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ABSTRACT

A new mathematical flow model is derived for character-
izing the multiphase fluid flow phenomenon in naturally frac-
tured reservoirs. This new model treats the reservoir as a
double porosity medium consisting of a heterogeneous, isotro-
pic primary rock matrix and an anisotropic, heterogeneous
fracture. The statistical distribution in space and orien-
tation of the fracture is manifest in terms of the fracture
permeability tensor. The model permits flow through the rock
matrix and the fracture to be described simultaneously. The
fluid interaction terms coupling flow between the rock matrix
and fracture, the gravity effects, the capillary forces and
the fracture velocity of fluids are all taken into consider-
ation.

According to this model, the numerical simulation
program is deveioped in FORTRAN IV computer code using the
finite difference approximétion technique, the fully implicit
approach, and the Point Successive Over-Relaxation method.
Extension of the simulator capability to incorporate the
Monte Carlo technique for randomly generating fracture lo-
cations is also discussed.

The simulator is run and tested with data from a field
example. The results show that the phase pressures respond
to each other more spontaneously in the fracture than they do

iv



to the phase pressures in the rock matrix, and vice versa.
Furthermore, the velocity of the fuilds in the fractures
have negligible effect on the results. The results suggest
that the conventional way of assuming that fluids first flow
from the rock matrix into the fracture and then fiow through
the fracture toward the wellbore may not be an adequate
description of the flow phenomenon in a naturally fractured

reservoir.
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CHAPTER 1
INTRODUCTION

Numerical simulation is recognized as a valuable tool
for reservoir engineering studies. Simulation enablesone to
forecast field performance under a variety of production
schemes. An o011l field can only be produced one time; and
once the production scheme is selected, it is often irre-
versible. The advantage of reservoir simulation lies in the
fact that the simulation model can be run many times at
relatively low cost, allowing engineers to experiment with
several sets of input data. Observation of model results
helps engineers choose the best set of well locations and
production schemes for the reservoir.

Understanding the fluid flow behavior is particuiarly
essential for the successful development of a naturally frac-
tured reservoir. It is estimated that substantial amount of
0il reserves lies underground in naturally fractured
reservoirs. Because of the usually low primary production
from these reservoirs and the increasing scarceness of new
0il fields, the application of Enhanced 0il Recovery processes
in naturally fractured reservoirs is now receiving a greater

attention from researchers. Yet, the fluid flow phenomema

1
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in such reservoirs are not adequately understood; and con-
siderably more research needs to be done in this area.
Hence, there is a need for developing new mathematical
schemes that encompass many complex features of these reser-
voirs.

Consequently, the purpose of this study is to develop
a three-dimensional, finite-difference simulation scheme
based on a new mathematical model for describing multiphase

fluid flow in the naturally fractured porous media.



CHAPTER II
LITERATURE REVIEW

A naturally fractured reservoir can be considered as
a system of two physical domains. The primary rock matrix
which contains large amount of fluids has a rather low per-
meability; and the fracture which constitutes a small volume
but has the ability to transmit a large portion of flow
through the porous medium. As a result, researchers tend to
describe the fractured reservoir as a douhle-porosity medium.
The study of the naturally fractured reservoir has been the
subject of numerous papers over the past several years.

According to Warren and Root24

the double-porosity
medium has two classes of porosity. The primary porosity is
intergranular and controlled by deposition and lithification.
The void systems of sands, sandstones and oolitic limestones
are typical of this class. The secondary porosity, on the
other hand, is fecramenular and is controlled by fracturing,
jointing and/or solution in circulating water. Vugs, joints,
fissures or fractures which occur in formations such as
shale, siltstone, schist, limestone or dolomite are typical
of this class of porosity.

The actual naturally fractured reservoir may be visual-

14 8

ized as shown in Figure 1. Kazemi et al” ', Duguid and Lee,

3



Figure 1. Actual naturally fractured reservoir.
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Thomas et al, and Evans”™’ have shown that any mathe-
matical model for it must include the fluid interaction
terms to describe the mass flux of fluid from the primary
rock matrix into the fracture. Furthermore, since the flow
of fluid in the fracture may be described as continuum flow, it
is possible that turbulent flow may occur when abnormally
large fractures are found in the vicinity of large pressure
gradients such as in the early phases of well drawdown.2 The
term turbulent flow implies that Darcy's law is not ade-
quate to describe the flow phenomena. When flow deviates
from the Darcy's law, the Forchheimer equation is normally
used to describe the flow phenomena.lo
The development of fracture flow models has proceeded
along tws different approaches. These are the statisticai

9,10 The statistical

approach and the enumerative approach.
approach characterizes a fractured rock mass as a statisti-
cally homogeneous medium consisting of a combination of
fractures and porous rock matrix. The probability of finding
a fracture at any point in the system is the same as finding
one at any other point. The enumerative approach, however,
attempts to model the actual geometry of both the fractures
and the porous rock matrix. The location, orientation, and
aperture width of fractures become very important in this
approach. An extensive discussion of both approaches as
9,10.

well as references are renorted by Evans.

Since the title of this study deals with the numerical
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simulation of fractured reservoir, a brief review of mathe-
matical development on this subject seems appropriate and
serves the further purpose of laying out the background that
led to this study.

A few models have emerged during the past two decades
to describe the behavior of naturally fractured reser-
voirs. Most notably are the models proposed by Warren and

24 13

Root in 1969. Both of these models

in 1963 and Kazemi
also describe the fractured reservoir as a double-porosity
medium.

In the Warren and Root model the matrix rock containing the
primary porosity is homogeneous and isotropic and is con-
tained within a systematic array of identical, rectangular
blocks. Superimposed on this system is an orthogonal system
of continuous, uniform fractures which are oriented such
that each fracture is parallel to one of the principal axes
of permeability (See Figure 2). Fluid flow in the reservoir
occurs through the fractures, which are anisotropic, with
local exchange of fluids between the fracture system and
matrix blocks, but flow communication between matrix blocks
does not occur.

The Kazemi model differs from the Warren and Root
model in that the reservoir consists of a set of uniformly
spaced horizontal matrix layers with a set of horizontal
fractures as spacers (See Figure 3). The fractures are

arranged horizontally whereby fluids flow from matrix layers
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Figure 2. 1Idealization of a naturally fractured porous
medium (Warren and Root model).



Idealization of a naturally fractured porous medium

Figure 3.
(Kazemi model).



9
into the fractures and then the flow converges radially
toward the wellbore. This model is used mainly in pressure
transient analysis.

Numerical simulation studies of fractured reservoirs
have been reported by several researchers. Yamamoto et al25
developed a gas-o0il compositional model of a single matrix
block with a fracture system located along the mid-depth
of the block. The fracture represented the boundary condi-
tions around the block and flow along the fracture was not
considered. Recovery mechanisms for various size blocks were
studied.

14 used the Warren and Root model to de-

Kazemi et al
velop a three-dimensional simulator for a single phase or
two-phase flow of water and o0il in fractured reservoirs.
Their models accounted for imbibition, gravity effects,
relative mobility and variations in reservoir properties.
The block Gauss-Seidel method was used to obtain solutions.
Results of the simulation runs were given for a quadrant of
a five-spot pattern and a five-well reservoir having a dip
and natural water influx.

Rossen16

presented the simulation of naturally frac-
tured reservoir with semi-implicit source terms. The model
treated only the flow in the fracture system while consider-
ing the rock matrix blocks as source terms. The source

terms were functions of the rock matrix and the fluid pro-

perties, with fracture saturations and pressures defining



10
the boundary conditions. Matrix blocks surrounded by gas
were assumed not to transfer water from the matrix rock to
the fracture and matrix blocks surrounded by water were
assumed not to transfer gas from the matrix rock to the frac-
ture.

8 studied the flow of a single-phase

Duguid and Lee
fluid through fractured porous media. Their governing
equations are derived from the Darcy's law for fluid flow
in the primary pores, equations of motion for fluid flow in
the fractures, and two continuity equations. The results
were two sets of governing equations, one for each type of
porosity. These two sets of equations were ccupled by the
flow interaction terms between fluid in the primary pores
and fluid in the fracture. The finite-element Galerkin
method was used to solve this coupled system of equations
for transient flow of. water in a confined leaky aquifer.
Duguid and Lee's work was significant in that it attempted
to model simultaneously the flow in both the matrix rock and
the fracture, and in their recognition that acceleration
terms might have an effect on the equation of motion in the
fracture.

Thomas et al22 described the development of a three-
dimensional, three-phase model for simulating water, oil and
gas flow in a naturally fractured reservoir. The reservoir
was assumed to be comprised of a continuous fracture system

filled with discontinuous matrix blocks. Therefore, flow in



11
the reservoir occurred through fracture system with local
transfer of fluids between the fractures and the matrix
blocks; and there was no communication between the matrix
blocks. As a result, the governing equations were derived
from three fracture flow equations, one for each phase,
coupled with three matrix-fracture flow terms. The mathe-
matical formulation was implicit in pressure, water satura-
tion, and gas saturation or saturation pressure for both the
fracture flow and the matrix-fracture flow. A geometrical
factor was used in the matrix-fracture flow terms to account
for the surface area of the matrix blocks per unit volume
and a characteristic length associated with the terms.
Hysteresis on relative permeability and capillary pressures
as well as the variation of the gas-o0il interfacial tension
were 1incorporated into the model. Several examples were given
to demonstrate the utility of their simulation model.

Bossie-Codreanu et al4

described a new approach for
modeling fluid flow in fully or partialiy fractured reser-
voir. The approach also assumed that continuous flow paths
existed only in the fracture system; and the flow in the
matrix rock was accounted for by the matrix-fracture flow
terms. The matrix-fracture flows were directly calculated
by the model, taking into account capillarity, gravity,
pressure difference between the matrix blocks and fractures

and pressure gradients across the matrix blocks. The basic

feature of their model was the chessboard arrangement of the



12
fracture and matrix cells: -every matrix cell was surrounded
by the fracture cells. An example was given for simulation of
& reservoir cross section with bottom water injection.

In summary, simulation of multiphase flow through
naturally fractured reservoirs is a challenging task and
these existing models represent significant advances toward the
understanding of this phenomenon. It is believed, however,
that certain physical aspects must also be taken into con-
sideration to adequately describe this behavior. For in-
stance, fluids do flow in both the fractures and the matrix
rock; and not all the fractures are interconnected. In addi-
tion, because of high permeability. flow conductivity in the
fractures is much higher than that in the matrix rock.
Consequently, fracture flow sometimes resembles flow in a
conduit in which the acceleration (or inertial term) plays
an important role in governing the flow. Thus, the use of
Darcy's law for flow in fractures may be inadequate.

Recently, Evansg’10 has introduced a general mathema-
tical model for multiphase flow through naturally fractured
reservoirs which addresses the above shortcomings. It is
believed to be the most general analytical model published
to date. The model treats fractures as a general statistical
entity that exists throughout the reservoir. This permits
flow through the primary rock matrix and the fractures to be
described simultaneously with a fluid interaction term

coupling the flow between the rock matrix blocks and the
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fractures. The equations are general in that they allow
time and space variations in all fluid and rock properties.
The primary objectives of this dissertation are to
derive from the analytical work of Evans a set of diffu-
sivity flow equations and then develop a finite-difference,
three-dimensional multiphase simulator for flow of fluids

through naturally fractured reservoirs.



CHAPTER III

MATHEMATICAL FORMULATION

3.1 Background and Assumptions

The new mathematical model as proposed by Evansg’10

for describing behavior of the naturally fractured reser-
voirs 1s based upon the statistical approach. Evans introduces
the fracture matrix function f£(T,R) to represent the distri-
bution of fractures throughout the reservoir system. Fur-
thermore, he shows that the intrinsic permeability tensor

for the fracture (ff) is related to the fracture matrix
function. Hence, the preseince or absence of fracture at any
point in the reservoir system, as well as the orientation

and anisotropy of fracture can be accounted for by manipu-
lating elements in the permeability tensor for that point.

With regard to the model, the following assumptions

are made.

1. The reservoir is treated as a double porosity
medium. One porosity is associated with the
primary rock matrix and the second porosity is
associated with the fractures.

2. The rock is an elastic incompressible solid; and

the changes in the rock matrix and fracture

14
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porisities are due to reordering and/or reorien-
tation of rock grainms.

3. The primary rock matrix is isotropic and hetero-
geneous, whereas the fractures are anisotropic and
heterogeneous.

4. Fluid velocities in both the primary‘ﬁbres and the
fractures are assumed to be small.

5. Primary rock matrix pore volume is independent of
fracture pressure and conversely for the fracture
pore volume.

Other assumptions are introduced as necessary.

3.2 Summzry of Governing Equations

The equations necessary for derivations of the multi-

phase flow equations are summarized below from Evans'

paper.9+10

3.2.1 Continuity Equations:

Fracture:

> Pis9isf
VeIXCi5epse Vgl - ! T5 " Zx-dy-az
j J j

+

) =
3t [9f § CijeP5£S5¢1 = O

Rock Matrix:

\ . q-
_ “1s'isl
v [§ Cijlpjlvlj] * §rj BSxLy-Dz

a -
* 3t [9 § Ci51P518511 = O
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3.2.2 Equations of Motion:

Fracture:

- k... K V.
V.. = - _rijf °f . A _Jf £
£5 e [VPgs *P5e g 5t = Pieg. D!
J c
Rock Matrix:
2 KiKr1j e
1377 Ty P13 7 Py g VP!
J c
where
- -
Kxx ny sz
X, = K K K
Ke yx Yy yz
K .
zZX A ZZ
3.2.3 Fluid Interaction Terms:
B_'- oo ‘B- e 'B-
r. = —L (P, - P..)+2 ¥ (-1D"P,. e J-27 P..e 7]
J “jl 13 fj n=1 1j n=1 fj
or the steady state condition:
By
T: = [P : - Pc.]
Joowyp 13 £j
where
.. = Kikr159£C541°51
j TR
2_ 2
5 - Klkrljn It
j - 2
2871359919
3.2.4 Porosity Equations:
Fracture:
3¢ X3 3P4

=t = 9e(1-06)Ce 5 - 9057

Rock Matrix:
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37 3P1 BPf
5t - 2101 - 99)C) 5 - ¢996Ce 5%

3.2.5 Required Auxillary Equations:

Saturations:
ng * Swf * Sof =1
Sg1 * Sy1.t Spp 7 1

Capillary Pressures:

chof - Pfg " Pe
Peows = Pro ™ Py
chol - P1g " Pio
Peowl = P1o ™ P1w

(fracture)

(rock matrix)

(fracture)

(fracture)
(rock matrix)

(rock matrix)

Conservation of mass of each fluid phase:

C. =1

(@]
]
—

(@]
]
ot

iwf

3.3 Black 0il Model

(rock matrix)

(rock matrix)

(rock matrix)

(fracture)

(fracture)

(fracture)

The multiphase fluid flow in porous medium refers to
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the simultaneous flow of three fluid phases: gas, o0il, and
water phases. In a fully general compositional model there
are N chemical species or components, each of which may exist
in any or all of the three phases. However, this very general
compositional model is extremely difficult to set up and
solve. Accordingly, a simplified black o0il model (or two-
component hydrocarbon system)15 is used in this simulation
study. It is assumed that no mass transfer occurs between the
water phase, and the gas and o0il phases. There are three com-
ponents involved: water, o0il and gas components (i.e., the
hydrocarbon system has only two components: o0il and gas).
The 0il component is the residual liquid at atmospheric pres-
sure left after a differential vaporization and the gas compo-
nent is the remaining fluid. To avoid confusion, the capital
letter subscripts will be used to identify components (i's)
and the lower-case subscripts will be used to identify phases
(js). Further, the subscript S will be used to indicate
standard conditions.

Let Pos be the density of the 0il component, and PGS
be the density of the gas component, both measured at standard
conditions. If the formation volume factor for each phase is
denoted by Bj’ and the dissolved gas-oil ratio by Rso’ it can
be demonstrated that the respective mass fractions Cij in the
governing equations for the black o0il model are:

For fracture flow:

C c ; C =0 ; CGgf =1

Wgf Ogf
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Wof 4 Oof Bofpof > “Gof BofpoF
Cwwe =1 3 Coue =0 5 Cgoue =0
For rock matrix flow:
Cwg1 =0 3 Cpgy =0 5 Cggp =1
C -0 « c.  oPosi . . Rs01°Gs1
Wol ’. Ool Bolpol ’ Gol Bolp01
Cywi =1 5 Coy1 =0 5 Cgup = ©
Furthermore,
PGs1 = Pgsf T Pgs
Pos1 © Post T Pos
Pws1 = Pwss T Pyws
and _
_ PGSE . _ (Bsoffese'Pose) . _ Pust
Pof By Pof Bos > Pwf T B¢
oo Pest. (Rs01P6s1*P0s1) . o - Pusi
gl Bgl > "ol B01 ’ wl BWl

3.4 Tilted Reservoir

The effects of gravity on fluid flow in a tilted reser-
voir are manifest in terms of VD in the governing equations.
In the present coordinate convention, as shown in Figure 4,
the X, Y and Z are principal axes of the reservoir stratum,
and D is the vertical elevation from datum plane (positive

downward). Let's define (see Figure 4)

o angle of the x axis with the horizontal plane

B angle of the y axis with the horizontal plane
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Figure 4. Coordinate convention.
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vy = angle of the z axis with the vertical plane
Hence,
D=-xsino - ysinf - zcosy

And since

_ 8D4% , 3D 3Dy

VD = axl + yJ + Th
Thus,

oD _ _ .

X - sina

D _ _

3y sinB

D . _cos

g ~—CosY

For the special case when the reservoir is horizontal:
a=0, B =0, vy=0.
Thus,

B 2k %R
1]
O

Q
N

3.5 Derivation of the Flow Equations

3.5.1 Rock Matrix
The continuity equation for rock matrix in its general
form is written as:
2 Pis%is1
Vel § Cij1P51V130 + § U5 = Zx-by-iz

) =
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for the components: 1 = o0il, water, and gas. This equation

may be written as:

Vo ICi1P51Y1g * Ci01P01V10 * Ciw1Pw1Viwl * [Tg * To * Tyl

_ PisYis1

3
Fx-By-az "5t1%1(Cig1°41 s

S C C

iwlPw1Sw1l1=0
(2)

Upon substitution of the appropriate mass fractions

g1.+ i01°01%01"

(Cij) for the black o0il model we have:

For Water Component

DWSvlw P4
Vel By1 1+ [T + T *Tyly - Exoay-Az
9 -
* 3t [018 Sw1/By1l =0 (3)
For 0il Component
Pos o Pos9o0s1
Vs Vied * Tg * Tg * Tyly ~ Ex-ay-2z
6.0 S
+ g [—p—2= 0 (4)
ol

Pes. = R 01P6s = Pes 9es1
Vi Vigt 7B Vol *l1Ts4 T N le " ax+ay+-32

Ora S
s0l1™GS "ol )] =0 (5)

B01

PgsS R

9 gl
*3e [4(— *

gl

At this point it is assumed that water is an incompres-

wl ) -
Further, the fluid interaction terms are assumed to be steady

sible fluid (i.e., B = Bwf = 1 and thus Pyl = Pwg = °

WS

state and follow the form:
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B

= 1 -
(7313 = 5 [P1y  Pey) (6)

Although the mass flow rate from the rock matrix into
the fracture is considered in its original form to be unsteady,
this assumption is justified by the fact that the interaction
equation shows the rate approaching steady state as time be-
comes larger. Thus, upon substitution of appropriate Cij's
for the black o0il model, it follows that:

For Water Component

[rg]w =0 (7)
[Ty = O (8)
K.k . o
_ 1triw?£Pus _
Tulw = —nu B, P~ Pad) (9

For 0il Component

[Tglg = O (10)
Kikiqo0gP
_ 17rlo¥f%o _
[Tolo = rHI“olBols (P15~ Pgo) (11)
[T,o = O (12)

For Gas Component

XK.k dep
- _1°rigvf"Gs -
[Tglg Tty B gy (P1g = Pgg) (13)
K.k $R p
_ "1 rlo*f sol"gs -
[Tl = rplugyBoq (P1o™ Pgo) (14)
[r,Jg =0 (15)

These fluid interaction terms together with the equa-

tions of motion in rock matrix are substituted into the
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respective continuity equations.

For Water Component

K.k K.k ¢
17riw g 1"rlw £
Velg—— {VP - P vD}] - I3~ (Piy Pgyll
Bwluwl 1w wl 8. luwlel 1w fw
Iys1 = ¢ a(swl/Bwl) (16)
AX-Ay+Az 1 ot
For 0il Component
K.k K.k . ¢
17rlo 1'r1o%f
s [ &=——— {VP,_ - 0p VD}] - [ ———— (P, . -P. )1
Boluol lo ol g rHluolB01 lo “fo
Gosi  _ . 3(S,1/Byp)
AX+AY-AZ 1 T (17)
3
For Gas Component
Ve [_1_1”_1& {VP1y - pgy 3 VD]
gl gl Sc
R K.k
1717°rlo g
+ Ve[ =22 {VP; - o vD}H
BoiMo1 lo ol gc
K krl ¢ £ (P, - P )+K1krlo¢f sol (P, -P,. )1
H1 %lBgl lg " fg HluolBol lo “fo
%s1
Axdydz %1 at (S /Bgl Rs61501/B01)  (18)

3.5.2 Fracture
Similar to the rock matrix, the continuity equation

for fracture in its general form can be written as:

Pisf9; -
. V..]- - Jsfasf . 5 oD S
Vel § Cijfpjfvfj] erj AX-AY-pZ 3t[¢f %Cljfpjfsjf]

=0 (19)
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The substitution of the appropriate mass fractions

(Cij) for the black ¢il model produce:

For Water Component

Q,rsvfw © wsYws1
v .[-Bwf 1 - [rg‘+ro'+rw]w " Bx-Ay-Az
9 =
* 3¢ [ogpys Sye/Bygl = O (20)
For 0il Component
V. [Dosvfo] S 4T +r .- Pos 9os1
BOf g o} T'wlo AX*AY<-AZ
- =
* 3t [0£P 0550 Bogl = C (21)
For Gas Component
v R v
v .[pcx'fg . _sofPes £o L [p 4+ o+ .- Pes%s1
Bgf Bof g o} W G AXe-AYy-AZ

9 -
T [¢f(pcssgf/Bgf * RoogPasSo/Bog)l = 0 (22)
The equation of motion in the fracture contains the tensor

as well as the vector terms, and can be written in the form

below (for phases: j = oil, water and gas).

I 7] [ep ' P\ o]
K K K _fi-pp_ _l__f_l)_(_p g_a_D
XX Xy Xz X jf g ot Jf'gC X

k_. 3P .. oV,
Veo=- 2|k k. k|| =2 tpip i —iY ., £ 2D
j Wg (oyx Cyy Cyzp| ey Pifg. T3t Tifg ay

¢ ok ox 1 &L, 1 Peia g 3D

zZXx zy zz oz jf g, ~ ot jfeg 3z




k_ - p V.
= - CTIf qex (ofd, 0if TEix g 3D,
e XX' 3x g 3t jf g 3
J c c
k coofi, Paf Ny g 3D
xy - 3y g, 9t Jf g 3y
TXz dz g. 9t jf g. 9z
£5 . Pif WVeix 5D
#§ Ik (—fi, Jf " fix g 3D,
yX X gc ot jf g EBS

P..  P:c BV, .
+ K, (—d+JE iy, g 9D,

Yy ° 3y g. ot jt g. 9y
5 P M - R I B
* Tyz 5z g. ot jf 8. 92
+ K (K. _( an:L+pif anjx - _g_‘§2)
zZX X gc ot jf g. 3X
2y 9y g. at jf g, 8y
3P.. P.. oV,
£j if ° fjz _ £ 3D

Upon substitution of the above expressions and the
fluid interaction terms into the respective continuity equa-
tions for water, oil and gas components the fracture equations
(20, (21) and (22) become

For Water Component

Vel Krwf (3 {K__( 0Py + Pus Vrux P - 8D ) + Ko ( 9Py
B elue XX 09X gc at wf g. X xy 3y
Vv oP sV
»Dwf T iwy g 3Dy oy o Zfw, Pwf D fwz 22Dy,
g. ot wf g. 3y Xz 52 gc at wig.az



~ 3P . e A" 9P aVv
+ 5o fw  "wf fwx _ _g__a_g)+K ( fw+pwf fwy
yx ax g 9t wf g. X vy 3y g at
oP o 3V
_ g 9D fw  “wf % fwz _ g 3D
Pwf g, W) * Kyz( 5z g. ot Pwsf g. 3z )}
+ £ K ( anw_l_pwf avfwx_p g 3D )
ZX X gc at wf gc 9X
3% oV
K ( fw , Pwf fwy ., g 3D
zy 3y gc ot wf g. 3y
P o) oV
fw  “wf fwz _ g 3D 454
* K. (3 +g T3t wf g z )11
c c
K,k ) q
1 r1w®f ) WSE = 2
*Urn By P Pedlt axoayeaz - 0 3t [Sus/Bugl (24)
For 0il Component
Vel Krof 131K ( Py Por Vsox £ 3Dy, (anO
Bof“of XX ax gc ot of g X Xy‘' 3y
°of Veoy g D), ¢ Peo Pof WVeor g 3D
g ot Pof 8. F3Y% Xz 9z g. ot Pof g. 3z
> ik (apfo Pof 3Veox £ 3Dy,
+ 3 Wy U5 T 5 T5E T Pof T ax
c c
K ( 3Pgo . Por Vsoy o & 23D,
yy: 3y g, ot of g. 3y
+ K ( Prs  Por 3Vgoy g 3D )}
yz 3z gc at Pof g z
c
2P o) aV
fo of ~ fox _ g 3D
+ k K, (=% g ot Pof g, X )
. ( ano Pof avfoy _ g 9D
zy - 8y g, et  Pof g_3y )
. K (apfo Pof 3Veo, £ 3Dy,
zz 3z g, ot of 8. 32
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Ky rlo¢f ) 0Sf 3
+ (P1oPeodd # AxAy-Az . % 3t [Sof/Bof] (25)

T, 1 P
H “o] ol

For Gas Component

k op P 3V
verr8f %k ( fg . _of fgx._p g 3Dy, k ( fg
Bgfugf XX 9X g¢ ot

v
J2of Tfey o g Dy
g. dt gf 8. %

3P v
(- fz2,ff Pfax o g Dy, (Fig, g P'fey
yx 9 X gc at gf g T

+

v
- £ 3D fg Pef %V faz £ 3D D
gf g 3y)q'sz( 3z g, at pgf gc'az )P+ kK

v
Pgf fox _ o g BD)

P
2 fg , Paf Vegy £ 2D,
gc t gf g, ax

5y  g. ot Pgf g oy

+

zy

RsofKrof 2 (ano

)}]] *vel B ofMof [I{Kxx 9X

r K ( ang . Pef avfgz . £ aD
zz 3z 8¢ ot Pgf g

Vfox_ o . £ 3Dy, K, (apfo+ Pof aVfoy o . & gg)
of g X Xy 3y g 3t “Tof 8. 3y

fod_pofavfoz - g ab )} . {K (ano+ Pof Veox
3z g. ot Pof 8¢ 3z 3 ox g ot

o P oV
- g 9D fo ,_ Pof °foy _ g oD .

foy _ £ 3Dy, v 9P¢s + Pof
E g 3y’ Tzz' 3z g 3t

Klkrlo(besol(P

HluolBol

‘lKr1g¢f

Hlunggl
9esf  _ 3

) Pfo)] * AX*Ay~Az %f 3t [ng/Bgf * Rsofsof/Bof]

=) 111+ (P

1g _Pfg) lo

e
@
N

(26)
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3.6 The Flow Equaticns in Three-Dimensional Forms

The flow equations for water, oil and gas components
derived in Section 3.3 constitute the six governing diffusi-
vity equations for multiphase, black-oil, fluid flow in a
fractured porous media. By utilizing the auxillary equations
of capillary pressures, saturations and tilted reservoir,
these six equations can be written in three-dimensional forms
as follows.

It should be pointed out that the parameters in these
equations have their dimensions in SI units. However, the
input data are usually obtained in practical oilfield units.
Accordingly, some conversion factors have to be included. The
conversion factors between these two unit systems are shown in
Appendix A. The comparisons of the equations under the SI

units and the oilfield units are given in Appendix B.

3.6.1 The Water Diffusivity Equation in the Matrix Rock

K.k 9P Pws K ;k 2P o
'%E [ Bl rlw { aiw + 5 g sina}l #§@{B1 51wg[ alw.{_Bws £ sing}]
witwl wl ©c Y Pwitwi Y wl Ec
K,k )% o) K.k, ¢ q
? 17rlw 1w Us g 1Mriw £ WSl
+ — { + cosyt ] -[————5=(P,.-P, )] + —=22—
0z Bwl“wl 9z Bw1 g rHluwle1 lw " fw AxAyAz
35S 5P 3P (5 5p
= 6.1 1 wl ( lo _ lw) + S wl lw]* (27)
= t
1 BWl apcowl ot ot wl Ble 2t

3.6.2 The 0il Diffusivity Equation in the Matrix Rock

* - 3 3 -
‘Since .we assume that water is incompressible, this

| 3(1/B,4)
last term becomes zero (—_ﬂﬁf——=o)'
w
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K,k oP K.k oP
17rlo lo 1°rlo lo .
Aol { +p -3-51na}] tao [ +p_, =& sing}]
ax Bol“ol X olg ay Boluol Yy olgC
K.k 5P K.k_, ¢ -
) 17rlo lo g 17rlo"f dos1
+ 2 { +p cosYN I3 (P1o- Ped 1 * sxoavs
9z Boluol 9z olgC HluolB01 lo " fo AX*Ay <Az
1
. 3 (=)
= 0y g 3221 * 551 311301 al;lfl (28)
ol lo
3.6.3 The Gas Diffusivity Equation in the Matrix Rock
K.k oP o K.k )
9 .1 rlg lg . Gs g .- 1°rlg +.Gs g o:
== { + sinal] + 5= [ { sinB}]
ax Rol“gl 9X g1 g. 3y Bgl“gl By Bgl g
K.k oP R K.k oP
. 382 [Bl 111"1g { a.}:g+BGS é&cosy}]+ 2 15301111 rlo{ alxo polég-sinu}]
glhgl gl ol ol c
+_g)__[RsolKlkrlo{aplo £ sing}y+ 0 [RsolKlkrlo Pplo +o_ . & cosy}]
oy Boluol Ay lg 3z Boluol 9z olgC
[Klkrlg¢f (P. -P.) Klkrlo¢fRsol (P, -P. )]+ 96s1
rHlungGl 1g " fg HlpolB01 %? fo AxAyAz
B (5—)
D
= ¢.[{ 1 aSgl (aplg a‘lo) + S ' ggl aP;g}+{Rsol BSol
1 Egl achol ot ot gl 3 1g at B01 9t
1
A5—)
+ R S B01 3P10_+Sol BRsol aplo}] (29)
sol ol aplo at B01 aPlo ot

3.6.4 The Water Diffusivity Equation in the Fractures

k_. K 3P o oV
) rwf XX ¢ fw . _Tws fwx OWS £ sina}]

0X © Byguge 93X Bug8c 2ot Bus 8¢

3P v

ii_[krwaxy fw . _Pwus fwy PWS é; sing}]

+
9x Bwf“wf 3y Bwfgc ot wf
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.~ k K P 3V o)
+ 9 rwf "Xz _Ws fwz | " WS g cosy}]
8x Bwf“wf Bwfgc 9t Bwf c
k K P, av o
Y wf wf wflc wi 8¢
k K 0 vV 0
+ ;—[Ber YY ¢ 5 LE g"\gy + BWS £ singl]
Y wiHwE wfc wf 8¢
k K 0 VvV 0,
+ gL Brw:‘l:' Yz x WS 8iwz + st Ji-cosy}]
Y wi wf wflc wf &c
k K o} oV o
+ g% Brwf ZX 5 WS gzx + éws £ sina}]
wi wf wibc wf 8¢
k K ) Vv o)
wi"wf wfsc wf Sc
k K o oV 0
3 rwfzz WS fwz WS g
+ = { + + = cosyl}]
9z Bwfuwf Bwfgc ot Bwf gc
+ Klkrlwq’f - P, )] + Qyse
rHleluwl fw Ax+Ay-Az
1
3(g—)
o 1 3S ano ) anw) o Bwf 3P+'W]
f Bwf oP ot ot wf Pe, ot
3.6.5 The 0il Diffusivity Equation in the Fractures
k K 3V
9 rof xx Pol fox -
- [ + - + p: sinal]
3X "BogMos gc a1 ol 8¢
k K 3V
2 (rof xy bo1 “'foy , .. & i
* X [Bofuof { g ot * Po1 8. sing}]
. 9 Kroffxz , Pol Veoz v o £ cosyl]
39X Bofuof gc 3t Po1 g Y
k K 3V
3 rof yx Pol % fox S
* Yy L Bofuof g ot Po1 g sina}]

(30)
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3V

- oP p
3 rof yy fo ol foy R
+ 2 { + +p sinf}]
Ay Bofuof 3y g, at ol g
k K 3P o} oV
oy lE gy * g e * Pop g 06sYH]
y of" of gc gc
k. K 3P o . 3V
. 5% [Brof ZX axfo + =01 §2x + 0, £ sinal}]
of " of &c g
k K 3P o} A
+ g% [Broﬁ 2. afo + .01 aioy + 0y £ sing}]
of"of y g¢ g
k K 9P o) oV
C e (o T e * Pey 2 cosv]
of"of c ec
cpsafrio o, po gy . Jost
: rHlBolu01 lo " fo AxAyAz
1
3(g—) .
S| 1 asof + S Bof ano ]
f Bof ot of ano ot
3.6.6 The Gas Diffusivity Equation in the  Fractures
3 - Xrpffxx , 2Fsg Pgs Vegx . PGs g -
3 LB .n {53 * 3 5t B sina}]
gfgf gfgc gf Sc
3 krngxy aPfg PGs aVfgy PGs g .
*3x 0B {5y * 3 5t T T g Sinsl]
gfugf y gfgc gf °c
5 Kroflyy aPfg ogs Vggs . PGs g
*3x LB {57 '3 5t © B cosy}]
X gfugf z gfgc gf Ec
) krngyx P e, Pes Veox . Pes g .
+ 3—'[B { Y 5 st t B 2 sinal]
Y PggMgf gf8c gf ¢
K P Vv
. i[krgf yy{a fg , _PGs fgy , £65 2 <ing}
Yy Bgf“gf Yy BgfgC ot Bgf gc

(31)
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k o 3V p
3 rgfyz fg Gs fgz Gs g
2 { + + cosy}l
O "Bgggr 92 Bg8c 3t Byg &
K 3P - oV
3 {l;rgf zZX 8fg . Bpus fgx ‘;ﬁ £ sina}]
3z gfugf X gfgc ot gf gC
K [krngzy 2Peg Pes 2Vegy +06s g sing}]
3z Bgfugf 3y Bgfgc at Bgf ¢
k__K__ 3P P 3V P
;E (5 r%f zz¢ ng + gs :%z + BGS éi cosy}]
gflgf gfsc gf c
9 [Rsogkrofox a:fo + P o1 a:fox * 01 £ sina}]
BX Ofuof X gc t o gC
k 3P 3V
kN R_s_of roszz,{ fo . 901 foy . 0 £ sing}l
9X Bofllof 3)’ gC ot ol gC
5 Rsoffrof¥xs 2Pro  Po1 Veo, £
X [ B { 5z ot * Po1 cosy}
X of¥of Ec Sc
3 [Rsofkronyx {ano + ?01 anOX +p £ sina}l
3y BotHos 9x g. ot ol g
R k X oP p oV
gL [ sgf rof yy ¢ afO + 01 aioy * 041 £ sing}]
Y ofHof y &c ° Ec
R__ .k X oP p 3V
3 sgf rofyz { afo + ol aicz * 001 £ cosyll
?y of¥of z &c °% 2c
3 ngfkrofxzx {azfo + o1 aviox +0gq £ sina}ll
3z ofMof X g. 9 ol g¢
3 ngfkfoszy {Bla’fo . o1 anO}’ + g £ sing}]
9z OfPOf y gc ot ° gC
3 RsofXrofXzz {3Pf° + ® o1 ¥Voz +p . & cosy}]
9z BofPof 9z g. ot ol g¢
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corfr1gte b p oy, Kikrao®sRser o, g, dest
rHlunggl 1g “fg rHluolBol lo fo AX-Ay-Az
3S 3P, 9P 3(5=) p
= 6. { 1 gf ( fg_ fo) + S gf fg }
£ 8¢ achof 3¢ 3t gf Peg OF
R_ . 3S S . 3R 3P 33— ap
+ sof of . of sof . fo +S R of . fo 1
Bof at Bof ano 3t of 'sof ano 3t

(32)

Equations (27), (28), (29), (30), (31) and (32) thus

form the mathematical model that simulates the fluid flow
behavior in naturally fractured reservoirs. In the next

chapter, development of the simulation program based on this

model will be discussed.



