobian matrix at point (xi, eta, zeta)

do 20 k=1,num_nodes_compct
do 15i=13
do 10j=1,3
Jacobian(i,}) = jacobian(i,j) +
& coords(k,))*dphd(k,i)

10 continue

15 continue
20 continue

¢ calculate cofactors of jacobian matrix
cofactor(l,1) = jacobian(2,2)*jaccbian(3,3) -
& Jacobian(2,3)*jacobian(3,2)
cofactor(1,2) = -(jacobian(2, 1)*jacobian(3,3) -
& jacobian(2,3)*jacobian(3,1))
cofactor(1.3) = jacobian(2,!)*jacobian(3,2) -
& Jacobian(2,2)*jacobian(3,1)

cofactor(2,1) = -(jacobian(1,2)*jacobian(3,3) -
& jacobian(1,3)*jacobian(3,2))

cofactor(2,2) = jacobian(1,1)*jacobian(3,3) -
& jacobian(1,3)*jacobian(3, 1)

cofactor(2,3) = -(jacobian(l, 1)*jacobian(3,2) -
& jacobian(1,2)*jacobian(3,1))

cofactor(3,1) = jacobian(1,2)*jacobian(2,3) -
& jacobian(1,3)*jacobian(2,2)

cofactor(3,2) = -(jacobian(1,1)*jacobian(2,3) -
& Jjacobian(1,3)*jacebian(2,1))

cofactor(3,3) = jacobian(1,1)*jacobian(2,2) -
& Jjacobian(1,2)*jacobian(2,1)
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¢ calculate determinant of jacobian matrix
det_jacobian = 0.0d0
do 30i=1,3
det_jacobian = det_jacobian + jacobian(1,i)*cotactor(l,i)
30 continue

if(det_jacobian .1t. 1.0d-15) then
c write(60,1000) i_elm,det_jacobian
stop
endif

¢ calculate inverse of jacobian - it is equal to the adjoint/determinant.
¢ note that the adjoint is the transpose of the matrix of cofactors.

do 45i=1,3
do 40j=1,3
jacobian_inv(i,j) = cofactor(j,i)/det_jacobian
40 continue

45  conlinue

1000 format(lx, 'jacobi_3D8(): Fatal error’, /5x,
& ‘In Element #, i6, /5x.
&  'Determinant of jacobian is not positive enough ’,
&  /5x,'C,el0.2,0.., //5x, 'Coords’, 10x.

& ‘Derivatives”)

1050 format(3x, 6(c¢12.5,1x))

¢ calculate derivatives wrt x,y,Z at xi, cta, zeta
do 310 i=1,num_nodes_compct
dn(i,1) =jacobian_inv(l,1)*dphd(i,1) +

& jacobian_inv(1,2)*dphd(i,2) +

& jacobian_inv(1,3)*dphd(i,3)
dn(i,2) = jacobian_inv(2,1)*dphd(i, 1) +

& jacobian_inv(2,2)*dphd(i,2) +

& jacobian_inv(2,3)*dphd(i,3)
dn(1,3) =jacobian_inv(3, 1)*dphd(i, 1) +

& jacobian_inv(3,2)*dphd(i,2) +

& jacobian_inv(3,3)*dphd(i,3)

310 continue
return
end

SUBROUTINE GAUSS_3D8

o
¢ This subroutine uses the shape functions for a trilinear hexahedral
c

¢ description - 3 dimensions

c 8 nodes located at the vertices of a hexahedra

c bilinear shape functions
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see other documentation for node numbering conventions,
ete.
num_gauss_points(l) = 2
Imt_nodes(1)=8
num_vertices(1) = 8
num_faces(l) =6
common/gauss/gauss_pts(2),gauss_wts(2),num_gauss_pts

G 0O06 o006

num_gauss_pts =2 !'That means that we have 8 for 3D
gauss_pts(1) = -1.d0/dsqrt(3.d0)

gauss_pts(2) = -gauss_pts(!)

gauss_wis(l)=1.d0

gauss_wts(2) = 1.d0

return

end

SUBROUTINE BOUNDARY_PRESS(ifem)

This subroutine initializes the pressures on the boundary
of the well-block. These are estimated at each time-step from the
pressures in the reservoir blecks that adjoin the well-block.
INCLUDE PARAMETR.FOR'
INCLUDE 'PARAMETR FEM’
REAL pi(8), soi(8), swi(8), sgi(8)
COMMON /PRTP/ P(NX,NY,NZ)
COMMON /VECTOR/ DX(NX,NY.NZ),DY(NX,NY,NZ).DZ(NX.NY,NZ)
COMMON /IQN/ IQN1(NW),IQN2(NW),IQN3(NW)
COMMON /PRTS/ SO(NX,NY,NZ),SW(INX,NY,NZ),SG(NX,NY,NZ)
COMMON /NUMBER/ I1JJ, KK
COMMON/MESHPTS/ il (num_elemts),i2(num_elemts),
& 13(num_clemts),i4(num_elemts), rl

G 6 6 C

common/glstiff/stiff(num_nodes*nzp,num_nodes*nzp),

& fl(num_nodes*nzp),xl(num_nodes*nzp),ipvt(num_nodes*nzp),

& sofl(num_nodes*nzp),sofl l(num_nodes*nzp),sofl2(num_nodes*nzp).
& sgfl(num_nodes*nzp),sgfl 1 (num_nodes*nzp),sgfl2(num_nodes*nzp),
& swil(num_nodes*nzp),swtll(num_nodes*nzp),swfl2(num_nodes*nzp)

common/stiff0/stiffO(num_nodes*nzp,num_nodes*nzp),
& sostiff(num_nodes*nzp,num_nodes*nzp),
& sgstiff(num_nodes*nzp,num_nodes*nzp),
& swstiff(num_nodes*nzp.num_nodes*nzp)

common/oldpwg/pold(num_nodes*nzp),swold(num_nodes*nzp),
& soold(num_nodes*nzp), sgold(num_nodes*nzp)

common /global/ xyzcds(num_nodes, 3),pfem(num_nodes*nzp),
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& sofem(num_nodes*nzp),swfem(num_nodes*nzp),
& sgfem(num_nodes*nzp),pbotfem(num_nodes*nzp),
& qofem(num_nodes*nzp),qwfem(num_nodes*nzp),
& qgfem(num_nodes*nzp),phi(nz)

common/oilfem/ A(Imt_nodes,Imt_nodes),
& COLJ(Imt_nodes,Imt_nodes),DO(Imt_nodes),
& COIL(Imt_nodes,Imt_nodes),QOIL(Imt_nodes)

common/waterfem/ H(Imt_nodes,Imt_nodes).

& BWAT(Imt_nodes,Imt_nodes),DW(Imt_nodes),
& CWLJ(Imt_nodes,Imt_nodes),QWAT(Imt_nodes),
& CWAT(Imt_nodes.Imt_nodes)

common/gasfem/ EGAS(Imt_nodes,Imt_nodes),

& G(Imt_nodes,imt_nodes),DG(Imt_nodes).

& WX(Imt_nodes,Imt_nodes),QGAS(Imt_nodes),

& rsodo(lmt_nodes),rswdw(lmt_nodes),

& GX(Imt_nodes,Imt_nodes),rswb(lmt_nodes,imt_nodes) ,
& cacw(lmt_nodes,!mt_nodes),rsoa(imt_nodes,Imt_nodes),
& rswh(lmt_nodes,Imt_nodes) ,

& fgas(lmt_nodes,Imt_nodes),fwat(Imt_nodes,lint_nodes)

CHHRTHHHHHRHRH R R

1=10
j=10
dok=1,3
do 20 k_el=1,8
pitk_el)=0.0
soi(k_el) =00
swi(k_el)=0.0
sgi(k_el) =0.0

20 continue

R1=(dx(,j,k)**2+dy(i,j,k)**2)/4.0
rtemp = alog (R1)

c Nodes 87, 183, 279, and 375

R2 =((dx(10,10,k)+dx(9,9,k))**2

& +(dy(10,10.k)+dy(9,9.k))**2)/4.0
pi(1)=(p(9,9,k)-p(10,10 k))*(rtemp/alog(R2))+p(10,10,k)
s0i(1)=(s0(9,9,k)-s0(10,10,k))*(rtemp/alog(R2))+s0(10,10.k)
swi(1)=(sw(9,9,k)-sw(10,10,k))*(rtemp/alog(R2))+sw(10,10,k)
sgi(1)=(sg(9,9.k)-sg(10, 10,k))*(rtemp/alog(R2))+sg(10,10,k)

pfem((num_nodes-9)+num_nodes*(k-1)) = pi(l)
pfem((num_nodes-9)+num_nodes*k) = pi(l)
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sofem((num_nodes-9)+num_nodes*(k-1)) = soi(l)
sofem((num_nodes-9)+num_nodes*k) = soi(l)
swiem((num_nodes-9)+num_nodes*(k-1)) = swi(l)
swlfem((num_nodes-9)+num_nodes*k) = swi(l)
sgfem((num_nodes-9)+num_nodes*(k-1)) = sgi(l)
sgfem((num_nodes-9)+num_nodes*k) = sgi(l)

c Nodes 89, 185, 281, and 377

R2 =((dx(10,10,k)+dx(9,10,k))**2

& + (dy(10,10,k)+dy(9,10,k))**2)/4.0
pi(2)=(p(9,10,k)-p(10,10,k))*(rtemp/alog(R2))+p(10,10,k)
50i(2)=(s0(9,10,k)-s0(10,10,k))*(rtemp/alog(R2)}+so0(10,10,k)
swi(2)=(sw(9,10,k)-sw(10,10,k))*(rtemp/alog(R2))+sw(10,10,k)
sgi(2)=(sg(9,10.k)-sg(10,10,k})*(rtemp/ulog(R2))+sg(10,10,k)
pfem((num_nodes-7)+num_nodes*(k-1)) = pi(2)
pfem((num_nodes-7)+num_nodes*k) = pi(2)
sofem((num_nodes-7)+num_nodes*(k-1)) = soi(2)
sofem((num_nodes-7)+num_nodes*k) = s0i(2)
swfem((num_nodes-7)+num_nodes*(k-1)) = swi(2)
swfem((num_nodes-7)+num_nodes*k) = swi(2)
sgfem((num_nodes-7)+num_nodes*(k-1)) = sgi(2)
sgfem((num_nodes-7)+num_nodes*x) = sgi(2)

c Nodes 83, 181, 277, and 373 =

R2 =((dx(10,10,k)+dx(10,9,k))**2

& + (dv(10,10,k)+dy(10,9,k))**2)/4.0
pi(3)=(p(10,9,k}-p(10,10.k))*(rtemp/alog(R2))+p(10,10,k)
501(3)=(s0(10,9,k)-s0(10,10,k))*(rtemp/alog(R2))}+s0(10,10,k)
swi(3)=(sw(10,9,k)-sw(10,10,k))*(rtemp/alog(R2))+sw(10,10,k)
sgi(3)=(sg(10,9,k)-sg(10,10,k))*(rtemp/alog(R2))+sg(10,10,k)
pfem((num_nodes-1 I Yrnum_nodes*(k-1)) = pi(3)
pfem((num_nodes-11ytnum_nodes*k) = pi(3)
sofem((num_nodes-11)+num_nodes*(k-1)) = s0i(3)
sofem((num_nodes-11)+num_nodes*k) = soi(3)
swfem((num_nodes-11)+num_nodes*(k-1)) = swi(3)
swiem((num_nodes-11)+num_nodes*k) = swi(3)
sgfem((num_nodes-11)+num_nodes*(k-1)) = sgi(3)
sgfem((num_nodes-11)+num_nodes*k) = sgi(3)

c
¢ for nodes 83, 84 and 86 (and corresponding nodes for
c =2 & 3, we will use the equation of a straight line

c

c ps=a*x+y

c

c ps: pressure or saturation at a given node x

c a : (2*(ps(85)-ps(87))/delta_x
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y 1 ps(87)

¢ === Node 83

&
&
&
&

PR RR

PR RR

PR PR

pfem((num_nodes-13)+num_nodes*(k-1)) =
2*pfem((num_nodes-11)+num_nodes*(k-1))-
pfem((num_nodes-9)+num_nodes*(k-1))

pfem((num_nodes-13)+num_nodes*k) =
2*pfem((num_nodes-11)+num_nodes*k)-
pfem((num_nodes-9)+num_nodes*k;

sofem((num_nodes-13)+num_nodes*(k-1)) =
2*sofem((num_nodes-11)+num_nodes*(k-1))-
sofem((num_nodes-9)+num_nodes*(k-1))

sofem((num_nodes-13)+num_nodes*k) =
2*sofem((num_nodes-| | }+num_nodes*k)-
sofem((num_nodes-9)+num_nodes*k)

swtem((num_nodes- 13+num_nodes*(k-1)) =
2*swiem((num_nodes-11)+num_podes*(k-i))-
swfem((num_nodes-9)+num_nodes*(k-1))

swfem((num_nodes- | 3)3+num_prodes*k) =
2*swiem((num_nodes-11) rnum_nodes*x}-
swiem((num_nodes-9)+num_nodes*k}

sgfem((num_nodes-13)+num_nodes*(k-1): =
2*sgfem((num_nodes-11)+nnum_ncdes*(k-1))-
sgfem(num_nodes-9)+num_nodes*(k-1))

sgfem((num_nodes-13)+num_nodes*k) =
*sgfem((num_nodes-11)+num_nodes*k)-
sgfem((num_nodes-9)+num_nodes”k;