CHAPTER IV

SIMULATOR DEVELOPMENT

4.1 Finite Difference Approximations

The simulation program in this study is written using
the FORTRAN IV computer code. The program is compiled and
run on the IBM system 3081 (model D) machine. In order to
develop a computer program the derivatives in the governing
flow equations have to be replaced by suitable finite differ-
ence approximations. This involves discretization of the
reservoir spatial domain into a number of grid points (or
nodes) by employing, in this case, the block-centered rectan-
gular grid system (See Figure 5). The time domain is also
divided into a number of time steps during each of which the
system of linear equations is solved to obtain new values of
dependent variables. The solution to the equations at any
particular time step thus consists of a set of numbers ob-
tained for all grid points within the continuous medium under con-
sideration.

The finite difference approximations are e€Xpres-
sions derived from Taylor series and the relationships
between the difference and the differential operators. In
this study, the derivatives in the six governing flow equa-
tions can be approximated by the finite difference formulae
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Figure 5. Block-centered grid system



37
given in Table 1.

The fully implicit approach is used to solve for the
new pressure values at all grid points simultaneously. As
demonstrated in Chapter III, the capillary pressure equations
together with the saturations equations .are employed to elim-
S S

inate S Swf’ SOf and ng from the six partial

wl’ “ol” “gl’
differential equations resulting in six equations containing
the unknowns le, Plo’ Plg’ wa, Pfo and Pfg' These six equa-
tions written for all nodes in the grid system are to be solved
by one of the numerical methods, preferably an iterative method
over a direct method . The calculated pressures are then used
in the capillary pressure and saturation equations to compute
saturations. This approach is recommended by Faroug Ali11 as
being more stable and accurate than the conventional Implicit-

23 also

Pressure-Explicit-Saturation (IMPES) approach. Thomas
states that this approach provides a smooth variation of un-
knowns in spite of saturation discontinuities. However, this
approach requires nonzero capillary pressure data. Moreover,
the degree of accuracy depends partially on the ways the coef-
ficients of the equations are evaluated. The subject of coef-
ficient evaluation will be discussed in the next section.

The use of formulae similar to the ones in Table 1 to
transform the six governing flow equations into six finite
difference equations is a very cumbersome and painstaking
task. For instance, the number of coefficients involved in

these equations amounts to 126 terms, each of which is comprised

of a group of parameters. And since the governing flow
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Table 1

Finite Difference Formulae

\ Yier,i,k 1,5,k Yi i,k %-1,5,k
= i"'”z:j ,k Ax i-li)j)k AX
AX
1 ] ) )
=25 k00005 100,500 P51 W5 U500
S Uis, 541,k Yis1,5-1k Yi-1,5+41,k%-1,5-1.k
i+l,3i,k 2Ay i-1,j.k 28y
2Ax
= L1 ... (U “U. .. - )
3hxby *i+1,5,k Vi+1,5+1,k Vi+1,j-1,k
-3 -U. .
Xo1,5,6U5-1, 541,60 Yin1,5-1,00)
n+1 R o}
RTINS B
At
U

_ Yie1,5.x7Y%i-1,5,%
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equations are nonlinear partial differential equations, each of
these coefficients has to be recomputed every time step. In
this context, development of the fractured reservoir simulator
is difficult and challenging.

The finite difference forms of the six governing flow
equations from section 3.6 constitute a system of simultaneous
linear equations and can be written as follows. The expres-
sions for the coefficients of these equations are given in

detail in Appendix C.

n+l n+l n+l o+l
(W) 5 x P1w *EW); 5,k P’ + @y Py FUBWY G Py
i ’j sk-l i;j’l’.k i-1,3j,k . i+l,j,k
+1 n+1l n+l
(€N 5 x Plw * P 5k Prw * (W) 5w Pry
i+1,j,k i,j+1,k 1,j,k+1
n+l n+1l R
i,j,k i,j,.k
n+l n+1l n+l
(VO3 5,k Fiw * (603 5 x Pio (EO); 5.x P10
i,j,k i,j,k-1 i,j-1,k
-ﬁti n+l n+l
+ (Ao)i,j,k Pis + (BO)i’j’k Pi, ¥ (CO)i,j,k L .
i']-’j’k i’j"k ifl,l’k
n+l n+l n+l
* (FO); 5 x Pio +*(HO); 5 y P1o”  * (UO); 5 ¢ Py
i,j+1,k i,j,k+1 i,j,k
+ (RO) p2*l = po. .
i,j,k “fo i,j,k (38)

i,j,k
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n+1 n+1 n+1 n+1
(VG)l »J.k le (GGO)I ,j sk P1 (EGO},J k 1o (AGO),J,k 1o
i’j’k :J ’k'l ’J_l.sk ' 1'1’3 ’k
n+l n+l n+l
+ (BGO) i,j,k P10 + (CGO). i,j,k P10 + (FGO) i,j,k P10
i,j,k i+1,j,k i,j+1,k
n+1l n+1 n+i
+ (HGO)4 i3,k P10 + (60 i,j,k Plg + (EG); i,j,k Plg
’J ’k+1 i:j3k'1 i,j'l’k
n+l n+1l n+1l
+
(AG) 4 i,j,k Plg + (BG); »J 5k Plg v (€64 i,j,k Plg
i'l,j,k i:j’k 1+1’jak
. n+1l n+l n+1
(FG) i,j,k Plg (HG) . i,j,k Plg + (RGO).- i,j,k Pfo
i’j+1’k i’j’k+l ’J ’k
n+l _
PRk Pey T PSi5k (35)
i,j,k
n+l n+l n+1
(PRW) i,j,k le + (PGWl)1 L3,k wa + (PGWZ) K wa
i’j:k l’J-l’k'l 1-1’j ’k_l
n+l n+l
+ (PGWS)1 JiLk wa + (FGW4)1 ,iLk wa
9] yk-1 1"'1’j,k'1
n+1 n+l
+ (FGWS) i,3,k wa + (FEWl)l ,3,k wa
’J+19k_1 1'1,:]"1,1(
n+1 n+l
+ (FEWZ)1 JiLk wa + (FEW3)l L,k wa

’J_1>k 1+1,j'1,k
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n+l n+1 n+l
+ (FAW1)i,j,k wa + (FBW)i,j,k wa + (PCWI)i,j,k wa
i'l’j’k 3-’j ’k i+1’j’k
n+1 n+l
+ (FFW1)i,j,k wa + (Fsz)i,j,k wa
i-1,j+1,k i,j+1,k
n+l n+1
+ (PFWS)i,j’k wa + (FHWI)i,j,k wa
i+l1,j+1,k i,j-1,k+1
n+l n+1
* (FHW2); 5 « Pry * (FHW3); 5 x Pru
i-1,j3,k+1 i,j,k+1
n+l n+l
+ (FHW4)i,j,k wa + (FHWS)i,j,k wa
i+1,j,k+1 i,j+1,k+1
n+1 _
+ (PUW)i,j,k Pfo = DPWi,j,k (36)
i,jk
n+l n+l n+1l
(FRO)i,j,k P10 + (Fvo)i,j,k wa (FGOI)i,j,k Pfo
i,j,k i,j,k i,j-1,k-1
N N+l N n+l1
+ (FGOZJi,j,k I’fo + (FGO3_,i’j’k PfO
i-1,j,k-1 i,j,k-1
n+l n+l
+ (FGO4)i,j,k Pfo + (FGOS)i,j,k Pfo
i+l,j,k-1 i,j+1,k-1
n+1 n+1
+ (FEOI)i,j,k Pfo + (FEOZ)i,j,k Pfo
i-1,j-1,k i,j-1,k
n+1l n+1l
+ (FEOZ’))i,j’k Pfo + (FA01)i,j.k Pfo
i+1,j-1’k i_lsj,k
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+ (FBO) . . Pn+1 + F . . ]’1"‘1 n+1
i,j,k -fo ( COl)l,J,k Pfo * (FFOI)i,j,k Pfo
i,j,k i+1,j,k i-1,j+1,k
+ (EE o n+l n+l
(FF02); 5 3 Pgq + (FFO3); ;5 y P,
i,j+1,k i+1,j+1,k
n+l
+ (FHOL); 5 4 Pgo + (FHO2); 5 o PRt
i,j-1,k+1 i-1,j,k+1
+ (FH o n+l n+l
(FHO3); 5 y Pgo~  * (FHO4); 5 o Py
i,7,k+1 i+1,j,k+1
+ (FHOS). . , po*l + (FUO). . . PR*1 =
1,3,k "fo (FUO); 5,x Pg DFO; 5,k (37)
i,j+1,k+1 i,j,k
(FRGO). . . P**l & (FRG). . n+l n+l
i,j,k "1lo ( RG)l,J,k Plg * (FVG)i,j,k wa
i,j,k i,j,k i,j,k
n+1l
+ (FGRL); 5 3 PRo + (FGR2); 5 3 parl
i,5-1,k-1 i-1,3,k-1
+ (EFGR3). . n+l n+l
( )1,3,k Pfo * (FGR4)i,j,k Pfo
i,j,k-1 i+1,j,k-1
n+l
+ (FGRS); s 1 Pgo + (FER1); 5 ngl
i,j+1,k-1 i-1,j-1,k
+ (FER2). . , po*l n+l
(FER2); 5 ¢ Pgg” * (FER3); 5 x Pro
i,j-1,k i+1,j-1,k
+ (FAR1). . pn+l + ”RDY. . n+l n+1
)1,J ,k fo (F-..JI,J,k Pfo + (FCRl)i’j,k Pfo

i_l’j ’k i’j!k i+1,j’k
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n+1 n+l
(FFRl)i,j,k Pfo + (FFRZ)i,j,k Pfo
i-1,j+1,k i,j+1,k
n+l n+1
(FFRS)i,j,k Pfo + (FHRl)i,j,kgo
1+1,j+1,k i,j-1,k+1
n+l n+l
i-1,j,k+1 i,j,k+1
n+l N+1
(FHR4)i,j,k Pfo + (PHRS)i,j,k Pfo
i+1,j,k+1 i,j+1,k+1
n+l n+1
(FGGl)i,j,k Pfg + (FGGz)i,j,k Pfg
i,j-1,k-1 i-1,j,k-1
n+l n+1l
(FGGS)i,j,k Pfg + (FGG4)i,j,k Pfg
i,j,k—l i+1,j ,k’l
n+l n+l
(FGGS)i,j,k Pfg + (FEcl)i,j,k Pfg
i,j+1,k-1 i-1,j-1,k
n+l n+1
(PEGZ)i,j,k Pfg + (FEGs)i,j,k Pfg
i,j-1,k i+1,j-1,k
n+l n+l
(FAsl)i,j,k Pfg + (FBG)i,j,k Pfg
i-1,j,k i,j,k
n+l n+l
(FCGIJi,j,k Pfg + (FPGI)i,j,k Pfg

i+1’j’k i'lsj+1’k
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+ (FFG2); 5 1 pggl + (FEG3); 5 1 ngl
i,j+1,% i+1,3+1,k
Pn+1 n+1
+ (FHGl)i,j,k fg + (FHGZ)i,j,k Pfg
i,5-1,k+1 i-1,5,k+1
+ (FHG3) pn+l + (FHG4 pi*l
i,j,k Tfg )i,k Pfg
i,j,k+1 i+1,j,k+1
+ (FHGS); 5 1 ngl = DFG; , 4 (38)
i,5+1,k+1

These equations, written for all N nodes in the reser-

voir grid system, produce a block 19-band-diagonal coefficient

matrix for 6N simultaneous linear equations in 6N unknowns

which may be solved by direct or iterative methods.

The sys-

tem of equations can be written as follows in block matrix

form (See Figure 6),
where

T BW. .
i,J,

VO

VG 5,

FRW.

r Ci,j,k

kUW
i,7,k%%,7,k%01,5 ,k
kBGOi,j,kBG

1,3,k
FRO

FRGO:

i,j,k RW; 5.k

ROj .5,k
i,j,k RGO; 5,kR%1,5,k

FBW kFUW

i’j’k
FBO; 5 1FUO; 5 x

i’j’
FVO

1,3,k i,j,k

i,j,kFB0

1,j,kFR04,5, V65 5, kFBR i,k |



Figure 6.

Block matrix form of the pressure equations (19-band diagonal matrix)
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i,j,k

CGOi’-,

AW, .
i,j,k
A0; 5,k

AGO AG

1,j,k71,3,k

FAW1 .
1

>,k

FAOli,j,k

FARli,j,kEAG%qj,k
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D,k
D0; |5,k
DG; 5.k
DFW. .
i,j,k
DFO; 5,k
P85,
0
0
0
PG“li,j,k
FGO1. .
i,j,k
FGRli,j,kFGGl
0
0
FGwzi’j,k
bGozi,j,k
FGRZi,j,kFGGZi,j,k

1,3,k
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G0; 5.k
GGO; 5,x%64 5,k
FGH3; . 1
FGO3; ;
FRS; ; 1FG63; 1
0
0
PG4 S o
FGO4; 5
FGRY,; 5 1 FOG4; 5
0
0
FGHS, 5 3
FGOS; , 1
FGRS; 5 1 FOGS; 5
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0]
0
B3
0L 5k
L5k
R 3k i
1,3,k
04,5,k
B03,3,1564,3 K
E24,5 .k
PR3 .k
FEG2; 5 i
R3304 5k
0
0
4,5k
5,5k
31,3 ,KF%%4,5 k
31,5k |
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F2r= PZi ,i,k
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0
0
0
FRHL, | o
FFOL; , 1
FRRL; ; (FFGL; | 3
B 5,k
FO; 5.k
F6O; & 1F6; S i
FRNZ; | o
FROZ;
FRRZ; ; (FFGZ S o
o
0
0
FFW3;
FFO3; | 1
FFRS; ; FFG3; o
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0
0
0
= FHW]" 3.k
HL=H; 5k o
FHOli,j ,k
1. -
FHR1; 5 100,55k |
—
0
0
0
= FHWZ- k
HZI-:HZ’i,j k 1s3»

FHOZi ,J ’k

FHR24 j,kazl’J K
r
qui’j ’k
Hoi’j ’k
HGO].,J ,kHGl »J »K
- Wsi’j 7k
H3 =H3,35 5k
by L
Fﬂosi ,J ,k

FHRSi,j kFHGSi ,J oK

b4



52

= 0 —
0
(0]
H4 = H4. .
T i,j,k .
FH¥4; 5 x
FHO4; 5 .k
FHR4; 5 k64 5 x
o ]
(0]
0
HS =HS5. . . =
T i,j,k :
FHhsi,j,k
15 K05 %
L .

4.2 Evaluation of Coefficients

The coefficients of the derivatives in a nonlinear
partial differential equation, in addition to being functions of
the independent variables, are also functions of the dependent
variables. For the present system of equations, the coeffi-
cients include parameters such as formation volume factors,
solubility, relative permeability, viscosity, porosity and
fracture velocity. These parameters are either pressure- or
saturation dependent. Consequently, We are presented with

a dilemma: how can we obtain the solution to the pressure
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equations when the solution depends on the coefficients which
themselves depend on these pressures? Crichlow7 suggests two
ways out of this situation. First, these coefficients may be
evaluated from the pressures or saturations of the previous
time step. Implied in this approach is the belief that these
coefficients do not change so rapidly from one time step to
the next. This would be true if pressures and saturations are
also not changing so rapidly. Second, for an iterative method,
these coefficients are evaluated from the most current pressures
or saturations of the last iteration within the same time step.

In this study, the first approach with some modifica-

tion is wused. Parameters such as (dSW/dP ) and (ng/

cow

dPCgO) are evaluated from 83 and SE, respectively. Other para-

meters may be evaluated according to the technique shown by

Faroug Alill. That is the pressures and/or saturations are
averaged in time betiwcen the last time step values and the

"projected" current values. Then, the parameters Bo, B R

g’ so’
d(l/Bo)dPo,d(l/Bg)/dPg,dRSO/dPO,uo, I and Mo are evaluated
1
from the ph*i values, whereas the parameters k , k., k
TOW ™ Tog

1 1,
and kr are evaluated from the 83+2 oT Sg+2 values. The

g
"projected" values of pressures or saturations may be computed

from the following formulae given by Settari and Azizls.

TR fn W - h (39)
t

Whereas, the average values in time may be computed from

~n+l n
=0~ +U (40)

n+%
U 7
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Sometimes, when flow between two adjacent grid points
are being considered, the parameters have to be evaluated
from pressures/saturations at midpoint in space between those

two grid points. These midpoint values may be computed from

Ui,j,k ¥ Ui+1,4 .k

Yien,5,x ~ 2 ey

With regard to relative permeability, the upstream

11,18

weighting scheme is used This scheme evaluates the

relative permeability from saturations at the upstream node,

for example

[ krw(sw i,j,k) if flow is from (i,j,k) to
(i+1,j,k)
frw ien,3,kT) (S.. - ) if flow is from (i+1,5,k
rw "w i+1,j,k +1,3,k) to
l (i,3,k)

The direction of flow can be determined by comparing the
flow potentials of the two grid points.

Therefore, a coefficient such as (CO)i i,k from Appendix

C may be interpreted

5
0. . . = B Mfr1e %
1,5,k = 5, 2 " Boqugy “ith,i.k
n+% _.n+ks
) 'E% [Kl i+ .7,k K 1008417 Sq1 Jupstream :
BO].(PIO i+1{2,j,k)u01(P10 i+1/2,j ’k)
where
=1
Kiimg,j,67 28 i,j,k ¥ % i+1,j,k)
n+1 n n+l n
put 1P107s,5,k " Plo d,5,k , Ploien, 5,k Foi1,i kg
lo i+%,j,k 2 2 >
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- n+;§ n+!§
rlo = ¥r1605171,5,% * Sg1 1,5 ,%)

. n+l n+k

£ 9757 ,5,k 2 %10 i+1,5 .k
n+k n+;

r10(5w1 i+1,5,k » Sg1 41,5,k

n+k n+l;

1o i,j,k < %10 1,5,k

=k
if ¢

Finally, in evaluating fluid density it will be assumed
that density at the boundary of a grid block may be represented

by density evaluated at the center of that grid block, i.e.,

Pi+,3,k - Pi-%,5,k” Pi,i+L,k - Pi,j-%,k T Pi,j,k+%

Pi,5,k-% ~ Pi,j,k

4.3 Boundary Conditions

in this study, a closed or no-flow boundary will be used.
Hence, the Neumann conditions are specified on the reservoir

boundaries.

3P _ )

2 -0

%; =0 } on 3R (42)
3P _

3z - 0.

where S8R 1s the reservoir boundary.

The Neumann conditions can be incorporated into the
simulation model in two different ways:ll’23 by means of re-
flection nodes or by setting permeability (or transmissibility)
to zero on the boundary nodes. In reservoir simulation, the

latter is used more frequently. For an expression such as
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Ve (K*Vd), the requirement V® = O on 3R can be as well accom-

plished by setting coefficient K = 0 on 3R.

4.4 Three-Phase Relative Permeability

Numerical simulation of multiphase flow requires the
use of three-phase relative permeability data. Effort in-
volved in determining these data experimentally generally
rules out such a direct approach. However, Stonezo’21 has
developed a method for estimating three-phase relative permea-
bility from two sets of more easily obtained two-phase data.
The required data consists of a set of water-o0il relative
permeability data and gas-o0il relative permeability data. To
allow for hysteresis, the water and gas saturations should be
changing in the same direction in the two sets of two-phase
data as desired in three-phase system. For example, if both
the water and gas saturations are expected to increase in the
three-phase system, then imbibition water-oil data and drain-
age gas-0il data should be used. However, if oil is displacing
gas, followed by water displacing oil, the imbibition data
should be used for both the gas-0il and water-o0il systems.

Stone's method is based on the channel flow theory
combined with probability concepts. It states that water
relative permeability is a function of water saturation alone
regardless of whether the system is two-phase or three-phase.
The same is true with gas relative permeability as a function
of gas saturation. Thus, only oil relative permeability
needs to be redetermined in the three-phase system.

Stone's equation for calculating oil relative permeability
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is given as

k = (k + k_ )(k + ko

TO TOoW rw’ ““rog ) = (kpyy + ko) (43)

g rg

Note that if the above equation yields a negative kro’
it implies complete blockage of o0il, or kro = 0. This equa-
tion has a desirable property in that it yields the correct
two-phase data when only two phases are flowing, and yet pro-

vides interpolated data for three-phase flow that is a consis-

tent and continuous function.of the phase saturations.

4.5 Injection and Production Rates

Individual phase rates of injection are normally speci-
fied explicitly, for the usual practice is to inject one
phase, being water or gas, intc the reservoir. The rates at
the producing wells, however, cannot be specified so explicit-
ly. This is true because two or more phases may be produced
simultaneously and the relative productions of those fluid phases
are not subject to control. According to Peacemanj‘,5 they
are functions of saturations in the vicinity of the well and

should be computed in proportion to the local mobility of

those phases. That is

>‘o
Qb = 9% 7; (44)
A
= -
W T % X (45)
g
qg = q, At 5.615 (46)
where At = AO + AW-PA = total mobility
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4.6 Hydraulic Radius of a Fracture Conduit

Evans extended the work of Duguid and Lee for a single
phase fluid and derived the fluid interaction terms for multi-
phase flow as shown in section 3.2.3. In the derivation, he
introducted the parameter T to represent the hydraulic radius
of the fracture conduit. Comparison between Evans' and Duguid
and Lee's derivations shows that Ty can be related to the
characteristic half width of the fracture by

- od

Ty 7] (47)
where d = characteristic half width of the fracture.

With regard to the length of the fracture, the character-
istic half length 2 of the fracture is assumed to equal the

half dimensicn of the primary grid block. Thus,

_ Ax
L = 3 (48)

4.7 Porosity Calculation

In this simulation program, porosity will be evaluated
from 0il pressures of the previous time step. The assumption
here is that porosity varies very slowly as a function of
pressures, and thus may be considered constant during the time
since the previous time step to the present. The o0il pressure
is assumed to be representative of the fluid pressure in pore
spaces. The justification for this assumption isbased upon a

5

finding by Coats, et al” that evaluation of certain properties from

a single phase pressure produced insignificant error.
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Therefore, the finite difference forms of the porosity
equations in section 3.2.4 are given as follows.
For the rock matrix:

n+l n+1

* i,j,k

_ph
¢1 i,j, k(1 ¢1 i,j, k)c (P i,j,k Plo i,j,k)

- n+l
¢1 i,j,k ¢f i,j,k Cf (Pfo i,j,k Pfo 1,j,k)

* 07 3,5,k (49)

For the fractures:

d)rlﬂ-l n+l

_ .n _.n
I -sj’k - d)f i’j’k(l q)f i,j :k)cf( fo 1,_'] ,k fO l,Jak)

_.n n ~ phtl _ph
91 i,5,k %f 1,5,K0°1 P1071,5,k "FPlo i,j,k’
n

*9F 1,5,k (50)

4.8 Velocity Calculation

The equaticn ¢f motion in the fracture from section 3.2.2
for phase j (j = water, oil and gas) can be written in X, y

and z coordinates as follows:

k 3P

+—glc—TlX jf—g&csins)+K ( afl.,. g.‘]cf avaftjz
Pif éL cosy)] (51)
Vejy = k_lf.};; [Kyx € afJ gJCf a:fjx Psf -gg—51na)+K (.___l
_gli _3%X 5t g sind) Ky, ( afJ ' gji BV§¥+ g g cosm))

(52)
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-XK_.- 9P, P.pr 9V, oP ..
= _rif fj if ~_fix £ o £
Vsz Wog [K, (—=3-+ 5 =t -+pjfgC51na)-psz( 3y
P.pr OV, 3P.. p.,. 9V,
_if __fiy £ 53 £fj ,3f 7 fjz £
* g ot * pjf g sing) +Kzz( 5z g.. ot +pjfgCC°sY)]

(53)
In the simulation program these velocities are cal-

culated explicitly from the above equations after pressures
and saturations have been determined. The assumption is that the
velocity changes slowly from one time step to the next.

For example, the finite difference form of Vf. may be

jx
written as:
n+1l = ( rjf:P+1 [K ( £f§ i+1,5,k fj i-1,j.k
fjx i,j,k ujf i,j,k""xx 1,j,k 2Ax
o1 varl oo
y It 1,3,k fix i,k Fixi,i.k, Ml g o500
gC At JflsJ ’k‘gc
Pn+l _pn+1
+ X ( £ i,j+1,k " fj i,j-1,k
Xy i,j,k 28y
n+l oV 1
jf i,j,.k fjy \n nrlo 0 B s
* g (3 )i,5,0 " 5f 1,5,k g, M8
n+1l _Pn+1
. K (Pfj i,i,k+1 °f§ i,j,k-1
xz 1,j,k 2Az
n+l
0 s = oV ..
if i,j,k,~ fjz n n+1 g
¥ g (5t ),5,K" Pif 4,5,k g, cosy)]  (53)
Thus,
yRtl - 1 (- krjf n+l
fjx i,j,k k K .. U-f i,j,k
1+( rif pjf XX \n+1 ]
ujf gC At l’J,k
p 0+l _pn+1 ontl
[K ( fj i+1’j3k fj i—]-’j 3k - Jf 1,7 ’k
xx i,j,k 2

AX gcAt
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n n+1 8 s
Veix 1,3,k T Pif d,5,k g, S T Ky a5,k
Pnfl. . _ Pp+} n+1
(£i i,3+1,k i,j-1,k , Pif i,j,k ( ny)
28y 8. ot “1,j,k
Pn+1 . pn+l
n+l - i,3,k+1 fJ i,j,k-1
P 1,5,k B, SR * Kyz g5k BTy
n+1 BV
4Jf i,jLk sz n + n+1 g
g ( %,j,k P35f 1,7,k g, cosy)] (54)
The finite difference forms of Vf. and V.._ are similar
iy fjz

to that of ijx and, therefore, will not be shown here.

It should be pointed out that in its initial state the
reservoir is static or undisturbed by outside forces. Conse-
quently, there is no fluid movement within the reservoir.
This implies that the initial fluid velocity and acceleration

in the fractures are zero.

4.9 Point Successive Over-Relaxation Method (PSOR)

PSOR is one of the various methods available for solving
a system of simultaneous linear equations. The discussion of
this method has been well documented in many textbooks and the

literature.l*’/»12,15,19

The PSOR method is based on solving
the equations by successive approximations (or guesses) until
the convergence of results to a preselected tolerance limit
is achieved or an action due to failure of convergence 1is

taken.

Several reasons were taken into consideration in
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choosing this method over other ones for the simulation pro-
gram developed in this dissertation.

1. The PSOR is an iterative method which is more suit-
able than a direct method for solving a large set
of equations that has a sparse coefficient matrix
because it takes advantage of this sparseness by
requiring computing storage only for the nonzero

elements.l2
2. The roundoff characteristics of an iterative method

such as the PSOR are better.12

With a direct method,
roundoff error can be incurred with each mathemati-
cal operation and simply accumulates until the final
answers are obtained. With an iterative method,
however, the presence of roundoff error in the
unknowns at the end of any iteration simply results
in those unknowns being somewhat poorer estimates
for the next iteration. Thus, the roundoff error in
the final converged values is only that accumulated
in the final iteration.

3. The system of equations in this study has the form
of a 19-band diagonal coefficient matrix which is
much larger and more complicated than the conven-
tional penta-diagonal or hepta-diagonal matrices.
The PSOR is preferred to other iterative methods

because its formula is straightforward and can be

incorporated into the simulation program without
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a great deal of difficulty.

The PSOR method expresses the next approximations of
the solution at one grid point explicitly in terms of known
estimates of other variables in an equation. Thus, in this
study equatic.s (33), (34), (35), (36), (37) and (38) are

manipulated in such a way that the 6 unknowns at each grid

n+l n+l Pn+1 Pn+1 Pn+1
lw i,j,kx> “1o0 i,j,k’> "1g 1,j,k’> " fw i,j,k’> "fo i,j,k

k) are expressed in terms of the same phase

point (P P

d Pn+1_ ]
ane Tfg 1,3,
pressures at other grid points and/or different phase pres-
sures at the same grid point. For example, the water flow

equation in rock matrix can be written as:

k+1 k+1
TD?:rli,j,k = TEWT%TETE [(Dw)i,j,k"(Gw)i,j,kpgali,j,k-l
k+1 k+1
- (Ew)i,j,kp?;li,j-l,k - (Aw)i,j,kpgali—l,j,k
K K
- (Cw)i,j,kpggli+1,j,k - (Fw)i,j,kpgzli,j+1,k
K X
- (Hw)i,j,kpgali,j,k+1' (Rw)i,j,kp?zli,j,k
X
- (Uw)i,j,kpggli,j,k] (55)

where superscript k indicates level of iteration in time step

(n+1).
K+l After computation at each grid point, the value
ﬁ?;li 3.k is relaxed by the formula:

b b4
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X k k+1 k
- ph+l pn+1 _ pn+l
Prlw i,j,k = Piwi,j,k P P i,5,6 ~ Prwi,j,x) (56)

where w 1s a relaxation parameter.

The iterative process continues until the differences

between P?;li j k's of two successive iterations for all grid
3 >
points are less than a predefined tolerance 1limit €.
k+1 k
ph+1 _ ph+l <€ (57)

1w i,j,k ~ Fiw i,j,k
The same procedure discussed above applies to Plo’ Plg’

P and P as well. Equations for these unknowns are

fw? Pfo fg
similar in form to that of le, and for brevity will not be
shown here.

With regard to the relaxation parameter w, its function
is to speed up the convergence rate. The selection of the
optimum value of w usually requires some trial-and-error simu-
lation runs with varying w. The optimum w is the one that
produces the minimum number of iteration per time step.
Generally, the more homogeneous the system, the closer the
value of w is to 1.0, and as the degree of anisotropy in-
creases, the more w approaches 2. And in practice, an over-
estimation of w is always better than an underestimation.7

In this study a value of w = 1.2 was used and gave a reason-

able rate of convergence.



CHAPTER V
ALGORITHM

In this chapter, a brief description of the major compo-
nents of the simulation program is presented. Input data for
a case example is also given. The flow diagram of the compu-

tational procedure is illustrated in Figure 7.

5.1 Major Program Components

5.1.1 Main Program

The main program starts with defining and dimensioning
variables. Parameters such as flow coefficients, fracture
velocity and acceleration are initialized. Then, basic data
is read via subroutines RESDIM, RESDAT, INCON and CODE.
Constant terms in the transmissibilities of the pressure
equations are evaluated by subroutine TRAN. Next, the program
proceeds to calculate initial fluids in place and reservoir
pore volume. The simulation process starts with the reading/
establishing of time step size. Saturation changes during the
previous time step are checked and a warning printed when they
become so excessive that time step size may have to be reduced
to smooth the changes. The injection/production rates are
determined. The updating of pressures and saturations is done
in subroutine EXTRAP which also projects these variables to

65
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o )

Read Reservoir and Subroutine
. Grid Dimensions | RESDIM
Read Fluid, P.V.T. Subroutine
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l
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and Initial Fluid in Place
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Figure 7. Flow chart of the simulation program.
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(n+%) time step to provideabasis from which to evaluate
transmissibilities, and to give an initial estimate for the
pressure. solution.

Transmissibility coefficients and the right-hand-side
vector are now calculated in subroutine COEFF. The .pressure equa-
tions are solved simultaneously in subroutine PSOR. After
pressures of this time step are determined, subroutine POROSY
evaluates porosity as a function of pressures. Then, new
saturations are determined from new capillary pressures using
linear interpolation from tables of look-up data. Subroutine
VELOCY calculates fracture velocity based on new pressures
and saturations.

Toward the end of the time step, material balance calcu-
lations are carried out in subroutine MATBAL. Finally, results
of this time step are printed out via subroutines PTPRES,
PTSAT, PTPOR and PTVELO. Before repeating the same process
at a new time step, elapsed time and number of time steps are

checked for termination of the simulation.

5.1.2 Subroutine Code

Simulation parameters are read in this subroutine.
These parameters include maximum number of time steps, maxi-
mum simulation time, tolerance limit for PSOR, maximum number
of iterations for PSOR, relaxation parameter, bubblg point
pressure, abandonment pressure, maximum water-oil ratio,

maximum gas-0il ratio, and print codes.
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5.1.3 Subroutine COEFF

This subroutine formulates the transmissibility coeffi-
cient matrix and the right-hand-side vector for the pressure
equations. The subroutine is quite complicated and cumbersome
because there are 126 coefficients and 6 governing equations
to be evaluated at each grid point. The fact that every co-
efficient is pressure- and saturation-dependent necessitates
the extensive uses of a linear interpolation subroutine (LINTP)
to obtain data from tables of look-up. Relative permeabili-
ties are evaluated upstream and therefore flow potentials and
directions of flow have to be determined for every fluid phase

at every grid point.

5.1.4 Subroutine EXTRAP

This subroutine updates pressures and saturations from
the previous time step. It also extrapolates these two
variables to time step (n+%) to provide a basis from which
to evaluate the transmissibility coefficients in subroutine

COEFF. The extrapolated pressures also serve as an initial

approximation of the solution in subroutine PSOR.

5.1.5 Function FAVG
This function simply computes the average value of two

numbers.

5.1.6 Subroutine INCON

Initial phase pressures and saturations are read in this

subroutine along with grid locations, rates, time-on and time-
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off of the injectors and producers.

5.1.7 Subroutine LINTP
This subroutine performs linear interpolation from

tabulated data.

5.1.8 Subroutine MATBAL

Material balance errors of o0il, water and gas during a
time step are calculated in this subroutine. Fluid injections/
productions as well as their cumulatives are computed. Water-
0oil ratio, gas-o0il ratio and average reservoir pressures are

also computed.

5.1.9 Subroutine POROSY
This subroutine calculates rock matrix porosity and
fracture porosity as functions of pressures. (See section

4.7.)

5.1.10 Subroutine PSOR
This subroutine solves the system of pressure equations
by the Point-Successive-Over-Relaxation method. (See section

4.9.) A flow chart of this subroutine is shown in Figure 8.

5.1.11 Subroutine PTPRES
This subroutine prints pressure distributions in the
rock matrix and fractures. It also prints results from sub-

routine MATBAL.

5.1.12 Subroutine PTSAT

Saturation distributions in the rock matrix and the
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Figure 8. Flow Chart of PSOR subroutine.
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fractures are printed in this subroutine.

5.1.13 Subroutine PTPOR
Porosity distributions in the rock matrix and the

fracture are printed in this subroutine.

5.1.14 Subroutine PTVELO
Fluid velocity distributions in the fractures are printed

in this subroutine.

5.1.15 Subroutine RESDAT

This subroutine reads porosity and permeability data
for the rock matrix and the fractures. It should be pointed
out that because of its tensor form, there are 9 tensor
elements associated with the fracture permeability. The sub-
routine also reads fluid P.V.T. data for oil, water and gas.
These include formation volume factors, viscosities, solution
gas-0il ratio, derivatives of the inverses of formation volume
factors with respect to pressures, and derivative of solution
gas-o0il ratio with respect to pressure. Other data read are
0il, water and gas densities at standard conditions, fracture
and rock matrix compressibilities, and tilt. angles of the
formation. Gas-0il relative permeability and capillary pres-
sure data and derivatives of gas saturation with respect to
gas-o0il capillary pressure are read for the rock matrix and
the fracture. Similarly, water-oil relative permeability and

capillary pressure data and derivatives of water saturation
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with respect to water-oil capillary pressure are read for the
rock matrix and the fractures. For linear interpolation
purposes, the water-o0il capillary pressure versus water satu-
ration data are to be rearranged such that the water-oil

capillary pressures are tabulated in increasing order.

5.1.16 Subroutine RESDIM

This subroutine reads numbers of grid points in x-, y-
and z-directions along with length, width, and thickness of
the reservoir. This data is used to calculate uniform grid
dimensions. In addition, half width of the fracture 1is read

and hydraulic radius calculated.

5.1.17 Subroutine TRAN
This subroutine computes those parts of the transmissibility
coefficients that are constant and thus do not need to be

reevaluated every time step.

5.1.18 Subroutine VELOCY
This subroutine calculates velocity and acceleration of

the fluids in the fracture (see section 4.8).

5.2 Field Example

Data from one of Thomasetal22 three-dimensional examp-
les was used to demonstrate the utility of the simulation
program developed. In the example, a reservoir section between
an injection and production well is modeled using a 10x2x5

grid system.
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The rock matrix permeability and porosity are set equal
to 1 md and 0.29. The fracture permeability and porosity are
10 md and 0.01. Both the rock matrix and fracture are homo-

geneous and isotropic. Hence, the following values were used,

K1 = 1.0 md
¢4 = 0.29
10.0 0.0 0.07]
Ke = 0.0 10.0 0 ol md
0.0 0.0 10.0
¢ = 0.01

In the rock matrix as well as the fracture, the initial
reservoir pressure is set at 6214.7 psia for the oil phase,
6164.7 psia for the water phase, and 6214.775 psia for the
gas phase. 1Initial saturations are 0.80 for oil, 0.20 for
water and 0.0 for gas.

Both the injection and production wells are perforated
in all five layers. The productivity indices of the five
layers are all equal. Thus, it is assumed that injection/
production rates are divided equally among these five layers.
The formation is horizontal, i.e., ¢ = 0, B = 0 and vy = O.

In this example, water is injected into the reservoir
at an initial rate of 7000 STB/day. Total fluid production
rate is set at 4000 STB/day.

In Thomas et al paper, the size/geometry of fracture
is implicitly given in terms of the matrix shape factor (o)

which is 0.25 for the example. But in this model, the
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fracture half width is required data. Since it was not given,
the fracture half width (d) of 0.0005 ft was assumed. This
rough estimate is ootained from comparison of Thomas et al
matrix-fracture flow equation to Evans' fluid interaction term.
The comparison is explained and illustrated in Appendix H.

Information on reservoir dimensions and rock/fracture
properties is given in Table 2. PVT data for oil, water and
gas are shown in Tables 3, 4 and 5, respectively. Table 6
gives fluid densities at standard conditions.

Gas-0il relative permeability and capillary pressure
data is given in Table 7. Water-oil relative permeability
and capillary pressure data is diven in Table 8. 1In deviating
from Thomas et al approach which assumes straight-1line rela-
tive permeabilities and zero capillary pressure in the frac-
ture, data in Tables 7 and 8 were applied in both the rock
matrix and fractures. This is because the fully implicit
approach used in this simulation program requires nonzero
capillary pressure data, especially the nonzero slopes of PC
versus saturation.

The bubble point pressure is 5559.7 psia. The aban-
donment pressure of 1500 psia was used. Abandonment water-
0il ratio and gas-oil ratio are 100 STB/STB and 100,000 SFC/
STB, respectively. A pressure tolerance 1imit of 0.2 psi is
used in the PSOR subroutine.

An example of input data arrangement is given in

Appendix E.
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Table 2

RESERVOIK & GRID DIMENSIUNS AND ROCK PRUPERTIES
EERFFEERF R R AR KT R KRR R E R EE R AR R KRR R IR KR XX

LENGTH = 2000.0 FEET
WIOTH = 400.0 FEET

THICKNESS = 250.0 FEET

NUMBER OF GRID POINTS IN X—DIRECTIUN = 10
NUMBER OF GRID POINTS IN Y-DIRECTION = 2
NUMBER OF GRID POINTS IN Z-DIRECTION = )
DELTA-X (FT) = 200409

DELTA-Y (FT) = 20000

DELTA=Z (FT) = 5920

NATURAL FRACTURE HALF-WIDTH = 0.000500 FEET
HYDRAULIC RADI1US = V000393 FEET

FRACTURE COMPRESSISILITY = 0.35000-05 PSI-1
MATRIX POCK COMPRESSIBILITY = 0.3500D0-05 PSI-1

TILT ANGLES OF REStERVIOIR FORMATION:

]
o
L]
o
C
r
(7]
[ ]

ALPHA

BETA

It
©
»
o
O
m
)
[ )

GAMMA = 0.0 DEG.
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Table 3

OIL

PVT DATA

EE R S22 5 S 2

PO 80 D(1/80)/DP RS0 DRSO/DP uu
(PSI) (BBL/STE) (STB/B3L/PSI1) (SCF/ST8) (SCF/STB/PSI) (CP)

147 10000 —0.137900-03 0.0 0.2192 0.7200
171447 13026 -0.576000-04 372.8 0.2241 De.5260
2114.7 1.3429 -0.57500D0-04 463.2 0.2345 0.4800
261447 1.3969 ~0e57900D-04 S81e5 0.2465 044300
3014.7 1.4437 -0.58200D0-04 6815 0.2802 03960
3614.7 1.5204 -0.59400D0-04 84642 0.3016 0.3480
421447 1.€6077 -0.601000-04 1029.7 0.3295 0.3030
4614.7 1.6725 -0.608000-24 11633 03632 0e2740
S014.7 1.7442 —0.64000D-04% 1311.0 0.4001 0 +2440
5314.7 1.8042 -0.607000-04 1431.2 044035 0.2260
5614.7 1.8649 -0.58000D-04 1557.0 0.5012 042060
7014.7 2.1973 -0.579000-04 2259.0 0.5011 0.1090

Table 4

WATER PVT DATA
*EEEEKXEXEEEX X

Pw uw

(PSI) (ce)
14.7 J.3500
7014.7 0.3500
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Table 5

GAS PVT DATA
A EE LR KERE

PG 86 bD(1/BG) /0P uG

(PsI1) (88L/SCF) (SCF/BBL/PSI) (CP)
14.7 0.17309D+00 029335 0.0120
1714,7 0.19485D0-02 Ce31438 0.0163
2114.7 0«15667D-02 030453 0.0173
2614.7 0e12671D-02 0.28563 0.0186
3014.7 0.110720-02 N0e24074 0.0197
3614.7 0e¢949300-03 022771 0.0214
4214.7 0.841800-03 0.20337 0.0233
4614.7 N.785490—03 0.185849 0.0246
S014.7 074450D-03 Qe.17¢31 J.0257
S314.7 J«716200-03 Del6519 0. 0266
Séla.7 C.5218C2C2-33 0.153808 0.0276
701447 0.0009200-03 JelS314 0.0330

Table 6

FLUID DENSITIES AT STANDARUD CONDITIONS
EEEREEX XL LXK EER R ER TR AT EEEETETEETEEXT X

STANDARD PRESSURE =

STANDARD TEMPERATURE =

QGIL DENSITY

WATER DENSITY

GAS DENSITY

14.7000 PSIA

60.0 DEGe.

511400 LBM/CU FT

6540000 LBM/CU FT

D0.0580 LBM/CU FT




GAS~OIL RELATIVE PERMEABILITY & CAPILLARY PRESSURE
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Table

7

DATA

X 22 R 2SS 222 22 2222222222 F 222 22222 222 LSS LSS LTS T

SG KRG KROG PCGO

(PSI)
0.0 0.0 1.000 0.07S
O.10 0.015 0.700 0. 035
0.20 0.0S0 0.450 0.095
0.30 0.103 0.250 Oe115
D40 0.190 O.110 O0.14S
0.50 0.310 0.028 0.255
0.5S 0.420 0.0 0. 386
1.00 1.000 0.0 1565

DSG/DPC
(PSI-1)

10.,00000

10.00000

10.00000

S«00000

3.33000

0.91000

0.38000

0.38000

—— — . s S . . Y — e > -
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Table 8

WATER~OIL RELATIVE PERMEABILITY & CAPILLARY PRESSURE DATA
FEEXFRREERFREERE AR R KRR AR KRR R R kxR k ke kR kR kKKK RkKE X

SW KRW KROW PCOw DSw/DPC
(PS1) (PSI-1)

0.0 0.0 1.000 214.000 =0.00122
C.20 0.0 1.000 50000 -0.00122
0.25 0.005 0.860 9.000 -0.00122
0.30 0.010 0.723 2000 -0.00714
0.35 0.020 0600 0500 -—-0,03333
0.40 0.030 0.492 0.0 =-0.10000
0.45S 0.045 0392 =0e400 =0.12500
0.50 0.060 0.304 =1.200 —=0,06250
0.55 0.082 0.225 —2600 =—-0.,03570
0.60 O.110 0.154 ~4.000 =-0.03570
0.65 0.143 0.093 ~7.000 -0.01670
070 0.180 0.042 -10.000 =-0.01670
0.75 0.230 0.0 =40.000 -0.00167

1.00 1.000 0.0 -190.000 =0.00167




CHAPTER VI

DISCUSSION OF RESULTS

In this chapter the results of an example case study

are discussed along with recommendations for further improve-

ment of this simulation program.

So far, the development of the fractured reservoir

simulator may be summarized by the following steps.

1.

The reservoir is discretized three-dimensionally
into a series of grid points, each of which consists
of two physical domains: the rock matrix and the
fractures.

Six governing partial differential equations (re-
ferred to interchangeably as flow equations,
pressure equations or diffusivity eguations) are
formulated to describe the fluid movement at each
gridpoint. The black o0il model is assumed to
characterize the compositional behavior of oil,
water and gas. Physical properties such as gravity
effects and capillary forces are taken into con-
sideration.

The finite difference scheme and fully implicit
approach are used to transform the six governing

pressure equations into a system of analogous

82
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difference equations. Thus, for a total of N grid
points, there are 6N equations in 6N unknowns.
Fluid and rock properties at each grid point are
evaluated individually and then used in computing
transmissibility coefficients. Relative permea-
bilities must be evaluated upstream. A computer
code is written in accordance with this scheme.

4. The PSOR numerical method is used to solve the
resulting system of simultaneous linear equations
for the pressures at a new time step.

5. Capillary pressures are computed, and saturations
are determined by interpolation from the tables of
saturations versus capillary pressures. The
pressures are also used in calculating porosity

and fluid velocity.

6.1 Simulator Capability

Although the rock matrix and fractures are isotropic as
well as homogeneous in the field example, the simulation pro-
gram developed is capable of handling the isotropic hetero-
geneous rock matrix and the anisotropic heterogeneous fracture.
Hence, a study of anisotropy in fracture can be considered.

In addition, the presence and/or absence of fracture
at any grid point can be accounted for by manipulating ele-
ments of the permeability tensor. For example, all nine
elements of the permeability tensor could have been zero if

it had been determined that the fractures at a particular grid
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point either did not exist or was not interconnected.

The fracture orientation can also be handled in a
similar way. For instance, if the preferential direction of
the flow deviates from the principal axes, the off-diagonal
elements of the permeability tensors may be assigned some
real numbers instead of zero.

The above capabilities lend themselves readily to the
inclusion of a probabilistic approach such as the Monte Carlo
method for generating the statistical distribution of fracture
in the reservoir. This application is particularly useful
for a naturally fractured reservoir which has been determined
(via well testing data, for example) to have networks of
fractures, or sand lenses, or shale barriers covering certain
percentages of the reservoir area. The Monte Carlo method can
then be used to generate randomly the distribution of frac-
tured grid points according to those percentages. For example,
Figure 9 illustrates a reservoir area that has been discre-
tized into a 10x 7 grid system. A 35 percent concentration
of fracture is arbitrarily given for this area. This trans-
lates to 25 out of 70 grid points containing fractures. And
consequently, the remaining 45 grid points will have the per-
meability tensors of zero. In Figure 9, the fractured grid
points are denoted by "1" and the nonfractured by "0." The
implication from this is that the Monte Carlo method may be
used to generate a priori the locations of grid points con-

taining fractures. This information is used as input data
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Figure 9. Random Generation of Fractured Nodes by Monte
Carlo Method.
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to the simulation program. An example of the Monte Carlo
program is given in Appendix G.

The simulator is also capable of neglecting the calcu-
lation of fracture velocity by simply not calling the VELOCY
subroutine at the end of each time step. In such a case,
the equations of motion in the fractures would be identical
to the equations of motion in the rock matrix (i.e., Darcy's
law). This allows the study of velocity effects on the
fluid movement through the naturally fractured reservoir.

The present simulation program is designed for the 10
X 2 x 5 grid system (100 grid points). However, the COMMON/
DIMENSION statements at the beginning of each program or sub-

routine can easily be modified to fit any other grid systems.

6.2 Results of the Field Example

The data given in section 5.2 is fed into the simulation
program. For comparative study, injection and production
rates are delegated to the flow equations for the fractures

22 assumed that flow through the reser-

because Thomas et al
voir occurred primarily through the fracture. However, it
should be noted that the simulator is capable of distribut-
ing any flow rates to both the rock matrix equations and the
fracture equations. An output sample is given in Table 9.
The saturation distribution output over extended periods of
time are used in plotting the fracture- and the matrix-50-

percent water saturation profiles as shown in Figures 10

and 11. Note the gradual gravity effect shown by water
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Table 9

Output Sample

SIMULATION RESULTS AFTER TIME STEP 40

ELAPSED TIME = 14.82 DAYS

TIME STeP SIZE (DAY) = 1.00

AVERAGE RESERVOIR (MATRIX) PRESSURE (PSIA)
OIL MATERLIAL BALANCE THIS STEP (PERCENT)
WATER MATERIAL BALANCE THIS STEP (PERCENT)
GAS MATERIAL BALANCE THIS STEP (PERCENT)

CUMULATIVE
CUMULATIVE
CUMULATIVE
CUMULATIVE
CUMULATIVE

Q1L PRODUCED (STB)
WATER PRUODUCED (STB)
WATER INJECTED (STB)
GAS PRODUCED (SCF)
GAS INJECTED (SCF)

WATER-QOIL RATIO
GAS—0IL RATIO

GIL PRODUCTION THIS STEP (STB8)
WATER PRODUCTIUN THIS STEP (ST®Q)
WATER INJECTION THIS STEP (STB)
GAS PRODUCTION THIS STEP (SCF)
GAS INJECTION THIS STEP (SCF)

[}

nmnnh

]

6214.68

-0 4658
1.0805
—0s8672

59299,

l.

103775.
110132395
o.

0.0
37146

=3999.92
7000400

~T7425490435

0.0



Table 9 (cont'd)

PREGSURE DISTRIBUTIONS IN MATRIX RUCK
CEEBELL LR SERONREECERRRB S E RS LERNE SR

LAYER NUMBELR
(III T2 Y 2

ROW NUMBER

PO 6213.5
PY 6163.6
PG 6213.,0
ROw NUMBER

PO 6210.8
Pw 6161.0
PG 0210.7
LAYER HUMBLR
*EEEE ARk kS ¢
ROW NUMBER

PO 6214.6
PW 6164.0
PG 6214.7
RUW NUMBER

(] 6211.8
Pw 6162.0
PG 6211.8
LAYER NUMBCER
EEEEEESRE S &R
RUW NUMUER

PO 621447
Pw 61647
PG 6214.8
ROw NUMBER

P0 0621149

(34 ] 6102,
PG 6211.9

2

2]

6213.6
6163.6
6213.6

6213.5
0lu3. 0
6213.6

€216,0
010406
621447

6214,.06
61064,6
6214.7

621447
6164.7
6214.8

6214.7
610447
6214.8

6213+
6163.0
6213.0

621340
6163.0
621346

621446
6109 .6
0214,7

621440
0164,6
621447

621407
616447
621448

621847
616447
62148

621340
016346
621340

621346
06l103.6
021340

6214,6
616446
6214,7

621446
6l66,06
6214.7

621447
6164,7
6214,8

6214,7
6164,/
0L lued

621346
6luiet
L2136

021340
6163406
621340

02146
616346
062147

L2140
6106446
621447

021467
6164,7
6214.8

6214,7
616447
6213.8

6213.0
616346
621340

6213.06
0l63.0
62130

21440
6166446
621447

621440
616440
6214.7

v2l4.7
6164,7
6z14.8

t214,7
LIGG.T7
6214.6

6213.6
6163406
621346

621346
01637
621346

6214.6
616446
6214.7

621446
6164.0
6214.7

621447
6164.7
6214,.8

6214.7
616447
6214.48

62137
6163.7
62137

6214.0
6164,1
6214.1

6218.7
6164,7
6214.8

6215.0
6165.0
621S.1

6214,.8
516448
6214.9

621542
6165.2
6215.3

6214.,3
6164,4
6214,3

6215.0
6165.0
6215.1

62153
6165.3
621544

6215.2
6165.1
621563

621543
6165.3
6215.4

621541
6165.1
6215.2

621S5.1
6165.1
6215.2

6215.2
6165.2
62153

6215.3
6165.2
6215.4

6215.3
65165.3
6215.4

6215.2
616541
6215.3

62153
61653
62154

88



Table 9 (cont'd)

LAYER NUMDER
seebe bbbt bne

RUW NUMUEK

PO 0214.8
Pw 6164.3
PG 6214,.8

ROW NUMBER

- o - -

PO 621240
Pw 6162.1
PG 6212.0

LAYER NUMBELR
sttt E et

ROwW NUMHBER

PO 6215.8
24 ] 6165.8
PG 6215.9
ROW NUMBER

PO 6213,0
P 6163.2
PG 6213.1

6214.8
6104.8
6214.9

6214.,8
6104,8
6214.8

621%.8
H165.8
621640

6215.8
6165.8
6215.9

6214,0
6104.8
621449

6214,0
6164,.,8
62149

6215.8
6165,13
6216.,0

6215.8
6luY.Y
621640

H214.8
6164.8
021449

6214 .8
61064.8
6214.9

0215.8
01654
0210640

6215.8
6165.8
621640

6214.8
6l64.8
621349

0214 .8
01644
6214.9

621548
6105.0
021040

6215.8
616549
6210640

621a.8
6lb4.b
62l4.9

6214,0
6164,48
6214,9

0215.8
6165.8
0216.0

6215.48
G165.8
0216.,0

6214,.8
6164.8
6214,9

6214.8
6164.8
6214.9

621548
6165.8
621649

62159
6165.8
621640

6214.9
6164,.9
6215.0

6215.1
6165.1
621542

6215.,9
6165.8
6216.0

621545
6165.4
6215.6

6215.4
6165.3
6215,5

621541
6165.0
6215.,2

6215.6
61655
6215.7

6215.2
6165.2
62153

621541
616501
6215.2

621543
616543
621544

621543
6165.3
6215.4

621548
61653
6215.5

68



Tahle 9 (cont'd)

PRESSURE DISTRIBUT[ONS [N FHACTURE
SEEERRNE AR ERTIS AR SR EERRAASEE RN

LAYER NUMBER
(I I TR TR L L

ROW NUMBER

PFO 6213.2
PFwW 6163.3
PFG 6212.8
ROW NUMBER

PFO 62093
_PFw 6159.3
PFG 6207.9

LAYER NUMBER
CEEEXRENRNEA

ROW NUMBER

PFO 621446
PFw 6164406
PFG 621446

ROW NUMBLER

PFO 62107
PFW 6l16l.1
PFG 6209.7

2

6213.2
6163.3
62128

6213.2
61633
6212.8

6214,6
010446
6414406

6214.6
6164.0
6214.,06

6213.2
6163.3
0212.8

6213.2
61063.3
6212.8

621446
616440
621449

021400
6lba.u
621440

6213.2
6163.3
621248

621362
61633
6212.8

6214.6
6Glud .6
021446

621446
0166,06
6214.,06

6213.2
6163.3
6212.8

6213.2
6163.3
6212.48

021446
616440
0214406

621l4,.,6
0168.0
621446

6213.2
6163.3
6212.8

6213.2
6163.4
6212.8

621346
6164.0
621440

6021446
016467
621440

6213.2
6174,2
6212.9

621362
61908
6212.9

6214.6
6172.3
621440

6214.6
6192.2
6214,.,7

6213.5
6220.0
6213.2

6214.2
624643
6214,.,0

6214.9
622446
6215.0

6215.2
6264.9
6215.4

6214 .4
6381 .4
6214.3

621501
6ATA 7
62183

6215.4
6401.5
621546

6215.3
6496.9
621545

6215.3
6574.6
6215.4

621544
690062
621547

06

6215.4
6596 .9
6215.7

62154
6922.6
621%5.8



‘Table 9

LAYER NUMBER

(2 X123 T Y2210

ROW NUMBER 2
PFO 6214.7
PFW 6164.7
PFG 6214,7
ROW NUMBER

PFO 6219.9
PFW 616142
PFG 6209,9

LAYER NUMBDER
CERLSRSIREE

ROW NUMDER 2
PFO 621448
PFw 6164.8
PFG 6214.9
ROW NUMBER

PF() 621140
PFy 61613
PFG 6210.0

LAYER NUMBER

CEEELEAPER KRS

ROW NUMBER 2
PFO 621642
PFW 6166.1
PFG 621647
ROW NUMBER

PFO 6212.4
PFw 616246

PFG 6211 .8

(cont'd)
K

6214,7
610447
6214, 08

6214,7
6104.7
6214.7

6214.8
6164.8
6214.9

o214.8
616448
621449

6216.2
616641
621647

62102
016 1
62107

6214.7
0164,7
621448

621447
6164.7
621404

621448
61064.8
621449

6214.8
016448
6214.9

621L.2
61601
6210.7

021042
OlAG G
L2lue?

621447
6164.7
6214.8

62147
61064.,7
6214.8

6214.8
6164,.,8
621449

6214.8
610448
02149

6216.2
6601
6210647

210682
616641
621667

6214.7
6164.7
60214.8

6214.7
©164,7
6214.8

6214.8
0l64.3
6214.9

6214.8
016443
621449

621642
6166.1
0210647

62106.2
61661
621647

02147
01647
6214.48

6214.7
6164.8
6214.8

6214.8
6164.,8
6214.9

6214,8
6165.0
6218.9

621642
616641
6216.7

02l6e2
Ol68.4
0216.7

6214.7
6176.,3
6214.8

62147
619842
6214.8

6214.8
617849
6214.9

6214.9
621840
021540

6216.2
6179.8
621647

621643
021649
6210.8

6215.1
62275
6215.2

6215.4
6297.8
621546

621541
6232.2
621543

6215.2
63219
6215.0

621643
6235.6
6216.8

621546
6343.5
6215.9

6215.48
6420.7
62157

6215.2
6519.3
621544

6215.5
644045
6215.8

6215.2
654147
6215.4

621567
646143
621661

62153
6564 .0
6215.6

621543
6619.0
6215.5

621544
6945.,0
6215.8

6215.3
6641.2
621545

6215.4
6967 .4
621548

621S.4
66636
6215.7

621545
6989.9
621549



Table 9 (cont'd)

SATURATION DISTIRIOUTIUNS IN
SEPEFAAIRSREEEINIEIEEIUREEEEEIEOCTANLS

LAYER NUMBER
(XIS E 222 ]

ROW NUMDER 2
SO 0.80
Sw 0,20
SG6 0.0
ROW NUMHER t
SO0 0.80
Sw 0,20
-1 0.0
LAYER NUMBER
SRR ERE & &
ROW NUMBER 2
S0 0.80
Sw Ve 20
SG 0.0
ROW NUMBER 1
SO 0.80
Sw 0020
SG 0.0
LAYER NUMBLER
VERSEEREEEE S
ROwW NUMBER 2
SO 0,80
SW 020
SG 0.0
ROW NUMBLER 1
S0 0.80
Sw 0620

Y

n.n

0.00
0.20
0.0

0.80
v.20
0.0

2400
0.20
0.0

0.80
0.20
0.0

0.80
0.20
0.0

Je.80

0.20
a.n

MATRIX RUCK

0.80
0+20
0'0

0. 80
020
0.0

Ne 80
0. 20
0.0

0+ 80
0620
0.0

0. 80
0420
Ve¢0

Ve 80
V.20
d. N

0.89
0. 20
0.0

0,80
0.20
0.0

0.80
0.20
0.0

0.80
0.20
0.0

Js 40
0.20
0,0

0.830

0.20
Nn.n

0.80
0.20
0.9

0.d80
0420
0.0

0. 80
0.20
0.0

0.30
0.20
o.o

0.80
0e 20
0.0

0.80
0.20
a.n

0.80
0.20
0.0

0.80
0.20
0.0

0.80
0.20
0.0

04890
0.20
0.0

0.80
0.20
0.0

Q.80
0.20
0.0

0.80
0.20
0.0

0.80
0.20
0.0

0.80
0.20
0.0

080
0.20
0.0

0.80
020
0.0

0.80
0.20
N.0

0480
0620
o.o

0.80
0.20
0.0

0.80
0620
0.0

080
0620
0.0

0.80
0620
040

0.80
020
n.n

0.80
0.20
0.0

0.80
0620
060

0.80
0420
0.0

0.80
0620
0.0

0. 80
0620
0.0

0. 80
020

0a40.