¢ === Node 84

&
&
&
&
&
&

&
&
&
&
&
&

pfem((num_nodes-12)+num_nodes*(k-1)) =
2*(pfem((num_nodes-11)+num_nodes*(k-1})-
pfem((num_nodes-9)+num_nodes*(k-1)))*0.75+
pfem((num_nodes-9)+num_nodes*(k-1)}

pfem((num_nodes-12)+num_nodes*k) =
2*(pfem((num_nodes-11)+num_nodes*k)-
pfem((num_nodes-9)+num_nodes*k))*0.75+
pfem((num_nodes-9)+num_nodes*k)

sofem((num_nodes-12)+num_nodes*(k-1)) =
2*(sofem((num_nodes-11)+num_nodes*(k-1))-
sofem((num_nodes-9)+num_nodes*(k-1)))*0.75+
sofem((num_nodes-9)+num_nodes*(k-1))

sofem((num_nodes-12)+num_nodes*k} =
2*(sofem((num_nodes-11)+num_nodes*k)-
sofem((num_nodes-9)+num_nodes*k))*0.75+
sofem((num_nodes-9)+num_nodes*k)
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swfem((num_nodes-12)+num_nodes*(k-1)) =
2*(swfem((num_nodes-11)+num_nodes*(k-1))-
swiem((num_nodes-9)+num_nodes*(k-1)))*0.75+
swfem((num_nodes-9)+num_nodes*(k-1))

swiem((num_nodes-12)+num_nodes*k) =
2*(swfem((num_nodes-11)+num_nodes*k)-
swfem((num_nodes-9)+num_nodes*k))*0.75+
swfem((num_nodes-9)+num_nodes*k)

sgfem((num_nodes-12)+num_nodes*(k-1)) =
2*(sgfem((num_nndes- 1 1)+num_nodes*(k-1))-
sgfem((num_nodes-9)+num_nodes*(k-1)))*0.75+
sgfem((num_nodes-9)+num_nodes*(k-1))

sgfem((num_nodes-12)+num_nodes*k) =
2*(sgfem((num_nodes-11)+num_nodes*k)-
sgfem((num_nodes-9)+num_nodes*k))*0.75+
sgfem((num_nodes-9)+num_nodes*k)

¢ === Node 86

&
&
&
&
&
&

FRERP PR

FRR R R

&
&

pfem((num_nodes-10)+num_nodes*(k-1)) =
2*(pfem((num_nodes-11)+num_nodes*(k-1))-
pfem{(num_nodes-9)+num_nodes*(k-1)1)*0.25+
pfem((num_nodes-9)--num_sodes*(k-1))

pfemn((num_nodes- 10)+num_nodes*k) =
2*(pfem((num_nodes-1 1)+num_nodes*k;}-
pfem((num_nodes-9)+num_nodes*\))*0.25+
pfem((num_nodes-9)+num_nodes*k)

sofem((num_nodes-10)+num_nodes*(k-1)) =
2*(sofem({(num_nodes-1 1)+num_nodes*(k-1))-
sofem((num_nodes-9)+num_nodes*(k-1)))*0.25+
sofem((num_nodes-9)+num_nodes*(k-1))

sofem((num_nodes-10)+num_nodes*k) =
2*(sofem((num_nodes- 1 1)+num_nodes*k)-
sofem((num_nodes-9)+num_nodes*k))*0.25+
sofem((num_nodes-9)+num_nodes*k)

swiem((num_nodes-0y+num_nodes*(k-1)) =
2*(swfem((num_nodes-11)+num_nodes*(k-1))-
swfem((num_nodes-9)+num_nodes*(k-1)))*0.25+
swfem((num_nodes-9)+num_nodes*(k-1))

swfem((num_nodes-10)+num_nodes*k) =
2*(swiem((num_nodes-11)+num_nodes*k)-
swfem((num_nodes-9)+num_nodes*k))*0.25+
swfem((num_nodes-$)+num_nodes*k)

sgfem((num_nodes-10)+num_nodes*(k-1)) =
2*(sgfem((num_nodes-11)+num_nodes*(k-1))-
sgfem((num_nodes-9)+num_nodes*(k-1)))*0.25+
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&
&
&

sgfem((num_nodes-9)+num_nodes*(k-1))
sgfem((num_nodes-10)+num_nodes*k) =
2*(sgfem(85+num_nodes*k)-

sgfem((num_nodes-9)+num_nodes*k))*0.25+

sgfem((num_nodes-9)+num_nodes*k)

o 000060000

for nodes 88, 90, and 91 (and corresponding nodes for

k=2 & 3, we will use the equation of a straight line
ps=a*x+y
ps: pressure or saturation at a given node X

a: (2*(ps(89)-ps(87))/delta_x
v : ps(87)

¢ === Node 91

PR RR

PR PR

PR R

&
&
&
&

pfemn((num_nodes-5)+num_nodes*(k-1)) =
2*pfem((num_nodes-7)+num_nodes*(k-1))-
pfem((num_nodes-9)+num_ncdes*(k-1))

ptem((num_ncdes-5)+num_nodes*k} =
2*pfem((num_nodes-7)+num_nodes*k )-
pfem((num_nodes-9)+num_nodes*k)

sofem((numn_nodes-5y+num_nodes*(k-1)) =
2*sofem((num_nodes-7)+num_nodes*(k-1))-
sofem((num_nodes-9)+num_nodes*(k-1))

sofem((num_nodes-5)+num_nodes*k) =
2*sofem((num_nodes-7)+num_nodes*k)-
sofem((num_nodes-9)+num_nodes*k)

swiem((num_nodes-5)+num_nodes*(k-1)) =
2*swfem((num_nodes-7)+num_nodes*(k-1))-
swfem((num_nodes-9)+num_nodes*(k-1))

swfem((num_nodes-3)+num_nodes*k) =
2*swfem((num_nodes-7)+num_nodes*k)-
swfem((num_nodes-9)}+num_nodes*k)

sgfem((num_nodes-5y+num_nodes*(k-1)) =
2*sgfem((num_nodes-7)+num_nodes*(k-1))-
sgfem((num_nodes-9)+num_nodes*(k-1))

sgfem((num_nodes-5)+num_nodes*k) =
2*sgfem((num_nodes-7)+num_nodes*k)-
sgfem((num_nodes-9)+num_nodes*k)

¢ === Node 88

&
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& pfem((num_nodes-9)+num_nodes*(k-1)))*0.25+

& pfem((num_nodes-9)+num_nodes*(k-1))
pfem((num_nodes-8)+num_nodes*k) =

& 2*(ptem((num_nodes-7yrnum_nodes*k)-

& pfem((num_nodes-9)+num_nodes*k))*0.23+

& pfem((num_nodes-9)+num_nodes*k)

sofem((num_nodes-8)+num_nodes*(k-1)) =

& 2*(sofem((num_nodes-7)+num_nodes*(k-1))-

& sofem((num_nodes-9)+num_nodes*(k-1)))*C. 25+

& sofem((num_nodes-9)+num_nodes*(k-1))
sofem((num_nodes-8)+num_nodes*k) =

& 2*(sofem((num_nodes-7)+num_nodes*k)-

& sofem((num_nodes-9)+num_nodes*k))*0.25+

& sofem((num_nodes-9)+num_nodes*k)

swiem((num_nodes-8)+num_nodes*(k-1)) =
& 2*(swfem((num_nodes-7)+num_nodes*(k-1))-
& swfem((num_nodes-9)+num_nodes*(k-1)))*0.25+
& swiem((num_nodes-9)+num_nodes*(k- 1))
swfem((num_nodes-8)+num_nodes*k) =
2*(swfem((num_nodes-7)+num_nodes*k)-
swiem((num_nodes-9)+num_nodes*k))*0.25+
swfem((num_nodes-9)+num_nodes*k)

fo fo 7

sgfem((num_nodes-8)+num_nodes*(k-1)) =

& 2*(sgfem((num_nodes-7)+num_nodes*(k-1))-

& sgfem((num_nodes-9)+num_nodes*(k-1)))*0.25+

& sgfem((num_nodes-9)+num_nodes*(k-1))
sgfem((num_nodes-8)+num_nodes*k) =

& 2*(sgfem((num_nodes-7)+num_nodes*k)-

& sgfem((num_nodes-9)+num_nodes*k))*0.25+

& sgfem((num_nodes-9)+num_nodes*k)

¢ === Node 90

pfem((num_nodes-6)+num_nodes*(k-1)) =

& 2*(pfem((num_nodes-7)y+num_nodes*(k-1))-

& pfem((num_nodes-9)+num_nodes*(k-1)))*0.75+

& pfem((num_nodes-9)+num_nodes*(k-1))
pfem((num_nodes-6)+num_nodes*k) =

& 2*(pfem((num_nodes-7)+num_nodes*k)-

& pfem((num_nodes-9)+num_nodes*k))*0.75+

& pfem((num_nodes-9)+num_nodes*k)

sofem((num_nodes-6)+num_nodes*(k-1)) =
& 2*(sofem((num_nodes-7)+num_nodes*(k-1))-
& sofem((num_nodes-9)+num_nodes*(k-1)))*0.75+
& sofem((num_nodes-9)+num_nodes*(k-1))
sofem((num_nodes-6y+num_nodes*k) =
& 2*(sofem((num_nodes-7)+num_nodes*k)-
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sofem((num_nodes-9)+num_nodes*k))*0.75+
sofem((num_nodes-9)+num_nodes*k)

&

swiem((num_nodes-6)+num_nodes*(k-1)) =
2*(swfem((num_nodes-7)+num_nodes*(k-1))-
swfem((num_nodes-9)+num_nodes*(k-1)))*0.75+
swiem((num_nodes-9)+num_nodes*(k-1))

swfem((num_nodes-6)+num_nodes*k) =
2*(swfem((num_nodes-7)+num_nodes*k)-
swiem((num_nodes-9)-+num_nodes*k))*0.75+
swfem((num_nodes-9)+num_nodes*k)

PR R

sgfem((num_nodes-6)y+num_nodes*(k-1)) =
2*(sgfem((num_nodes-7)+num_nodes*(k-1))-
sgfem((num_nodes-9)+num_nodes*(k-1)))*0.75+
sgfem((num_nodes-9)+num_nodes*(k-1))

sgfem((num_nodes-6)+num_nodes*k) =
2*(sgfem((num_nodes-7)+num_nodes*k)-
sgfem((num_nodes-9)+num_nodes*k))*0.75+
sgfem((num_nodes-9)+num_nodes*k)

end do

PRER RRRE

668 format(3x,4(f10.5,3x))
667 format(3x,£10.5,4x,10.5,5x.010.5,6x,£10.5)

return
end

(2]

SUBROUTINE FEMETHOD(ifem delt.ttitime)

This subroutine will be the driver for the FEM method on one well-block.
[t will call other subroutines that will assemble, impose boundary
boundary conditions, and get a solution with the solver of "choice.”
INCLUDE 'PARAMETR.FOR'

INCLUDE PARAMETR.FEM'

real(8) t0,t

double precision solution_ite(num_nodes*nzp,50)

double precision stiff f1,x1,ddd flux_tmp(num_nodes*nzp)
COMMON /NUMBER/LJI KK

COMMON /PRTP/ P(NX,NY,NZ)

COMMON /PRTS/ SOINX,NY,NZ),SW(NX,NY,NZ),SG(NX,NY,NZ)

O 0606

common/glstiff/stiff(num_nodes*nzp,num_nodes*nzp),

& fl(num_nodes*nzp),xl(num_nodes*nzp),ipvt(num_nodes*nzp),

& sofl(num_nodes*nzp),sofl 1 (num_nodes*nzp),sofl2(num_nodes*nzp),
& sgfl(num_nodes*nzp),sgfl 1(num_nodes*nzp),sgfl2(num_nodes*nzp),
& swfl(num_nodes*nzp),swill(num_nodes*nzp),swfl2(num_nodes*nzp)
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common/stiff0/stiffO(num_nodes*nzp,num_nodes*nzp),
& sostiff(num_nodes*nzp,num_nodes*nzp),
& sgstiff(num_nodes*nzp,num_nodes*nzp),
& swstiff(num_nodes*nzp,num_nodes*nzp)

common/oldpwg/pold(num_nodes*nzp),swold(num_nodes*nzp),
& soold(num_nodes*nzp), sgold(num_nodes*nzp)

common /global/ xyzcds(num_nodes,3),pfem(num_nodes*nzp),
& scfem(num_nodes*nzp),swiem(num_nodes*nzp),

& sgfem(num_nodes*nzp),pbotfem(num_nodes*nzp),

& qofem(num_nodes*nzp),qwtem(num_nodes*nzp),

& qgtem(num_nodes*nzp),phi(nz)

common/oilfem/ A(Imt_nodes,imt_nodes),
& COlJ(Imt_nodes,Imt_nodes),DO(Imt_nodes),
& COIL(Imt_nodes,Imt_nodes),QOIL (Imt_nodes)

common/waterfem/ H(lmt_nodes,Imt_nodes),

& BWAT(Imt_nodes,Imt_nodes),DW(Imt_nodes),
& CWLH(Imt_nodes,Imt_nodes).QWAT(Imt_nodes),
& CWAT(Imt_nodes,Imt_nodes)

common/gasfem/ EGAS(Imt_nodes,imt_nodes),

& G(Imt_rodes,Imt_nodes),DG(Imt_nodes),

& WX(Imt_nodes,Imt_nodes),QGAS(Imt_nodes),

& rsodo(lmt_nodes),rswdw(lmt_nodes),

& GX(Imt_nodes,imt_nodes),rswb(lmt_nodes,Imt_nodes) ,
& cacw{lmt_nodes,Imt_nodes),rsoa(im:_nodes,imt_nodes),
& rswh(lmt_nodes,Imt_nodes) ,