0.80
020
0.0

0.80
0420
0.0

0.80
0420
0.0

0+80
0.20
0.0

0.80
0420
0.0

0.80
0620
0.0

Z6



Table 9 (cont'd)

LAYER NUMDER
400t dsitens

RUW NUMBER 2
SO 0.80
SwW 0620
SG 0.0

ROW NUMBER 1
S0 0.80
SW 0,29
SG 0.0

LAYER NUMBER

(A XS 12112
ROwW NUMBER 2
S0 0.80
Sw 020
SG 0.0
ROW NUMBER 1
SO 0.80
SW V20

SG 0.0

Ve80
0.20
0.0

0,80
0,20
040

0.80
0,20
0.0

V.80
0.20
0.0

0. 80
0.20
0.0

(e 80
(e 20
('-o

0,80
0.20
Je 0

V.80
0.29
0.0

0.80
0.20
0.0

0.80
0.20
0.0

0. 80
0e20
0e0

V. 80
0,20
0.0

0. 80
0.20
o.o

0. 80
0420
0.0

0.80
0.20
0.0

0.80
0.29
0.0

0.80
0.20
0.0

0.80
0,20
0.0

0.80
0,20
0.0

0.80
0,20
0.0

0.80
V.20
0.0

0.80
0.20
0s0

0.80
0.20
0.0

0.80
0.20
0.0

0.80
0.20
0.0

0.80
0420
0.0

0480
0,20
0.0

0.80
0,20
00

0.80
0.20
0.0

0. 80
0.20
00

0.80
0.20
0.0

0.80
0.20
0.0

0.80
0.20
0.0

0.80
020
0.0

0.80
0020
0.0

0.80
0020
0.0

0
S



Table 9 (cont'd)

SATURATION DISTRIBUTIONS IN FRACTURE
CLARRRNE AR EXEIFE SRS KRR 40 2%

LAYER NUMBER

S0 2t kbk St S

ROw NUMBER r
SOF 0.80
SWF 0020
SGF 0.0
ROW NUMBER 1
SOF 0.80
SwWF 0.20
SGF 0.0

1 AYER NUMHER
vessvsBEIEES

ROW NUMBER 2
SOF 0.00
SWF 0.20
SGF 0.0

ROW NUMBER 1
SOF 0.80
SWF 0.20
SGF 0.0

LAYER NUMUER
CESEEANSRES &

ROW NUMBER 2
SOF 0.80
SWF 0.20

SGF 0.0

0.80
0420
o.o

V.80
0.20
0.0

VeBO
0.20
V.0

0.80
0,20
0.0

0.80
0.20
0.0

0. 40
0.20
00

Ve do
0e20
Ve d

0. 80
0.20
0.0

0.80
0.20
0.0

0.80
0.20
0.0

080
0. 20
Ve 0

U B0
0. 20
0.0

0. 080
0420
0.0

0. 80
0,20
0.0

0.80
0.20
0.0

V.80
0.20
0.0

0.80
020
0.0

0.80
0¢ 20
0.0

0440
0, 20
069

0. 80
0,20
0.0

0.80
0.20
0.0

0.80
0,20
0.0

0.80
0,20
V0

0.80
0420
0,0

0.80
0.20
0.0

079
0.21
o.o

Q.77
0.23
0.0

0.79
0.21
°-°

0.77
023
0.0

079
0.21
0.0

0436
Q.64
0.0

026
0.74
0.0

0431
0+ 69
o‘o

0.23
077
0.0

0430
0.70
00

0. 04
0.96
0.0

0.0
1.00
0.0

0.01
0.99
0.0

0.0
t.00
0.0

0.0
1.00
0.0

0.0
1.00
0.0

0.0
1.00
0.0

0.0
1.00
o.o

0.0
1.00
0.0

0.0
1.00
0.0

v6



Table 9 (cont'd)

ROW NUMBER 1
SOF 0.80
SWF 0420
SGF 0.0
LAYER NUMBER

L 2222221 Y]
ROW NUMOBER 2
SOF 0.80
SwF 0+20
SGF 0.0
ROW NUMBER 1
SOF 0.80
SwF 0,20
SGF 0.0

LAYER NUMBER
e e 0NN GRS

ROW NUMBER 2
SOF 0. 80
SWF 0420
SGF 0.0

ROW NUMBER 1
SOF 0,80
SwF 0.20
SGF 0.0

0,00
0o 20
0.0

0.80
0«20
0.0

0.40
0.20
0.0

0.80
V20
0.0

0.80
0.20
0.0

0.80
0.20
0.0

0.80
0.20
0.9

Je 80
0620
0.0

0. 80
0.20
0.0

0430
0.20
0,0

0.80
0.20
0.0

0.80
0.20
Q.0

0480
0s20
0.0

0+ d0
0.20
Ge0

0.80
0.20
0.0

V.80
0.20
0.0

0.30
0. 20
0.0

0.80
0.20
0.0

0430
0.20
0.0

0.80
0420
o.o

0.80
Ve20
0.0

0.80
0.20
0.0

0.80
0.20
000

0.80
0.20

0.0

0.80
0.20
o‘o

0.76
0e24
0.0

0s78
0,22
0.0

0.43
0457
0,0

0.78
0.22
0.0

053
0.47
0.0

0.18
0.82
0.0

0.29
0.71¢
0.0

0.14
0.86
0.0

0.28
0672
0.0

0.10
0.90
0.0

0.0
1.00
0.0

0.0
.00
0.0

0.0
1«00
0.0

0.0
100
0.0

0e 0
1. 00
0.0

0.0
1.00
0.0

0.0
1«00
0.0

0.0
1.00
0.0

0«0
1.00
0.0

0.0
1.00
0.0

S6



Table 9 (cont'd)

FLUID VELOCITY DISTRIBUTIONS IN FRACTURES
SEEREFERERERARNE SN RS R F RS CE ER RS RE SRR SRR KR

LAYER NUMBER
eI EESER G

ROW NUMBER

VvOX 0.0

voy 0.0

VOZ =-0,93540-01
VMX 0.0

VNY 060

VNZ ~0.12480-05
VGX 0.0

vGY 0.0

VGZ 0.0

ROW NUMBER

voX 0.0

voy 0.0

VOZ ~0.93310-01)
VWX 0.0

VWY 0,0

VWZ ~0.44180-05
vGxX 0.0

VGY 0.0

VGZ 0.0

LAYER NUMBER
(222222332 2 2 )

ROW NUMBER

VOX 0.0
voYy 0.0
VOZ =0.87750-01
Yux 0.0
vHY 0.0

VWZ =0.2689D0-06

VGX 0.0
VGY 0.0
VGZ 0.0

AIOW NUIMHRE D

=-0.2076D=-04
0,0
~0e9358D-01
-0.1388D0-09
0.0
~-041235D0-05
0.0
0.0
0.0

-0¢3084D~-02
0.0
~0,93540~-01
-0e¢2a290~07
0.0
-0.12480-05
0.0
0.0
0'0

Iy

=-0¢2079D-04
0.0
~0.87750-01
=-0.29500-10
o.o
=0.25550-06
0.0
0.0
0.0

=0.1894D0-00
0.0
=0493540-01
-0.12720-11
V.0
~041235Dp~05
0.0
V.0
0.0

-~0.2067D-04
V.0
~0e¢9354D0~01
-0.13820-09
Ve0
~0+12350~05
0.0
o.o
0.0

~0418970-0b
0.0
=0.8775L~01
=0e27060-12
0.0
-0,2%540~-06
o.o
0.0
0.0

=-0411690-08
09
~0493540-01
-0.78360-14
0.0
~041235D-0%
0.0
0.0
040

~0.956060-07
0.0
=0693540-01
~0406525D~12
o.o
-0.12350-05
0.0
0.9
0.0

~0.1167VL-06
0.0
~0.8775D0-01
~0+1662D-14
0.0
=042554D~06
0.0
0.0
Oe0

-0¢32900-07
040
=-0e93540-01
-0.2025D-11
0.0
-0e12350-05
0.0
0.0
0.0

~0442980-06
0.0
~093540-01
-0.60700-09
0«0
-0412350-05
0.0
0.0
0.0

~Ue2629D0-07
0.0
~0.87750-01
-0635920~-12
0.0
~0+2554D=-06
0.0
0.0
040

~0.25510~-04
0.0
-0493540-01
=-0.,74790-07
0.0
~0.12380-05
0.0
Vel
0.0

-0473420-04
0.0
=0.93510-01
~0432180-06
040
-0e21140-05
0.0
o.o
0.0

~0.18490-04
0.0
~0.87750-01
-0.1138D0-07
0.0
~0.25740-06
0.0
0.0
0.0

~-0.34810-03
0.0
-0.9007D-01
~0e34420-04
0.0
-0410950-03
0.0
0.0
0.0

~0691140-03
0.0
=0.84790-01
-0412580-03
o.o
~0427400-03
Je0
0.0
Je.0

~-0.32860-03
0.0
~0.85420~-01
~0425570-04
0.0
~047349D0-04
o.o
0.0
0.0

~0412100-03 040 0.0

0.0 060 0.0
~0496970~02 0.9 0.0
~041286D-01 =0414130#00 0.0

060 0o 0,0
~0¢1120D-01 =047197D-01 =0.81610-01

0.0 0.0 0.0

040 0.0 0.0

0.0 0.0 0.0
~0+20020-04 0,0 040

0.0 0.0 0.0
«001044D0~02 0.0 0.0
~0e2781D0-01 ~0.2956D¢00 0.0

060 0.0 0.0
~0e1769D-08 —~0481610-01 -0.81610~01

0.0 0.0 0.0

0.0 0.0 0.0

0.0 0,0 0.0
~043663D0-04 0.0 0.0

0.0 0.0 0.0
~0042390-02 0.0 0e¢0
«0.1817D0=-01 =041649D400 0.0

00 0.0 0.0
~0:1194D0=01 -0410280~01 =-0.12020~02
0.0 0.0 0.0

0.0 0.0 0.0

0.0 0.0 0.0
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vOXxX
voy
voz
vux
vuy
vwzZ
vGX
vGYy
vGZ

Table 9 (cont'd)

=0436880-02 ~0,20690=04 =0+95130~07 ~0¢171060-06 ~0.3062D0-04 -0.5718D-03

0.0

0.0
=-0.87520-01

0.0

0.0
=0e36130~05

0.0

0.0

0.0

LAYER NUMBER

[(ZI23 321222 %)
ROW NUMBER

vOX 0.0

voy 0.0

VOZ =0.92700-01
vex 0.0

VWY 0.0

VWZ -0.,4107D-07
VGX 0.0

VGY 0.0

vGZ 0.0

ROW NUMUER

VOX 0.0

voy 0.0

VOZ -0,92460L-01
vVux 0.0

vwyY 0.0

VWZ =-0,35160-05
VGX 0.0

VGY 0.0

VGZ 0.0

LAYER NUMBER
FESESE SR EN S

ROW NUMBER

vOoxX 0.0

voy 0.0

VvO0Z =0.87760-01
vHx 0.0

vwyY 0.6

vwzZ 0.0

VGX 0,0

vGY 0.0

vGZ

0.0

060
=0.47750=-01
=-045356D~-08

0.0
-0426890-06

0.0

0e0

o.o

3

=0+2079D-04
0.0
=0.92700-01
-0.304810-11
0.0
-027070-07
0.0
0.0
0.0

=Je36880~02
0.0
=0.92700-01
-0.79440-09
D.0
“0.4101D=07
0.0
0.0
0.0

2

-0.20800~04
0,0
~-0.87760-01
0.0
0.0
0.0
0.0
0.0
0.0

0.0
=06 87 75L=-01
=0429300-10

0.0
=0+25540-00

0.0

0.0

0.0

=04 18980-00
V.0
-0.92700-01
=0427800-13
0.0
~0426960-07
0.0

0.0

0.0

=0¢2070D-00
0.0
~0¢92700-01
=0¢3020D-11
0.0
~0,27010~07
0.0
0.0
0.0

0.0
-0e872750~01
~0e13620~12

0.0
=0.25540~06

0.0

0.0

0.0

~0.12740~08
0e0
=0e92700~01
~0e18610~1S
0.0
~0e20950~07
0.0
0.9
0.0

~0e¢9543D0~07
0.0
~049270D0~01
~0e14020~-13
0.0
~04206950-07
0.0
0e0
0.0

0.0
-0.87750-01
~0.99440-10

040
=0.2554D0-06

0.0

0.0

0.0

=~0e84200-07
0.0
=0.92700-01
=0.10940-11
0.0
=-0e¢2695D-07
Va0
0.0
0.V

~0427400-06
0.0
=0.92700-01
-0.12060-10
0.0
=0+2696D0-07
0.0
040
0.0

=0, 18990-00 -0,12960-08 ~0.34440-07

0.0 0.0 0.0
~0¢87760-01 -0,87760-01 -0.87760-01
000 °.° 0.0
V.0 Oe0 0.0
0.0 0.0 0.0
0.0 0.0 040
0.0 0.0 0.0
0.0 0.0 0.0

0.0

0.0 0.0
0.0 0.0 040 0.0 0.0
=0.87730-01 -0.79580D-01 0.0 0.0 0,0
=0¢1436D-06 ~0610230-03 ~0+438520~01 =0429730+00 0.0
0.0 0.0 0.0 0.0 060
=069107D~00 ~0¢2293D0-03 0.32510-02 =0,9016D-03 ~0,5161D0~03
V.0 0.0 0.0 0.0 0.0
Ve0 0.0 040 060 0.0
0.0 0.0 0.0 0.0 040
=0e31220~04 -0e34610~03 -0,2454U0~04 0,0 0.0
0.0 0.0 0.0 0.0 0.0
-0e92069D0-01 -0.89040-01 -0,35850-02 0.0 0.0
=~0+63280-08 =0+,39940-04 =0,20340~01 =0,1770D0¢00 0.0
0.0 0.0 0.0 0.0 0.0
=0.98300~07 -0+498030~04 =0,1247D0-01 =0,11010-01 =0.13950-02
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 060 0.0
=044750D-04 ~V454820-03 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
~0e92670-01 —-0.81910-01 0.0 0,0 0.0
=0:15310-06 =0+2455D-03 =0.6499D~01 =0.292504¢00 0.0
0.0 0.0 0.0 0.0 0.0
~048188D-06 ~0414300-03 0,95910~02 ~0464890-03 —0.57500~-03
0.0 0.0 0.0 0«0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 040 0.0
~0420890-04 ~0,2795D-03 -0,1985D-04 0.0 0.0
04V 0.0 0.0 0.0 0.0
~0e8776D-01 =-0.8364D-01 -0.2850D0-02 0.0 0.0
~0.13600-08 -0,52370-04 -0.22680-01 =0.1849D¢00 0.0
0.0 0.0 0.0 0.0 060
=0410850-07 ~0,1293D-03 -0.12650-01 ~0.83400-02 ~0.11220-02
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 040 0.0
0.0 0.0 0.0 0.0 0.0
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Table 9 (cont'd)

ROW NUMBER 1
vOoxX 0.0

VOY 0.0 0.0
VOZ =0.8754D=01 -0.8776N-01
NuX . 0.0 Qe
ywy Vev VeV
VWZ ~0433320-05 0.0
VGX 0.0 0.0
VGY 0.0 0.0
VvGZ 0.0 0.0
LAYER NUMBER 1

[E XA 23 L E B )

ROW NUMHBER 2

VOX 0.0 -0.20830-04
vy 0.0 0.0

VOZ =093690-01 ~0,93690-01
VUX 0.0 0.0

vwy 0.0 0.0

Vw2 0.0 0.0

VGX 0.0 0.0

VGY 0.0 0.0

VGZ 0.0 0.0

ROw NUMEER [}

VOX 0.0

vOoY 0.0 0.0

VOZ =049347D=01 =0+9369D-01
VX 0.0 0.0

veY 0.0 042

VWZ -2.2524D0-05 0.0

VGX 0.0 0.0

VGY 0.0 0.0

VGZ 0.0 040

~0s36890-02 ~9.20710~-08

0.0
=087 7¢0-21
0.0

Vev

0.0

0.0

0.0

0.0

~0.19010-006

0.0
~0.,9369D~-01
0.0
0.0
0.0
0.0
0.0
0.0

=0+¢30920-02 ~0.20730~08

0.0
~0¢93069D-01
0,0
0.0
0.0
0.0
0.0
0.0

~0.96510-~07
0.0
~0.87700-01
040
Vew
0.0
0.0
0.0
0.0

=0.66180-00
0.0
~0.87760~01
0.0
veu
0.0
0.0
0.0
0.0

=0.84770-04 -0,79830-04
0.0 0.0
~0.87700-01 ~0,17760~01

vewv vew
~0415650-05 ~0,43470-02
0.0 0.0

0.0 0.0

0.0 0.0

=0413010-08 ~045727D0-07 ~0.4517D0-05 ~0.6700D-04

0,0
~0.93690-01
0.0
0.0
0.0
0.0
0.0
0.0

-0.10450-00
0.0
~0.9369D0~-01
0,0
0.0
0.0
0.0
0.0
0.0

0.0
=0493690-~01
0.0
0«0
0.0
0.0
0.0
0.0

=03423D-05
0.0
—~00923690-01
0.0
0.0
0.0
0.0
0.0
V0

0.0 0.0
~0.9369D0-01 -0.89350-~01
0.0 ~0.52040-04
0.0 0.0

0.0 ~0.13520-03
0.0 0.9

0.0 0.0

0.0 0.0
~0e35900~04 0.,23560-03
0.0 0.0

~0492990-01 -0.33940-~01
~0+.60930-0% -0.3963D-02

0.0 0.0
~0+21540-04 ~0,4087D-02
0.0 0.0

0.0 0.0

0.0 0.0

0¢1478D0-04

~0.1596D~01

=0+1069D+00

-0.55610~-01

060 0.0
00 0.0
0.0 0.0

=01 =002918D¢00 0.0

weow vow

045370D~03 ~047068D~03 =0.4850D-03

=0424870-01 =041934D¢00 040

0.0 0.0

0.0 040

0.0 0.0

000 0.0

0.0 0.0

-0427140-02 0.0 040 o
oo

0.0 0.0
~0481610-01 ~0.8161D-01
0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0

0,0 040
=062922D0¢00 0.0

0.0 0.0
~0.81610-01 -0,81610-01
0.0 0.0

0.0 0.0

0.0 0.0
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underrunning oil. The water fronts in the rock matrix move
slower than the ones in the fractures. Water-oil ratio
reaches 100 (condition for water breakthrough) in approxi-
mately 257 days as shown in Figure 12.

Thomas et al original results are illustrated in Figure
13. Comparisons between the two results indicate that water
moves much faster and thus breaks through earlier in this
study than what had been reported by Thomas et al.

The reason for these discrepancies may be explained as

follows.

6.2.1 Difference in the Injection Rates

Thomas et al set initial water injection rate at 7000
STB/day with a constraint that the rate would be adjusted and
reduced as time progressed so that the flowing bottomhole
pressure would not exceed 7400 psig. In this study, however,
the constant water injection rate of 7000 STB/day and produc-
tion rate of 4000 STB/day are used due to the incomplete data
given on productivity indices and rate schedules. This pro-
duces a net effect of adding 3000 STB/day which inevitably
leads to a build-up of the reservoir pressure. In reality,
the reservoir as well as the wellbore equipment cannot accom-
modate such a build-up for a long period of time without
adjustment of the rates.

This difference in injection rate schedule, therefore,
contributes to the earlier water breakthrough reported in

this study.
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Figure 13. Fracture 50% Water Saturation Prgfile and
Matrix 40% Water Saturation Profile (after

Thomas et al. example).
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6.2.2 Difference in the Capillary Pressure Data

Thomas et al set the fracture capillary pressure to
zero and used straight-line fracture relative permeabilities
in their study. They were able to neglect capillary pres-
sures in the fracture by virtue of their solution technique.
Their scheme reduced the flow equations into three equations
in three fractured unknowns: pressure, water saturation and
gas saturation. In this study, the formulation scheme pro-
duces six equations in six unknowns. The six unknowns are
0il-, water-, and gas-pressures in the rock matrix and the
fractures. This type of formulation requires nonzero capil-
lary pressure data, particularly the nonzero slopes of PC
versus saturation.

This basic difference in problem formulation together
with Thomas et al assumptions of zero fracture capillary
pressures are believed to be partially responsible for the
differences between the two results. In the following section
it will be shown that the solution to the pressure equations
is, in fact, influenced largely by the capillary-pressure-

related terms.

6.2.3 Dominance of the Capillary-pressure-related
Coefficients
One advantage of using the PSOR method to solve the
pressure equations is the fact that the method expresses an
unknown explicitly in terms of known estimates of other var-

iables. Therefore, it is easy to observe the relationships



105
among variables and how much impact a certain variable has
on the final solution.

To illustrate this point, a portion of the coefficient
matrix of one grid point at a certain time step (grid 5,1,1
at time step 20) is listed and shown in Figures 14, 15, 16
and 17 for the water and o0il equations in the rock matrix,
and the water and oil equations in the fractures, respectively.

In Figure 14, besides coefficients (BW) and (DW), the
coefficient (UW) has the largest magnitude among all other
coefficients. Since the coefficient (UW) belongs to the

variable Plo’ the solution for P will be solely dominated

1w

by the value of P As shown in Appendix C, this (UW) is

lo~

basically a function of (dswl/dpc Thus, it is apparent

owl)'
that the value of this capillary-pressure-related term plays
a major role in influencing the answer.

Similarly, in Figure 15, aside from (BO) and (DO), the
coefficient (UO) has the largest magnitude. (RO), which is
the next largest coefficient, is several orders of magnitude
less than (UO). Hence, the solution for P10 will be domi-
nated mostly by the values of Plg which has the coefficient
(U0). 1In other words, the o0il pressure in the rock matrix
is related more closely to the other phase pressures in the
rock matrix than to the oil pressure in the fractures. This
is why fluids in the rock matrix move at a slower pace than

they do in the fractures.

After inspecting Figures 16 and 17, similar findings
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TR S e ————— R S 71, 17 K
I RRORRRKRK ORI O, 280145
GY XX 0.0
EW %k 0.0
Al Xk 0.0
CU %k 0.0
FU %X 0.0
HW Xk 0.0
RU %X 0©.0
Ul SRR KK 0.560143
;:1i'j,k= = CDW; 5.k Gwi,j,kpg;1i,j,k-1 - Ewi,j,kpg;1i,j-1,k - ‘“i.j.kpga1i-1.j.k
1.5k
n+1 n+1 n+1

= W5 30k Plw 14,3,k = T4, 3,%F1w 1,541,k 1, 5,kF 1w 1,5,k

n+1 n+ 1 )

= R P oi,5,0 T Wi, 5,kF10 1,5,k

Figure 14. Water Equation in Rock Matrix and Relative
Magnitudes of its Coefficients.
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B Rkl R RRK IR | —0.228947 !
[0 KKK KA IRKIKRRRKRKK 0 . 20526

VD RRRRRRRKKKKRKORKRORORKK 0. 279043

GO %k 0.0

E0 %X 0.0

A0 XKKX  0.1707d0

CO  %kkK 0.1707d0

FO  %kkk 0.1707d0

HO  %RRRRRORKKIKKKRRK 0, 273142

UD SRR RS AARIA IR KK 0.228747
RO 0RRRRRKRRRIORKRKKORRKK 04173944

wl a1 - +1 - €0, . B2, .
Plo 1,3,k = %507 V05 1,5,k 60; 5 ,1F10 1,3,k-1 = E%,3,kP10 1,3-1,k
1,3k
+1 n+1 n+1
- - oo g = FO, PR
80; 5 kFlo 1-1,3,k ~ ©%%,5,kF10 d41,3,k T T0%, 5,k 10 1,347,k
n+1 - n+1 - RO. Pr1+1 . )
= 04 P10 43,001 T P03 kMIE S0k T TOE 30 R0 1,50k

Figure 15. O0il Equation in Rock Matrix and Relative
Magnitudes of its Coefficients.
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FEU XAk | —0.193142 |
IFY HRIKIRRIRAKKIREKKKIKKKKAAKEKK 0. 9646903
FRU XX 0.0
FGW1 %% 0.0
FGU2 XX 0.0
FGWS %X 0.0
FGWA %X 0.0
FGUS %X 0.0
FEW1  *x 0.0
FEU2 %% 0.0
FEUZ %% 0.0
FAWl %% 0.0
FCUL %X 0.0
FFU1 %X 0.0
FFU2 %X 0.0
FFU3 %% 0.0
FHWI %X 0.0
FHU2 %X 0.0
FHUZS %X 0.0
FHWA %k 0.0
FHUS %% 0.0
FuU B e — 0.193142
Prv 1,3k = = PPV gt FRYL 5 Phe 1,300 = TV 5 e 4, 31 ket
i, i,k
- ngai,j.kP¥:1i-1.J,k-1 - FG“3i.j.kprl;1i.:l.k-1 - FG"“i.j,kP¥:1i+1.j,k - FG¥3;
- FEW1i,j,kP¥:1i-1,j-1,k - Fszi’j'kP§:1i.j_1'k - FE"3i.j.kP;;1i+1.j-1,k - FAWY, 4.
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- FHW1i,j.kP;:1i,j-1,k+1 - FHwai.j,kP¥:1i-1,j,k¢1 - FH”31,3,kP¥:1i,3,k+1 = FHhy
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Figure 16.
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Water Equation in Fracture and Relative Magnitudes
of its Coefficients.
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FEO ********.********m********************* I ~CaBO62040 |
IFo RIRKKK KK AR KK KKK KKK KKK K RAORAKHK KKK KKK K 0.14414%

FRO KEKKKKAKKKIRIKKIKIK KK KRR K ENK 0, 173984

FVo KERKKKKKKKKKKKKKKKK 00962041

FGO1 %X 0.0

FGO2 %X 0.0

FGO3 %% 0.0

FG04 %X 0.0

FGOS %X 0.0

FEO1 %X 0.0

FEG2 %X 0.0

FEO3  *x 0.0

FADL  XK0KKKOKKKKKKK  0.1707d1
FCO1  XKIRKKKKKKKKKK  0,1707d1
FFOL %X 0.0

FFO2  XKKKKXORKKIKKK  0.1707d1
FFO3 %% 0.0

FHOL %% 0.0

THO2 %% 0.0

FHOS  %okkolokkokkkkionononkk 0, 2723102
FHD4 %% 0.0

FHOS %% 0.0

FUO " RRKKIKKIAKKA AR AR KKAKKIAKKKKAIKKAKAKK KK 0.78854%
n+1 - n+7 n+1
= FO. . .- FRO, . ,PoY' . A
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- - FEO3. C o - S -l
E’Eoz:i..j.k fo i,j-1,k Fu031’j,ka° i+143=1,k FAO iejek"fo i-1,jek
n+1 n+1 n+1
- - .. c .. - R -
FCOl; 5 xPfo s+1,3,k ~ T70%,35,kF00 1-1,3+1,% ~ T 0% 5,kFf0 1,341,k
n+1 n+1 LS
- - . . - R -
FFO3; 5 1kFfo i+1,3+41,k = FHOT3 5.kFfo i,5-1,ke1 ~ THO%5 5.1Pro i-1,3,ke
+ n+1 - Pn+1
- FH°3i,j.kP?o i,d,ke1 = FHOM 51 Pro 341, 3,ke1 ~ THO55 5 xFro 1,341 ,ken
- Fuo, .  p**? )
1yJyk fg i,3,.,k
Figure 17. 0il Equation in Fracture and Relative Magnitudes of

its Coefficients.
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emerge. The variable largely responsible for the wa solu-
tion is Pfo which has the coefficient (FUW) related to

(dSwf/dP As for the variable Peys its solution is

cowf)'
largely affected by the value of Pfg which has the coeffi-
cient (FUO) related to (dsgf/dPCgof).

The implication is that the phase pressures in the
fractures relate to each other more rapidly and spontaneously
than they do to the phase pressure in the rock matrix. and
vice versa. So, the fracture injection/production rates
would be felt faster in the fractures than in the rock matrix,
and conversely for the rock matrix.

Consequently, one can make the following deduction:
the conventional way of assuming that fluids first flow from
the rock matrix into the fractures and then flow through the
fractures toward the wellbore may not be an adequate descrip-
tion of the flow phenomenon in the naturally fractured reser-
voir. What is 1likely to occur is that a portion of fluids
would converge to the wellbore through the rock matrix while
another portion is converging through the fractures. However,

the vatio of the rock matrix flow to the fracture flow is

difficult, if not impossible, to determine.

6.3 Effect of Lowering Injection Rate

As discussed earlier, the use of constant 7000 STB/day
water injection rate inevitably leads to unrealistic pressure
build-up in the reservoir, and may result in a convergence

problem. In order to investigate this rate effect, the water
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injection rate is reduced to 4000 STB/day. The simulation
program is run with this new rate and the results are shown
in Figures 18 and 19. It is noted that water breakthrough
occurs at approximately 288 days, an indication that water
moves through the reservoir at a slower pace than the case
in Figures 10 and 11.

This suggests that in order to keep the reservoir
pressure from growing out of control, a reasonable rate
schedule should employ a stair-step pattern in which one rate
would be maintained at a constant for a certain period of
time followed by a new lowered rate which would be constant

for another period of time, and so on.

6.4 Effect of Fluid Velocity in the Fracture

The fracture velocity distributions such as the one
shown in Table 9 are observed over an extended period of time.
It is noted that the absolute values of these velocities are
less than 3.5 ft/day. With such a small value, one tends to
think that fluid flow through the fractures would be in a
laminar region, and therefore would not be affected much by
the fracture velocity.

To check this point, the simulation program is rerun
without calling the VELOCY subroutine at the end of each time
step. This amounts to keeping velocity and acceleration at
their initial conditions of zero, and in effect, neglecting
the fluid velocity in the fractures. The results of this run

turn out to be identical to the first run (Figures 10 and 11).
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This indicates that for the permeability data and production
data used, the effect of fluid velocity in the fractures is
negligible.
Incidentally, with regard to porosity, it should be men-
tioned that porosity distributions in both the rock matrix
and the fracture remains relatively unchanged throughout the

simulation period.

6.5 Recommendations for Further Improvements

The simulation program developed in this study represents
a significant step toward a better understanding of the natu-
rally fractured reservoir. However, because of the complexity
of its mathemaiical model, the simulator may have some flaws
inadvertently hidden in it. And certainly, it will take more
programming tests with more field examples to perfect the
simulator. In this section, suggestions for improvement of
the simulation program are discussed.

The range and magnitude of a certain data set is very
important in insuring the stability of the problem. For
instance, the injection/production rates should not be so
unrealistically high that the formation cannot sustain it.

An improvement can be made in this regard by adding new
statements into the program which specify maximum/minimum
flowing bottomhole pressures and relate them with the block
pressure and productivity index to compute the flow rates.

Another improvement can be achieved by adding statements
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which automatically decrease the time step size if the satur-
ation changes during the previous time step are too large.

It should be pointed out that the largest time step
size used in this study is 1 day, for a convergence problem
is experienced when a larger step size is used.

A long-term improvement may be the development of a
similar program for a limited compositional hydrocarbon model.
Moreover, instead of a linear interpolation routine, the use
of other types of interpolation technique should be explored.

Finally, it must be emphasized that the quality of the
simulation results is only as good as the quality and accuracy
of the input data. Therefore, special care should be tzken

in obtaining or measuring data for the simulator.



CHAPTER VII

CONCLUSIONS

This study presents the development of a numerical

simulator for naturally fractured reservoirs. The principal

conclusions can be summarized as follows.

1.

2.

The new mathematical flow model is derived for
characterizing the multiphase fluid flow through
naturally fractured reservoirs. This model permits
flow through the rock matrix and the fracture to be
described simultaneously. The fluid interaction
terms, the gravity effects, ths capillary forces
and the fracture veiocity eof fluids are all taken
into consideration.

A finite-difference, three-dimensional, black oil
simulator has been developed according to this new
model.

The simulator is capable of handling the isotropic,
heterogeneous rock matrix and the anisotropic,
heterogeneous fracture as well as the fracture
orientation.

The presence/absence of fractures at any particular
location in the reservoir can be statistically gen-
erated a priori by the Monte Carlo method; this

116
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randomly generated location can then be inputted
in the simulation program.
For the data used in this study, the phase pres-
sures respond to each other more rapidly and spon-
taneously in the fractures than they do to the
phase pressures in the rock matrix, and vice versa.
The conventional way of assuming that fluids first
flow from the rock matrix into the fracture and
then flow through the fracture toward the wellbore
may not be an adequate description of the flow phe-
nomenon in the naturally fractured reservcirs.
For the data used in this study, it appears that
the fracture velocity of fluids has a negligible
effect on the results.
The simulator developed represents significant ad-
vances toward a better understanding of the fluid
flow phenomenon in the naturally fractured reser-

voirs.



NOMENCLATURE

Nondimensional constant; or formation volume
factor (bbl/STB or bbi/SCF)
Mass fraction of component i in phase j
Compressibility (psi-l)
Depth measured positive downward (ft)
Fracture half width (£ft)
Fracture distribution function
Acceleration of gravity
Unit conversion factor (32.174 1bm-£ft/1bf secz)
Absolute permeability (md)
Fracture permeability tensor (md)
Relative permeability of phase j
Characteristic half length of a fracture (ft)
Total number of grid points
Fluid pressure (psi)
Flow rate, positive for injection and negative for
Production (STB/day or SCF/day)
Solution gas-o0il ratio (SCF/STB)
Hydraulic radius for fracture (ft)
Phase saturation
Time (day)
Bulk volume (fts) = AX*Ay-Az
Velocity of fluid phase j (ft/day)
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X,Y,z = Rectangular coordinates
o .= Angle of the x-axis to the horizontal plane
B8 = Angle of the y-axis to the horizontal plane;

or parameter in fluid interaction term
T = Fluid interaction term between the fracture and

the rock matrix

Y = Angle of the z-axis to the vertical plane
€ = Tolerance limit

A = Fluid mobility

u = Fluid viscosity (cp)

0 = Fluid density (lbm/ft>)

® = Flow potential (psi)

® = Porosity

w = Relaxation parameter

Note: Units, if given, are in oil field units.

Subscripts

C = Capillary pressure
f = Fracture

G or g = Gas

(W
]

Hydrocarbon component; or grid point in x-direction
= Hydrocarbon phase; or grid point in y-direction
= Grid point in z-direction

Rock matrix

o = = u
1]

or o = 0il
= Relative value

Standard conditions

n
I



W or w

= Water

Superscripts

k

n

Iteration level

Time step level

Symbols

-

B > < ]

b FL Y

Vector

Tensor

Nabla differential operator
Delta or increment

Unit vector in x-direction
Unit vector in y-direction

Unit vector in z-direction
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APPENDIX A

. Comparison of Units and Conversion Factors

* EX 3
s SI Darcy or O0Oilfield Conversion
Symbol Definition Units cgs units - Units Factors
q  Flow Rate m>/S cm>/S STB/day  5.434396 x 10°
q Gas Flow 3 3 6
€  Rate m°/S  em>/S SFC/day  3.051187 x 10
k Perme- 2 15
ability m darcy md 1.01325x 10
u Viscosity Pa.S cp cp 1x103
P Pressure Pa atm psi 1.450377 x 10 %
X,¥Y,2 Distances m cm ft 3.28084
. 1
t Time S S day 86400
c Compres- -1 -1 -1 3
sibility Pa atm psi 6.894757 x 10
T Temperature K K R 1.8
Density kg/m> gn/em  1b_/£t3  6.242797 x 10
g Gravita-
tional Ac- 7 2 2
celeration m/S cm/S ft/S 3.28084
g Conversion -
© Constant 1 X80 EMCM 3y gy 32.17
N.S dyne S -
or lbm ft
1 ke 1bf-s2
PaS™m
h Thickness m cm ft 3.28084
Vv Velocity  m/S cm/s ft/day  2.834646 x 10°

* The SI is a coherent unit, so equations written in this

unit do not need numerical conversion factor.

** To convert from the SI unit to the oilfield unit, multiply
the SI unit by the corresponding conversion factor.

124



125

Some Useful Conversion Factors

Area: : 1 acre = 43560 ft2

Permeability: 1 darcy =1000 md
) 2
9.86923x 1013 ™

9.86923 x 10 0 cm?

Viscosity: 1 poise =1 E%?E
= 100 cp
= 0.1 Pa-S
= 6.719689 x 10 2 ?1;.%
= 2.088543 x 10> lbf;s
ft
Volume: 1 bbl = 5.614583 £t
= 42 gal
1 gal = 3785.43 cm°
= 231 in3
1 £t° = 7.4805 gal
= 28.317 liter
1m® = 6.2898 bbl
Pressure: 1 atm = 760 mm Hg. (0°c)
= 33.8995 ft water (4°c)
= 14.696 psi
= 1.01325 bar
= 1.01325x10S Pa (pascal or N/mz)
Mass: 11b = 453.59243 gm.



APPENDIX B

COMPARISON OF EQUATIONS UNDER SI UNITS AND OILFIELD UNITS

SI UNITS OILFIELD UNITS
Darcy's Law For Flow in Rock Matrix
V,.=- Xafr1s [ VP £ vDj V,.=-0.0063283 b 30 [VP
13 M1 157 P31 g, 130 Wi 1j
I
| 147 P51’ D]
Equation of Motion In Fracture
k_. K V. k. :cK
- =—tIff o gp L, L __fi V..=-0.00632835 —tif f.wp_.
ij Y £5 "if g. ot fj Y . fj
oV ..
) g -14 fj
1
- 147 Pjs VDI
Water Equation for Flow in Rock Matrix
K,k 0 K.k
“1rlw WS . 17rlw
Vel {VP,. -s+—VD}] 0.001127 v- [——————- {vP
Bwl“wl v B Buwitwi 1w
-1 ws
Hluwlel 1w ~“fw’' Ax-Ay-Az
Klkr1w¢’f
-0.001127[T—B— (le' wa)]
_ 3(5 /B, H MWl wl
= d)l 1
s _ 1 2 (Sy7/By)
Y A%AyAz 5.615 91 5¢
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SI UNITS

OILFIELD UNITS

0il Equation for Flow in Rock Matrix

K.k_. K.k
1°rlo _ 1 rlo
A [—g—z—— {Vplo P o1 2, £ vp] 0.001127 V=[5~ T {VP10
o ol
KiKr10% (P1o7Pgo) — - p . VDH]
- [——T—_—__ ] 144 "ol
TylugiBog
K.k
q K1Xr10 f(P -P. )
oS _ 9 (s _./B_ ) - 0.001127 [————— fo’]
* Ax*Ay-Az ~ %1 3% ol" "ol rHluolBol
s _ 1 3 (S /B _.)
* Fxby-8z - 5.615%1 3¢ ol ol
Gas Equation for Flow in Rock Matrix
v- [§l—llﬂ (VP P, q 2= D}] 0.001127V- [—l—llg{vp1
gl gl g 88 gl gl g
R XK.k
sol” 1 rlo - g o1 .
el {AP ol g VDH 7T pg1VD}] + 0.001127 V¥
o1¥o1
R K,k
¢ - sol™1rlo o1
- Kikrig®s (P Peg) -3 0B, - 147 Po1"DH]
v _.B o1%o1
Ty gl gl
- ¢ -
K1k 109 £Rs01 (P "Pgo) - 0.001127 [————lﬁ—ﬁ—(Plg Peg)y
. (TR ’ Tyltgy 8oy
Ty*Ho1®01
K.k ¢ R
q S R S 1°rlo £ sol(P, . -P.)
gs _ ) 1 sol”ol - 0.001127 I lo “fo’]
* Ax-Ay-Az'-¢1'§E[B "B ] THlkg1B01
gl ol
gs 1 _, 2 [fgl
T &hy-Bz 5.615 *1 3t By
R .S
sol ol
t—g. )

ol
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SI UNITS QOILFIELD UNITS
Water Equation for Flow in Fracture
k_ X o 3V k
v 2L L qop, L 0.001127 A- [Brwf £ op,
wf wE wE 8c Wi wE
o p,.. 9V
- 2% Evphy + 2.801738x 1014 ¥ W
wf 8¢ wE
Kkl Pr P 1 - L Sws gy
[——Tjg—i—— fw 1«'14.BWf
Tyt Swifw1
K.k .. ¢
Yist 3 Suf, + 0.001127 [ 1 riw £ (P. -P_)1]
AxsAy-Az °f 3t [% Tlky By 1w T EW
S
YWsf  _ 1 " j[j-yfd
Ix-Ay-bz  5.615 °f 3T “wf
0il Equation for Flow in Fracture
k. K 3V k. K
rof f fo rof f
Vel g—-{VP —_ 0.0011279-[ «{VP
Bofuof fo' Po1 8. ot Bof of fo
_ g _ 3V
P vD}] 14 fo
ol gC + 2.891738x 10 po1 3t
o) 1
1 rlo f - =57+ 0 . VD}]
t e (P )1 144 ol
H1 Bol“ol 1o fo
K.k . ¢ -
Gost s + 0.001127 [?%-g—l"u—fﬁ’lo Peol
+ =2 = L [ H™ “ol"ol
Ax*Ay+Lz f ot Bof S
Bost 1, 3 %
Ax=Ay-Az  5.615 *f 9t “of




+

k_ K oV
[EE= P+ 0y £ 1

gf“gf g g gC

- £y

el 2. D} ]
+V.[Rsofkrofo < {VP
Bogbos fo
v
1 fo g

Pal1 3~ 357 ~ P - VD}]

ol 8¢ ot ol g,
L e P

Ty ugl g1 1g g
Kikr10®Rso1 (P, -P. )
[r 1 B lo "fo’}

H™ Yo1%01

S

6 f _ i['Bjiq'

Exhybz - % 3t Bgf
Rsofsof]
Bof

SI_UNITS
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OILFIELD UNITS

Gas Equation for Flow in Fracture

k_ K
0.001127 v-[glﬂg—io{vpf +
gfgf g
oV
gl ot

2.891738x 10 1%,

1

147 DgIVD}]
Rsofkrofo

+ 0.001127V[—
ofHof

°{vpfo

oV
+ 2.891738 x 10 14 o1 —a%

T%T p01 vD}1]
K.k

0
0.001127 [rllrsg g
H gl gl

+

Kikr1o®£Rso1 (P
B

= lo-Pfo)]
H* Ho1 01

+

0.001127 [

st 1

d
BX-Ay-Az _ 5.615 Of 3T

[ 3

ng + Rsofsof ]
gf Bof



Water Equation in Matrix Rock

EXPRESSIONS FOR THE COEFFICIENTS

APPENDIX C

(Bwl==1 when water is

incompressible)
GW - VB ( Ki¥r1w )n."'l/z
i:j ’k AZZ Bwluwl 1, ,k'l/z
EW. . _.VB ( Kikriw ff%
i,j,k Ay2 Bwluwl i,j-%,k
AW _ s ( “1fraw )n-wz .
1,3,k 42 ° BygHyp “17%,35k
BW = (Klkrlw n+ (K krhﬂ)p&%
i:j 3 AZ wlum i,j, k-4 2 B 111 1,] JK+3
R T b~ T S S U SN
Ayt Bt 137K 02 Bgug, 71,34,
1 Kkeiw ooy 1, Krw
+ ( )‘ 1 3 + ( +1
Ax? B'wluwl 1-%,3,k ax?  Burtwa T1Yeds
n - n N o1
" 4, ' 7 5 ¢
R R < Vs S s U S | Wl'i,]
4 7 +15
rHl Bwluwl i,j,k At 3312
i,3,
n +5
* Sl |
o dadak Lk o 1 'nds
B )i,k
wl e
*This last term is zero when water is assumed
incompressible.
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\' K.k

B 1'rlw (n+%
CW. ., = n+s o
i,k Tz OB Jivn,g .k
VB Klkrlw n+%
W 5.k = 2 U 05,54,k
2702 Ay wl wl »J %2,
" _ VB K1kr1w n+i
B sk =7 Ce. )4,5, k4
i Az wl"wl 2] » X772
7 n
! = 1B(¢f)i,j,k KiKriw \n+y
RW; 5.k = 1l (e Ji,ix
i H wl wl 23
n !
- _ VB0, 5,k w1 )i, 5,k
i,j,k n+i
At Bwl. )
i,j,k
n n
- - @) S0 5% Gk Flom Pl . 2
i,jk Us1’1,j,k At B+ 153>
wl. .
i,j,k
+ Ii/z (BL )'n"‘”z 111 ] *
YiL,d.k Pwl 1,3k ML,k
n+;
2B Py j,k E-sinaf( A )Wz - ( Ly )n% ]
Ax T g B M1 ~1¥i.JoK B 1M1 17%.35k
1 Klk 1 n+s Klk 1 n+
V, o277 £ singl( =), - - (L ]
- Z;- WIi,j, &c Buttw ~1.3%a:K E';vluwl 1,37%,k
n#s 1 1
- Yﬁpvﬂi j.k £ os [( Klkrlw )n+2 - ( K1kr1w r)1+2. ]
z =7 gc Y B'wluwl 1,3,k Bwluwl 1,3,k

® . . . . .
This term is zero when water is assumed incompressible.
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0il Equation in Matrix Rock

n !
Vg(01)5 5 x (Sy1).

VO, .. = - i,j,k
1,3,k 77y gt ’
i,j,k
. TS S
1:jak AZZ BOl“Ol 1,jak']/z
1
£o I B LS T Nk
i’j’k A}’Z BOluO]. 1’.]'1’2,](
1
AO. ., = B (Klkr1°)1.1+2.
1,3ok 0 px? 7 Bop¥or 14,00k
1
30 sl Mo ™R 1 Mo 2
i:j’k B AZZ Boluol I:J’k'l/z Ayz Boluol 1’3—1531('
25 1
O TP b~ i B s -
cy L s
sz Boluol 1-%,3,k sz Boluol 14,3,k
1,
! Klkrlo ?+% + 1 Klkrlo )?+f
ay? - BotMor TE.3Fsk 5,2 BogHgy 1,35k +s
n n ''\n
1 .. ..
. (¢f)i,i)k K1krlo )n+2 . Gbl)l,J,k (Sgl)ljJ,k
i3 ' 1
rHl Boluol i,j,k At gz
ol. .
i,j,k
]
s, " ; , "
1 n+ n+is 1 n+;
-—5——+(1-5 -5 YOg— )5 53 h
Bl gli 5k "lijx Bop 1.3k

1,7,k



CO.;

FO3,5.x

HO; 5,k

U0; [5,x

RO; .3,k

DO; 5,k

i,j,k
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Vg ( Kik1o )n+%

i+
sz Bol“ol i+3%,],k
VB ( Klkrlo )n+]/2
Ayz Boluol 1,3%%,k
VB Klkrlo )1:”%
Az? " Boibop T1s3nk+:

V (¢ )1 1Jk(sg1)1 j,k

AT B
°1i,5,k%
Ve )T sk . Kikppo )n+%
Tyl BoikHo1 "1535K
n
0osl’i,j,k At Bn+/
°li .k
(Swl) !
2 ’k +s I+
R T e Lt
B i,j,k i,j,k ol i,j.k
ol j,k
]
n
- (sgl)i,j,k pi + (Swl)i,' k pn ]
Bn+% lgi s X Bn+% lw X
ol. - 5] i,7,k i,j,
i,j.k
n+/ 1 ’/
B(pol) 1,3,k _g__sma[(Klero) n+s (Klkrlo) o ]
13 3 i-1
T BAx 8. Bolu 1+2,J,k Bollbl 55 oK
K,r n+is K.k n+
1 rlo “1rlo
V ¢ £ sinB . - .
Ay( 01) EE Ec " [(301”01)1’3“’2’k B oo 5%k’
1 1
Va(o )0 L & cosy [( fifro 7 ( K10 yo
o0l’1 J k gc Bol ol i,j,k+s ‘B . H . luo; i,j,k-%

Az

]
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Gas Equation in Matrix Rock

- n n+ '\n
_ Vpleady 5% Rso1, . . Gunldi,j,x
VG, = 1 1,7,k
i,j,k ¢ Bn;/z
°%1,3,k
- VB RsolKlkrlo N+l
6C0; 5,k = —2 ( —% i,j,k-1
153 Az o101 1,3,K72
EGO. . = VB (RsolKlkrlo n+’/z
1] ’k Ayz Boluol 1’3—1/2’1(
AGO _ B Rsortfikrie jm
1,3,k sz B01“01 i-3%,].k
1 1
BGO covo L Borfifrio 21 Reorfifre
. .. s
i,j,k B*,2 Bodoy “1.3.k% Ay2 Biop 1.7k
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Ly 1
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1 L
o1 Bsotfifeo M 1 Reoifirao 7
ay?  BotMor  Tied¥sk 20 Bopgy o 1,3.k*s
1n 1. n - ' I:l .
L ek (KlkrloRsol mez o 09) 5 ‘ (Sg1)3 5
rHl Bolu ol i,j,k At B 111+15
84,5,k
n+i; '\n n+s ' yn
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. soli " gl 1,5,k 501i,J,k wl i,j.k
BT B
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n+i
VBPe)iL ik g gnor ot M Kikg e
Ax gc Bglugl 1+1/2,J,k Bglugl 1';5’3313

V, (p.)¥2 R Kk .. R, K.k . n+s

- B OlLL 0K 8 gpgp( SQL L rI0 ynts S sellrloym*
_ s s
& BojHor  “i¥ ok Botbor 17,5k

V., (o) K.k . n+h K.k ;. n+s
- B eligok 8 ginepe X&) 7 - SLrlg ot

Ay gc Bgﬂél 1,3)%5, Bgﬂ%l 1:3”%k

n+i 1

] Xg COSUNR" £ sing [( Rso1¥1¥r10 )?+? - Rsorfi¥rio )?+% ]

By e BoMo1 1,J+4,k BotMo1 1,574k

v, (p. )2 K.k . n+s Kk . n+h
R % P - SV NS U i oS

Az gc Bglugl 1’J’k+1 Bglugl l’J’k_f

V, (0.5 R K.k o n¥s Reo1Kik o 0¥
. B ol 5k g o pSollrlo y Tt _Sellrloy

.- 1 si Te-l
Az gc Boluol 1>J’k+2 Boluol l’J’k 2

Water Equation in Fracture (Bwf=1 when water is incompressible)

FGH1 ) VB y Kyzkrwf )n+% . szkrwf )n+% ]
i,j,k 4AyAz Bwfuwf i,j-1,k B M uwE i,j,k-1
FGW2 - VB [( KazKruws )n+% + ( KoxKrus )n+% 1
i,j,k 4AXAZ Bwfuwf i-1,j.,k Bwfuwf i,j,k-1
FGW3. . - VB Kzzkrwf )?+% :
1,] >k AZZ BquWf 1,] »K-%
FGW4. . , = i [( “xzrwf )?+% o+ ( EEEEIEi )?+% ]
i,j,k 4AxAzZ Bwfuwf i+1,j,k Bwfuwf i,j,k-1
i,j,k 4AYAzZ Bwf“wf i,j+1,k Bwf“wf i,j,k-1
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FEW1. . - Vg [ nykrwf )?+% ) . szkrwf)r_l+l§ ]
i,j,k 4AXAY Bwf“wf i-1,j,k Bwf“wf i,j-1,k
FEW2 -8 XyyRrus nes
i,j.k 7 (53 )i 5-%,k
20 Ay wf" wf 2] 7%,
FEW3. . - VB ( nykrwf )n+% v ( szkrwf )n+%
i,j,k ~ @xay [V B ar o Ji+1,5,k B ehyg °i,i-1,kl
FAW1 _ VB Kxxkrwf N+l
ijok - 2 e Ji-n,iLk
20 Ax wf wf »J
_ 1 Kxxkrwf n+z 1 Kxxkrwf n+ls
FBW, . 4 = V3 [—5 ( ) +
1,735 AxZ  BugMys CivEILk 0 j 2 0 Budoe T1-%,5.k
1 Eyykrwf n+ 1 Kkarwf n+s
* 2 B. )1 +3 .k * 2 ( B )i -4 .k
Ay wf wf 23725 Ay wf wf 2] 7%,
+ 1 ( Kzzkrwf n+% s 1 Kzzkrwf )n+%
.. 1 R -1
A22 BfMws 1,5.k+s 0,2 Bwfuwf 1,3,k
n - n 1 n
G001 K MO0 50 Gadix
Tyl Buhwy “1a30k ap gD
n n+% 1,3,k
RESTIET IS UG 8 P WA
it B i,j,k !
wf
FCW1 - VB Kxxkrwf D+
.. L s
1,3,k AXZ Bwfuwf i+k,5,k
Vv K. .k n+k K __k n+k
FEW1. . =._B [( Xy rwf ). ‘o + (2 rwt ). : ]
i,j,k 4AXAY Bwf“wf i-1,j,k Bwf“wf i,j+1,k
FENZ, . . = B (Kyykr‘”f ns
i,j,k Ay2 HPTHPIERS FRAL P15

*
This term is zero when water is incompressible.
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V K_. k n+k% K .k n+
FFW3. . ., = B [ x)’er), 2- +(M)2 ]
i,j;k = Bxby B ghys ~i+l,3.k Boftwe ~1,3+1,k
-V k n+l K_ Xk n+
FHW1, . - B [ 3 yz rwf ). . + zy rwf ]
i,j,k =~ dbyhz B fHyr 1,31,k Brglys 153> k+1
FHW2. . . = - Vy [( Ky2Xrwe )n+1/‘°' . KoxKrwg D% 1
i,j,k  TAxbz B gHws ~i-1,3,k BogHus ~1.3,k+1
_ VB Kzzkrwf N+
FHW3; . 4 = —5 (3 7 ke
1.3 Az witwf 25 X772
FHW4. . . = Vs [t KezXrws 1:1+1/2 - KoxKrug [P+ ]
i,j,k 4Axbz ' B Hyr ~1+1,3,k B gHwe ~1,J.k+1
FHWS . = VB [( K ker )n + ( .K_ZLkIw_f )n+]/2 1
i,j,k = FByhz B wilwe 1s3*lLk Biglys ~1,3,k+1
n
_Velog)s 5 ok Kikppy (D*E
FRW; 5,k = — 1.1 . )i,j,k
s H wltwl 235
- n t
FUW, . , = VBUe)i .4k (Swffg,j,k
i,j,k n+l;
1,7,k

DFW

1,7,

n ' n n
VB(¢f)i i,k wedi,j,kPeo 1,5,k
AtB

x = (use)s ,i.k

Wf ,Jk

-PI%wi,j,k V(cbf)l .3 kslw':rfl,:;k(i)n# p *
At Bwf i,j.k fwl,j,k

- Vs Puf ot )n+‘/2 [( 3V x )n - ¢ 3V fux )n ]
2bx g B Huf i,j.k ot i+1,j,k ot “‘i-1,j,k

n+:
Igo(k ~ N+ K k rwf n+k

Vo(o, )
. Brwflijk g
g Slnoz[( )1.,./2’] k ~ ( B ); i-%,j, ki

AX c

*
This term is zero when water is assumed incompressible.
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Vp P ¥ Vg BV,

Ez n
Zxg, ¢ B i Yi5 03 diea,5,6 - (ot Jim1,5 4

1
n+

V_B (pr)i,j ok & sinB[ ( Kxfkmf )n*"/z - ( K kmf )n+l§ ]
Ax 8¢ Bwf“wf 14,3,k Bwarf 1-%,3.k
VB pwaxzkrwf n+ anwz n zviwz

e, By ik [0 Jiik T (Tae Jiegid

n+s
B (pr)l,_‘j,k g szkrwf n+l; szkrwf s
e COSY[( ) b ( )'_: s k]
Ax c B eWes 1%,k Bogter "17%5]5
VB : pwayxkrwf )n+’/2 [ avfwx )n - avfwx ) :
28y g Bwfuwf i,j.k 3t “i,j+1,k ot “i,j-1,k
Vy (o, 72 K_ o n+s K_ . nts
B “"wf’i,j,k g sinaf rwf) - ‘S-x Twi
by c B gbus 1,3tk B gWes 1,377k
VB ( ]Srykrwfpwf )n+/2 [( avfu )n ( an )n ]
Zpy g Bwf"%vf i,j.k ot “i,j+1,k ot “i,j-1,k
n+h
V. . K_Xk +h K _k +
B g (pwf)l,_'; ,k sinB[ ( Twf )n < ( Twf )n < ]
By 8. Bwf“ i,j+%,k Bwf“wf i,j-%,k
V. K _k n+k BVfwz avfwz n

B Putyz rwf _
I g, C By 1.3k (0T Jiiax (e )i,5e]

n+s
V_B (pwf)i,j,k _& cosy[ ( szkrwf )n+’/2 - ( szkrwf )1_1+]_/2 ]
By g OB i r YiiMek C B e Yok

Vs PR oKy 1% Vewx, o Va P !

", (Bong ikl OB Ji,5ke 5t i,j,k-1
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n+;

- XE_(DWf)i,j,k £ sinof ( szkrwf )n+% o szkrwf_)m!/2 ]

Az gC BquWf i 3j ,k+1/2 ‘ Bwfuwf i ,j ’k-I/z
K_k 1

L TR e TRt Y - SS
2Az g Bwf“wf i,j,k ot “i,j,k+1 ot “i,j,k-1
V. (o OO K_k_ . n+s K k_ . n+hs

__B Wfl’J’k-g—Sins[( Z! TWf). L. - ( ZZ I‘Wf). . . 1
Az gC B .u i,j,k+ks Bwfuwf i,j,k-%

V. K__k n+i; oV

B pwf zz Twf ) fwz aVfwz n

n
7 g, By i3k LOTEE i T O )i,y k0]

V. s Kk
_g(pwf)l,J,k £ cosy[ ( 22T

bz 8¢ B eWef

0il Equation in Fracture

f )n+% Kzzkrwf s

i,5,k# " T )i, k-1

v K_ K n+i K __k n+%
FOOL 5k = Tz L0 o )i 5-1,k * (B )i 5 k1]
153, y ofHof s ] ’ ofuof »])
V K k n+% K__k n+i
F602; 5 = 7memr LB dion,ik * (B )i, k1]
*235 of Hof =27 ofHof "12J>
1
FGO3. . . = VB ( Kzzkrof )n+f
i,j,k Az2 Bcf“of i,j,k-%
-V K_ X n+is K. k__. n+}
FGO4; 517 Tmcsr [0 B Jis1, ik * CBooios )i,g k1]
23> of "of i of "of 777
-V K_ k n+ K_k n+%
FGOS; 5 x= 73 iz [C ot )i,j+1,x" ¢ _%Ligi )i,j,k-1]
»J > Y oftof "1 > of "of 7777
Vv K_.k n+k K__k n+i
FEOL; 5 1= 7y [0 o dio1,5,k * ( oms )5 5-1,1]
5 y ofuof 5] > OfUOf »J ’
1
FEO2. . . = ’s (Kyykmf TH-Z,
i,j,k A}’Z BOfDOf i,j-%,k



FEOSi,j;k

FAOli

FCO1.

l’j’k

FFO1.

i,j,k

FFOZ.

i,j,k

PFOSi,j,k

+

+

+

,isk T
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- i [( KyxKrof )n+% . ( KyxKrof )n+% )
4AXAY Bofuof i+1,j,k Bof“of i,j-1,k
VB Kxxkrof ?+% )

Ax? BogHos ~ 173,71,k
= V. [ 1 (Kxxkrof n+i L 1 ( Kxxkrof )n+1/2
c i1 s c 1o
B AXZ Bof'uof 1+ 3] ,k AXZ BOquf 1 ZQJ ,k
K_k n+s K_k n+i
1 of 1 £
7 JB?’; i,k T 2 gyio i,j-%,k

Ay ofof 2/ % Ay offof 127
1 Kzzkrof s 1 Kzzkrof s

Az% BogHor ~1o3ok¥s 42 Boflos 1535k

n 3 n
Ofi jx (Mo 7%, @Pigk gt
rHl Boluol i,j,k At wf i,i,k
5 1 'n¥k 1 PR g 3R
Se 1,3, (B3 01,5k s (Gfi,s 0 Ggfi,g 0t
of i,j,k
- VB Kxxkrof n+i
1.
sz Boghos 14,3,k
- 1 1

- VB [( Kxxkrof )n+5 ) ( kot )?+f 1

4AXAY Bof“of i-1,j,k Bof“of i,j+1,k
3

) VB Kyykrof n+i

- VB [ Kxzkrof )n+% + X xkrof )n+% ]
4AAXAY Bofuof i+l,j,k Bof“of i,j+1,k
- 1

- Vg [( szkrof )n+% v ( K y¥rof )?+f 1
LINTN B fugge "1,3-15k B fHof i,j,k+1



143

FHO2 . = —VB [( szkrOf )n+;§ . szkrOf n+% ]
i,j ,k 4AXA 2z Bofuof i‘l,j ,k Bofuof i,j ,k+1
L
FHO3 = VB ( K Krof D¥32
1,] 1,3 1
1’3 ’k AZZ BOquf l,J ’k+2
v V- 3
FHO4 R = VB [( J\XZArOf n+’ + KZXkTOf n+1/2 ]
1,5,k © 48xdz 20 Bogge “1*1,3.K BogVor ~1.3,k+1
v K,k n+3 K__k n+%
FHOS. . . = —B _ p( —Yz_zof y 7 . ( Szyirof |7 :
1,3 ,k 4AYAZ Bofuof 1,J+1 ,k Bofuof 1,],k+1
n
FRO. . , = VBs)i ik ( Ky Kr10 )n+%
i,j,k Tyl BoWoy 1.5k

n 1 n
Vp(ogdi 5.k (Sgeli,j,k
n+i

of i,j,k

ij.k ¢ B

n n
V)i 5k Sufli,i,x

FVO. . 1 =
i,j,k n+i
At Bog'i,j.k
V. (6 )T .
o _ BYTf7i,i,k
DFO; 5 x = (qosf)i,j,k AT
_onth _ Ntk 1 'n+k
(C-Se™y 5,6 ™ Sgr 1,5, ¢ Bog )i,5,k

1 n _ n |
T ((Sefdi,ix - Ggei,i 0 Pfo i,j.k
of 1,3,k

1 + 31 - ' )R
* e (T3 PR 1,3,k 7 pPh,5 008 5,3, ]

Bof1,i.k
VB plexxkrof n+s aVfox n an oxX

e

" TRE, By Jnaik [0TBE Jix T (BT Jinng K
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n+/

- V. (Dof) i,j,k _g_ sinaf ( XTOf K krof )n+1 ( Kxxkrof )n-l-’/z
ax & BogPos ~1¥45] X B fHog “17%,] k!
B ofoykrof )n“ [ foz S ¢ Veoy
246x g ofuof 5 i+1,j.k 3t “i-1,j, k]
n+;
1
s (Pofs, 3 XK g oy Kfrof KeFrof (772
ix sing[( g )1+/ K (OB in,jk
gC flJ %57 » ofFof 35) s
V. n+i V.

B pofK xzkrof )
2hx g¢ Bofuof i3,

foz n foz n
k [0—58 Jia »J ok (¢ )113,k]

n+/
Vg {og8)3 .3,k _g_ ]g(z 2 rof n+s : szkrof s
X cosy[( —§ Yigs s X )iox 3 1)
X C Ofu £ 1%75] quf 1-%,]»

VB ( onyxkrof )n+/ [( —fox aVfox )n ( Vfox ) ]
28y g, BogHof i,j.k i,j+1,k Tt ‘i,j-1.k
vV, (P )2 K, K. ¢ ¥ K "y
_B “of’i,j k_& rof - Nadrog 12
5% sina[ ( )i ek OB 2 01,551

&c Boghos "123%4 offor “1s37%

VB onyykrof [ foz ) - ( foz ) 1
28y & fuof 1,35 k ot “i,j+l.k st “i,j-1,k
Vg (o Yo K k. n+h K k. neh

of'i,j,k & gynarc ¥ ref y T pyrof yF g
Ay gC Bofuof 1 ’J+:/2 ,k Bofuof 1 ,J '1/2 ,k
VB Pof yzkrof )n £ [( —foz aVfoz )n ( —foz vfoz ). ]
20y g. Bofuof i,j,k i,j+1,k ot “i,j-1,k
n+/
Y§ (Pog)i ) i,j,k i _y_z Krof [P - Kzzkrof s
COSY[( ) i+l k ( ) -1 k]
Ay Oquf 1,)%73, Oquf sJ 2
V3 0ofKoxlrof (B2 fox Veox 2

7 g, (T Bogior Jhiok 10TaE Jigke” (oE Jigkel
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n+;
VB (pof)i, ik g - K zxkrof s szkrof s
- E g S.LDOL[( -———B 0 )1 J k+1/- ——B u i3 k"/]
c offof ~°/7 oftof "123.X72
_ V3 (poszykrof n+15 [( E)Vfo )1:1 ) _ (avfo )n ]
ZAng Bofpof i,j,k ot “i,j,.k+1 at “i,j,k-1
N+l 3 1
__YE (cbf)i,j,k £ sin B[ ( Kgzkrof )?+f - Kézkrof ?+? o ]
Az gc offof “12J K+ ofHof “12d2X72
- VB poszzkrof )n+’/2 [( avfoz )n _ (avfoz ) ]
20z 8. B Mot i,j,k ot “i,j,k+1 9t “i,j,k-1°
n+i; 1
_ \ili (pof i,j,k g cosyl ( Kzzkrof )n+.2 _ Kzzkrof n+15 ]
z Ec Boffor "1535K¥s Bofhor 135k
Gas Equation in fracture
v K__k n+k K__k n+k
_ B vz rgf 2 zy rgf 2
FGGl. . , = [( Vi 5.1 1t ( )i s o q]
i,j,k 4Aylz Bgfugf i,j-1,k Bgfugf i,j,k-1
A K__k n+i K__k n+k
FGG2; : 4 = . B [( xz rgf Ye a4 - L+ ( éx rgf 7 ]
1,3, Ax Az Bgfugf i-1,3, gfHgf i,j,k-1
FGG3. . . = B ( Kzzfrgf |7
1,] » K AZZ Bgfugf i,j,k-%
-V K__k n+k K__k n+k
FOG4; s 1 = 7w [ )iy 50t () 5 !
) gfugf 2] > gfl.lgf s
-V K.k 1 K__k +1
_ B yz rgf Yz . zy rgf P72
FGGS; 5.x = Fayaz L( B fhgs )i 541, T C T )i,5,k-1]
\Y K_ .k n+ K __k n+l
FEGL; 5 x = 7may [0 Bms )i-1,5,k LB ) 51
P ¥4 gfugf P gfugf >J P
k
FEG2 . B Dpyiref ynen
i,j,k 2 B cu i,j-%,k
’ Ay gfigf 1-)7%
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FFGli’j,

FFGZi

k

k:

23,k

FFGsi,j,k

FHGli’j,

k
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k=

_ °VB [ ( nykrgf )n+% v ( szkrgf )n+% ]
VB ( Kxxkrgf )?+% )
AXZ Bgfugf 1"%’.] ’k
R ( Kxxkrgf ?+% s 1 Kxxkrgf ?+% )
Blax? T Bahgr TTVRILK 02 0 Bggugy P10k
1 Spyfege (2% 1 ByyReer
Ayz Bgfugf “1,J+5%,k A}'Z Bgfl-lgf i,j-%,k
1 Kzzkrgf )n+% + 1 ( Kzzkrgf )n+%
. - ’/ 4 3 -]
AZZ Bgfugf i,j,k+% AZZ Bgfugf i,j,k-%
(#9755 . Sapi,ix , A 1 s
it n+l; *Sr. . (B2 )isk
gf 1,5,k i,j,k Tgf
n
R+ I SN 2 S B “rig 7%
- 1 ..
SOfi,j ,k Bolfl.fz- k O‘f l,J ,k rH]- Bclugl l’J ’k
1,],
- vB Kxxkrgf )n+%
C 1
Ax2 Bgfugf i+%,3,k
-V K_. k +1 K__k +1
B [ -xyrgf 77F L Tyxirgf (PUF
4AxAy Bgf“gf i-1,j,k Bgf“gf i,j+1,k
= VB Kyykrgf )n"']’z
AYZ Bgfugf isj""ﬁ’k
VB vk n+k K xkr £ n+l
" 4AxAy [( Bgf“gf )1+1,J,k * Bgf“gf )1,J+l,k]
_ e [( KyoKpgge B+% . Ko y¥res n+? ]



-V K__k n+i K__k n+%
B X £ : gf :
mmmnz L Vie1,5,k ¥ OB are )i,5,ke1]
gf gf >J 2 gf gf sJ >
B Kzzkrgf )n+4
2 Bgfugf i,j,k+%
Vv K__k n+i K__k n+k
B f 2 2
w5tz L Fmpos ie1,j,k * C ety 5, k+1!
gf f 2J s gf gf 2J
v K__k n+y X k n+y
B Y g 2 3
yiz L Fo £ st (B S !
gf gf ’J ’ gf gf ’J s
Vs Rsonyzkrof n+ Rsoszykrof n+s

myaz B o 150kt (B gy )i 5,x-1)

3

RSOfKXZkTOf n+s Rsoszx rof s

[( o+ (BEEIOH. .
4AXAZ Bof“of i-1,j,k Bofuof i,j,k-1

R K__k n+s

B sof zz rof

1 1 -1
2 BogHor ~1.3,k-%

FERli ,j ’k -

V5 [ RsoffxzXrof ?+% . Rsoff 2xXrof ?+? i
4hxAz BofHof i+1,j,k B eHog i,j,k-1
- 1 1
Vg [( RSonyzkrof)?+? + ( RSOszykrOf)?+? ]
4Ayhz B Hof i,j+1,k B eHof i,j,k-1
Vﬁ [( Rsoat?nykroi:')n+1/2 . Rsonyxkrof)?+% ]
AAXAy Bofioe i-1,3,k B Mot i,j-1,k

R K_ k n+i

FERZi,j,k

B ( sof " xy rof
© sl %
Ayz Bofuof 1,j-%,K
- 1 1
Vﬁ [ RSOfK rof)?+u 4 R'sof krof)?+f ]
4AxAY Bofuof i+l,j,k Bofuof i,j-1,k
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V R K_.k

. B sof "xx rof,n+s
FAR1. . , = . s
i,j,k AXZ Bofuof i-%,j,k
1 1
FBR = -V, [ 1 ( RsofK :c)ckroi:)w2 1 ( RsofK)ockrof)n+2
.. s C g s
1,] K B AXZ Bofuof 1+%,] ,k sz Bofuof 1-%,] K
' 1
N Rsonyykrof n+ 1_ Rsofﬁrykrorff n+
iL,3+% i.i-L
ry? Boglor ~1:3% k4,2 Boghor “1,3-%K
+ 1L ( Rsoszzkrof n+k 1 Rsoszzkrof n+ )
i3 1 i.3.k-%
A22 Bofuof 1,3.k+%s Az2 Bofuof 1,j,k-%
n ¢ 3D +1;
BRIRE" {(ngJi,j,k 4 SOf 1,3k ((gr gD (g g1y
At T+l T+ wf’i,j,k “Ygf’i,j,k
gf i,j,k of i,j,k
1 n+1’5 n+1/2 1 1/
. (1-Sn+]/2. _ont ) (Rsof)iz]',k+ sof 1,j ,k(i N )}
wf i,j,k “gf 1,j,k n+l; B 71,3,k
of i,j,k
n 1
R 2EUE IV QIS S TS B
rH1 Boluol 1,3,k
CR1 - Vg Rsofoxkrof n+is
T,k sz Bofuof 143,53,k
- ’d n+1/2 . 1
FFR1. . - VB [( Rsofl\gykrof ) - ngnyxkrof)?+?+1 '
i,j,k  4AxAy BofHof i-1,3, ofMof i,j+1,
1,
FFR2. . - Vs ( Rsonyykrof n+2 1
i,j,k A}’Z Bofuof 1,J+/Zsk
3
FFR3. . _ Vs [ Rsofoykrof I_””Z _ Ro ot krof)lil""_i+ J
i,j,k 4AxAy Bofuof i+l,3,k quuof i,j+1,
- 1 +%
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APPENDIX D

DATA PREPARATION

The instructions for preparing input data for this sim-

ulation program are given beiow. The data cards must be read

in the following order of subroutines.

dix E.