& fgas(lmt_nodes,Imt_nodes),fwat(Imt_nodes,Imt_nodes)

call boundary_press (ifem)

niter=1
delta = delt
do in = I, niter
c 10=MCLOCK(
do m=1, num_nodes*4
pold(m) = pfem(m)
swold(m)= swfem(m)
soold(m)= sofem(m)
sgold(m)= sgfem(m)
end do

call INIT_GLOBAL_STIFF
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call ELMT_ASSEMBLE(ifem,delta,ttltime)
call LOAD_MODS (ifem,3,delta)
call CONSTRAIN_SYSTEM

call ludemp (stiff,num_nodes*4,num_nodes*4,ipvt,ddd)

call lubksb (stiff,num_nodes*4,num_nodes*4,ipvt,fl)
use essl solver for linear equation

call DGEF(stiff,num_nodes*4,num_nodes*4,ipvt)

call DGES(stiff,num_nodes*4,num_nodes*4,ipvt,{l,0)

do 2000 j = 1, num_nodes*4

xI() = pfem())

pold(j) = pfem(j)

if (f1(j) .le. 0.0) then
f1G)=0.0
f1G) = -f1G)

endif

if (t1(§) .1t. pfem(j)) then
pfem(j) = t1()

endif

2000 centinue

[
<
c
<
[~
c
[+
[+
C
[+
Cc
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do 2001 j = I, num_nodes*4
sosum=0.0
swsum=0.0
do jk = |, num_nodes*4
sosum=sosum-+sostiff(j,jk)*pfem(k)
swsum=swsum-+swstiff() jk)*pfem(k)
write(62,*)’ sostiff(’, j, ',', jk, ) =,

& sostiff(j,)k)

+
+

end do
sofl(j)=sotl(j)-+sosum
swil(j)=swil(j)+swsum

do 2001 j = 1, num_nodes*4

sosum=0.0

swsum=0.0

do jk = 1, num_nodes*4
sosum=sosum-+sostiff(j jk)
swsum=swsum-+swstiff(j,jk)

end do
sofl(j)=sofl(j)+sosum*pfem(j)
swfl(j)=swfl(j)+swsum*pfem(j)

sofl(j) = (sofl(j)
+sofl1(j)+sofem(}))/(1.0+sof12()*
(pfem(j)-pold(j)))
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swil(j) = (swfl(j)
+ +swill(j)+swiem(j))/(1.0+swtl2()*
+  (ptem(j)-pold(j)))

sofem(j) = sof1(j)

swiem(j) = swfl(j)

if(swfem(j).1t.0.0 ) swtem(j)=1.0e-5

if(sofem(j).1£.0.0) sofem(j)=1.0e-3
sgfem(j)=1.0-swfem(j)-sofemy(j)

if(sgfem(j).1t.0.0 ) sgfem(j)=1.0e-5

2001 continue
end do

write(61,*)ttltime
write(62,*)ttltime
write(63,®)itltime
write(64,*)ttlitime
doik=1,3
do i = |. num_nodes
write(6 1,*), pfem(i+num_nodes*(ik-1)).
+ pfem(i+num_nodes*ik)
write(62,*)),sofem(i+num_ncdes*(ik-1)).
+ sofemn(i+num_nodes*ik)
write(63,*)), swiem(i+num_nodes*(ik-1)),
+ swiem(i+num_nodes*ik)
write(64,*)) sgfem(i+num_nodes*(ik-1)),
+ sgfem(i+num_nodes*ik)
enddo
enddo

write(7 1, %)ttltime,pfem(285),sofem(285),
+ swiem(285), sgtem(285)
write(72,")ttltime,ptem(287),sofem(287),
+ swfem(287), sgfem(287)
write(73,*)ttitime,pfem(300),sofem(300),
+ swfem(300), sgfem(300)
write(74,*)ttltime,pfem(310),sofem(310),
+ swiem(310), sgfem(310)
write(75,*)ttitime, ptem(350),sofem(350),
+ swfem(350), sgfem(350)
write(76,*)ttltime,pfem(360),sofem(360),
+ swiem(360), sgfem(360)
write(77,®)ttltime, pfem(370),sofem(370),
+ swfem(370), sgfem(370)
write(78,*)ttitime, ptem(376),sofem(376),
+ swfem(376), sgfem(376)
write(79,*)ttitime, pfem(380),sofem(380),
+ swiem(380), sgfem(380)
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c call outpwg(delta,ttltime)
call AVEPWG(ifem,ttltime)
c t=MCLOCK()-t0

returmn
end

subroutine outpwg(delt ttltime)
INCLUDE 'PARAMETR.FOR’
INCLUDE 'PARAMETR.FEM'
COMMON /FEMRATE/
QWWW(NZ),QWE(NZ),QWS(NZ),QWN(NZ),QWT(NZ),QWB(NZ),
& QOW(NZ),QOE(NZ),QOS(NZ),QON(NZ),QOT(NZ),QOB(N2),
& QGW(NZ),QGE(NZ),QGS(NZ),QGN(NZ),QGT(NZ),QGB(NZ)
common /global/ xyzcds(num_nodes, 3),ptem(num_nodes*nzp),
& sofem(num_nodes*nzp),swlem(nuin_nodes*nzp).
& sgfem(num_nodes*nzp),pbottem{num_nudes*rzp),
& qofem(num_nodes*nzp),qwtem(num_nodes*nzp),
& ggfem(num_nodes*nzp),phi(nz)

write(30,*)
write(30,9909)delt, ttitime
9909 format(2x, dt="f8.4," ttltime="112.4)
write(30,*)" The Pressure =====-==sz==n==s='
write(30,*)
write{30,*) Node  Layerl Layer2 ",
& Layer3 Layer3’
write(30,*) Number Top Top .
& 'Top Bottom'
doi=1, num_nodes
write(30,2) i,pfem(i),pfem(i+num_nodes),
& pfem(i-+num_nodes*2),pfem(i+num_nodes*3)
2 format(2x,i4,3x, 4(2x,12.5))

end do
< write(30,*)
c write(30,*)" SOfem
c
c write(30,*)' Node Layerl Layer2 ',
¢ & ‘'Layer3 Layer3'
c write(30,*) Number Top Top "
c & 'Top Bottom’
c doi=1,16
c write(30,2) 1, sofem(i), sofem(i+num_nodes),
c & sofem(i+num_nodes*2), sofem(i+num_nodes*3)
c end do
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[ write(30,*)

write(30,*)' Node Layerl Layer2 ",
& 'Layer? Layer3'

write(30,*Y Number Top Top ",
& 'Top Bottom'

do 1 = num_nodes-15, num_nodes

write(30,3) i, sofem(i), sofem(i+num_nodes),

& sofem(i+num_nodes*2), sofem(i+num_nodes*3)

end do

write(30,*)

write(30,%) SWfem !

O 6066060000606

write(30,*)

wnte(30,*) Node Layerl Layer2 "
‘Layer3 Layer3'

write(30,*) Number  Top Top "

& Top Bottom'

doi=1,16
write(30,2) i, swlem(i), swfem(i+96),

swiem(i+192), swiem(i+288)
end do
winte(30.%)

c66eao0
R

(o]

G 6o a
&

write(30.*V Node  Layerl Layer2 ",
& ‘Layer3 Layer?'
write(30,*) Number  Top Top "
& ‘Top Bottom'
doi=31,96
write(30,3) 1, swlem(i), swfem(i+96),
& swiem(i+192), swfem(i +288)
end do
write(30.%)
write(30,*)" SGfem '

00066060606

oG

write(30,%)

write(30,*) Node  Layerl Layer2 ",
& ‘Laver3 Layer3'

write(30,*) Number Top Top
& 'Top Bottom'

doi=1,16

wrnte(30,2) 1, sgfem(i), sgfem(i+96),

& sgfem(i+192), sgfem(i+288)

end do

write(30,*)

O o0

0600006

c write(30,*) Node  Layerl Layer2 ",
¢ & ‘'Layer3 Layer3'

c write(30,*) Number Top Top ",
c & 'Top Bottom’
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do1=81,96
write(30,3) i, sgfem(i), sgtem(i+96),
& sgfem(i+192), sgtfem(i+288)
end do
B R e e R e e e e e e R e i R b i i i e e
& Rl et L S

O 0600606

return
end

SUBROUTINE ELMT_ASSEMBLE(ifem,delt,ttitime)
¢ This subroutine assembles one element for the FEM-method on one well-block.

INCLUDE 'PARAMETR.FOR'
INCLUDE 'PARAMETR.FEM'

double precision det_jacobian ! determinant of jacobian
doutle precision dn(8,3), dpr(num_nodes*nzp)
denbie preeision sufT f1,xLE1_p(num_nodes*nzp)
double precision swat,soil
double precision ol _sutt,wat_stiff
double precision stiff0,stff_eg(num_nodes*nzp)

[V e B et

PEAL KX XY,KZ KROTKRWT KRGT.MUOTMUWTMUGTMCFGMCFGI.MCFGT,
& MCFGIMBEOMBEWMBEG

REAL muo,muw,mug,kro,krw,krg

INTEGER ndx(Imt_nodes)
double precision flux_tmp(num_nodes*nzp)

COMMON /BUBBLE/ PBO,VSLOPE ,BSLOPE,RSLOPE ,PMAXT,IREPRS,

& RHOSCO,RHOSCG,RHOSCW,MSAT MPOTMPWTMPGT,PBOT(NX,NY,NZ)

COMMON /COEF/ AWNX,NY,NZ),AE(NX,NY,NZ), AN(NX,NY,NZ),

& AS(NX,NY,NZ), AB(NX,NY,NZ),AT(NX,NY,NZ),E(NX,NY,NZ),B(NX,NY,NZ)

CCMMON /SARRAY/ PN(NX,NY,NZ),

& SON(NX,NY,NZ),SWN(NX,NY,NZ),SGN(NX.NY,NZ),
& SOI(NX,NY,NZ),SWI(NX,NY,NZ),SGI(NX,NY,NZ),
& AI(NX,NY,NZ), A2(NX,NY,NZ),A3(INX.NY,N2),

& SUM(NX,NY,NZ),GAM(NX,NY,NZ),QS(NX,NY,NZ)

COMMON /PERM/ KX(NX,NY,NZ),KY(INX,NY,NZ),KZ(NX,NYNZ)

COMMON /TRAN/ TX(NX+1,NY,NZ), TY(NX,NY+1,NZ), TZ(NX.NY,NZ-+1)

COMMON /ELEV/ EL(INX.NY,NZ)

COMMON /PRTP/ P(NX,NY,NZ)

COMMON /PRTS/ SONX,NY,NZ),SW(INX,NYNZ),SG(NX,NY,NZ)

COMMON /SPVT/ SAT(NTE), KROT(NTE),KRWT(NTE),KRGT(NTE).,PCOWT(NTE),
& PCGOT(NTE),POT(NTE),MUOT(NTE),BOT(NTE),BOPT(NTE),RSOT(NTE),RSOPT
& (NTE),PWT(NTE),MUWT(NTE),BWT(NTE),BWPT(NTE),RSWT(NTE),RSWPT(NTE),
& PGT(NTE),MUGT(NTE),BGT(NTE),BGPT(NTE),CRT(NTE)

COMMON /SRATE/ PID(NW,NL),PWF(NW,NL),PWFC(NW,NL ) KIP(NW),

& GMO(NW,NL),GMW(NW,NL),GMG(NW,NL),LAYER(NW),QVO(NW),
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& QVWINW),QVG(NW),QVT(NW),CUMO(NW,NL),CUMW(NW,NL),CUMG(NW,NL)
COMMON /VOLFAC/ BOINX,NY,NZ),BW(INX,NY,NZ),BG(NX,NY,NZ)
COMMON /RATE/ QO(NX,NY,NZ),QW(NX,NY,NZ),QG(NX,NY,NZ)

COMMON /TERM1/ GOWT(NX,NY,NZ),GWWT(NX,NY,NZ),GGWT(NX,NY,NZ),

& OW(NX+1,NY,NZ),OE(NX+1,NY,NZ), WW(NX+I,NY,NZ), WE(NX+1,NY,NZ),

& OS(NX,NY+1,NZ),ONMNX,NY+I,NZ), WS(NX,NY+1 NZ), WNINX,NY+1,NZ),

& OT(NX,NY,NZ+1),0B(NX,NY,NZ+1),WT(NX,NY,NZ+1), WB(NX,NY,NZ+1)

& ,GW(NX+1,NY,NZ),GE(NX+1,NY\NZ),

& GS(NX,NY+1,NZ),GN(NX,NY+1,NZ),

& GT(NX,NY,NZ+1),GB(NX,NY,NZ+1)

COMMON /TERM2/ QOWG(NX,NY,NZ)

COMMON /COMPRS/ CT(NX,NY,NZ)

COMMON /PORE/ VP(NX,NY,NZ)

COMMON /VECTOR/ DX(NX,NY,NZ),DY(NX,NY,NZ),DZ(NX,NY,NZ)
COMMON /IQN/ IQN1I(NW),IQN2(NW),IQN3(NW)

COMMON /IQH/ IQHTI(INW,NL),IQH2(NW,NL),IQH3(NW.NL ), COND(NW)
CCMMON /CODE/ KSM1,KSN1,KCO1,NN,FACT1,FACT2,TMAX,KSOL ,MITER,
& OMEGA,TOL,TOLI,KSN,KSM,KCO,KTR,KCOFF,DSMAX,DPMAX, WORMAX.