Set 1.

Set 1.
Set 2.
Set 3.
Set 4.
Set 5.

RESDIM
RESDAT
INCON
CODE
MAIN PRO

GRAM

An example of input data arrangement is given in Appen-

Input data for subroutine RESDIM

1. Title card

FORMAT (40A2)

2. Grid sizes and reservoir dimensions_____ FORMAT
(3I15,3F10-0)

NX cols 1-5 Number of grid points in X-direction
NY 6-10 Number of grid points in Y-direction
NZ 11-15 Number of grid points in Z-direction
XL 16-25 Reservoir length (feet)
YL 26-35 Reservoir width (feet)
ZL 36-45 Reservoir thickness (feet)

3. Fracture half

WF

cols 1-10

width _ _ _ _ _ _ _ FORMAT (F10.0)

Fracture half width (feet)
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Set 2. Input data for subroutine RESDAT

1. Title card FORMAT (40A2)

N
.

Code numbers for rock matrix porosity and permea-

bility FORMAT (2I5)

KPHIL cols 1-5 Code number for rock matrix

porosity
KPERL 6-10 Code number for rock matrix
permeability
If XKPHIL = 0, porosity is uniform throughout the
reservoir.
If KPERL = 0, permeability is uniform throughout
the reservoir.
3. Title card (if KPHIL = 0)_ _ _ _ FORMAT (40A2)
4. Rock matrix porosity (if KPHIL=0)__ _ FORMAT (F10.0)

PHIL cols 1-10 Uniform rock matrix porosity
(fraction)
5. Title card (if KPHIL # 0)  _ _ _ FORMAT (40A2)
6. Porosity distribution in rock matrix (if KPHIL # 0)
______ FORMAT (10F7.0)
PHI (I,J,K) cols 1-7 Porosity distribution for the
8-14 J'th row. NX values must be
15-21 read -- continue on additional
---- cards if necessary. The row
---- order must be NY, NY-1, NY-2,
-- . ----1. The layer order must
64-70 be Nz, Nz-1, Nz-2, ----1.

Note: New row or layer has to be started on a new card.
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Note:
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6. Title card (if KPERL =0) FORMAT (40A2)

7. Rock matrix permeability (if KPERL = 0) _ FORMAT
(F10.0)

PERL <cols. 1-10 Uniform rock matrix permeability

(md.)

KL(I,J,K) cols 1-7 Permeability distribution for
8-14 the J'th row. NX values must
15-21 be read -- continue on addi-
--- tional cards if necessary.
--- The row order must be NY, NY-1,
--- NY-2, ....1. The layer order
64-70 must be NZ, NZ-1, NZ-2, ....1.
New row or layer has to be started on a new card.

10. Title card _ _ _ _ _ _ _ _ _ _ _ _ _ FORMAT (40A2)

11. Code numbers for fracture porosity and permeability
_____ FORMAT (215)
KPHIF cols 1-5 Code number for rock matrix porosity
NUMKF cols 6-10 Code number for fracture permeability.
For uniform distributions KPHIF = 0/NUMKF = 0. As for
permeability tensor, if not uniform (NUMKF # 0), one
set of tensor values will be assigned to all nodes;

then NUMKF sets of permeability tensor will be read

for nodes that are different.
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12. Title card (if KPHIF = 0) FORMAT (40A2)

13. Fracture porosity (if KPHIF=0) _ _ _ FORMAT(F10.0)
PHIF <c¢ols 1-10 Uniform fracture porosity
(fraction)
14. Title card (if KPHIF # 0) _ _ _ _ _ _ FORMAT (40A2)
15. Porosity distribution in fracture (if KPHIF # 0)
______ FORMAT (10F7.0)
FPHI(I,J,K) cols 1-7 Porosity distribution for
8-14 the J'th row. NX values
--- must be read -- continue on
--- additional cards if necessary.
--- The row order must be NY, NY-1,
--- NY-2, ...1. The layer order
--- must be NZ, NZ-1, NZ-2,....1.
Note: New row or layer has to be started on a new card.
16. Title card FORMAT (40A2)

— — — —— — — — — — — — - — —

17. Fracture permeability Tensor FORMAT (9F8.0)

CFKXX <cols 1-8 Elements of the permeability

CFKXY 9-16 tensor (md.)
CFKXZ 17-24
CFKYX 25-32
CFKYY 33-40
CFKYZ 41-48
CFKZIX 49-56
CFKZY 57-64

CFKZZ 65-72



18.
19.
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Title card (if NUMKF # 0)

Fracture permeability tensor and grid point

locations (if NUMKF # 0) _ _ _ FORMAT(3I5, 9F6.0)
I cols 1-5

J 6-10 Grid point locations

K 11-15

FKXX(I,J,K) 16-21 Elements of the permeability
FKXY(1,J,K) 22-27 tensor (md.)

FXXz(1,J,X) 28-33

FKYX(I,J,K) 34-39

FKYY(1,J,X) 40-45

FKYZ(1,J,K) 46-51

FXzXx{1,J3,K) 52-57

FKZY(I,J,K) 58-63

FKzZZ(I,J3,K) 64-69

Note: NUMKF cards are read.

20.
21.

Title card FORMAT (40A2)

Maximum values of pressures and saturations for

tabulated data FORMAT(8F10.0)

PMAXO cols. 1-10 Maximum oil pressure in table

(psia)

PMAXW 11-20 Maximum water pressure in table
(psia)

PMAXG 21-30 Maximum gas pressure in table
(psia)

SGMAX 31-40 Maximum gas saturation in table

(fraction)
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SWMAX cols. 41-50 Maximum water saturation in
table (fraction)

22. Title card FORMAT (40A2)

23. 0il PVT tabulated data FORMAT (6F12.0)

POT(I) cols. 1-12 0il pressure (psia)

BOT(I) 13-24 0il formation volume factor
(bb1/STB)

DIBOT(I) 25-36 d(l/Bo)/dPo (STB/bbl/psi)

RSOT(I) 37-48 Solution gas-o0il ratio (SCF/STB)

DRSOT(I) 49-60 dR/dP (SCF/STB/psi)

UOT (1) 61-72 0il viscosity (cp)

Note: Repeat this card until all tabulated data are read.
The POT(I) must be arranged in increasing order, with

the last card having POT(I) = PMAXO to signal the end

of data.
24. Title card _ _ _ _ _ _ _ _ _ _ _ _ FORMAT (40A2)
25. Water PVT tabulated data FORMAT (6F12.0)

PWT(I) cols. 1-12 Water pressure (psia)
UWT (I) 13-24 Water viscosity (cp)
Note: Repeat this card until all tabulated data are read.
The PWT(I) must be arranged in increasing order, with

the last card having PWT(I) = PMAXW to signal the end

of data.
26. Title card _ _ _ _ _ _ _ _ _ _ _ _ FORMAT (40A2)
27. Gas PVT tabulated data FORMAT (6F12.0)

— o —— — —— ——

PGT(I) cols 1-12 Gas pressure (psia)
BGT(I) 13-24 Gas formation volume factor

(bb1/SCF)
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DIBGT(I) cols 25-36 d(l/Bg)/dPg (SCF/bbl/psi)
UGT (I) 37-48 Gas viscosity (cp)
Note: Repeat this card until all tabulated data are read.
The PGT(I) must be arranged in increasing order, with
the last card having PGT(I) = PMAXG to signal the end
of data.
28. Title card _ _ _ _ _ _ _ _ _ _ _ _____ FORMAT (40A2)
29. 0il, water and gas densities at standard conditions _ _
FORMAT (6F12.0)
RHOSO cols 1-12 0il density at standard conditions

(1bm/cu.ft)

RHOSW 13-24 Water density at standard conditions
(1bm/cu.ft)
RHOSG 25-36 Gas density at standard consitions

(1bm/cu.ft)

PSC 37-48 Standard pressure (psia)
TSC 49-60 Standard temperature (°F)
30. Title card FORMAT (40A2)

—_— e e e Em— e v e m— e e e e e o

31. Fracture and rock matrix compressibility_ _FORMAT(2D12.4)

CF  cols. 1-12 Fracture compressibility (psfl)

CL 13-24 Rock matrix compressibility (psfl)
32. Title card _ _ _ _ _ _ _ _ _ _ _ _ ___ FORMAT (40A2)
33. Tilting angles of the formation (6F12.0)

ALPHA <cols. 1-12 Angle between X-axis and horizontal
plane (DEGREE)
BETA 13-24 Angle between Y-axis and horizontal

plane (DEGREE)
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GAMMA cols. 25-36 Angle between Z-axis and vertical
plane (DEGREE)
34. Title card FORMAT (40A2)

35. Gas-0il relative permeability data for rock matrix

MATRIX (6F12.0)

— e —— — - a——

SGT(I} cols. 1-12 Gas saturation (fraction)

KRGT (1) 13-24 Gas relative permeability (fraction)
KROGT (1) 25-36 0il relative permeability (fraction)
PCGOT (I) 37-48 Gas-0il capillary pressure (psi)
DSGT(I) 49-60 ng/dPcgo (psi ™)

Note: Repeat this card until all tabulated data are read.
The SGT(I) must be arranged in increasing order, with
the last card having SGT(I) = SGMAX to signal the end
of data.

36. Title card _ _ _ _ _ _ _ _ _ _ _ _ _ _ FORMAT (40A2)

37. Water-o0il relative permeability data for rock matrix

_ _ FORMAT(6F12.0)

SWT(I) <cols. 1-12 Water saturation (fraction)

KRWT (I) 13-24 Water relative permeability
(fraction)
KROWT (I) 25-36 0il relative permeability (fractiom)
PCOWT(I) 37-48 Water-oil capillary pressure (psi)
-1
DSWT(I) 49-60 dSw/dPcow (psi 7)

Note: Repeat this card until all tabulated data are read.
The SWT(I) must be arranged in increasing order, with
the last card having SWT(I) = SWMAX to signal the end

of data.



38.
39.

Note:

40.
41.

Note:

Title card FORMAT (40A2)

Gas-o0il relative permeability data for fracture _ _

__ _ FORMAT(6F12.0)

FSGT(I) cols. 1-12 Gas saturation (fraction)
FKRGT (I) 13-24 Gas relative permeability (fraction)
FKROGT (1) 25-36 0il relative permeability (fraction)
FPCGOT (I) 37-48 Gas-oil capillary pressure (psi)

_ 1
DSGT(I) 49-60 d Sg/d cho )

Repeat this card until all tabulated data are read.

(psi

The FSGT(I) must be arranged in increasing order, with
the last card having FSGT(I) = SGMAX to signal the end
of data.
Title card FORMAT (40A2)

Water-o0il relative permeability for fracture _

FORMAT (6F12.0)

FSWI(I) cols. 1-12 Water saturation (fraction)

FKRUT(I) 13-24 Water relative permeability
(fraction)

FRROWT(I) 25-36 0il relative permeability (fraction)

FPCOWT (1) 37-48 Water-oil capillary pressure (psi)

FDSWT (1) 49-60 d s /d P_ .  (psil)

Repeat this card until all tabulated data are read.
The FSWT(I) must be arranged in increasing order, with
the last card having GSWT(I) = SWMAX to signal the end

of data.
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Set 3 Input data for subroutine INCON

1.
2.

4.
5.

Title card _ _ _ _ _ _ _ _ _ _ FORMAT (40A2)

Initial reservoir pressures _ _ _ _ FORMAT(6F10.0)

PI cols. 1-10 Initial oil pressure in rock matrix (psia)

PWI 11-20 1Initial water pressure in rock matrix (psia)
PGI 21-20 1Initial gas. pressure in rock matrix (psia)
PFI 31-40 Initial oil pressure in fracture (psia)

PWFI 41-50 1Initial water pressure in fracture (psia)
PGFI 51-60 1Initial gas pressure in fracture (psia)
Initial saturations FORMAT (6F10.0)

SOI cols. 1-10 Initial oil saturation in rock matrix

(fraction)

SWI 11-20 Initial water saturation in rock matrix
(fraction)

SGI 21-30 Initial gas saturation in rock matrix
(fraction)

SOFI 31-40 Initial oil saturation in fracture
(fraction)

SWFI 41-50 Initial water saturation in fracture
(fraction)

SGFI 51-60 Initial gas saturation in fracture
(fraction)

Title card _ _ _ _ _ _ _ _ _ _ _ _ _ FORMAT (40A2)

Number of variable rate nodes FORMAT (I5)

— - — w— —

NVQN cols. 1-5 Number of variable rate nodes
Location of node and its active time _ _ _ FORMAT

(315,4F10.0)



QN1 (1)
QNZ (1)
QN3 (1)
TQ1(I)
TQ2 (1)

QVO(T)
QVW(I)
QVG (1)
QVT (1)
QVo (1)
QVWF (1)
QVGF (1)
QVTE (1)

*
Notes: (1)
(2)

(3)

(4)

cols 1-5
6-10
11-15
16-25
26-35

Rates at this node

cols. 1-9
10-18
19-27
28-36
37-45
46-54
55-63
64-72
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Location of the gridpoint

Time the rate is on (day)
Time the rate is off (day)

FORMAT (8F9.0)

0il rate in rock matrix (STB/day)

Water rate in rock matrix (STB/day)

Gas rate in rock matrix (SCF/day)

Total fluid rate in rock matrix (STB/day)
0il rate in fracture (STB/day)

Water rate in fracture (STB/day)

Gas rate in fracture (SCF/day)

Total fluid rate in fracture (STB/day)

Cards 6 and 7 are read in sequence. NVQN

sequences

are read.

Injection rate has positive sign, whereas

productio

n rate has negative sign.

If the rates are to be determined based on

phases' mobilities, QVT(I) and/or QVTF(I) must

not be zero.

If the rates of o0il, water, and gas are to be

explicitl

be zero.

y defined, QVT(I) and/or QVTF(I) must
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Set 4 Input data for subroutine code

1. Title card

— o . e o o e W G v m— e w—

FORMAT (40A2)

2. Simulation parameters FORMAT(1I5,5F10.0)

NMAX cols. 1-5

Maximum number cf time steps

TMAX 6-15 Maximum simulation time (day)
WORMAX 16-25 Maximum allowable water-oil ratio
GORMAX 26-35 Maximum allowable gas-o0il ratio (SCF/STB)
PBP 36-45 Bubble point pressure (psia)
PMIN 46-55 Abandonment pressure (psia)
3. Iterative parameters and print codes _ _ FORMAT(5I5,2F10.0)

MITER cols. 1-5

LPT 6-10
LST 11-15
LPOR 16-20
LVELO 21-25
OMEGA 26-35
TOL 36-45

Maximum number of iterations for PSOR
Pressure distributions will be printed
every LPT'th time step

Saturation distributions will be printed
every LST'th time step

Porosity distributions will be printed
every LPOR'th time step

Velocity distributions will be printed
every LVELO'th time step.

Relaxation parameter

Tolerance 1limit for PSOR

Set 5 Input data for the MAIN program

1. Time step size

FORMAT(F10,0)

DELT cols. 1-10 Time step size (day)

Note: At least one time step size must be read. If N cards are read,

all time steps after step N will have the same size as step Ne
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ARRANGEMENT OF INPUT DATA
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FORTRAN TV G)

0001
0002

0003

0004

000%

0006

0007

000"

0009

0010

octt

QU2

0013

RELEASE 2.0 MA TN

a0 N

DATE = 82333 20786/55

IMPLICIT REAL*B{A-HiK,0-2)
INTEGER K

ARG EEPERE RPN G REPERERERE AR RELRER RV R RPN EA SR KRR Sk bRt E bbbt

THREE~DIMENSIONAL ¢« THREE-PHASEes OLACK OIL RESERVOIR STMULATUR
FOR FLUID FLOUW 1IN NATURALLY FRACTURED RESCRVOIR

*
*

*

*

* AUTHOR 2 KURUJIT NAKDIINTHAP
0 >O<—WCZ«C:.:GZ>FGC.N<>ZW
9
0
0
0
_-
0

SCHUUL UF PETROLLUM AND GEULUGICAL ENGINELRING
UNTVERSITY OF UKLAHOMA
NOVEMBER 1982

L AR 28 38 2 20 R AR 3N 2R B J

SEFREREERS AN RR AR R AR AR R E AR A SRR AR EAEAIREKG AL AL 4220 R0 E2NRL

COMMON /PRESS/Z PUC100245)ePW 1002050 ePGL10¢295)9PFULEI04205)
€ PFWL1042¢5) ePFGLL104205)0PUNT106205) 1PUN(10:2+5)+PUN(10+295)
& PFUONC1002¢5)ePFWN(L10+s2+5)ePFGN(104+2+5)

CUMMUN /SAT/Z SUCI0:245)eSW(10:0215)05G6(1092+5)sS0{10s245)

& SWF(1092¢5) eSGF(109265) eSUN(L1092¢5) oSHNIL0s2+5)9SGN{106295)
€ SUFN(10¢2¢5) ¢ SWENL1002+¢5)95GFN(10+205)

COMMON /7PRODZ QUITI0:2¢5) sOWI20620¢5)4QG(1002¢5)sQUF(10620¢5) ¢
E OWF(1092+5) QG {10s245)

COMMUN /VELUZ VUXI100295)9VOY(109295)eVOZLI0e2+5)9sVHXI(109245),
CVHYCL002¢5)eVWNZL 100290520 VGXI 100295) e VGYL1062¢5)eVGZI10+2+5)

COMMON ZACCL/ DVUXDT(1052¢5)sDVUYDT(106295)4DVOZOT(10+245)
€ DVHXDT{10¢2:5)sDVWYDTE1042+5) sDVNZDTI10+2¢5) 2sDVUXDT 1042050
€ DVGYDT(L10295)eDVGZDTL1042¢51)

COMMON /CMTX1/ GWU L0042 45)sEW{1042¢5) sAW(1092:5)oBW(106245)0

00000010
00000020
00000021
00000030
00000040
00000050
00000060
00000070
000000680
00000090
00000800
oonoot1io
00000120
000001 30
00000140
00000150
00000160
00000170
000008680
00000190
00000200
00000210
00000220
00000230
00000240
ou000250
00000260
00000270
00000280
00000290
00000300
00000330
00000320

ECW(1002¢5)eFW(10e2¢5)sHA(1002¢9) 1RW{10e2¢5)eUMMIL0+2+¢5)0W(10,2,5)200000330

CUMMON /CMTX2/ VOUIU42+5}+sGOL10e24S5T0EDI106295)0A0C100295),
C HUCI002¢5)eCUML100295) oTU(10:295)9oHUICL100295)0UUMIL04245)
€ RO(1092¢5)eD0(104205)

CUMMUN /ZCNTX37 VGUL100245)¢GGULI0:2¢5)stG0(1002e5)0A0UL01042¢5)
€ BGU(100295)+CGUIN0s295)eFGUIL002¢5) sHGULLO09245)¢6G110+205),
€ EGU104295)0AG(10+12+5) ¢11G11042¢5)4CGLL1062¢5)¢FGL104205)»
€ HGU1002¢5)eRGOL1092¢5)eRGI10:295) eDGL1002,5)

COMMON /CMTXA8/ FRW(10s245)eFGHLL1002¢5)eFGN2(1002¢5) oFGN3(10+245)
LoFGWAL1002e5)0FGWHS(1002¢5) oFEWICL00205)eFEW2(100205)FLWI{104245)
ColANLI(100205)eFBWL100295)9sFCWICI00205) oFFWLL100205)oFFW2{20,2,5)
CoFFW3(1002¢5)eFIHMILIL0eD205) oFHW20100295)s FHWI(1002¢5) o HWA(1042¢5)
CoFHWS{10,205)eTUN(104295)00FWLL00295)

COMMON Z7CNIXS57 FRDEING2:5) oFVOLL1002+5)oFGOI(1002eH)sFGU2(10620%)
£ FGU3M1042:5)21GUI1002,:5)ebGULIL0e205)eFENDLLL1002¢5)sFEQ2L1060245)
CIFEU3IL100265) o FAULI106205)eFBUCI0e205) eFCOLI10215)eFFULI100295),
€ FFURI10,20L)eTFO3I1U0295) o HULL300205)eFHU2L1042¢5)+FHU3(104205)
CoFHOAL1002¢3) eFHNG(100205)2FUNL100205) oDFUI104245)

COMMUN ZCMIXEZ RGO 100295 ) oFROEI00295)eFVGL100205)eFGRECIO20% )0
E FGR2ED0e2e5)0b 5113000929509t GIRALI09245)eFGRE(100245)oFLRILLNDI2,S5)
EoFLUR20100249 el LRIC100205) ol ARRTCI0020D)eFURE10020%5) e FCRICLVO205) 0
C FrRElL0e205) et RI(1I00295)oFHINRITL00205)o T HRILLDeD 15D eFINR2UIV245)
GoF IRICI05295) st HRACID 205D oT HRSU 1002051 oFGGI(1002e5)3FGL21100245)
Eel GUITI02e5)e0GGAIEI0205)ef GLUIL007eS) ol EGIE100205) oFLEG2010424%5)
EoFFEGI(100200)oTAGLILV0205) 9P BGLI0s2e5oFCHI(100805)TTIGIL0,2¢5),

00000340
00000350
00000360
00000370
00000380
00000390
00000400
00000410
00000420
00000430
00000440
00000450
000004060
00000470
00000480
00000490
00000500
00000510
00000520
00000530
00000540
00000550
00000560
00000570

PAGE. 000t
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FORTHRAN 1V Gi

0014

001Y%

0010

0017

001y

00l@
0020
0021
0022
0023
oo

0025

0020

ov27
oo0zn
0029
000
0031

0012

RELUASE 240 MAIN

a0

ane

DATE = 082333 20/46/5%

€ FFG2(1002+5)eFUG3(100205) oFHGIC1042¢5)eFHG2U10+245) 1FHGI10,245) 00000580

CoeFHGA({ 104265 ) sFHGH(100205) +DFG(104+245) 00000590
CUOMMUN ZTR1/Z TGH(1062¢5)eTEWLL00¢2¢5) oTAW(100205) 9 TCHI103255) 000000600
C TEW(IO02¢S) 4THW(10+2e5) e TRWI106295)sTUNCL1002¢5)sTVUL1092+5) 0 00000610
€ TGULLOs2eS5) o TEU(LD¢2s5)aTANLL1002¢5)sTCU(10626%5)e1+V(1052,5), 00000620
E THO(104205) 2sTUN(L10s295) ¢ TRO(1092+5) 00000630

CUMMUN ZTR2/Z TVGU1042+¢51sTGGUL1042¢5) s TEGUI10:2+5) ¢TAGU(105745), 00000640
C TCGU(10+42e5)eTHGU(10020H) e THGUI100245)9TGGL104295)0TEGLL0e245)9 00000650
6 VAGULO002¢5)4TCGL1092¢5)0TFGLI002¢5)¢THG(1062¢5)eTRGOI1002e5) 00000660
E TRGE1042,5) 00000670

COMMON ZTR3I/Z TFGWI{L10624D) 9 TFGH2(1002:5) ¢+ TFGW3{10+2¢5) 2 TFGWA(10+2 00000680
CoS) o TFGUS{106295) o TFEWLLL00295) e TFEN2(1002eH) o THEWI( 10429519 TFAW1I(00000690
€ 1002e5)eTHFCHWI(L1D0295) o TFENLILLO092¢5) «TFFN2(1062¢5)¢TFFW3(10¢2¢5)¢ 00000700
E TFHWI(10,245) o TFHW2(1042¢5) s TFHWI(1062¢5) 9 TFHWAL104245) ¢ 00000710
C TFHWS( 1042451 +TFRW(206245) o TFUW(10+2¢5) 00000720

COMMON ZTRA/Z TFGDIL1002+5)9TFGUZ{100215) o TFGOI(10+2+5) e TFGU4(104,2+00000730
E5) s TFGUS{10+2+5) o THFEUL (104205« TFEO2(1002+5)s TFLO3IC(1002¢5)eTFAUL{ 00000740
€ 1062e5)oTFCOL(1002+5)oTFFULL1002+5) e TFFU2(10+2+¢5)9TFHU3(1042¢5)¢ 00000750
E TFHOEC(104205) o TFIH02( 3002051 TFHO3I(100205)¢TFHORL109245) ¢ TFHUS1 10400000760
B 2¢5)eTFRO(104295) 2o TFVO(1092¢5) e TFVU(104205) 00000770

CUMMUN ZTRS/ TFGGI(10e24509TEGG2{10+2¢5) ¢ TFGGINL06¢2¢5)¢TFGGA(10420000007R0
ES) 2 TFGGS{10s2+45) ¢ TFEGL(104295) e TFLGL(10+245) e TFEG3(10¢2+5)THAGL( 00000790
C1002e5) e TFCGLC L0245 THFGEC( 10024502 TFFG2(100245)0T1FFGI{106¢2¢5)¢ 00000800
CTFHGICLI00205) s TFHG2( 1002¢5 e TFHG3(100203) o TFHGA{ 1042+%) o TFHGS5( 10, 00000810
E295)sTFGRI(I0s2¢5) o TFGR2(100205) ¢ TFGR3I(1002¢5)¢TFGRA(1002¢5) 00000820
€ TFGRS5(1002+¢5) oTFERLC(10+2¢5) o TFEP2(1002e5) o TFER3(100245) o TFARLL 000008 30
Cl092:S)eTFCRICL04295)eTFFRICLOe205)0TFFR2(1042+5)4TFFRIL10+2¢5)¢ 00000840
C TRIML(100245) s TEFHR2(1002+5) ¢« TFHR3(1002+5) o TFHRA(109245) s TFHRS( 000000%0

E1092:5)e TFRG(1002e5)2TFRGOCL00205) oTFVG{1062¢5) 00000860
COMMUN /St T2/ VI DELXeDELY sDELZyDELT JRH 000N0B70
CUMMON /SET3/ CUN1+CON2sC(IN34CUNS 20000880
COMMON /SET1/ RHOS50¢ RHOSW 9 RHOSGe PSCy TSCoe ALPHA JUETA L, GAMMA 00000890
COMMUN ZLIMLIT/Z MPOT MOWNT oMPGT s MSGT o MSNT o MFSGT o MFSHT 00000900
CUMMUN /ZPARME/Z CLoCFoPHIL1002+5) oFPHI(100245) oU000910
COMMON /Z7PARM2/ KLIT10 02451 oFKXX(100205) ot KXY{L00205)0FKXL(2042¢5)e 00000920

C FRYXKC1002+5)ef KYY(U002¢5) o KYZ(1002¢5)eFKZX(100245) 00000930

6 FRKZIY(1002+H)eFKLZZ(10024510 00000940
CUMMUM /Z'ARM3/  POT(L5),BUTLIS ) DIBUTIIS ), 00000750

€ RSUT(1IS)+sURSUT(IS)4UOTCIS) o PUTCIS) sUNT( £5) oPGTILS I BGTLIS) 00090960

C DIVGT(IS)eUGTEIS)+SOGTEL5)IKNGTI15)¢KROGTIIS) +1'COGUTLIS) »DSGTLIS) s 00000970

C SWT{1S) oKRWT(IS) sKRUWT(IS) o PCUNTCLIS ) oLSWT(LE5)FSGTLLS) +FRKRGTI 50400000980

6 FKRUGTU19) o FPCGUT(IL) oFUSGTEID) oFSWIL 1) oFKRWTL IO ) o FRRUWT(LS ) o 00000990

E FPCOMT(LIS) oFOSWT(IS) s RSWT (§5) sRFSWT(LS) Qoo0to00

COMMUN ZFLOWZQVI(LI0) yQVWLL0) 3 OVGLT10) 2QVI(L10) oQVUF (10D s OVWF {10 00001010
€ QVGF(I0 0o QVIF (L0 TULCIO) s TUZ2CE0) o TPL(EO)TP2(10)s1?VeUPUNELL0O)s 00002020

6 ON2(10)+QN3LL10) yPNLT1O) oPNRALI0) 4PNI(10) 00001030
THTEGER®2 QNT UH2 0 INSePHILePNRIPHI 00001040
NEAL®H MDEN, ML 4 MG 000010%0
DIMENSIUN VOMUL10,305F o V(109 205) 00001060
DATA 1DLPNILSN/00040/ 0no0toTY
DATA CUMUIL ¢sCUMNAT yCUMW | ¢ CUMGASy CUMGL/5¢0 40/ 00001080

00001090

INPUT IIFSLRVOTIRR AUID GRID DIMCHSTUNS 00001100

00001810

CALL RESDIMINA sNY o NZ o XL o YL o ZL o DML X sUEL Yo DCL Z o 0D 00003120
o001 30

INPUT TLULIDS PeVeTei AHD RLSERVUIN DATA 0o00nN1140

onootLtL o
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1S£10000 (190 £19dS DA (L ¢TIV LDAW ) ANT T IV v500
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9¥E£10000 (108410d°000° (X4 * 1)Nd® L0GW) dANTTY TTIVD 1500
L9E£10000 (N0 ¢ 1 )4dA+ N0AU=ITI0AY 0500
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S£10000 (NS0 1 INA 41 I0AN=HI0AY Bv00
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£9E£10000 XN*1=1 108 0Q 900
Ze£10000 AN®I=F 108 0G 5v00
1v£10000 ZN*1=3 108 0Q v900
04£10000 0°0=UD IS Fvoo
6££10000 0°0=9498 2vou
ece 10000 0° 0=K42S 1v00
4£€10000 0°0=0498 0v00
9££ 10000 0°0=410AH 6E£00
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v000 1OVd

08v20000
02420000
09420000
05420000
09%20000
0£v20000
02420000
01920000
00420000
06€£20000
08€£20000
02€20000
09€£20000
06£20000
0vc€20000
0££20000
02€20000
01£20000
00£20000
06220000
04020000
ot1210000
00210000
06910000
049910000
04910000
09910000
05910000
0v910C00
0€910000
02910000
01910000
00910000
06510000
08510000
04610000
09510000
05510000
0v510000
0€S10000
02510000
01510000
00510000
06%10000
08410000
2410000
£291D000
24410000
14%10000
04%10000
ofvi10000
02410000
01¥10000C
00%10000
06€£10000
08€10000
G2€10000
v2£10000

ALITINECKA ASYHA whd 4 CINIWHILIG D8 OL
SVYH ¥0 AN IDITAXT G410 ST ISVHG HOVI d0d 1AVH AN JT NDHD
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FORTRAN [V Git

o119
o120
o121

o122
0123
0124
0125
0126
0127
0128
0129
0130
0131

0132
0133
0t3a
0135
0130
0137
0138
0139
0140
0141

o142
0143
0144
0145
o146
0147

0t14u
0149
0150
0151

0152
0153
0154
01845
0156
o157
0158
0159
0160
0161

0162
0163
01065
0165
0160
0167
olo68
o169
0170
o171

PELEASL

anoon

300

A

2e0 MA (N VATE = ©dasa9 21726709

IF(QVT(1)eNLe0+0O) GU TU 306
QNEUNLEE) 2 GN20T) QN30T ) )=uvo(L)
QA(ANL(L ) JON2( 1) Jai3C L) )=QVWLL])
QGlUNI(I)ean2(2)QRILT ) I=AVLIT)

GU 10 3907

PP=EU(UNICL) sON2CL ) ,ON3(L))
PPW=PWLONLI(T)saN2( 1) sON3(L))
PPG=PG(OANL (1) aN2(1) +ONI(1))
SSW=SWIUNL(I),0H2(1),ON3(L))
SSG=SG{UNI (1 )+ON2C( 1) ,ON3(L))

CALL LINTP(MPUTPPyyOPUT,UJIT)

CALL LINTP(MPWTsPPW,UW PWT UWT)

CALL L INTRP{MPGTsPPG UG PGT 4UGT )

CALL LINTR(MPUTsPPRSU 20T 4 RSUT)

CALL LINTP(MPUT PP 80U P0T»u0T)

CALL LINTR(MPGT+PPG,BOG+PGT4HBGT)

CALL LINTP(MSWTsSSWIAKRW¢SWT  KHWT)

CALL LINTP(HMSWT SSWoAKRON ¢ SWT KPORT)

CALL LINTRP(MSGTsS5G1AKRGISGT yKRGT)

CALL LINVP(M45GTsS5S5Gs AKRUGSUT KRUGT)
WMOR=AKRW/UW

GMUB=AKRL/UG

AKRRO=({ AKROW+AKRW ) # (AKROG+AKRG ) - { ARRI+AKRG)
1+ {AKRU«LTe0,0) AKRU=040

UMOU=AKRU/ZUU

TMJU=OMUB+ WMUB+GMIE

QOCUNLICTI ) yQN2(T) oUN3C(T)I=QVT(1)s0LMUN/ZTMOE
UWCQNE (T) 2 ON2(T) 4 ONI (T ) )=UVT (] )eWHOI/THUD
OGCUNL (1) oONZCT) ¢UN3(1))=QVT(]1)EGMO*S4015/TIADL ¢
[ RSUFQUICNTL( 1) +UN2(T)sQON3(T) )

T THIS PUINT WE CAN CALCULATE FLUWIANGL 30TTHOM HULL PRELSURE

IF PRODUCTIVITY IHDEX IS GIVEN

397

308

1F (QVTF( 1) eNE«OaQ) GU TU 308

QUF (ONL (T ) eQN2(T1)+QN3( 1) )=AVOFL(T)
CWF(ONL(T)sQN2(L I sON3(L})=QVetr (L)