& GORMAX,PAMIN,PAMAX
COMMON /ADDV/ IM,JM,KM.ETLFT.FTMAX
COMMON /aADD2/ COP,CWP,CGP,CWI,CGI
COMMON /PSCNTIL./ KPLKSI
COMMON /MBE/ MBEO,MBEW,MBEG
COMMON /NUMBER/ I1JLKK
COMMON /VOL/ SCFO,SCFW.SCFG,5CFG1,STEO.STBW MCFG M 'FG i MCFGT.

& MCFGI,STBOIL,STBWILRESVOL
COMMON /BAL/ OP,WP,GP,WI,GI,PAVGO,PAVG,CPR,WPR,GPR,WIR,GIR.CWOR,

& WOR,CGOR.GOR
COMMON /PRTCNT/ IWLCNG,ICHANG,IWLREP,ISUMRY,

& IPMAPISOMAPISWMAP ISGMAP,IPBMAP
COMMON /102/ NO2
COMMON /TTEST/ NUMPRD,SONTVL
COMMON /SWTCH/ NGRSW,NTRSW,NRESTART,NTS
COMMON /RIXYZ/RIIXR2IXR3IXR41X,Ri1YR21Y.R31Y,R41Y,

& R1ZR21ZR31ZR41Z
COMMON /TIXYZ/TIX T2X,T3X, T4X, T1 Y, T2Y,T3Y,T4Y,TIZ T2Z,T3Z.T4Z
COMMON /DXYZ/ DX0,DXP.DXM.XW,DYO,DYP.DYM, YW,DZC,DZP,DZM,Z'W
CCMMON /RXYZ/RX RYRZ AX AY.AZLJK
COMMON /COUNT/ NIREAD,N2READ
COMMON /RS/ROS
COMMON /DECLINE/ DEC(NW,NL)

COMMON /FEMRATE/
& QWWW(NZ),QWE(NZ),QWS(NZ),QWN(NZ),QWT(NZ),QWB(NZ),

& QOW(NZ),QOE(NZ),QOS(NZ),QON(NZ),QOT(NZ),QOB(NZ),

& QGW(NZ),QGE(NZ),QGS(NZ),QGN(NZ),QGT(NZ),QGB(NZ)
COMMON/MESHPTS/ il (num_elemts),i2(num_elemts),

& 13(num_elemts),i4(num_elemts), rl
common/gauss/gauss_pts(2),gauss_wts(2),num_gauss_pts
common/shape/phif(lmt_nodes),

& dphd(Imt_nodes,3),coords(Imt_nodes,3)
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CHHHHRHEHRHHHRRARR

common/glstiff/stiff(num_nodes*nzp,num_nodes*nzp),

& tl(num_nodes*nzp),xl(num_nodes*nzp),ipvt(num_nodes*nzp),

& sofl(num_nodes*nzp),sofll (num_nodes*nzp),sofl2(num_nodes*nzp),
& sgtl(num_nodes*nzp),sgfll(num_nodes*nzp),sgfl2(num_nodes*nzp),
& swfl(num_nodes*nzp),swfll(num_nodes*nzp),swil2(num_nodes*nzp)

common/stiff0/stiff0(num_nodes*nzp,num_nodes*nzp),
& sostitff(num_nodes*nzp,num_nodes*nzp),
& sgstiff(num_nodes*nzp,num_nodes*nzp),
& swstifffnum_nodes*nzp,num_nodes*nzp)

common/oldpwg/pold(num_nodes*nzp),swold(num_nodes*nzp),
& soold(num_nodes*nzp), sgold(num_nodes*nzp)

common /global/ xyzcds(num_nodes, 5),pfem(num_nodes*nzp),
& sofem(num_nodes*nzp),swfem(num_nodes*nzp),

& sglfem(num_nodes*nzp),pbotfem{num_nodes*nzp),

& qofem(num_nodes*nzp),qwiem(num_nodes*nzp),

& qgtem(num_nodes*nzp),phi(nz)

commoivoilfem/ A(Imt_nodes,Imt_nades).
& COlJlint_nodes.Imt_nodes).DO(imt_nuodes),
& COIL(Imt_nodes.Imt_podes),QOIL(lmt_tiodes)

common/waterfem’ H(Imt_nodes,Imt_r.odes),
& BWAT(Imt_nodes.Imt_nodes),DW(Imt_nodes),
& CWIJ(Imt_nodes,limt_nodes),QWAT(Imt_nodes),
& CWAT(Imt_nodes,imt_nodes)

common/gasfem/ EGAS(Imt_nodes,Imt_nodes),

& G(Imt_nodes,Imt_nodes),DG(Imt_nodes),

& WX(Imt_nodes,Imt_nodes),QGAS(Imt_nodes),

& rsodo(lmt_nodes),rswdw(imt_nodes),

& GX(Imt_nodes,imt_nodes),rswb(Imt_nodes,Imt_nodes) ,
& cacw(imt_nodes,Imt_nodes),rsoa(lmt_nodes,Imt_nodes),
& rswh(lmt_nodes,Imt_nodes),

& fgas(imt_nodes,Imt_nodes).fwat(Imt_nodes,Imt_nodes)

c
¢ This section (loop 50) will change the bubble point pressure in the
¢ FEM well-block calculation, if required in the BOAST data.
c
C**** REPRESSURIZATION ALGORITHM. * s *
C  get the well id, should be from the routines which call this one

IWELL=10
JWELL=10
KWELL=3
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IF (IREPRS.NE.1) then
DO 50 I=1,num_nodes*4
IF(SGtem(I).LE.0.0001) GO TO 50
PP=Pfem(i)
BPT=PBotfem(i)
IF(PP.GT.BPT) PP=BPT
CALL INTERP(POT,BOT,MPOT,PP,BBO)
CALL INTERP(POT,RSOT,MPOT,PP,RSO)
CALL INTERP(PGT,BGTMPGT,PP,.BBG)
[F(SOfem (1).EQ.0.0) GO TO 50
RSONEW=RSO + SGfem(I)*BBO/(SOfem()*BBG)
CALL INTERP(RSOT,POT,MPOT,RSONEW,PBONEW)
PBOTfem(i)=PBONEW
50 CONTINUE
endif
CHIHHHIHHHHH R :
¢ This loop 700 initializes all the element matrices and vectors that
¢ are required for the FEM well-block calculation.
CHERFIH B
do 700 j=1.Ilm:_nodes
do 71¢ i=1,bnt_nodes
Aij)=0.0
COlG.)H=0.0
COIL ;=00
H(,j)=00
BWALYij)= 0.0
CWHGj; =05
CWAT (1)) =90
EGAS!L;) =0.0
G(ij) =00
WX(14)=00
GX(1§)=0.0
feas(i,j) =0.0
fwat(ij) = 0.0
rswbtiy) = 0.0
rsoa(l,j) = 0.0
rswh(ij)=00
cacw(i,j) = 0.0
710 continue
DOG)=00
DW(j)=0.0
DG()=0.0
QOIL(G)=0.0
QWAT(j)=0.0
QGAS(j)=0.0
rsodo(j) = 0.0
rswdw(j) =0.0
700 continue
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do in = [, num_nodes*4
gotem(in) =0.0
qwfem(in) = 0.0
qgfem(in) = 0.0

end do

¢ write(30,*)
¢ write(30,*) ttitime =, ttitime

do100k=1,3
do 100 k_el=1,num_clemts

indx(1) = il(k_el)+num_nodes*(k-1}
indx(2) = i2(k_cl)+tnum_nodes*(k-1)
indx(3) = i3(k_el)+num_nodes*(k-1)
indx(4) = id(k_el)+num_nodes*(k-1)
indx(3) = il (k_el)+num_nodes*k
indx(6) = i2(k_el)+num_nodes*k
indx(7) = i3(k_el)+num_nodes*k
indx(8) = i4(k_el)+num_nodes*k

c write(60,6060)(indx(i),1=1,8)
600 tformai(2x,8(i4,2x))

call elmtGEN(item k_el k)

do 300 jx_pt = |l,num_gauss_pts

Xi = gauss_pts(jx_pt)

do 290 jy_pt = | ,num_gauss_pts

eta = gauss_pts(y _pt)

do 280 jz_pt = | ,num_gauss_pts

zeta = gauss_pts(jZ_pt)

call shape_3d8(x1,eta,zeta)

call JACOBI_3D8(k_el.det_jacobian,dn)
¢

¢ Calculate the oil pressure, water saturation, gas saturation,
¢ oil saturation, and the bubble point pressure at the Gauss point

gauss_pt_press =0.0
gauss_pt_bpress = 0.0
gauss_pt_oilsat =0.0
gauss_pt_watsat =0.0
gauss_pt_gassat = 0.0
gauss_pt_qoil =0.0
gauss_pt_qwat =0.0
gauss_pt_qgas=0.0
do 60 i=1,Imt_nodes
gauss_pt_press = gauss_pt_press + pfem(indx(i))*phif(i)
gauss_pt_bpress = gauss_pt_bpress + pbotfem(indx(i))*phif(i)
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gauss_pt_oilsat = gauss_pt_oilsat + sofem(indx(i))*phif(i)
gauss_pt_watsat = gauss_pt_watsat + swtem(indx(1))*phit(i)
gauss_pt_gassat = gauss_pt_gassat + sgfem(indx(i))*phif(i)
gauss_pt_qoil = gauss_pt_qoil + qofem(indx(i))*phif{(i)
gauss_pt_qwat = gauss_pt_qwat + qwlem(indx(1))*phit(i)
gauss_pt_qgas = gauss_pt_qgas + qgfem(indx(i))*phit{(i)
gauss_pt_qoil = 0.
gauss_pt_qwat = 0.
gauss_pt_qgas =0.
60 continue
Pp = gauss_pt_press
bpt = gauss_pl_bpress
CALL INTPVT(BPT,RSLOPE,POT.RSOT,MPOT,PP,RSO)
CALL INTPVT(BPT,VSLOPE,POTMUOTMPOT,PPMUO)
CALL INTERP(PWT,RSWTMPWT,PP.RSW)
CALL INTERP(PWTMUWTMPWT,PPMUW)
CALL INTERP(PGT MUGTMPGT,PPMUG)
CALL INTPVT(BPT,BSLOPE,POT,BOT,MPOT,PPBOfem)
CALL INTERP(PWTBWTMPWT,PPBWfem)
CALL INTERP(PGT.BGT,MPGT,PF,BGfem)
SSO = gauss_pt_vilsat
3SW = gauss_pt_watsat
SSG = gauss_pt_gassat
CALL INTERP(SAT,PCOWT MSAT.S5W.PCOW)
CALL INTERP(SAT,PCGOT,MSALSNG,PCGOY
1t (ssw.g1.0.5543) then
dpcow_dsw =0.0
else
dpcow_dsw =-1260.0
endif
if (ssg.gt.0.5543) then
dpcgo_dsg =0.0
else
dpcgo_dsg =-1200.0
endif
¢ This calculates dBo/dPo.
CALL INTERP(POT,BOPTMPOT,FPBODER)
¢ This calculates dRso/dPo.
CALL INTERP(POT,RSOPT,MPOT,PP.RSODER)
¢ This calculates dBw/dPo.
CALL INTERP(PWT,BWPTMPWT,PPBWDER)
¢ Thiscalculates dRsw/dPo.
CALL INTERP(PWT,RSWPTMPWT,PP.RSWDER)
¢ This calculates dBg/dPo.
CALL INTERP(PGT,BGPTMPGT,PP.BGDER)

[F(PP.GT.BPT) then
BODER=BSLOPE
RSODER=RSLOPE

endif
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CO=-(BODER-BGfem*RSODERYBOfem
CW=-(BWDER-BGtem*RSWDER)/BWfem
CG=-BGDER/BGfem

CALL INTERP(PGT,CRT MPGT,PP.CR)

tc = er+CO*sofem(indx(i))+C W*swiem(indx(i))+CG*sgfem(indx(i))

alpha0 = cr - boder/botem

alphal = cr - bwder/bwfem

calpha = (rso*cr + rsoder - rso*boder/bofem)*bgfem/bofem
calphal = calpha -bgfem*rsw*cr/bwfem-bgiem*rswder/bwfem
& +bgfem*rsw*bwder/(bwfem*bwfem)

CALL INTERP(SAT,KROT,MSAT,SSO,KRO)
CALL INTERP(SAT,KRWT,MSAT,SSW.,KRW)
CALL INTERP(SAT KRGTMSAT,SSG,KRG)

do 210 i=1,Imt_nodes
do 200 j=1.Imi_nodes

cHHI TR RS 01l equations
dni_mob_dnj =0.0
phase_mob = -kio/(muo*bofem)*{Tactor*phif(k)
dni_mob_dnj = dni_mob_dnj +
& dn(i. 1)*phase_mot*dn(j, | )*kx(iwell,jwell kwell+
& dn(i,2)*phase_mob*dn(i 2)*kv(iwell jwell kwell)+
& dn(i,3)*phase_mob*dn(j,3)*kz(iwell jwell kwell)
af1,)) = a(i,j)+det_jacobian*dni_mob_dn)
rsoa(i,)) = rsoa(i,))+rso*det_jacobian*dm_mob_dnj
12 = det_jacobian*phif(i)*phif())
coil(i,j) = coil(i,j)+2*phi(k)/bofem
tfgas(i,j) = fgas(i,j)+(rso-bofem/bgfem)*f2*phi(k)/bofem
fsum = 0.0
do 130 I=1.Imt_nodes
fsum = fsum + (swfem(indx(1))+sgfem(indx(1)))*t2*phif(l)
130 continue
coij(ij) = coij(i,j)+ (fsum-£2)*phi(k)*alphaO/bofem