OGF (UNL1CT)+ON2EL)sON3L TN )=0aVOF ()

G0 70 802

PF=PFUCUNL(T)sQN2(1)QN3(TL))
PWE=PFW(ONLI (1) ON2{T)sONI(1))
POGF=PFGI{ONI{ 1) ,QAN2LT) QN3 ) )
SOWF=SWF(aQNI1 (1) suN2(T1)ON3(1))

5SGF=SGF (ON1(1).QMN2( 1) ,ON3(!}))

CALL LINTP(MPUT, PFVOF 0T ,U0T)

CALL LINTRB(MPDWTPHF JUWFPHT UWT)

CALL LINTPUAPGTPGF UGFPOGT yUGT)

CALL LINTP{MPOTIPF ¢RSF ¢PUT ¢ RSOT )

CALL LINTP{MPUTPF +DFQPUT DLT)

CALL LINTP(MPGT s PGF ¢ UFGIPGT 1 HGT)

CALL LINTPLMAFSWYT ¢SSWE s AKRWF o F SWT of KRWT )
CALL LINTR(MFSHT ¢ SSWF ¢ AKROWK oFSu Ty FrROWT )
CALL LINTP{MFSGY s SSGF s AKRGF ok SOT ok K25T )
CALL LINTPIMFSGY ¢ SSGF ¢ AKRUSGE o F 3GToFXRU0LT)
WMOUF=AKRWF /Ul F

GMOUF = AKRGF / ULF

AKRUE= (AKRUWF ¢ AKRWE ) € { AKIRUGF ¢ AKRGF ) = (L AKRWEF $AKRGH )
IFCAKIRUF o LL.Te0e 0) AKROF=0.,0

00002490
00002500
00002510
00002520
00002530
00002540
00002550
00002560
00002570
00002540
00002590
00002600
00002610
00002620
00002630
00002640
00002650
00002660
00002670
00002680
00002690
00002700
00002710
00002720
00002730
00002740
00002750
00002760
00002770
00002780
00002790
00002800
00002810
00002820
00002830
00002840
00002850
00002860
00002870
00002880
00002890
00002900
00002910
00002920
00002930
00002940
00002950
00002960
00002970
00002980
00002990
00003000
00003010
00003020
00003030
00003040
00003050
00003060
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FURTRAN IV Gt

o172
0173
0176
0175
0176

o177

01 7u
0179
o180
o181
Q182
0183
o184
o185
0180
o187
o188
0169
0190
0191

o192

0193

0194

0195
0196
0197
0198
0199
0200
0201

0202
0203
0204

RELEALE 240 MA LN

AOOO

[a M al ol ]

o nn o060 Nnoan

con

C
c
C

DATL = d2449 21/26/709

MOBF = AKROFZUOF

TADBF=UMUB + WMUBF +G4UBF

QUFLAHLICT ) JON2 (T ) e aN3C( 1) )=QVTF (1) ¢LAUBF/ THOLF

QWF (ANT (T ) oON2 (1) e QRIC L) I=QVIF (1) #wMOBF/ TMUHF

UGF (ONICT) oON2CT ) s UN3(I) )=QVTF (1) «GMOLF£5.61%/ TMUBF ¢+
[ ROGF*QUF CONT (L) yONZ2(T)eQNS(L))

AT THIS POINT WE CAN CALCULATE FLOWING HSOUTTOM HOLE PRESSURE
IF PRODUCTIVITY [HUEX (S olvVCH

302 CUNVINUE

UPDATE PRESSURESL AND SATURATIONS;
THEN EXPKAPOLATE THEM TO HALF TImMt ST AMEAD

315 IF(N.EQ.L) GO TO 316

CALL EXTRAP({NX ¢NY o MNZ PONsPI DLLT 4DELTN)
CALL EXTRAP(INXsNY s NZsPRIsPW DELT yDELTN)
CALL EXTRAP(NX oNY o NZ s PGNyPGyUELT ¢ DELTH)
CALL EXTHAP{NX oNYINZ o PFUNsPFOsOLLT 0l TN)
CALL EXTRAP(NX oMY s NZoPFWNsPFWoDLLT 4 DELTN)
CALL EXTRAP{NX ¢NY s NZoPFGNsPFGeDELT 4 JELTN)
CALL EXTRAP(NXoNY o NZsSUHsSO DLELT +DELTN)
CALL EXTRAP(NX oNY ¢NZ¢SWNsSWeDELT  DELTN)
CALL EXTRAP(NX ¢ NY¢NZ¢SGHISGIDELT yLULLTN)
CALL EXTRAP(NXsNYoNZ¢SUFN+SUF+DLLT JUELTN)
CALL EXTRAP(NX +NY s NZ ¢SWFNeSWFILUELT JOELTIN)
CALL LXTRAP(NX ¢NYsNZ 9 SGFNe 3GF ¢ULLT 4ULLTN}

316 CONTINUE

FOHMULATE CUEFFICIENT MATRIX AND RHS VECTUR
FOR THE SIX GUVERNING EQUATIONS

CALL CUGFF(NXsNY, NZ)
CALCULATE NtW PRUSSURE DISTRIBUTIUNS USING PSJR METHUD
CALL PSOR(NX¢NY ¢ NZoMITER s TUL s UMEGA $ITLR)
CALCULATE NEW PUROSITY A5 A FUNCTIUN :F PRESSURE
CALL PURUSY{NX ¢NY s NZ s RVILM ¢ RVULF ¢ VU e VOM, VPF )
QETERMINE NEW SATURATION DISTREOUT TUNS
SCFU=0.0
SCFW=0.0
SCFG=0.0
SCFGR=0.0
VU 803 K=14NZ
00 803 J=1NY
DU U033 I=1sNX
CALCULATE CAPILLARY PRESSURLS
PCWU=POC L + JoK)I=PW( 10 JeK)

PCWOF=DFO( 14 JoK)=PIW(lsJsK)}
PCOUSPGIT s JoK)=PUCT ¢ JeK)

00003070
00003000
00003090
00003tL00
00003t 10
00003120
00003130
00003140
00003150
00003160
00003200
00003210
00003220
00003230
00003240
00003250
00003260
00003270
00003280
00003290
00003300
00003310
00003320
00003330
00003340
00003350
00003360
00003370
00003380
00003390
00003400
00003410
00003420
00003430
00003900
00003910
00003920
00003930
00003940
00003950
00003960
00003970
00003980
00003990
00004000
00004010
00004020
00004030
00004040
00004050
00004060
00004070
00004080
00006090
00004100
00004110
00004120
00nG4a130
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4000 3A9vVd

8sSv0000
45540000
955§v0000
£$Sv0000
¥6£00000
£S5v0000
25Sv0000
1S5v0000
0SSv0000
6v5v0000
895490000
49590000
99Sv0000
S¥S90000
Y95v0000
£95v0000
2vySv0000
1¥5v0000
0¥Sv0000
6£5v0000
9€sv0000
4€£6%0000
9€ESY0000
SESv0000
¥E€S90000
02590000
005v0000
06v%0000
08vv0000
00990000
0E£v¥0000
02¢%0000
0Vyv0000
00%v0000
06£v0000
08€£v0000
0LE£90000
09€v0000
0S€v0000
0vEY0000
0€£v0000
02£¢0000
0JEYv0000
00€v0000
062v0000
092v0000
042v0000
092v0000
052v0000
0v2v0000
0£2v0000
022v0000
01240000
002v0000
061v0000
2AI1v0000
1861¥0000
0v1v0000

HOETIHRAOIT=ENHOE T (NHOATT°0T° 1) 3
1S T4NSTI=NS T (NS VAN) JI

L1dIENAT=NATT (NDI°D3*N) D] FLE

(L0 INILSONCZNCANS XNIDTIDALD 1TV

FLE NL 09 (NOTIAVCINSNCANY*O*IMNY AT dLE

(ANT LS *NOZNC AN XMNIHOdLd TTV)D

2¢€ 01 NSO (MHOATN*INHNAMY* 0 AN N) 4T fIf

(AN LS N*ZNCANSXN) LYSLd TVD

1€ 01 N9 (NSTI°INSNCANV O IN*N)JT 7If

(L3NS TNTAS N0 UVOME [SVOCASYDC TS VASALYACLTITOTONNDSYHRNND 3
STANND AVMRND *TTOAND*OHUW *MAOW  NABW DAV U N O TN AN XN) ST Ld TTIVD
ZIF Gl 0D (NAIINCMOCNVG*INCN) I

di1S IWIL SNNTA3ING ML 40 SATNSIY 1NJ LN

92006 D1 NS (XVHHCO®L1D9°HDY ) A1

6G06 01 N9 (XVHYOM® 19°HN0M) J1]

v00A N1 N9 (NIWd®LI°OAYd) S
(ISVOSAOVN S [IVACHIVMIATIO? LTIAOAVH ATOAY 3
SHIANAH S TORND *SYORND ¢ T MIND CAVMKEND *IOKND * A HAA *HND CHNM ¢ ODOW I
IRBANCOIARINLIAIDIC 1 FDS NMEBLS ' MELS *NOULES*ONLS* ZNC AN XN ) IVOILVHW TWD

d3LS NIl SNOIADNG JHL HNnd
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FUNLIOVHS NI ALIDOTIA NS IAVIND VO
HOH4I5+49405=1 40¢

S19°G/MADS=MELS
S19°6/0:435=0114S

INNIAINQD COE

(S19°G3040) /ASHS (AC L 1) JOSH (N T ) JdA 3
+ (S19°GA0f8) Z70SHE (UCF 1 )OS (U * ] INAA+YNIIS=UDHDS
(ST2°Ga0 40} Z(ACCPT) 4OSH(NF T ) AciA K

+ (S19°GA0ONI/ZINFCTIOSH(NT T IHAA+D:425=D41S

(AP TIINSH (N PO T ) IAAIINI TP T IMSH(NCT 4] JNAAT M-DS=MIDS
NIA/ZENC T )INSE(NIC I 1) JSJATOAN/ (AL T VOSSN 1 INdAIDADS=04DS
(ANSHY LDAC ASH (A F ¢ ) 2Ad* LOGW)IDANTTT TIVD
(AGSH*L10d'NSH (N F*))0d* L0k IdINIT TTIVD

(19120 LD D4R (A ¢ 1 )DHAd LOSHIDINT Y TIVD
(1904194096 (XM 1)9a*L1D9dN)dLINITT T1VD

(200 L0d*NHA (AHF ] )04E L OdN) dAMNIT TIVD

(L0HC L0 0NAS N MO T)0CA  LOUVIJINTTY VD

(NS T)4OS=( Y r 1) AMS—0° I=(N¢r ¢ 1) d0S

(NP 1)OS~(N o) ImS=0°I=(N*r*])0OS

0°O0=(N*C*1)495 (dHd* 19N C*1)DAd)} 3]

0°0=(N*r*1)9S5 (dfid*1D9°(A'r*3)0d)d]
(19502002034 (N F* 1) ADS ¢ JONDA* 1D9SIN)IJINTT T1VD

(1954 1092d% (R M 4T )OS DDDA*LOSHIALINTTY NIVD

(AMSIYC AMPIA A (A M0 ] ) NS AOAD A IMSAWIDINTTY TTIVD
(AMSHS ANDIA (NP LTINS OMDA LMSHIGINTT T1TTV)
C1)00924=4090 ((1)1090d4°471°4090a) 41
11)1IN92=092d ((1)109Dd*°171°09Dd )1

(1)AM0DdA=10MDd (1) AMODAA® LTI H40MDet) I

(11 LMNIA=0MDd ((T)IRODA* LI OMII) d1

(A 1INDAd=(A*F *1)DAd=dND DY

60/72/12 60VE2R = ALV NIVRH 0*?T JSvATIZY

VOV

vVU LU

vV

L4920
9v20
G5¢20
yeco
tv20
2v2o
1920
0v2o
6€£20

|ceo
LE20

9g20
s€20
veeo

£€eo

¢eeo

1eeo
0€eco
02eo
aeeo

2220

aeea
Gg2eo
v220
f£eeo
2220
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6120
alco
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vi20
f.120
eieo
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o120
6020
8020
2020
92020
S020
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0248

0249
0250
0251
0252
0253
0254
0255
0256
0257
0268

0259

0260

0261
0262
0263
0264
0265
0266
0267

RELEASE

C

C
9000
77
9004
9005

9006
2002

2.0

IF(NsEQ.LVLLUON) LVELON=LVLLON¢LVELO

CONTINVE

GO TU
=1

GO o
PRINT
GO Y0
PRINT
GO TU
PRINTY

FURMAT (*OWAKNING S
CLIMIT DURING LASGT
2003 FORMAY (' OWARNI NG
ELXCEED LIMIT DURING LAST TIME S1EP*)

2999

778

2311
9999
2312
9999
2313

SATURATION IN FRACTURE Uf ONE OR

21/26/709

SATURATIUN CHANGE UF UNE UR MURE MOUVES EXCELED

4URE NOOES

2004 FNORMAT (*OINITIAL RESERVOIR VOLUME(MATRIX+FRACTURE) =¢4F 1542,

2009
2311
2312
2313
2333
9999

[l
o'
Cce
A

CUFTeto//?
5T0 e/

STU® o/

SCF///7})
FORMAT(F1040)

FORMAT{*0AVERAGE RESERVOLR PRESSURE

INITIAL UlL IN PLACE
INITIAL WATER IN PLACL
INITIAL GUAS [N PLACE

=t F15e2
=0,4,F15.2
=V4F15e2y

HLELOW ABANDUNMENT PRESSURE')

FORMAT(?'OSTUP UECAUSE WATER-OIL RATIO LIMIT 15 LXCEEDED?)

FORMAT(*0STUP HNECAUSE GAS-UIL RATIO LIMIT

IS EXCEEDED®)

FORMAT (*0STOP DECAUSE UF UNREALIST ICALLY SMALL TIME STEPS®)

sSTUPR
END

00004559
00004560
00004561
00004562
00004563
00004570
00004580
00004590
00004600
00004610
00004620
00004630
00004640
00004650
00004660
00004670
00004680
20004690
00004700
00004710
00004720
00004730
00004780
00004790
00004800
000040801
00004810
00004820
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FORTRAN IV Gl

0018

oot

onz2o

RELLUASE

Ce0 ULK DATA DATE = 82333 20706755

FAGL1/7100%0.0/+rCG1/7100¢0,0/+FFG1/10080:0/+FFG2/100%0.07,
FEG3/7100¢060/FHG1/7100%06 0/ 4FHG2/1008 06 0/sFHGIZ100%040/
FHGA/7100%0.0/ yFHG53/ 100406 07oFGR1/3006060/+FGR2/710040,0/,
FGR3/7100%060/ ¢! GRA/10U*0,0/¢FGRS/100%060/+FERLZ100¢0.07,
FER2/100%040/ +sFENAZ100%060/9FARLI/Z10040,0/+FCRI/100¢0407
FERIZ100%2060/ ¢+FFR2/7100¢040/ ¢FFR3/1002060/7+FHRLIZ100%0607,
FHR2/7100%000/ ¢F 112371003060/ 2FHRA/10080:0/,FHRG/10040.0/7

Le B S B B I ]

00005410
00005420
000054 30
00008440
00005450
00005460
00005470

EFNG/10020407,#R/7100%0e0/+FRG/ZLO0% 00 0/ FRGO/1008060/¢FVG/100%0,0/ 00005480

UVATA VOXZ100%060/7¢VUY/10080,0/7,V0OZ/7100%060/,VHR/100%060/

0000%490

& VHY/ZL00%0.,0/4VWZ/100%0,0/4VGX/710080e40/¢ViiY/100¢0.0/+VG2/7100¢0,0/ 00005500

OATA OVUXUOTZ100%0.0/,UVOYDT/1002000/s0VOZOT/10040,0/
€ DVWXDT/100#0,0/7DVWYDT/ 1004040/ ,0VWZDT/100%040/4DVGXDT/100¢0.07,
£ DVGYLDT/100¢0.0/DVGZNT/100%00/

END

000055610
00005520
00005530
00005540
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FURTRAN IV G

0001

0002
0003
0004
0005

0000
0co7
ooon
ovo9

oolto
0011
0012
0013

0014
0015

RULEASE 240 cobE DATE = 82333 20737707

aen

anon

oo

SUBROUTINE CONE(NMAX s TMAX e TULoLPT +LUT ¢ MITEH,OMEGA «PHP,PMIN,
& WORIAAX. GURMAX »LPUR,LVELD)

SURBRQUTINE TU SIMULATION PARAMETERS

IMPLICIT REAL#*8(A-11,U-2)
INTEGER*®2 TITILE(40)
READ(S+100) TITLL

100 FORMAT (40A2)

RUN TIME PARAMLTERS

READ(S,101) NMAX, TMA X WUIIMAX s GORMAX ¢ PBP+ PMIN
101 FURMATIIS,5F10.0)
PRINT 102 ¢ NMAX ¢ TMAX s WORMAX ¢ GDRMAX o FUP o PM IN
102 FORMAT(/Z/¢0MAX IMUM HUMUOLR OF TIME STEPS =*4154/s
C*OMAXTMUMA STMULATION TIME (DAYS) =%9F10404/,
CTOMAXIMUM WATER-OIL RATIU =°4Fl10404/,
ESOMAXIMUM GAS-QIL HATIU ='9sF120,/+°0BU0OLLE PUINT PRESSURE =%,
EF10ele? PSIAY o/ 'OAHANDUNMENT PRESSURE =9K1041¢°¢ #SIAY)

PRINT CUODES AMND TULERANCE LIMITS

READ(5:103) MITERWLPTHLST LPORWLVELOUMEGA,TOUL
103 FURMAT(S15+,2F10.0)
PRINT 104 ,MITERN LY LSToLPORIELVELOOOMEGA, TUL
104 FORMAT(® OMAX IMUM ALLUWALLE ITERATIUNS FOR PSUR =%4154/
(A SUPRESSURE OISTRIVUTION wiLL OE PRINTED EVERY' ¢ 15
6 TIME STEPY ./ '0SATURATION DISTRBUTION WILL BE PRINTED EVERY?®,
E14,°' TIME STLP®, /72 0PUROSITY DISTRIBUTIUON WILL HE PRINVTED EVERY®,
E155° TIME STEP®./'OVELUCITY VISTRIDUTION wILL OE PRINTED EVERY?,
€ 56! TIME STUR? o/ ORELAXATION PARAMETER ='4F10e2¢// ¢
6 ' TOLERANCE LIMIT FUR PSUR =%,F150¢//7)
RETURN
END
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FOrTRAN

0017

onta

nniv
0020
noat
00e?
noaR
DIV

0oy

007
0928
yoz
00.30
unit
gl
0n'd
0033
0Nty
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0037
o038
0039
o0AL
nuat
ona;
[JHE
0noaa
Q0AS
ovan
ouaz
ounan
ynaa

v 61

RELEASKE

240 anrr DATE = A2333 20731707

COMMON ZTRAZ THEGUI(LI04245) o TFGO2(1002¢5) o TFGUI(10020H) 9 TFGUMIE1002y
ES)eTFGUI (10020 5V e TEFLEULLT0eSe5) o TIEU2(106205) e VHLO3I{10+205)6THADL(
L 10e2e5) e TECUI (1002 e9) 1 3FFUL(100205) o TFFU20104205)oTHEUILED4205)
6 TEHOLLI0 4205 s THHIC( 10, 205) o THHUI(L002¢5) o THFHUA(106245) o THHLUS {10,
E 2¢5)eTrRN(IV2e5)0TTUDLLI002e5) e TFVO(1042,4%)

COMMON ZTHGZ TEGGIEID4205) s THFGGE(1002e5) 9 TFLG3(10+205)9 TFGGA(LO, 2,
CH)oTHGGTIIL106205) o TFLGI(1002:5) 0 TFLGP(100245) 9 TFEGII200205)+TFAGLL
C1002e5)eTHCGLIILO 425 o TFFGLITI00295) s TEFFGE(1002e8) o THFGIL106205)
CTrHGIIID 205 ) e T HGZ2U 1002 5) o TFHGI( 10 0205) o TFHGA( 100295 ) « THIGL (10
£2e5)0TFGIRI(10624H) o THEGR2(100295) s TFGRI(1042+5) 0TI GHACIO00205)

B TFGRS(10422¢5) s1NERLC100205) o TFLR2(L002+5) o THERS(100205) oTHANLL
C1022¢5) o THCHEIC1D020B) o TFFRICIO 0205V o FEFRZ2(U10020H) o TETHITL04205)
E TFIHRLEI0e205) o TFHRA (100 205) e TRHRI(TIV020e5) o TFHRA( L0, 2¢5) o THHIRG(
C10s2e5) o TERGULI0:24%5) o TERGUILI1002e5) 9 TEFVG(100245H)

COMHMUN /SUTA/Z VNeDELXDELY JDELZyDELT oRH

CUMSON Z/SETI/ CUNLsCUN2sCUN3 s CUNAS

CUMMON /SLTI/Z RHOL e RHODSW MMOS5Gs PSCe TSCoyALPHA y UL TA + GANIA

COMMUON ZLTMETZ ADOT o ADWE JMPGT o MSGT o HS Ty MFSGT 4 MEESH T

COMMUN ZPARMIEZ CLICEF oPIH1(100295) oFPIE(106245)

CHMMON ZPARNZZ KLELOs2eS5 ) oatbRXXCL1092¢5) oF KXY 1042451 4FKXZI1042495),
E FRYX(109205) et KYY(1092¢5) olf KYZUL10 025D eFKZX(104205) 0
€ FKZY(100295)0FK22010,205)
CUMMON 78ARMIt37  PUTLLS ) BOYLLS )y DIBUT(LS5),

RSUTCIG) yURSUTEIG) o UITUIR) o IPWTCLS) sURTLES) oPGTUIDH )y BGT (1S )
DIBGTUIS) sUGTLIH)eSGTUIB) JURGT (15 ) o KRUGT(LIL) s PCGNTLLS) oULGTLLS)
SWTLIG) s KPWT(16) KROWTEEG ) 3 PCOWT L5 ) USHNT LIS ) oFSGTUES ) oFKRGTLS)
FRIUVGTOIS) o FRPCGUTOLH) of DSGTULSD) of SHTELS ) ok KRWT(E LS ) o KRUWY (1D)
FPCOWTULID) s FOSWTILS) 4 NSWT(15) RFSWT(15)

L B B~ I ]

DIMENSIUN WH(10e205) eW2( 1002051 eW3(1002¢5)eWaLL200+5) 905100245}
oW (100205 ) M7 U104295) WHIL09295)eWI{10:2e5)sWIV(10¢2¢5)eWL1(10,
E200 eWEDUI00205) eMIB(10026S) eWIALL06245) ¢WIHT100249) oeWLO(10¢24+5)
€ WL7(10+2:5)eW13(1De2e5)oWIO(100205)sW200104245)

DO 50 K=14NZ

DO S0 J=1NY

DU 50 =1 NX

CALL LINTPREMSIT o501 o oKD oW UL s J oK Do SWT KRWT)
CALL LINTPINGAHT o GW T oJ oKD oW (eI oK) SNToKRINT )
CALL LINTDIMOSGT o0l o J oK) g WI(Tod oK) 9 SGToKIRGT)
CALL LIMNTPRUNSGT o SGUT oI oK) aWd (1o d oKD SGT,RIOGT )
CALL LEINTROW SWT o LWE (T o oK) o wSL o oKD o b SWT of KRWT)
CALL LENTOUMESWE o oWE (o oK T oWRTE o oK) o SWT R KIIUNWT)
CALL LINTHEIESOT oG08 (1ol ol ) oW T (L o Jdor ) o 5GToFLI(ET)
CALL LINTO(MESGT ot (1o JoK) o WBET 0 oKD oFSGT oFKIZGT)
CALL LINTPEPOT Pl Lo J oK) oW (1 9J 9K )9 P0ToUUT)

CALL LINTRPUIPNT oW L o oK) o MIOGT o JoK) oFIWT o INT)
CALL LINTREAR TG0l o J o) o WI L (T o Jo KD oGT o UGT ]
CALL LINTRGINT o1 00T e Je K)oV 1201 0ok Do POT,LUUT)
CALL LINTRLADNT Wl e JoKD M LICL s JoxK) +PUT JUNT)
CALL LINTRGIDGT o0 G0 0 Jek ) awlA0 Lo S oKD ePPGTHULGT)
CALL LINTR(HOGT 001 o J oKD o WIS Lo JeK) oPUT 4UBUT)
CALL LINTD (MO G0 Led oK IsWIGTLedoK) oPGY s 5GT)
CALL LINTEGPOT,PEDC e JeKD) 0d ) 7010 o) PTG 1IUT)
CALL LINTR{DWT o ol s deK) sl edeX ) ePuT 4G T)
CALL LINIRQIU 4000 e dor Y oW a1 JeK) o1*OUT SN
CALL LIATEMEG T 1 (T edeR) a0l odort)el’0IT 1500
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FURIPRAN IV Gl

0N 50
oust
005:
0053
0054
0055
00shH

00n?
ousn
00HY
VoV
0061
0062
0063
00 LA
aooLs
00606
0067
oooy
[ 10 1%
0070
o007t
vor2
0nT
oo7a
0075
o0 7
oor?
o078
L'l 4l
oyo
[o1¢1:3 )
veoa
083
wnaa
0ooun
0nho
one?
ouiady
VN3
0020
LV |
002
oYt
LI L
nNe
an9n
coaz
VNIA
ouI9
n{on
0101
0tna
010
0104
019t
C10n

RELLASE

2.0 CULFTF DATL. = n2333

50 CUNTINUL

FACTI=CUNI*VI)Z{ULLX%*124,)
FACTR=CUN] *CUNT&VIL/( 24 #DELX)
FACTI=CUNL*VU/Z (DEELY*144,)
FACTA=CUNLACUNI&VII/ (24 ¢DLLY)
FACTS=CUNL#VIIZ (DELL*1484,)
FACTHE=CONL#CUNIPVIL/ {20 #DELZ)

D0 100 K=1,NZ

DU 100 J=1,0Y

DU 100 I=1oNX
KRW=W1{1sJoR)D
KRUW=W2( 14 JeK)
KRG=W3(1eJ9K)
KROG=WAll 4 JsK)
FKRW=WS(14JsK)
FKANW=W6 {1 ¢ J oK)
FKROG=W7 (1 ¢ J oK)
FERG=WO(L +JsK)
UO=walleJeK)
UW=WI10(1eJ4K)
UG=WIt(1+4J4K)
VOF=W12(14JsK)
UWF=W13(14JeK)
UGF=W148(14J¢K)
BOU=WIS(L,JsK)
WNG=Wi16(1,4J¢K)
OFN=WL7{1,J0K)
BFG=W18{1,4JeK)
RSOU=WI9(1¢JeK)
NSF=W20(1,J4K)
KRO=(KRUWSERW) # (KRUG #K 115 )~ (KRW4KHRG)
FRKRO={FKRUYMIFKRV ) ¢ (T KPOLF KRG I-(FKRW+F KRG)
IF(1.EQst) GU TU 11}
KRWE=WI1(1-14JeK)
KROWI=W2(1=2 yJsK )}
KRGI=W3(1=1,JsK)
KRUGI=WALE=14+J K}
FRRWE=WS1 =1 9J4K)
FRROWEI=WO(T~-14 JoK)
FKROGI=WZ({1=14.10K)
FRKRGI=WAL1-1 s J oK)
V=Wt =14JoK)
UNL=W10(1~1¢JsK)
UGI=wiltl=tesJoK)
ULUF1=W1201~14JK)
UNEL=W13(1~14Je¥)
UGE t=W1Ali-1 s J ek )
BUOL=WEHT-1J0%}
BRGI=Wiln(l-14JoR)
BEDI=WI701=1sJeK)
DEGL=WIN{I=14JeK)
NSVI=WINC(T <1 4 JsX)
RSFI=W20{1=-14JeR
KROL=(RIZOV L OKERE )2 (RINGL eKING 1 ) - (KRWI ¢KKG )

PREO= U RIGIrgEed ) 201 KRUGLAFKRGE ) = (FKPWLEFRRGLT

IF{Lel.2eNX) GU 1) 37
Firwe=Wli(l 41,4 00K)

20/ 32707
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FURTNRAN LV Gl RULEASE 2.0 COLEF DATLE = 82331 Q0737707 PAGI. O0nA

0107 KROW2=W2(1+1 4JK)

0109 KRG2=W3{(14+1+J.K)

0102 KROG2=WA {1 +1 9JeK)

o110 FRRAW2=WOLT41 4 J0K)

o1t FKRUW2=WH( 1419 JeK)

o2 I KRUG2=w7{1414J4K)

o1 FKRG2=W3{ 141 ,J)1)

otta VOR=WI I+ eJ9K)

ol UW2=WLO0(1414JsK) .
o116 UG2=Wit(l+41,J,K)

ott7 UOF2=wi2(1 41 sJ oK)

o1t UWE2=Wwl3{1¢1¢J4K)

(JER UGF 2=W1A(T1¢14JK)

0120 NRU2=W15(1¢1 ¢ J oK)

0121 NNG2=Wilnl 141 0J4K)

o122 NFO2=W17(141+J4K)

ot BEG2=WI8{ 141 4J,K)

o124 RSO02=W19(1414J4K)

012% RSF2=W20( 141 +JeK)

0120 KRU2={KRUWD+ KRWP ) ¢ (KRUG2 #KNRG2 ) = ( KRW2 $KRG2)
0127 FRIRV2= (FKROW2+ERNWR) ¢ FKROG2 4FKRG2 )~ (T KRW2HEKIG2)
oran 12 IFCJeEQet) GG T 13

0129 KRW3I=WL( s J=-1,K)

0130 KROWI=W2( 15 J=1sK)

ot 3 KRG3=W3(1 sJ~1,4K)

0132 KRUG3=WA L1 v J-1+K)

0132 FRKRW3=WS (1 ¢ J—14K)

0134 FKRUWI=WA( 1 J-14K) -
0135 FRKROGIZWZ (1 J=1,K) %
013n FRKRGI=WI( sJ-14K)

oL U0 3=W9( 1l ¢ J-1,+K)

0t Jn UW3=W10(1eJ-1¢K)

01.39 UGA=WEL{T e J-14K)

ViAo UUF 3=WL2( e J~1 4K}

niay UWE 3=W13(1eJ~1,K)

vla2 UGF 3=W1A(1 4J~1,K)

otay BBUIEWLIG( 1 sJ=14K)

0lAa BOG 3=W16(1eJ=1 %)

014A% HFUS=WET( T J~1 4K

o140 BFGI=WI1B8{1+J-1,K)

o1az RSO I=WI19L1 4 J=1,4K)

otay RGF I=W20(1 sJ-14Kk)

0149 KROI=(KIRAV 3 KW L) ¥ (KNG KRG I )= (KHWI K IGD)
0190 1 KROI= (KW 34 EKRY 3) ¢ LFKRUGIHEKRGI Y~ RIER JEFKRPG3)
0151 13 IF(JeEQeNY) GU TO 14

015> KRWA=WI(1 pJ¢isK)

0153 KRUWA=WRL 1 4 J41 oK)

(RIS KRGA=W3I(1 e St 1K)

0154 KRUGA=WA(T ¢ J 41 W)

0150 FTKRWA=WS(L s J¢1 4R

(K4 FKROWA=WOHT T J4 ) oK)

014N t KRUGA=WT(] ¢ J4 1K)

0149 FRPGA=WALL 4 J¢1 W K)

0160 UNA=WO(leJ¢1 oK)

016y UWa=W10(1sJ0t1,K)

016t Usa=wilt(leJrleK}

016, UOEa=W1201 y.041 1)

IR UWF A=V 30T 4080 ,K)



FORTOAN TV GIE

016y
C166
[ YN4
0108
0169
ot70
o1r
o7
0173
0174
0175
0t70
owrrz
o17n
o170
VInO.
o161
0182
o181
oL
0185
[LERIE
ftyz
oi1an
claQ
0190
011
0192
[FRUR)]
01un
[N
o190
0197
0198
0199
0200
0201
V20
0704
0204
oo
0290
orn7
oron
[ R el
Vel
0211
0212
0213
02ta
He A
[ KD
[\RA W4
VelH
ot
0r20

B

L i

PELUAGE 2.0 COtrF DATE = Ap33s

14

UGFA=WIA( T eJtL oK)

HBOA=W1S(1eJ41 oK)

BUGA=WIOG({ [ sJ¢1 K)

BFUA=WLI7( 1D+ oK)

BFGA=WIB( Lo+ oK)

RSOA=WID( 1 4J41 oK)

RSFA=W20( 1 ¢ J#1 oK)
KRUA=(KROWN K WA ) R {KI)GA $KRNGA )= (KNWE $KHGA )
f KRUS=(FKHUWGH KIRWA ) ¢ 11 KRUGA $FKRGA I={FKRWA+FKRGA }
IF(KeEQst) GU TO 1Y

KRWS=WI{T oJeK~1)

KROWSG=W2{1sJsK=-1)

KRGS=W3{T1yJek-1)

KROGS=WA( 1 9JoK-1)

FRKRWSGS=WGLL s JokK -1 )

tKRUWS =wa (1o o K~1)

FKRUGS=WZ7({14JsK=-1)

FKRGS=WO(1+JyK-1)

UUS=WI(1l +Jek~1)

UMS=W10(1eJsK-1)

UGS=WIR(1sJeK-1)

UUFS=Wi2(lsJeK—t)

UWFS=W13{1sJeK=-1)

UGHFS5=W14a(1 sJeK~-1)

HROS=W15(1eJesK=~1)

NRGS=WI6{ 1eJe%~1)

AFVS=WIT7{LsSo¥~1)

BFGS=WI8C(lsJeK~1}

H305=W19(1+JsK-1)