CHHRHIRHAHHEHAHERAE water equations
dni_mob_dnj =0.0
phase_mob = -krw/(muw*bwfem)*ffactor*phif(k)
dni_mob_dnj =dni_mob_dnj +

& dn(i,1)*phase_mob*dn(j, | )*kx(iwell jwell kwell)+
& dn(i,2)*phase_mob*dn(j,2)*ky(iwell jwell kwell)+
& dn(i,3)*phase_mob*dn(j,3)*kz(iwell jwell kwell)

h(i,j) = h(ij)+det_jacobian*dni_mob_dnj
rswh(i,i) = rswh(i,j)+rsw*det_jacobian*dni_mob_dnj
bwat(i,j) = bwat(i,j)-dpcow_dsw*det_jacobian*dni_mob_dnj
&  *ffactor
rswb(i,j) = rswb(i,j)-rsw*dpcow_dsw*det_jacobian*dni_mob_dn;j
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& *ffactor
c cwat(i,j) = cwat(i,j)-f2*phi(k)/bwfem
cwat(i,j) = cwat(i,j)+2*phi(k)*d_bw
cacw(i,)) = cacw(i,j)-calpha*f2*phi(k)/bgfem
fwat(i,j) = fwat(i,j)-(rsw-rso*bwfem/bofem)*f2*phi(k )/bwfem
fsum =0.0
do 230 I=1,lmt_nodes
fsum = fsum + swfem(indx(1))*f2*phif(l)
230 continue
ewij(i,j) = cwij(i,j)- fsum*phi(k)*alphal/bwfem
cHHHEHRHHBHEREHERE  gas equations
dni_mob_dnj =0.0
phase_mob = -krg/(mug*bgfem)*{factor*phif (k)
dni_mob_dnj =dni_mob_dnj +
& dn(i, 1)*phase_mob*dn(j, I )*kx(iwell,jwell kwell)}+
& dn(i,2)*phase_mob*dn(j,2)*ky(iwell,jwell kwell)+
& dn(i,3)*phase_mob*dn(j,3)*kz(iwell jwell kwell)

egas(l,j) = egas(i,j)+det_jacobian*dni_mob_dnj
g(i.)) = g(i,j)y+det_jacobian*dni_mob_dnj*dpcgo_dsg*ffactor
wx(i.)) = wx(i,j)+ fsum*phi(k)*calphal /bgtem
fsum = 0.0
do 330 |=1.Imt_nodes
fsum = fsum -+ sgfem(indx(1))*12*phit{l)
33C  continue
gx(i,j) = gx(i,j)- sum*phi(k)*(cr+cg-calpha)/bgfem
20¢  continue

210 continue
280 continue
290 continue
300 continue

¢
C This section assembles the global system for the FEM method on
¢ the entire well-block.
c do i=1,Imt_nodes
do(i)=0.0
dw(1)=0.0
dg(1)=0.0
do j=1,Imt_nodes
pp=pfem(indx(j))
bpt=pbotfem(indx(j))
CALL INTPVT(BPT,RSLOPE,POT,RSOTMPOT,PP, RSO}
CALL INTPVT(BPT,BSLOPE,POT,BOT,MPOT,PP,BOfem)
CALL INTERP(PGT,BGT MPGT.PP,BGfem)
rho_oil=-(thosco+rso*rhoscg)/(144.*bofem)
rho_wat=-rhoscw/144.0
rho_gas=-rhoscg/(144.0*BGfem)
do(i)=do(i)-a(i,j)*coords(j,3)*rho_oil
dw(i)=dw(i)-h(i,j)*coords(j,3)*rho_wat
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dg(i)=dg(i)-egas(i,}j)*coords(j,3)*rho_gas
end do
rsodo(i)=rso*do(i)
rswdw(i)=rsw*dw(i)
end do

do 1000 i=1,lmt_nodes
coil_sum = 0.0
coij_sum = 0.0
cwat_sum = 0.0
cwij_sum = 0.0
gasy_sum =0.0
gast_sum = 0.0
gasw_sum = 0.0

W

do 2000 j=1,Imt_nodes
temp = coil(i,j)
stiff(indx(i),indx()))=stiftf(indx(1),indx())
&  +delt*(bofem*a(i,j y+bwiem*h(i,)
&  rbgfem*egas(i,j)-phi(k)*tc)

sostiff(indx(i),indx(j))=sostiff(indx(),indx())
&  +(bofem*delt/phi(k))*a(i,j)

switiff(indx(i),indx(j))=swstifi(inaxii},mdx Q)
&  Hbwfem*delt/phi(k))*h(i,j)

gasy_sum = gasy_sum+(gx(i,jy+wx(ij)eacw(i,j))*pold(indx( )
gasf_sum = gasf_sum-+fgas(i,j)*sgold(indx(j))
gasw_sum = gasw_sum+fwat(i,j )*swold(indx(j))
2000 continue
do(i) =0.0
fi(indx(i)) = fl(indx(i))+delt*((bofem-rso*bglem)*
& (do(iytqofem(indx(i)))+(bwfem-rsw*bgfem)*
& (dw(@)+qwlem(indx(1)))+
& bgfem*(dg(i)+qgfem(indx(i))))-phi(k)*tc*pfem(indx(i})

sofl1 (indx(i))=sof11 (indx(i))+H(bofem*delt/phi(k))*
& (do(i)+qofem(indx(i)))

sof12(indx(i))=sof12(indx(i))+alpha0

swill(indx(i))=swfl 1 (indx(1))}+(bwfem*delt/phi(k))*
& (dw(i)y+qwfem(indx(i)))

swil2(indx(i))=swfl2(indx(i))}+alphal

1000 continue

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



209

100 continue
return
end

¢
C
SUBROUTINE INIT_GLOBAL_STIFF
C .
[&
C This subroutine initializes the global system tor the FEM method on one
¢ of the well-block.
INCLUDE 'PARAMETR.FOR'
INCLUDE 'PARAMETR.FEM'
double precision stiff,f1,x1
COMMON /NUMBER/ I1,JJ KK
CHEHE

commorv/glstift/stiff(num_nodes*nzp,num_nodes*nzp),

& tl(num_nodes*nzp),xl(num_nodes*nzp),ipvi(num_nodes*nzp),

& sofl(num_nodes*nzp),sofl 1(num nodes*nzp).sofl2(num_nodes*nzp).
& sptl(num_nodes*nzp),sgfl 1(num_nodes*nzp),sgtl2(num_nodes*nzp),
& swil(num_nodes*nzp),swill (num _nodes*nzp),swl2{num_nodes*nzp)

commory'stiff0/stiffO(num_nodes*nzp,num_psodes*nzp),
& sostiff(num_nodes*nzp.num_nodes*nzp).
& sgstiff(num_nodes*nzp,num_ncdes*nzp;,
& swstitf(num_nodes*nzp,num_nodes*nzp)

common/oldpwg/pold(num_nodes*nzp),swold(num_nodes*nzp),
& soold(num_nodes*nzp), sgold(num_nodes*nzp)

common /global/ xyzeds(num_nodes,3),pfem(num_nodes*nzp),
& sofem(num_nodes*nzp),swiem(num_nodes*nzp),

& sgfem(num_nodes*nzp),pbotfemn(num_nodes*nzp),

& qofem(num_nodes*nzp),qwiem(num_nodes*nzp),

& qgfem(num_nodes*nzp),phi(nz)

common/oilfem/ A(Imt_nodes,Imt_nodes),
& COLJ(Imt_nodes,Imt_nodes),DO(Imt_nodes),
& COIL(Imt_nodes,Imt_nodes),QOIL(!mt_nodes)

common/waterfem/ H(lmt_nodes,Imt_nodes),

& BWAT(Imt_nodes,Imt_nodes),DW(Imt_nodes),
& CWLJ(Imt_nodes,Imt_nodes),QWAT(Imt_nodes),
& CWAT(Imt_nodes,lmt_nodes)

common/gasfem/ EGAS(Imt_nodes,Imt_nodes),
& G(Imt_nodes,Imt_nodes),DG(Imt_nodes),

& WX(Imt_nodes,Imt_nodes),QGAS(Imt_nodes),
& rsodo(lmt_nodes),rswdw(Imt_nodes),
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& GX(Imt_nodes,Imt_nodes),rswb(lmt_nodes,Imt_nodes) ,
& cacw(lmt_nodes,Imt_nodes),rsoa(lmt_nodes,Imt_nodes),
& rswh(lmt_nodes,Imt_nodes) ,

& fgas(Imt_nodes,Imt_nodes),fwat(lmt_nodes,Imt_nodes)

do 10 i=1,num_nodes*4
do 20 j=1,num_nodes*4
stiff(i,j) = 0.0
sostiff(i,}) = 0.0
switiff(i,j) = 0.0
20 continue
f14) = 0.0
¢ (i) = pfem(i)
xl(@)=0.0
sofl(1)=0.0
swfl(1)=0.0
sof11(1)=0.0
swill(1)=0.0
50f12(1)=0.0
swil2(i)=0.9
10 continue
return
end

cen

SUBROUTINE LOAD_MODS (ifem, k3,delta)

This subroutine interfaces the boast q's to the FEM equations for
the full well-block.

NG N

INCLUDE 'PARAMETR.FOR’

INCLUDE PARAMETR.FEM'

double precision stiff,fl.x1,f1_p(num_nodes*nzp)

REAL KX KYKZ KROT,KRWTKRGTMUOTMUWTMUGTMCFG.MCFGI MCFGT,

& MCFGIMBEO,MBEW,MBEG,
& qok(num_nodes*nzp), qgk(num_ncdes*nzp),
& qwk(num_nodes*nzp), qgsum, qosum, qwsum, ggsum

REAL muo,muw,mug,kro,krw,krg

COMMON /BUBBLE/ PBO,VSLOPE ,BSLOPE,RSLOPE PMAXT,IREPRS,

& RHOSCO,RHOSCG,RHOSCW,MSAT MPOT MPWTMPGT,PBOT(NX,NY,NZ)
common /perm/ kx(nx,ny,nz),ky(nx,ny,nz),kz(nx,ny,nz)

COMMON /PRTP/ P(NX,NY,NZ)

COMMON /SPVT/ SAT(NTE),KROT(NTE),KRWT(NTE),KRGT(NTE),PCOWT(NTE),

& PCGOT(NTE),POT(NTE),MUOT(NTE),BOT(NTE),BOPT(NTE),RSOT(NTE),RSOPT
& (NTE).PWT(NTE),MUWT(NTE),BWT(NTE),BWPT(NTE),RSWT(NTE),RSWPT(NTE),
& PGT(NTE),MUGT(NTE),BGT(NTE) BGPT(NTE),CRT(NTE)
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COMMON /1QN/ IQNI(NW),IQN2(NW),IQN3(NW)

COMMON /RATE/ QO(NX,NY,NZ),QW(NX,NY,NZ),QG(NX,NY,NZ)

COMMON /FEMRATE/ QWWW(NZ),QWE(NZ),QWS(NZ),QWN(NZ),QWT(NZ),QWB(NZ),
& QOW(NZ),QOE(NZ),QOS(NZ),QON(NZ),QOT(NZ),QOB(NZ),
& QGW(NZ),QGE(NZ),QGS(NZ),QGN(NZ),QGT(NZ),QGB(NZ)

common /shape/ phif(Imt_nodes),
& dphd(Imt_nodes,3),coords(Imt_nodes,3)

common/glstiff/stiff(num_nodes*nzp,num_nodes*nzp),

& fl(num_nodes*nzp),xl(num_nodes*nzp),ipvt(num_nodes*nzp),

& sofl(num_nodes*nzp),sofl l(num_nodes*nzp),sofl2(num_nodes *nzp),
& sgfl(num_nodes*nzp),sgfl 1(num_nodes*nzp),sgfl2(num_nodes*nzp),
& swil(num_nodes*nzp),swill (num_nodes*nzp),swtl2(num_nodes*nzp)

common/stiff0/stiff0(num_nodes*nzp,num_nodes*nzp),
& sostiff(num_nodes*nzp,num_nodes*nzp),
& sgstiff(num_nodes*nzp,num_nodes*nzp),
& swstiff(num_nodes*nzp,num_nodes*nzp)

common/oldpwg/pold(num_nodes*nzp),swold(num_nodes*nzp),
& soold(num_nodes*nzp), sgold(num_nodes*nzp)

cominon /global/ xyzcds(num_nodes,3),pfem(num_nodes*nzp),
& sofem(num_nodes*nzp),swiem(num_nodes*nzp),
& sgfem(num_nodes*nzp),pbotfem(num_nodes*nzp),
& gofem(num_nodes*nzp),qwfem(num_nodes*nzp),
& qgfem(num_nodes*nzp),phi(nz)
cith :
¢ oil into the well-block
¢ There are 96 nodes at the well

if (k3 .eq. 3) then
pp=ptem(9+num_nodes*k)
bpt=pbottem(9+num_nodes*k)

CALL INTPVT(BPT,RSLOPE,POT,RSOTMPOT,PPRSO)
CALL INTERP(PWT,RSWTMPWT,PPRSW)

CALL INTPVT(BPT,BSLOPE,POT,BOTMPOT,PP,BOfem)
CALL INTERP(PWTBWTMPWT,PPBWtem)

CALL INTERP(PGT,BGT MPGT,PPBGfem)

CALL INTPVT(BPT,VSLOPE . POT MUOTMPOT,PPMUO)
CALL INTERPPWTMUWTMPWT,PPMUW)

CALL INTERP(PGT MUGTMPGT,PEMUG)
SSO=sofem(num_nodes*3+7)
SSW=swfem(num_nodes*3+7)
SSG=sgfem(num_nodes*3+7)

CALL INTERP(SAT.KRWT,MSAT,SSW,KRW)

CALL INTERP(SAT KROT,MSAT,SSO,KRO)

CALL INTERP(SAT,KRGT MSAT,SSG,KRG)
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gasoilr=(krg/mug/bgfem)/(kro/muo/bofem)+rso

foil=-delta*qo(10,10,k)*5.6146
fwat=-delta*qw(10,10,k)*5.6146
fgas=-delta*((qg(10,10,k)

&  +qo(l10,10,k)*rso

&  +qw(l10,10,k)*rsw))
frho = (foil+fwat+fgas)/32.0

doii=1,16
fl(ii+num_nodes*(k-1)) = fl(ii+num_nodes*(k-1))-frho
fl(ii+num_nodes*k) = fl(ii+num_nodes*k) - frho

qofem(ii+num_nodes*(k-1)) = qofem(ii+num_nodes*(k-1))-foil
qofem(ii+num_nodes*k) = qofem(ii+num_nodes*k) - foil
qwtem(ii+num_nodes*{k-1)) = qwfem(ii+num_nodes*(k- 1))-fwat
qwfem(ii+num_nodes*k) = qwfem(ii+num_nodes*k) - fwat
qgfem(ii+num_nodes*(k-1)) = qgfem(ii+num_nodes*(k-1))-fgas
qatem(ii+num_nodes*k) = ggfem(ii+num_nodes*k) - fgas

end do
end if

CHE R R R R R R R R Y
¢ outer boundry laver
of

dok=1,3

¢ ===== NORTH FLOW

pp= pfem((num_nodes-11) + num_nodes*k)
bpt=pbotfem((num_nodes-11)+ num_nodes*k)

CALL INTPVT(BPT,RSLOPE,POT,RSOTMPOT,FPRS0)
CALL INTERP(PWT,RSWTMPWTPPRSW)

CALL INTPVT(BPT,BSLOPE,POT,BOTMPOT,PP.BOfem)
CALL INTERP(PWT,BWTMPWT,PPBWfem)

CALL INTERP(PGT,BGT,MPGT,PPBGfem)

foil = -delta*qon(k)*5.6146

fwat = -delta*qwn(k)*5.6146

fgas = -delta*(qgn(k)+rso*qon(k)+rsw*qwn(k))
frho = (foil+twat+fgas)/10.0

fl((num_nodes-13)+num_nodes*(k-1)) =

& fl((num_nodes-13)+num_nodes*(k-1))+frho
fl((num_nodes-13)+num_nodes*k) =

& fl((num_nodes-13)+num_nodes*k)+frho
fl((num_nodes-12)+num_nodes*(k-1)) =

& fl{((num_nodes-12)+num_nodes*(k-1))+frho
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fl((num_nodes- 12)+num_nodes*k) =

& fl((num_nodes-12)+num_nodes*k)+frho
fi{(num_nodes-11)+num_nodes*(k-1)) =

& fl((num_nodes-11)+num_nodes*(k-1))+frho
fl((num_nodes- 1 1)+num_nodes*k) =

& fl((num_nodes-11)+num_nodes*k)+irho
fl((num_nodes-10)+num_nodes*(k-1)) =

& fl((num_nodes-10)+num_nodes*(k-1))+trho
fl((num_nodes-10)+num_nodes*k) =

& fl((num_nodes-10)+num_nodes*k)+frho
fl((num_nodes-9)+num_nodes*(k-1)) =

& fl((num_nodes-9)+num_nodes*(k-1))+frho
f1((num_nodes-9)+num_nodes*k) =

& fl((num_nodes-9)+num_nodes*k)-+rho

sofem((num_nodes-13)+num_nodes*(k-1)) =

& sofem((num_nodes-13)+num_nodes*(k-1)) + (oil/10.0
sofem((num_nodes-13)+num_nodes*k) =

& sofem((num_nodes-13)+num_nodes*k) -+ foil/10.0
sofem((num_nodes-12)+num_nodes*(k-1)) =

& sofem((num_nodes-12)+num_nodes*(k-1)) + toii/10.0
sofem((num_nodes-12)+num_nodes*k) =

& sofem((num_nodes-12)+num_nodes*k) + {oil/10.0
sofem((num_nodes-11)+num_nodes*(k-1)) =

& sofem((num_nodes-11)+num_nodes*(k-1)) + fail/10.0
sofem((num_nodes-11)+num_nodes*k) =

& sofem((num_nodes-1 1)+num_nodes*k) + foil/10.0
sofem((num_nodes-10)+num_nodes*(k-1)) =

& sofem((num_nodes-10)+num_nodes*(k-1)) + foil/10.0
sofem((num_nodes-10)+num_nodes*k) =

& sofem((num_nodes-10)+num_nodes*k) + foil/10.0
sofem((num_nodes-9)+num_nodes*(k-1)) =

& sofem((num_nodes-9)+num_nodes*(k-1)) + foil/10.0
sofem((num_nodes-9)+num_nodes*k) =

& sofem((num_nodes-9)+num_nodes*k) + foil/10.0

swfem((num_nodes-13)+num_nodes*(k-1)) =

& swtem({num_nodes-13)+num_nodes*(k-1)) + twat/10.0
swiem((num_ncdes-13)+num_nodes*k) =

& swfem((num_nodes-13)+num_nodes*k) + fwat/10.0
swfem((num_nodes-12)+num_nodes*{k-1)) =

& swfem((num_nodes-12)+num_nodes*(k-1)) + fwat/10.0
swfem((num_nodes-12)+num_nodes*k) =

& swfem((num_nodes-12)+num_nodes*k) + fwat/10.0
swiem((num_nodes- 1 1)+num_nodes*(k-1)) =

& swfem((num_nodes-11)+num_nodes*(k-1)) + fwat/10.0
swfem((num_nodes-11)+num_nodes*k) =

& swfem((num_nodes-11)+num_nodes*k) + fwat/10.0
swfem((num_nodes-10)+num_nodes*(k-1)) =

& swfem((num_nodes-10)+num_nodes*(k-1)) + fwat/10.0
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swiem((num_nodes-10)+num_nodes*k) =

& swfem((num_nodes-10)+num_nodes*k) + fwat/10.0
swfem({num_nodes-9)+num_nodes*(k-1)) =

& swfem((num_nodes-9)+num_nodes*(k-1)) + fwat/10.0
swfem((num_nodes-9)+num_nodes*k) =

& swlem((num_nodes-9)+num_nodes*k) + fwat/10.0

¢ ===== SOUTH FLOW

pp= pfem(num_nodes-3 + num_nodes*k)
bpt=pbotfem(num_nodes-3 + num_nodes*k)

CALL INTPVT(BPT,RSLOPE,POT,RSOTMPOT,PP,RS()
CALL INTERP(PWT,RSWTMPWT,PPRSW)

CALL INTPVT(BPT,BSL.OPE,POT,BOT,MPOT,PP,BOfem)
CALL INTERP(PWT BWTMPWT,PP,BWfem)

CALL INTERP(PGT,BGTMPGT,PPBGfem)

foil = -deita*qos(k)*5.6146

fwat = -delta*qws(k)*35.6146

fgas = -delta*(qgs(k)-+rso*qos(k J+rrsw*qws(k))
tfrho = (foil+fwat+tgas)/11.0

fl{(num_nodes-4)+num_nodes*(k-1)) =

& ti(«num_nodes-4;4num_aodes*(k-1))+ftho
fl(tnum_nodes-4)+num_nodes*k) =

& {l((num_nodes-4)+num_nodes*k)+frho
fi((num_nodes-3)+num_nodes*(k-1)) =

& fl((num_nodes-3)+num_nodes*(k-1))+frho
f1((num_ncdes-3 jtnum_nodes*k) =

& fli((num_nodes-3)+num_nodes*k)+frho
fl((num_nodes-2)+num_nodes*(k-1)) =

& fl((num_nodes-2)+num_nodes*(k-1))+frho
fl{(num_nodes-2)+num_nodes*k) =

& fl{(num_nodes-2)+nutn_nodes*k)+frho
fl{(num_nodes-5)+num_nodes*(k-1)) =

& fl((num_nodes-5)+num_nodes*(k-1))+ftho
fl{(num_nodes-5)+num_nodes*k) =

& fl((num_nodes-5)+num_nodes*k)+frho
fl({num_nodes- 1 )}+num_nodes*(k-1)) =

& fl((num_nodes-1)+num_nodes*(k-1))+frho
fl((num_nodes-1)+num_nodes*k) =

& fl((num_nodes-1)+num_nodes*k)+frho

sofem((num_nodes-4)+num_nodes*(k-1)) =

& sofem((num_nodes-4)+num_nodes*(k-1)) + foil/10.0
sofem((num_nodes-4)+num_nodes*k) =

& sofem((num_nodes-4)+num_nodes*k) + foil/10.0
sofem((num_nodes-3)+num_nodes*(k-1)) =

& sofem((num_nodes-3)+num_nodes*(k-1)) + foil/10.0

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



215

sofem((num_nodes-3)+num_nodes*k) =

& sofem((num_nodes-3)+num_nodes*k) + foil/10.0
sofem((num_nodes-2)+num_nodes*(k-1)) =

& sofem((num_nodes-2)+num_nodes*(k-1)) + foil/10.0
sofem((num_nodes-2)+num_nodes*k) =

& sofem((num_nodes-2)+num_nodes*k) + foil/10.0
sofem((num_nodes-3)+num_nodes*(k-1)) =

& sofem((num_nodes-5)+num_nodes*(k-1)) + foil/10.0
sofem((num_nodes-5)+num_nodes*k) =

& sofem((num_nodes-3)+num_nodes*k) + foil/10.0
sofem((num_nodes-1)+num_nodes*(k-1)) =

& sofem((num_nodes-1)+num_nodes*(k-1)) + f0il/10.0
sofem((num_nodes- | )+num_nodes*k) =

& sofem((num_nodes-1)+num_nodes*k) + foil/10.0

swiem((num_nodes-4)+num_nodes*(k-1)) =

& swfem((num_nodes-4)+num_nodes*(k-1)) + fwav/10.0
swiem((num_nodes-4ytnum_nodes*k) =

& swiem((num_nodes-4)+num_nodes*k) + fwat/10.0
swtem((num_nodes-3+num_nodes*(k-1)) =

& swtem((itum_nodes-3)+num_nodes*(k-1)) + fwav/10.0
swfem((num_nodes-3)+num_nodes*k) =

& swiem((num_nodes-3)+num_nodes*k) + fwat/10.0
swfem((num_nodes-2)+num_nodes*(k-1)) =

& swiem((num_nodes-2)+num_nodes*(k-1)) + fwat/10.9
swiem((num_nodes-2)+num_nodes*k) =

& swiem(fnum_nodes-2)+num_nodes*k) + fwat/10.0
swiem((num_nodes-3)+num_nodes*(k-1)) =

& swifem((num_nodes-3)+num_nodes*(k-1)} + fwat/10.0
switem((num_nodes-5y+num_nodes*k) =

& swfem((num_nodes-5)-+num_nodes*k) + fwat/10.0
swfem((num_nodes-1)}+num_nodes*(k-1)) =

& swifem((num_nodes-1)+num_nodes*(k-1)) + fwat/10.0
swfem((num_nodes-1 }rnum_nodes*k) =

& swiem((num_nodes-1)+num_nodes*k) + fwat/10.0

¢ ===== EAST FLOW

pp= pfem((num_nodes-13) + num_nodes*k)
bpt=pbotfem((num_nodes-13) + num_nodes*k)

CALL INTPVT(BPT,RSLOPE,POT,RSOT,MPOT,PP,RSO)
CALL INTERP(PWT,RSWTMPWT,PPRSW)

CALL INTPVT(BPT,BSLOPE,POT,BOT,MPOT,PP,BOfem)
CALL INTERP(PWT,BWTMPWT,PP,BWfem)

CALL INTERP(PGT,BGT,MPGT,PP,BGfem)

foil = -delta*qoe(k)*5.6146

fwat = -delta*qwe(k)*5.6146

fgas = -delta*(qge(k)+rso*qoe(k)H+rsw*qwe(k))
frho = (foil+fwat+fgas)/10.0
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fi(num_nodes+num_nodes*(k-1)) =

& fl(num_nodes+num_nodes*(k-1))+frho
fi(num_nodes+num_nodes*k) =

& fl(num_nodes+num_nodes*k)+frho
fl{(num_nodes-15)}+num_nodes*(k-1)) =

& fi{(num_nodes-15)+num_nodes*(k-1))+rho
fl((num_nodes-15)+num_nodes*k) =

& fl((num_nodes-135)+num_nodes*k)+frho
fi((num_nodes- 14)+num_nodes*(k-1)) =

& fl((num_nodes-14)+num_nodes*(k-1))+rho
fl({(num_nodes-14)+num_nodes*k) =

& fl((num_nodes-14)+num_nodes*k)+frho
fl((num_nodes- 1 3)+num_nodes*(k-1)) =

& fl((num_nodes-13)+num_nodes*(k-1))+trho
fl(num_nodes- 13)+num_nodes*k) =

& fl{(num_nodes- 1 3)+num_nodes*k)+rho
fi((num_nodes-1)+num_nodes*(k-1)) =

& fl({(num_nodes-1)+num_nodes*(k-1))+frhe
fi{(num_nodes-1)+num_nodes*k) =

& fl((num_nodes-1)+num_nodes*k)+frho
fi{num_nodes-0)+num_nodes*(k-1)) =

& fl((num_nodes-0+num_nodes*(k-1))+ftho
fl((num_nodes-0)+num_nodes*k) =

& fl((num_nodes-C)+num_nodes*k)+frho

sofem((num_nodes- [ 3)+num_nodes#*(k-1)) =

& sofem((num_nodes-15)+num_nodes*(k-1)) + foil/10.0
sofem((num_nodes-15)+num_nodes*k) =

& sofem((num_nodes-15)+num_nodes*k) + foil/10.0
sofem((num_nodes-14)+num_nodes*(k-1)) =

& sofem((num_nodes-14)+num_nodes*(k-1)) + foil/10.0
sofem((num_nodes-14)+num_nodes*k) =

& sofem((num_nodes-14)+num_nodes*k) + foil/10.0
sofem((num_nodes-13)+num_nodes*(k-1)) =

& sofem((num_nodes-13)+num_nodes*(k-1)) + foil/10.0
sofem((num_nodes-13)+num_nodes*k) =

& sofem((num_nodes-13)+num_nodes*k) + foil/10.0
sofem((num_nodes-1)+num_nodes*(k-1)) =

& sofem((num_nodes-1)+num_nodes*(k-1)) + foil/10.0
sofem((num_nodes-1)+num_nodes*k) =

& sofem((num_nodes-1)+num_nodes*k) + foil/10.0
sofem((num_nodes-0)+num_nodes*(k-1)) =

& sofem((num_nodes-O)+num_nodes*(k-1)} + foil/10.0
sofem((num_nodes-0)+num_nodes*k) =

& sofem((num_nodes-0)+num_nodes*k) + foil/10.0

swfem((num_nodes-15)+num_nodes*(k-1)) =

& swiem((num_nodes-15)+num_nodes*(k-1)) + fwat/10.0
swfem((num_nodes-15)+num_nodes*k) =
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& swtem((num_nodes-15)+num_nodes*k) + fwat/10.0
swfem((num_nodes-14)+num_nodes*(k-1)) =

& swfem((num_nodes-14)+num_nodes*(k-1)) + fwat/10.0
swfem((num_nodes-14)+num_nodes*k) =

& swfem((num_nodes-14)+num_nodes*k) + fwat/10.0
swfem((num_nodes-13)+num_nodes*(k-1)) =

& swfem((num_nodes-13)+num_nodes*(k-1)) + fwat/10.0
swfem((num_nodes- 13)+num_nodes*k) =

& swfem((num_nodes-13)+num_nodes*k) + fwat/16 0
swfem((num_nodes- [ }+num_nodes*(k-1)) =

& swiem((num_nodes-1)+num_nodes*(k-1)) + twat/10.0
swfem((num_nodes- 1 yrnum _nodes*k) =

& swlem((num_nodes- | )+num_ncdes*k) + fwat/10.0
swfem((num_nodes-0)y+num_nodes*(k-1)) =

& swfem((num_nodes-0)+num_nodes*(k-1)) + fwat/10.0
swfem((num_nodes-Oytnum_nodes*k) =

& swiem({num_nodes-0)+num_nodes*k) + fwat/10.0

¢ ===== WEST FLOW

pp= pfem((num_nodes-7) + num_ncdes*k)
bpt=pbotfem{(num_nodes-7) + num_nodes*k)

CALL INTPVT(BPT,RSLOPE,POT.RSOTMPOT,PP.RSO)
CALL INTERP(PWTRSWTMPWTPPRSW}

CALL INTPVT/BFT,BSL OPE.FOT,BOT,MPQT,PP.BOtem)
CALL INTERP{(PWTBWTMPWT,PP.BWfem)

CALL INTERP(PGT,BGT,MPG[,PP,BGtem)

foil = -delta*qow(k)*35.6146

fwat = -delta*qwww(k)*5.5146

fgas = -delta*(qgw(k)+rso*qow(k)+rsw*qwww(k))
frho = (foil+fwat+rgas)/10.0

fl((num_prodes-9)+num_nodes*(k-1)) =

& fl((num_nodes-9)+num_nodes*(k-1))+frho
fl{(num_nodes-9)+num_nodes*k) =

& fl((num_nodes-9)+num_nodes*k)+frho
fi{(num_nodes-8)+num_nodes*(k-1)) =

& fl((num_nodes-8)+num_nodes*(k-1))+frho
fl((num_nodes-8)+num_nodes*k) =

& fl((num_nodes-8)+num_ncdes*k)+{rho
fi{(num_nodes-7)+num_nodes*(k-1)) =

& fl{(num_nodes-7)+num_nodes*(k-1))+frho
fl{(num_nodes-7)+num_nodes*k) =

& fl((num_nodes-7)+num_nodes*k)+{rho
fl((num_nodes-6)+num_nodes*(k-1)) =

& fl((num_nodes-6)+num_nodes*(k-1))+frho
fl((num_nodes-6)+num_nodes*k) =

& fl((num_nodes-6)+num_nodes*k)+{rho
fl((num_nodes-5)+num_nodes*(k-1)) =
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& fl((num_nodes-5)+num_nodes*(k-1))+frho
fl((num_nodes-5)+num_nodes*k) =
& fl((num_nodes-5)+num_nodes*k)+frho

sofem((num_nodes-9)+num_nodes*(k-1)) =

& sofem((num_nodes-9)+num_nodes*(k-1)) + foil/10.0
sofem((num_nodes-9)+num_nodes*k) =

& sofem((num_nodes-9)+num_nodes*k) + toil/10.0
sofem((num_nodes-8)+num_nodes*(k-1)) =

& sofem((num_nodes-8)+num_nodes*(k-1)) + toil/10.0
sofem((num_nodes-8)+num_nodes*k) =

& sofem((num_nodes-8)+num_nodes*k) + foil/10.0
sofem((num_nodes-7)+num_nodes*(k-1)) =

& sofem((num_nodes-7)+num_nodes*(k-1)) + foil/10.0
sofern((num_nodes-7)+num_nodes*k) =

& sofem((num_nodes-7)+num_nodes*k) + foil/10.0
sofem((num_nodes-6)+num_nodes*(k-1)) =

& sofem((num_nodes-6)+num_nodes*(k-1)) + foil/10.0
sofem((num_nodes-6)+num_nodes*k) =

& sofem((num_nodes-6)+num_nodes*k) + foil/10.0
sofem((num_nodes-3)+num_nodes*k-1)) =

& sofem((num_nodes-5)+num_nodes*(k-1)) + toil/10.0
sofere((pum_nodes-5)+num_nodes*k) =

& sofem((num_nodes-5)+num_nodes*k) + foil/10.0

swiem({num_ncdes-9)+rnum_nodes*(k-1)) =

& swiem(num_nodes-9)+num_nodes*{k-1)) + twat/10.0
swiem((num_nodes-9)ytnum_nodes*k) =

& swiem((num_nodes-9)+num_nodes*k) + fwat/10.0
swiem((num_nodes-8)y+num_nodes*(k-1)) =

& swiem((num_nodes-8)+num_nodes*(k-1)) + fwat/10.0
swfem((num_nodes-8)+num_nodes*k) =

& swfem((num_nodes-8)-+num_nodes*k) + fwat/10.0
swiem((num_nodes-7)y+num_nodes*(k-1)) =

& swifem((num_nodes-7)+num_nodes*(k-1)) + twat/10.0
swiem((num_nodes-7)num_nodes*k) =

& swfem((num_nodes-7)+num_nodes*k) + twat/10.0
swiem((num_nodes-6)y+num_nodes*(k-1)) =

& swiem((num_nodes-6)+num_nodes*(k-1)) + fwat/10.0
swiem((num_nodes-6)+num_nodes*k) =

& swfem((num_nodes-6)+num_nodes*k) + fwat/10.0
swfem((num_nodes-5}+num_nodes*(k-1)) =

& swfem((num_nodes-5)+num_nodes*(k-1)) + fwat/10.0
swiem((num_nodes-5)y+num_nodes*k) =

& swfem((num_nodes-5)+num_nodes*k) + twat/10.0

end do

return
end
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C

Cc
SUBROUTINE CONSTRAIN_SYSTEM

(&
C This subroutine constrains the FEM equations for
the well-block.

INCLUDE 'PARAMETR.FEM'

INCLUDE 'PARAMETR.FOR'

double precision stiff,f1,x]

dimension ix(num_nodes)

COMMON /NUMBER/ I1,JJ,KK

(2]

common/glstiff/stiff(num_nodes*nzp,num_nodes*nzp),

& fl(num_nodes*nzp),xl(num_nodes*nzp),ipvi(num_nodes*nzp},

& sofl(num_nodes*nzp),sofl 1 (num_nodes*nzp),sofl2(num_nodes*nzp),
& sgfl(num_nodes*nzp),sgfl l{(num_nodes*nzp),sgfl2(num_nodes*nzp),
& swil(num_nodes*nzp),swifll(num_nodes*uzp),swil2(num_nodes*nzp)

common/stiff0/stiffO(num_nodes*nzp,num_nodes*nzp),
& sostiff(num_nodes*nzp,num_nodes*nzp),
& sgstff(num_nodes*nzp,num_nodes*uzpj,
& switiff(num_nodes*nzp,num_nodes*nzp)

common/oldpwg/peld(num_nodes*nzpi,swold(num_nodes*nzp),
& soold(num_nodes*nzp), sgcld(num_nodes*nzp)

common /global/ xyzcds(num_nodes, 3),pfem(num_nodes*nzp),
& sofem(num_nodes*nzp),swfem({num_nodes*nzp),

& sgtem(num_nodes*nzp),pbotfem(num_nodes*nzp),

& gqofem(num_nodes*nzp),qwfem(num_nodes*nzp),

& qgfem(num_nodes*nzp),phi(nz)

common/oilfem/ A(lmt_nodes,Imt_nodes),
& COLJ(Imt_nodes,Imt_nodes),DO(Imt_nodes),
& COIL(Imt_nodes,!mt_nodes),QOIL(Imt_nodes)

common/waterfem/ H(Imt_nodes,Imt_nodes),

& BWAT(Imt_nodes,Imt_nodes),DW(Imt_nodes),
& CWIJ(Imt_nodes,Imt_nodes),QWAT(Imt_nodes),
& CWAT(Imt_nodes,Imt_nodes)

common/gasfem/ EGAS(Imt_nodes,Imt_nodes),

& G(Imt_nodes,Imt_nodes),DG(Imt_nodes),

& WX(Imt_nodes,Imt_nodes),QGAS(Imt_nodes),

& rsodo(lmt_nodes),rswdw(Imt_nodes),

& GX(Imt_nodes,Imt_nodes),rswb(lmt_nodes,lmt_nodes),
& cacw(lmt_nodes,lmt_nodes),rsoa(lmt_nodes,Imt_nodes),
& rswh(lmt_nodes,Imt_nodes) ,

& fgas(Imt_nodes,Imt_nodes).fwat(Imt_nodes,Imt_nodes)
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¢ ===== Fix the pressure at the outer boundary on layer 3 (top & bottom)
dok=1,3
do1=1,16
ix(i+16*(k-1)) = (num_nodes-16) + i + num_nodes*(k-1)
it (k .eq. 3) then
ix(i+16*k) = (num_nodes-16) +i + num_nodes*k

end if
c write(60,*) ix(i), Ix(i+16)
end do
end do
¢ ======= for each node on the outer boundary, subtract from
¢ its corresponding “t1" the pressure value from BOAST
c
do i = I, (num_nodes-32)
doj = |, num_nodes*4
f1G) = 1()-stiff(,ix(1))*plem(ix(i))
end do
11(ix{1)) = pfem(ix(i))
end do
¢ ======= |p the stiffness matrix for each outer boundary
¢ node replace all nodes on the corresponding rew and column
¢ by zero
do node = 1, (num_nodes-32)
do 1 = |, num_nodes*4
do j =1, num_nocdes*4
stift(ix(node),j) = 0.0
stiff(i,ix(node)) = 0.0
end do
end do
end do
¢ =======n the stiffness matrix replace the outer boundary
¢ nodes with " 1°
c
doi =1, (num_nodes-32)
stuff(ix(i),ix(i)) = 1.0
end do
c write(60,*)’ f1(i) on boundary (outer circle):’
c write(60,*) after modification of lo=d. *
c write(60,*)
c write(60,655)

c655 format(3x, nodes 81-96', 3x,’nodes 177-192’,
¢ & 3x,nodes 273-288', 3x,'nodes 369-384")

c write(60,*)

c doiyj=1,16
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c write(60, *)f1(80+i)), f1(176+)),

c & f1(272+i)), f1(368+ij)

c667 format(3x,{14.7,4x,f14.7,5x,£14.7,6x,f14.7)
c end do

return
end

SUBROUTINE AVEPWG(ifem,ttitime)

INCLUDE 'PARAMETR.FOR’
INCLUDE 'PARAMETR.FEM'
INTEGER indx(Imt_nodes)
double precision det_jacobian ! determinant of jacobian
double precision dn(8,3) !
COMMON/MESHPTS/ il (num_elemts),i2(num_elemts),
& 13(num_clemts),id(num_elemts), rl
common/gauss/gauss_pts(2),gauss_wits(2),num_gauss_pts
common/shape/phif(imt_nodes),
& dphd(lmt_nodes,3),coords(Imt_nodes,3)
cHiEHp b
pave=0.0
soave=0 0
swave-=0.0
sgave=0.0
volume=0.0
do [00k=1,3
Jdo 100 k_el=1.num_elemts
indx(1} = il(k_el+num_nodes*(k-1)
indx(2) = 12(k_el)+num_nodes*(k-1)
indx(3) = 13(k_cl)+num_nodes*(k-1)
indx(4) = id(k_el)+num_nodes*(k-1)
indx(5) = il(k_el)+num_nodes*k
indx(6) = 12(k_el)+num_nodes*k
mmdx(7) = 13(k_el)+num_nodes*k
indx(8) = 14(k_el)+num_nodes*k
call elmtGEN(ifem k_el k)
do 300 jx_pt = 1,num_gauss_pts
Xi = gauss_pts(jx_pt)
do 290 jy_pt = I,num_gauss_pts
eta = gauss_pts(jy_pt)
do 280 jz_pt = |,num_gauss_pts
zeta = gauss_pts(jz_pt)
call shape_3d8(xi,cta,zeta)
call JACOBI_3D8(k_el,det_jacobian,dn)
gauss_pt_press =0.0
gauss_pt_oilsat = 0.0
gauss_pt_watsat = 0.0
do 60 i=1,Imt_nodes
gauss_pt_press = gauss_pt_press + pfem(indx(i))*phif(i)
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gauss_pt_oilsat = gauss_pt_oilsat + sofem(indx(i))*phif(i)
gauss_pt_watsat = gauss_pt_watsat + swfem(indx(i))*phif(i)
60 continue
pave=pave+gauss_pt_press*det_jacobian
soave=soave+gauss_pt_oilsat*det_jacobian
swave=swave+gauss_pt_watsat*det_jacobian
volume=volume+det_jacobian
280 continue
290 continue
300 continue
100  continue
pave=pave/volume
soave=soave/volume
swavesswave/volume
sgave=1.0 - soave - swave
write(30,*)ttltime, soave,swave,sgave
write(60,*)ttltime, pave
return
end

subroutine eigen_ab(a,b,d)
parameter(n=60)
dimension a(n,n),b(n,n),u(n,n),wn),v(n,n)
dimension ab(n,n),ainv(n,n)
dimension wr(n),wi(n)
dimension d(n),e(n),f(n)

¢ u=a
doi=l,n
doj=l.n
u(i,)y=a(iy)
end do
end do
call svdemp(u,n,n,n,n,w,v)

c ainv=v*l/w*uT
doi=l,n
doj=l,n
ainv(1,j)=0.0d0
dok=Il,n
ainv(i,j)=ainv(i,))+v(i,k)*u( k)Yw(k)
end do
end do
end do

c ab=ainv *b
doi=l,n
doj=l,n
ab(i,j)=0.0d0
dok=ln
ab(i,j)=ab(i,j)+ainv(i,k)*b(k,))
end do
end do
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end do

call balanc(ab,n,n)
call elmhes(ab,n,n)
call hqr(ab,n,n,wr,wi)
doi=1,n

d@)ywr(i)

end do

return

end
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Case 1
SIMULATION COMPARISON PROBLEM - 1 Layer Model

11 9 1
SO SHALE RESTART DT (SWITCH)
00 1 1
GRID BLOCK LENTTH
-1 -1 -1
120.00
146.67
50.00

GRID BLOCK LENGTH MODIFICATION (NONE)

0 0 0 0
CAPROCK BASE DEPTH TO TOP OF SAND
0
2000.00

POROSITY AND PERMEAEBILITY DISTRIBUTIONS
-1 -1 -1 -1
0.20
50.00
50.00
500

POROSITY AND PERMEABILITY MODIFICATION (NONE)
00000

TRANSMISSIBILITY MODIFICATIONS (NONE)

0 0 00

SAT KRO KRW KRG PCOW PCGO

0.00 0.00 0.00 0.00 669.19 669.19
0.10 0.00 0.00 0.00 549.19 54919
0.20 0.00 0.00 0.0! 429.19 429.19

0.30 0.02 0.00 0.05 309.19 309.19
0.40 0.06 0.00 0.10 189.19 189.19

0.50 0.15 0.02 0.19 69.19 69.19

0.60 0.32 0.06 0.30 4.00 4.00

0.70 0.59 0.15 045 4.00 4.00

0.80 1.00 0.32 0.61 4.00 4.00

0.90 1.00 0.59 080 4.00 4.00

1.10 1.00 1.00 1.00 4.00 4.00
PBO MUSLOPE BSLOP RSLOPE PMAX IREPRS
1000.0 0.0000460 -0.0000232 0.0 6000.0 0
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15.
500.
1000.
1500.
2000,
2500.
3000.
3500.

4000.
4500.
5000.
3500.
6000.

P
0

6000.

p
15.
500.
1000
1500.
2000.
2500.
3000.
3500.
4000.
4500.
5000.
5500.
6000.

MUO BO RSO
16.77 1.034 1.7
8.58 1.068 80.8
5.34 1.108 172.5
3.80 1.150 268.8
2.92 1.193 368.2
2.37 1.237 469.9
1.98 1.282 573.6
1.71 1.327 679.0
1.50 1.374 785.7
1.34 1.421 893.7
1.2] 1.468 1002.9
1.10 1.516 1113.1
1.01 1.564 1224.2
MUW BW
1.0 1.0
1.0 1.0
MUG BG
0.01128 1.053958
0.01191 0.028420
. 0.01312 0012958
0.01509 0.007977
0.01752 0.005728
0.02034 0.004580
0.02316 0.003934
0.02580 0.003534
0.02823 0.003267
0.03043 0.003076
0.03244 0.002932
0.03430 0.002820
0.036C1 0.002728

RHOSCO RHOSCW RHOSCG
54.651 62.300 0.056

RSW
0.
0.

CR
0.0000030
0.0000030

0.0000030
0.0000030
0.0000030
0.0000030
0.0000030
0.000003C
0.0000030
0.0000030
0.0000030
0.0000030
0.0000030

0.9974957
09148788
0.8342582

0.7703535

0.7375196

0.7371771

0.7597957

0.7963983

08412924

0.8911152

0.9438882

0.9984262

1.0540071

EQUILIBRIUM PRESSURE INITIALIZATION/CONSTANT SATURATION

0 0

0.70 030 0.00

KSN1

1000.00 920.C0 2000.00 1800.00
KSM1 KCOl KTR KCOF
0 0 0 0

0

NMAX
1000

KSOL
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FACTI FACT2 TMAX WORMAX GORMAX PAMIN PAMAX

1.2 5

1830.0 50.

MITR OMEGA TOL TOLI

100000.

0.

DSMAX DPMAX

10000
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2 3000 1.7 A 0. .05 50.

RECURRENT DATA
1t 111110
.01 .001 3. 0.0.0.
RATES --
1 00
PRODI
6 51 I -11 10000 0. 0. 0.
3.88 500.00
0 300 000 O0O0O0O
I. .0t 30. 0. 0. O
0 ]

1 1 10
1..0

o1
0. 0.

.O»-.

1
i

oo
oo

I. .01

0 10920 0 0 0 0 0 0 O
1. 01 30. 0. 0 O
o 11 11
[..01 3. 0. 0. 0.

10920 0 0 0 0 O 0 O
1. 0l 30. 0. 0. O.
o1 11 11
1.0l 3. 0. 0. O

1 10
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0 10920 0 0 0 0 0 0 O
1. .01 30. 0. 0. O
o v 1111
[..0l 3. 0. 0. O
0 14560 0 0 0 0 0 0 O
1. .0f 30. 0. 0. O
o1 11 11
I..01 3. 0. 0. O
0 18200 0 0 06 0 0 0O
1. .01 30. 0. 0. O
o v 11 11
1 .0l 3. 0. 0. O
0 18200 0 0 0 0 C 0O O
1. .01 30. 0. 0. O

1 10

1 10
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INPUT DATA: CASE 2
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Case 2
SPE#1 SIMULATION COMPARISON PROBLEM - GAS INJECTION

10 10 3

SO SHALE RESTART DT
0 0 0 5

GRID BLOCK LENGTH
-1 -1 0
1000.
1000.
20. 30. 50.

GRID BLOCK LENGI'H MODIFICATION (NONE)
0 0 0 0

CAPROCK BASE DEPTH TO TOP OF SAND

0
8325.
POROSITY AND PERMEABILITY DISTRIBUTIONS
-1 0 0 0
0.3
5G0. 50. 206.
500. 3C. 200.
50. 30. 19.23

POROSITY AND PERMEABILITY MODIFICATIONS (NONE)
0 0 0 0 0

TRANSMISSIBILITY MODIFICATIONS (NONE)

0 0 0 0

SAT KRO KRW KRG PCOW PCGO
000 00 600 00 0.0 0.0
002 0000 00 0.0 0.0 0.0
005 0000 0.0 0.005 0.0 0.0
o2 00 0.0 0025 00 0.0
0.2 0.000 0.0 0075 00 0.0
025 0000 00 0.125 0.0 0.0
03 0.000 0.0 0.19 00 0.0
04 0.0001 0.0 0410 0.0 0.0
045 0.0005 00 060 0.0 0.0
0.5 0oot 0.0 072 00 0.0
0.6 0021 00 087 00 0.0
0.7 009 00 094 00 0.0
08 0350 00 096 00 0.0
08 07 0.0 098 00 0.0
095 098 00 1.0 0.0 0.0
1.0 1.0 1.0 1.0 0.0 0.0
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1.1 1.0 1.0 1.0 0.0 0.0

PBO MUSLOPE  BSLOP RSLOPE PMAX IREPRS

4014.7 0.0000460 -0.0000232 0.0 9014.7 1

P MUO BO RSO

14.7 1.0400 1.0620 1.0

264.7 0.975 1.1500 90.5

514.7 0.9100 1.2070 180.0

1014.7 0.8300 1.2950 371.0

2014.7 0.6950 1.4350 636.0

2514.7 0.6410 1.5000 775.0

30147 0.5940 1.5650 930.0

4014.7 0.5100 1.6950 1270.0

30i4.7 0.4490 1.8270 1618.0

9014.7 0.2030 2.3570 2984.0

P MUW BW RSW

14.7 0.3100 1.0410 0.9

264.7 0.310 1.0403 0.0

514.7 0.3100 1.0395 0.0

1014.7 0.3100 1.0380 0

20147 0.3100 1.0350 G

25147 0.3100 1.0335 0

30147 0.3100 1.0320 0

4014.7 0.3100 1.0290 0.0

5014.7 0.3100 1.0258 0

9014.7 0.3100 1.0130 0

P MUG BG CR

14.7 0.008000 0.9358 U.0C0003

264.7 0.009600 0.067902 0.690003

514.7 0.011200 0.035228 0.000003

1014.7 0.014000 0.017951 .0000G3

20147 0.018000 0.009063 007003

2514.7 0.020800 0.007726 .000003

30147 0.022800 0.006064 .000003

4014.7 0.026800 0.004554 0.000003

5014.7 0.030900 0.003644 006003

9014.7 0.047000 0.002167 .000003

RHOSCO RHOSCW RHOSCG

46.244 62.200 0.065
EQUILIBRIUM PRESSURE INITIALIZATION / CONSTANT SATURATION

0 0

4800.00 0.00 8450.00 3800.00

0.88 0.12 0.00

KSNI KSM1 KCOl KTR KCOF

G 0 0 0 0
NMAX FACTlI FACT2 TMAX WORMAX GORMAX PAMIN PAMAX
1000 1.2 5 2000 50. 20000. 1000. 10000
KSOL MITR OMEGA  TOL TOLI DSMAX DPMAX
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2 3100 1.7 A 0.00 05 50.
RECURRENT DATA
] 1 1 l ! 1 1 1 0
0100 .00t 3. 0. 0. 0.
RATES
2 0 0
IN WE
1 1 1 1 3 0.0 0.0 -100000. 0.
206 00
PR WE
10 10 3 1 I 20600 0 6.0 0
20.60 3000.0
0 360 0 0 0 0 0 0 0
! .0l 5. 0. 0. 0.
0 1 1 1 1 1 1 ] 0
i 0l 5. 0. 0. 0.
0 700 0 0 0 0 0 0 0
1 0l 5. 0. 0. 0.
1 1 1 ! 1 ! 1 ! 0
A 001 3. 0. 0. 0.
RATES
2 0 0
INWE
1 1 1 l 3 0.0 0.0 190000. 0.
206 0.0
PR WE
10 10 3 I -11 o 0 0.0 0
2060 1500.0
0 200 0 0 0 0 0 0 0
I 01 5. 0. 0. 0.
1 1 1 1 1 I 1 l 0
.1 001 3. C. 0. 0.
RATES
2 0 0
IN WE
1 1 1 1 3 0.0 0.0 -100000. 0.
206 00
PR WE
10 10 3 1 -1 0. 0 n.0 0
2060 1000.0
0 330 0 0 0 ¢ 0 0 0
L. 01 5. 0. 0. 0.
0 \ I 1 1 1 I I 0
1. 01 5. 0. 0. 0.
0 360 0 0 0 0 0 0 0
1. 01 5. 0. 0. 0.
0 1 1 1 1 1 1 1 0
1. 01 5. 0. 0. 0.
0 970 0 0 0 0 0 0 0
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1. 0l 5. 0. 0. 0.
0 1 1 ] 1 1 1 1 0
1. .0l 5. 0. 0. 0.
0 360 0 0 0 0 0 0 0
1. 0t 10. 0. 0. 0.
0 1 1 I 1 1 1 1 0
I. 0l 3. 0. 0. 0.
Y 730 0 0 0 0 0 0 0
1. 01 10. 0. 0. 0.
0 1 1 1 I i H 1 0
1. Ol 3. 0. 0. 0.
0 1830 O 0 0 0 e 0 0
1. 0l 10. 0. 0. 0.
0 l 1 1 I 1 1 1 0
1. .0l 3. 0. 0 0.
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