RSFH=W2001 v Jek=1)
KROLG=(KRUWG+KRWD ) E (KRNGHL IKRGH )= KRWH KNGS )
FRKRNS= (F KROWSEEKR®S) # (T KRUGS ¢FKRGS )= (FRIIWS #F KRGS )
1F{KeECQeNZ) GO TH 1K

KNWo=Wl(1 sJeK41 )

KRUW6=W2(1,sJeK+1)

KPGO=WIlleJeKe1)

KRDGH=WallsJsK+1)

FKRWO=WS{1+JeK+1)

FRKROWG=WO 1y JeKiL)

FRROGO=WT (1 s Jo Kt 1)

FERGO=WH{] s JoK #L)

U06=W9 {1l sJektl)

UWO=WI10(T s Je¥¢})

UGH=WIL{LedoVt1)

URFO=W12(1 ¢ Joe¢1)

UWFGOSWI3( ook 0L )

VGFO=W1a(leJeK L)

POUVG=WIS{T 900K #L)

NUGOH=WINlT s Jek$l )}

NEOLG=WI7(EedoK 1)

NEGH=WIAL ) 1S oK ¢1)

RSOO=WEIN( e dolit1)

NSFO=W200 T o J oKt )

KRUOG= (KIRUWGHPI YA ) (ERDGH KRGO ) = (KIWH LK G0 )
1 KRODG= (EKEOME ) RINO Y #0FRRDGG $H-KRGO )= (HKRW O #-KPGG)
CONTINUL

CALL LINTPCINOT oPi{ 10 eK) oD 1I1OOT 4O INLT)
CALL L IRTIW200T o000 ¢ J o) oURG W PPUT » DiRSUT)
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I"URTRAN

0223
02248
0225
0226
oe2r
onzn
ot a9
0230
0e3
0232
033
0o 34
023%
0246

0r3?
0238
030

LAY
0’al
042
0243
0laa
0245
0zan
0247

otan
0san
0250
n2nl
0242

[L N
1254
09759
02506
0257
0258

onsu

02060
0,01
026>
o0

209
02
[+ ST
oNt.7
0 0R

6D

0,70
0r71
0arr
n27.

tv Gt

RLLLASL 2.0 CuLkF

gl

DATE = 82333 2a737/707

CALL LINTPUHUPGT 4G 2 J oK )2 DIRGPGT 4 NIUGT )

CALL LINTRURPUTPFD( L ¢ J9K) «DIHUT »PUT 4L IBOT)
CALL LINTRUIPUTDPFUC T JoK) sLDRSKF o PUTLDREUT)

CALL LAINTOIMPGT o PEGIT9JoK) sDIBGF 4 PGT 4D IUHGT)
CALL LINTP(USWToSUNET o JoK) sDSWDP o HWT LSV T)

CALL LINTPUMSGToSOMUL s JoK) sDSGI 4 SGT 4 DSGT)
CALL LINTPIMESHT o SWENE L s JoK) sDESWOUP Y FSYT o FDSWT)
CALL LINTPIMFSGT 4SGEHE Lo JoK) sDIFSGUPFSOT 4FDSGT Y
NDENN={RHNSUFRSODLRHOSGZ 56151708130

DUNUF = { RHUS0 HRSE 2 HUS5G /06015 ) /B0

DENW=RHUSW

DULNWE =RHOS W

DULNG=RHUOSGL/Z{NRGEGH15)

DENGE=1IBSGZ (545 ,015)

IFU1.CQe1) GU T 223

HO1=POU L1 ¢J ok )=POL T 9 J oK )=DENO*DSINLALPHA ) $DLL X/ 144,
TF (DL eGlz 0 De D) TKIND=KRU]
IF{HOL 4L T« 060) TKRU=KIU
IFLTKPOWLT VU0 ) FRIINZD O
VAVGSFAVGLUL WL )
HAVG=FAYG( 13U, )LL)
RSAVG=EAVGIISU 115U )

FACT=TKRIV (HAVGEUAVG)

ADLT o JWK)=TAQU L0 Jo K ) #F AT

AGUC T s JoKI=TAGULT s VoK) #ACTERSAVG

HWE=PW =l od oK D)= s oK )}=DENWRDSENTALIHA ) POLL X/ )80,
TE(HWL oGl a0 ) TKIIW=KRW]

IF(HWL oL TeDeU) TKRUW=KNW

UWAVG=FAVG LW, UA L)

AW Lo J oK =TAW( Lo JoK) & TKRW/UWAVG

HGI=BG T=19JsK)=DG{T o JeKI-UCNGRUS INCALPHA) CDLLX/ 100,
It (HGY o706 0) TKRG=KRGI

1F(HGL oL T 0 0) TKRG=KNG

UGAVG=FAVGIUL,UGE )

UBGAVGEFAVG (LG o G)
AGILedoK)I=TAGI 14 JoR)2TKRGZ (BGAVG FUGAVG)

HOFE=PFN{ T =1 oo )1 =F 0 T4 JeK)=DLNUF SDELX*{ DHINCALIMA Y/ 1AG, -
E CONI®*{DILOAT (1} *DVOXDT( 1+ JoK)=UI LOAT(I=1)SDVUXDT(T-EeJoK) ) )
I CHUF 1eGl.e0e0) TKRUE=IFKRUL

TGN Lol eV e0) TRIRUE=FHIN

IFCTKIRUN oL To0e 0) TKIRUF=0e0

BEAVGSEAVGLLBEG o1 FUL)

Ul AV=EAVGLUOE Uil § )

HRSEAVEAVGLIGE o1281° 1)

fACT=TKRUNZLIIF AVGSUNEAV )

FAOLGL ook )=TH ANL (Lo JoK) &l ACT

FARECT o Io1 )= TL ARG T 0 oK) #1 ACTRRGT AV

HWELZPFEW(T~10Jol2) =0T W1 o JoRI=DENWE DLLXEL DS THIALIMIA) /144 ¢~
6 CONIPIDELOATCIIAPVEXDTC Ly Jo b )=DFLUOAT U= ) $DVRXOTI(T-1eJ K} ) )
TFCHWE L o GL oD o0 ) THRWETURENY

IFCHAE Lol Toed ) TrIVE = KW

UWEAV=EFAVL(ULE JUw L)

FAWLCE odont) =00 N {E v Jo RIFTHERWFZUNL AV

PAGH
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POMAanatl (006t e Y.L €180
N R U R AN AN R L N LUTR ] ] uivo
C0 ISP MORCAO L )RVOTNIO=(H P14 ILOXO AR CL AL M IV ID) oFh0D T
v I /Z(VHAETVINIGAO D eX VIUSAONIA=(NCC T 41 )9 M- (XL 1)D U=t U0 L1V 0
2
AV IMNZANUN LS (ASC S 1Y TRD L= (N Fe 1 )ImMD 4 [ K )
(2 1IN0 NN )DAV A=AV INN v
ZAUN AT INUAL (00 1T1°8 JMH ) 41 viio
M I=ANNL (000 L9 2:4m) d]) [ $%Y)
CC AP IMLAOXFAQSLTIANVOVIU=-(AC O I AT ) AXMAQe (T4 IVILIO) $EHOD 3
Oty ol ZU{VRAIVINTISA ) 4XTUNeAMNIO=LACST TR ) %= (000 S ) )M dad=T antl 2150
)
AVACHSLIVAS (AP0 D) 1D HL=(AC I ANO S [ REX{]
LOVASCASC I B A=( AL 1)T0D) 0no
(AVINNZOAV ) 2 HIINL=4DV 4 ©OLo
(&G0 NI DAV A=AV IS A HOTO
20N JON)HAVA=AY . JUN 1080
(EN NI )DAVE=OAY 41 9050
Q*O=AUMML (G °0 L1 {ONUL) 4] G0%0
SOUNA=IRNAL (G021 2:40H) 3] vo§'0
OURI=JOURL (001D Z4001) 41 080
C (NI LAXOAQS () AVO IO (N L T4 ] NICXOAQR [ T+1)LVOTIA) 25110 3
~*yv I Z(VIIaIVINISQ YEX VI 4OMNIA= (AL T 41 )0 Jd=(ACC o T YUAG=2:01 <030
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(OAVONSDAYLN) /ONAL IN LI IODLI=(A41*1)DD 1070
(HUITOLIINAV 1=DAYHI) 00F0
(EONON)} VAV 1=DAVON 6620
EONA=OLNL (00200 ) )1 160
OUR=OHNL (00 19° L)l L0630
Sy I/X 108 (VHATIVINISOsDNIU= (A CE 14 1) 0~ T4 1) DeI=2CYVH 09630
2
OAVMN/MNALS (AL IIRDLS NS I IND S670
(ERNCAN)IDAVA=OAY RN vo o
THRAN=M AL (001 2MH ) dI )
MUA=MINL (Q°0°1D*2MN) 1L 0620
SVt I/X 1IN (VHA W INTSOIMNIAU=CH F o T4 ) M= T [ Y Rd=2MN 1620
2
OAVSHA LIV IS (NP TIGHDA=(Nr* §)0DD 0620
IW AR AL I INDI=AN L)) LUl
(OAVNROAVII) Z0HNL=LDV 4 HUY o
{2UGHGRIU)DAVY=DAV S 20120
(2O )DAV I=0AVI) Lo
(0N N Y OAV 4=DAVN G0
0 G=URIAL (O°0° L1°0HNL ) 48 vido
SOMN=OND (00 AN LOH ) U1 020
OUAN=0UHL (0°0°LD°2COH) ) URTOo
YV /X TIAUS (VI INLS O ONAA= (R Co T+ L dOD=-(CI0 T ¢ | ) g2 tuéo
. OFT O3 0D (XN*O3°1) 41 Fa2a ateo
)
(AVAONIAVO S ) Z74UNLE CACC Y 1) TOV L= (NS I ) IOV Y 64370
{1.090Y 190 ) DAV A=AV 3N aLeo
(140D HIDAV A=AV IR 42420
SRIAA=YONAL (00 L1199 ) ) 0La0
19UM I1=00%UNE (0°C*AD T 40N) ) $©2.0
CC OIS T=1 N LUXDAUEE=TIIVDTAA=- (AL TILAXOANS (T IIVOTAAI$ENOD 3
=Y I Z(VHAIWVINISAO  }$XVNAS4ONIAA=IRC 41 IO Ud-(A* F* 1-1)D4d=1 JOH VLo
3
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Qs Mt (GeoC Lo uint) il
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Gee 00 GHY (ANCDIC) I v

(AVIONIAVO BIIZINNIALE (AL S 1IED LN L 1)TDd S
(V1908 D0 ) VAV I=AV IO

YArOaLt 930 ) VAVAZAVO UL

ANz 4OLHE (O LTV E 49N ) 3]

FOUN I 4OUNE (0°0° 19°C 49 ) S
(A T=CO IV LUADAUSCL=F YAV TV IU=EN T T Y LUADALS T ) LV 1LEO) o€NDD 9
UL IZEVLIMINISO I AATVIOeAONTIA=(AC S L)} 00=-(N* T=C* 1 DD AU=L JOH

AVIMNZAN0NL 4 UASC S M= (NSO 1 )2 )

(F10N% IAN)OAVAI=AVARN

MUY 4= Jadidl (00 1TICC MmN AT

AN = I (0019 L UMH ) 4 )
0 OICT=COIIICARAOSLT=CIIVOTIO= (A S I LAAMAON (LI IVOTIN) JEHOD 3
“~oyv1/Z¢VLE LIINISA I AU IANTIG=(HC ) IN = (40 T=F ¢ ) ) Rga=F AR

AVASHSLIDV I (AT ¢ 1241 =s(AC 1) dA L

IV IR C et b= 3)200 )

CAVACNAOAV 1} 27 3N L=20V )

(F ISH® ISH)OAV-I=AV 15Y

(L INNOIDNYOAV A=AV ION

(0 JIHLNNIOAVH=DAV W)

0°0=4NUURL (0°0* 471 JONAL) 41

OUNX I= 0L (U0 LT 4 ) 1l

COMAN=0UAL (000 CANH) 41
C C A I=C 1) LAADAQe( T =C AV T3A~ (A LT MLUAUAUS (L )AVO 1:4U) $€NOD 3
~*pel/Z{VIININISO Y#AIINSINNIA-(AC ¢ IO A= (A 1-C ¢ 1) O = JOH

(DAVONSHAVOE ) ZDUNLS (AF 4] INNL={Nr41)DY)

(T OHUIDAVI=OAVOU

{EDNONYDAVA=VAVIN

ONA=DONL (0°0° LTI COH D UL

fOUA=DUNL (0°0*TF9°CaH) I1
CYOI/ZATIOS(VLAIUINISO$ONIU=(N L ) Y Ud={ A 1=F ¢ ] )OI=EOH

OAVHN/RERE s (AC LI U=ONC* T IR

(Y ANCMN)DAVA=DAVAN

RMN=MINL (0°0° L CMH) S

CRHA=FUNL (U*0*39°CAN) JL

CovI/ZANAIS (VLIN INISOsMNIA=(AS PO F INA=( R T=C ¢ 1) M=LCMH

: OAVSHILOV:AS (AT IO NIE=(R 1Y
SR TY AN BUETEN S LIS BT k]
(OAVIADAVII) ZUNNL=1DV §
(FOSLNCUIIAVA=OAVSY
(EOU M IDAV A=0AVA
(£HNCUN)DAVA=2AVN
0°0=0M1L (0°0*11°0DuUNL) AL
OUA=LHAL (0°0°LT1°COH ) 41
SOUN=HUNL (O*0°AD*COI) 41
CHRIZANANSAVLININISORNNIO~( N LS} )Ou~I R 1= 1)Dd=C0OMH
HeE2 02 O (1°03°r) 4l ofe
o]
TAVASHSAVO NI ZAOURIS (AL 1) 1GD 4= (AT 1) 19D
(90 19N ) DAV A=AV 190

L7214 /0 FEFE28 = v 3.3300 0°*e HeviTl
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varo
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P20
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FURTRAN TV 61

od6n
0370
07y
a372
0473
0374
0376
0376

ox?7
a37s
0379
03u0
0unl

0382
oSy
03ua
o3u4H
oxtn
oaur

oran

osgo
0390
02491
[VR 1P
04dn
o3ua
03vs
0.3194h
Qan?

R
000
0401
0a 0

gavs

0AN4
005
0a0¢
oan?
Ca 0l

0401
natn
0a11
a1 2
0atl
04
valn
Oa g
oa 7/

PFLLASE 20 CNEre

IF (HDAGLE ¢ 04 V) THPI=KINIA
IF(TKROL TV 0) TKRU=OWO
UAVG=CAVG (ULl )

NAVG=FAVGIBLO, IUA)
NSAVG=FAV GRS »R504)

FACT=TKRO/Z (NAVGCUAVSG)
FUCToJoeKI=TI O{ LeJoK)2HFACT
FGUUiodsKI=TFGNO(1:JsK) *FTACTSRSAVG

HYA=PW( oS ok )=PW(] ¢ J+1sK)-ODENWADSIN{BETA)#0LLY/1484,
IF(HWA o GT e 00} TKRW=KIRY

IF(HWASLE e Ve 0) TKRW=KRWA

UWAVG=FAVG(UW,UWY)

FWllod oK) =TI W( 19JsK)ITKRW/UWAVG

HGA=PG s Jol)=1G( 1o J#1 ok )-DENG*USIN{ULTA)*DELY/184,
1F (NG ¢GT 0. 0) TEKRG=KNG

IF(HGA LE ¢0.0) TKRU=KKRGA

UGAVG=FAVG(UG,UGLA )

BGAVG=FAVG (NG, (111G)
FGERodoeKI=TFGL1yJeK) *TKRG/Z ({UGAVGEUGAYG)

HUOFA=PFO( 1 ¢ J oK) =PF U(1 9 J+1+K)-DEHUF SDELYS( DSINIULTA)I/Z1AG o~
£ CONISILFLOATI I+ ) SDVUYDT( L J+ 1o K)~DFLUAT{J)SDVUYDT( T s J9K) )
IF{HOFA4,GVo040) THRUI=FKRO

IFLHOF Qs eV eV ) TKRUI'=FKRUA

IF(TKROF oL T4040) TKRUOIr=040

REAVG=EAVGUIIFD 911104 )

UVUFAV=FAVGLUUI »U1UI 4)

PSFEAV=FAVGIIST o ST A )

FACT=TKROFZ{BF AVGIULIFAY)

FrO2UTeJeK)=THFU2( 1 JeK)MACT

FFR2UT o JoK) =TI FR2{1 s JoK) #IFACT*RSFAYV

HWFASPFW (L o oK D=PIW(TsJt1eK)-DENWFEDELYS( DSIN(UCTA)/Z 144,
€ CONIRAIUILOATCIHI I FOVHYUT( 1o J#1oK)=DFLOATLI) YDVRYDT( T, JeK) )

IHLIWFAeGl1 e0e0) THRWF=FKRW

IF(HWIEA o LE «0 o) ) TKRWI=FKRWS

UWFAV=I-AVGLUWE sUWFA )

FREWO(T oo KI=TIFW2( o Jo K #TKRWEZUNF AV

HGFA=PEGLE ¢ JoK) =PI G{1ed4] oK) -DENGFIULLY®{ DSIN(BLIAN/ 1AA .~
£ CONJS(DFLUAT( Ut 1) COVGYDTEL o J¢ 1o KI=UDFLUAYT(JISDVLYDTLT s J0K) )

1F{HGFAGT oV o) TKRGE = KRG

IFIHGFALLL «D o) THRGE =1 KRGS

NEGAV=FAVLL 31'G 413 GA )

UGF AV=TAVG LUGE UG A )

FFGO(L oI oK I=TIFuL2( ¢ Je K ETKROLI/Z(UF GAVEULFAV)

1 (ReEQe L) Iy T1) G2

HOS=PLELE o J ok =1 )= 1o J oK )=DENOSDCOSIGAMMA) ®OLZ/ Lt e
TF(HDSeGLe 0s0) TRIN=V.RUS

IF(HUS L Te0eU) TRNH-KIO

IFATKIROLW TV U TKRIZU 4O

UAVG=E AVG (UL U (1)

GAVGEE AVGLIID, NE)

PHAVG=TAVG L300 610505)

FACT=TKIRU/Z GIAVGE UAVESG)

DATE = 02333 20737707
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OUNA=AHUNL (0°0° LV SH9N) 4]

GONNI=IDUNL (0°0° 19° G401 ) 41
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St YUI/ZAVHNYDISOINL D 4ZTT00xIANAA=(H P L IR 10=-( 1-A ¢ 1 ) MIA=S IMH

AVASUSLIOV IS (AL IICND =P T ICUD S
LOVAR NS C S TIC0D =N Ce 1 IFND Y
(AVAINDAV N1 ) /7 HNINLE=LDV )

(SASUS JSUIDAVA=AY AS2U

(S 30 00 ) DAVA=AY HUN

GOSN OINIDAVA=DAV 41}

0°0=-4N:AL (0O *D LV JOUNL) U
OHNA=JOUNL (0°0°1°1°S H0H) 41
GOMAI=AONNL (0°0* DS A ) S

 C LE=AT 1D AA2DAQRET=A)IVDVIA={AF 1 ILAZOAAS (A ALV IIN)#ENOD I

*vel/ZLvHIvo )S0D0 Y4230 JONFA=(ASC 1 INLUd= (V=4 £ ¢ 1 YD AU=GINNH

(DAVONEDAVOILY /DAL IR 4T )OO =(H )00

(O SDOUTIOAVS=LAVOL

(LN CON)DAVA=DAVON
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anto AREAD(S9101) DI oI'WL PG o1 oPWE]WPGFL
oottt REALD(G o 101) SULeSN1 5Ge SUF Lo SWE L SGFL
vl 101 FORMAT (610.0)
C
[VIL IR DY 10 K=31,4NE
o¢ta O 10 J=1.hy
oty NU 10 1=1,MNX
oute PO(LsJ oK)=
o0t 7? PHlledeK)=PI L
votn PGLlesdeK)=PG]
001v PEOCIe JoKI=1F]
020 ’ PEFW(LeJoK)=WE T
oua) PEGUT o JoK)=1GE L
09%22 PUNTTs JeK)=]
ovzl PAN{L s JoK) =I'WI
0024 PONCTy JeK) =G
V2% PRONCL oD o¥ ) =PF 1
onz2en PEWHIL o JoK) =PI L
o2 PEGNUL s oK )=ined d
ovan SLITeJeK)=SI21
0029 SWileder)=5Su1]
0030 HG(LeJ K )=56G1
ou3t SOF (s JeK)=HUI |}
ov 32 SWIrlEedoK)=5ME |
oodx SUFLEeJeK)I=L1I ]
00 44 SUNI(T1 e JeK)=5001
0 3% SHN(LeJeK)=WI1
onie SH{1 s JeKI=HG1
ousz SUFH{L s Je KIS |
2013 SHENIT oK)= 00T
0039 SOGEN{T o JeK)zbLuIT
ovaY 10 CONTINUL
oval PRIINT 102
onag: 102 FORAATCO IRV EAL DI G500 DISTRIBUT TG 1N MATRIX PGCKY/2/7/7)
ona DO 1) LK=1 N7
0naa K=NZ=-LK#1
noaYy POINT 103, F

onac. 198 FUDRMAT(POLAYLL HWELGD e g [ 74/ #&3bbdtteste /)

002



FURTIAN 1V GI

onavz
0041
0oaY
0Vs0
00S51
ovs2
0053
00%5a
0055
0056
ous?
nose
0059

0060
0001
o0
onod
0066
006
0066
ovaG?
goon
0060
Vv 7L
o071
Qe72
0073
o074
ou7sH
no76

0077
0u7s
on7y
0G0
0081
ooar
0083
oona
008sL
oouo
947
oV sy
008y
0040
00y 1
o0 )
(VAR

gava
ovay
00Y6
onaz
LIV L
oveG )
0170
0101

1PITLEASL

50
104

109
106

ta7

108

(7]
-

109

t1o0

13

113

114

1ty

14

16

]

240 Itcon DATE = H2333 L0/ 3T707

J=NY

PRINT 104,J

FORMAT(ORDY NUIDLRY 9179/ ~——mmmeea=ty/)
PRINT 105, (PUCTL,JyK)y1=10NX)
FORMATL® PO "4 10FLZe))

PRINT 106 (PW(T3sJsK)ys1=1sNX)
FURMAT(* Py 5, 107 12.1)

PRINT 107¢ (PG(1 +JsK)oI=1NX)
FURMAT(* PG 'y 107 12.1)

J=J=1

11/ (JeQe0) G T1) 122

GU TU S0

CONT THUE

PRINT 108
FUORMAT(//7/77° 0TI TIAL PRESSURE DISTPIODUT LUNS IN FRACTURIIY///)
00 13 LK=1,NZ

K=NZ-LK+1
PRIMT 103, K
J=NY

PRINT 104,J

PRINT 109y (PFO(T9sJsK) ol =1 ¢NX)
FUORMAT (! PruvY, 1012.,1)

PRINT 110, (PEX(ToJeK) o 1=] 4NX)
FORMAT(® PFwe, 10F12.1)

PRINT 111y (PFG(IyJeK)el=1sNX)
FORMAT(®* PFGY' 4 10F1261)

J=J-1

1F{JeN.0) G TH 13

GO TN 61

CONT U

PRINT 112

FORMAT (P L INTITEAL HSATURATIUN DISTRIDUTIUNS IN MATRIX RUCK'///7)
DO 14 LK=1,i1Z

K=NZ~-LK¢1

PRINT 103, K

J=NY

PRINT 10a,J

PRINT 113y (SD{LeJeK) g I=1oNX)
FURMAT(® SO *, 0Pt e.2)

PRINT §1a: (5W(1eJdeK)e I=1sNX)
FORMAT(® Sy '+ 1CF12e2)

PRINT 115, (SUllsdeK)el=14NX)
FORMAT (* 50 ¢, 1917 1.2,22)

J=J-1

IF(JeliGe0) GOL TH 18

GO TO %2

CONTINUL

PRINT Ll1O
FORMATC/Z/77770 141 TTAL SATURATION RISTRIAUTEONG TR FRACTURLY /7 /77)
DU IS5 LK=t HL

K=lil~LK+E
PRINT 103, K
J=NY

PRINT 104,49
PRINT 1179 (GUFCTeJaK) o1=1yHNX)

PAGE 0007
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FUKTRAN

olo
0103
o104
0105
a1 06
0107
0108
0109
ol10

oLt
o112
0113
D114
01ih
o11n

o117
oLin
ot1o
0120

o121
nlee

o123

ol7a
012%
9120

v Gt

RELEASE 2600 thcon DATE = 132333 20737707

Ta0

N NalelN oW ol

117 FURMAT(® SO, I0IFL242)

PRINY 1106 (SWE{1oJoKYe 1= 40iX)
I8 FORMAT(Y SWE*y 101 12.2)

PRINT 1199 (S0l {1eJeK) sl=14HX)
119 FURMAT({' 5GE ' I0H12.2)

J=J-1

1F(JeL OO} G1) TU 1Y

GO T1) 53
15 CONTINYLE

READ NUMOBLR UF VARLAUBLE RATE NODES AND VAKIADLE PRESSURE NODES

READ(S5,100) TITLE
RLAD(S5+120) HVQ'I
120 FORMAT(IS)
IF(NVQHFQ.0) GU Ti) S0
PRINT 121 NVUN
121 FURAAT(/ /77770 NUGARLR U VARTAUBLE RATE NUDLS=' o[ /7)

READ VARTABLE PATE NODL LUCATIUN AND TIME-UN AND TIML-OEE FOR
THOSC RATES MG wiLb AS INJLCTIUNCH)/7PRODUCT TUN(-) BAICS ‘

MAY ADD PRUDUCTIVITY THOLX AND OPTIUON TU CAL. BOTTOM-HOLE FLUWING P

DU 16 I=1.HvVaN
READ(G4122) ANILT) sQH2 U)o aNI(T)sTAQLLTL)»TO2LT)
122 FORMATLIT554011040)
READ(S5s123) QvO(T}40VRIT)QVGET) oQVT(T)eQVOFLT) o QVHF L) s QVGF (1)
E QVIF(1)
123 FURMAT (3F940)
PRINT 120, UNMICT) o GHECT D)o ONICT) o TOQLUL2oTQ2(T) o QVULL )y VWL )93VGLT )y
6 QVTITI)eQVUIr (1) QVWE (I ) QVGF(T) s QVTH(T)
124 FORMAT (*ORATE HUDE LOCATLUN= *43154/' TIME UM (DAY) =t 4F12.2
A TIME U1 (UAY) =9%,1 12620/ QVU(STUB/D)I="4F 1060 QVH(STU/D)=¢
Eel'10604° QVGLLHCI/Z0 )= 10e 00 QAVTLSTUZ0) ="+t 100/
£V QVOR(STO/ZD)= 9 E,0,°%  QVWEISTR/ZD) =100 VGEH (SLE/D)=0,
£ F10.0,° OVTE(STBZD) =1 41-10.0)
16 CONT INUE
50 HE TURN
END
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fULETDAN

0001

000>
0008

goua

1A $31)
oo

ovor
ooy
Qo009
0910
nolt
nul
9014
onla
0014
avl6
0017
ooin
onla
noso
ongl
goen
[oT0 |
002a
025
ol
oner
0n2:y
an
00.40
0031
oV 3,
003l
0o jla
0035
o0t
[t1VRY4
0.
9032

ouay
DIVERY
enap

IV 61 RELVASE 240 MATRAL DATE = B2J34 Q207377017 PAGEH

2N e Ng]

C

SUUROUTINE BATHALINX s NY N2y STHO s STRUN)STUOW«STOWNy LCHF T2»SCITNyMBEQ,
€ MDBLEWsMDEG yWUR oG o VDM g VT s CUMULL » CUIAWAT o CUMW L yCUMGAS s CUMG T
& RVILMeRVOLF s PAVGIDELT sOILP o WATP ¢+ WAT 1) GASP s GAST)

SUBRODUTINIE TO CAM.CULATE MATERIAL BALANCE IN GACH TIME STLP
AND WATER=OTL PATIL AND GAS--0OIL RATIUO AND AVLRAGL PRELSURLE

IMPLICIT HEALSB(A=110-2)

CUMMON /ZPKESSZ PULIO 2 4D ) o PWIL109245)sPGIL10e295)sPEO(100245) .
& PEW{100295) oPEGTLN9295) 9PUHI100205) oPWN(L1002¢5) 9PGHITO00200)
E PFONT10+2+5) e WHIL104295) e PFGMN(1042¢5)

CUMMUN /PRUODYZ Q3100245) sQW {1092 05)006(10¢2:H)000F(105205)

E QWF(1042¢5) 2061 (10024 5)
COMMON ZLIMIT/Z UIT oMPOWT ¢ MPGY ¢ ASGT yMSWT ¢ MESGT o ME SWT
COMMUIN /ZPARINYS/  POT(L1S)BUTILIS)DIBOTIIS)

RSOT(1S) yDRSOTII0)sQUT(LIS ) o PHTLLIS) sUNTO LS ) oPGTIL%) e BIGT(1S)

DINGTUIS) HUGT(15) +5GTLIS) oKRGT(1H) e KRUGT 1L ) 9 PCGUTILS) o D5GT(LS)

SWTCLIS) o kRWTO15) s KRUNTI LS ) o PCOWT LIS ) sDSWT(15) ol SGT(15) o FKRGT(1b

FRIUOGTOIS ) oFIPCGUTILIR ) of DSGT (IS o FSWTIRS ) o FKRWT (1D ) FKRUNT{1S5) s

FRCOWTI19) yf OSWI(LIS )y ROWT(15) s RFSWILLS)

DIMENSION VIPM{NY. oMY 1) oVPE (NX4NY » 1)
REAL®S MBLO MW o MUBLG
WATI=0.0

WATP=0,0

UILP=0,.,0

GASP=0.0

GAS(=0,0

PAVG=0.0

PAVGF=0.,0

0L 15 K=l oNS

DO 15 J=1,NY

DO 15 1=14ML

IF(QUIT o J oK) ol.Te)e V) DILP=OILP+QO( 10 JeK)POLLT
IFCAUE (L o JaK) e LT 4o 0) DILP=OILP+QUF{ e Je KY*DELT
IFCONIT o J oK) LT e0e0) WATPD=WATPHOW( Lo JyK) $DLELY
TELQWE (T 009K ) e LT o0e0) WATD=WATPH+OWF( T4 Js KIXDELT
IFCOQW T oD o) etiTe0od) WATI=WATIHAW( Ty JoK)*DELT
IF(OWE (T o J o) e Gl e0a)) WATIZWATIHQWF (1o JyK)*OELT
IF(QG(LeJsk) el.Te0eV) GASP=GASP+QG( 1+ JsK) *#DLLT
IFCQGF (T oJd oV ) eLTeDe) GASP=GASPH+QGF( 1y JsK)RDLLY
TFEUGET o d oK) eGTe0e) GASI=GASTIHQG(1eJeK)*DLELT
IFCQGF (1 oJsl)eGTe0e0) GASI=GASItQGF( 1o JeKIXDLLT
PPAVGEZPAVGHPL (Lo JoK) 2V T JoK)
PAVSE=PAVGE ¢ O( Lo JoK) VP (1 9JsK)

15 CONTINUL
CUMDIL=CUMDI LY DAASIOLILP)
CUMAAT=CUMWATHDANRSGTYAT)
CUNYEI=CUMW T +WATI
CUMGAS=CUMGAGHDABL(GAGP)
CHMGI=CUNGT +GASE
HOED=(Le =S TR0/ (S TLON-CUNUIL) ) *100,
MIEW={ Le=STU W/ (O NIWH-CUMWATHCUMNM 1) )+ 100
MREG= (1 e=SCH 17(5C] FH=CIGASCUMGT) ) 100,

B~ I e

PAVG=PAVG/IVINLY
PAVGE=DAVGEZTIV UL
CALL LIMHTPR (T, IPAVEH (1300 ) o PET 4 RBOT)

0001

£0¢



204

ON1 4200

Nunidy %200
(1 QIUIFLNNODNT ALTISMUDa RATLVOIN  ICHINUVMO ¢ ) AVWHOA 101 200
101 INI¥d (1°03°7) 4l ¢ceo
INNIAINDD 001 1200
1= (004N (N F*T) THDAHO 00 LN LT ) IHS) AT ogno
(NEr ST )IAA+IT0AE=4T0AY 100
(ACF 1 INAA+HTINAUH=RTOAY a1900
(N L T) THASROA=TINCL 4 1) AdA L100
(AL TIIHAHRHASR (AL S 1 INAA 0100
{ (AL TINND=(R* T 1 ING )X VDeNEHI 3
- (AL TINOAA=(N 4T )NAD) D8 (NTHUA-* 1)+ 1) *kNTHAI={(NF* 1) THd S Q100
( ((R*FLETINOAI= (R 1)NJd) #dD%NTHDA 3
= (OACCTINDG=(A P 1)0d ) IO (NTHA=* 1) +* T)aNTHAS(A* M T ) THG %100
(N*F* 1) IHdA=NTHd Y 100
(Ar¢ 1) IHd=NIHd e100
XN¢J=] 001 0O 1100
ANSTI=Ff 001 04 Gloo
ZN*1=3 001 0Q [ Jd
0="1 3000
0°0=d470AY 2,000
0°*0=WTINAYH 9000
CTSANSYN) AdAS (T ¢ AN XN ) WA NOISNAWEO G000
(S*2'01)THAA* (G2 0T)THG*4D*TID /THAVd/ NOWKOD 7600

(S*2COTIND IS (SZOTINRAI*(G4Z 40T INOId 3
S{GS2OTINVAS (G 20T INMA*(G420TINDGDY (G ¢0T1)DJUI (G401 )M 3

$(GeL0TINAD (S 20T )N (S*20T)IMd (S 20CT1)Ud /SSIHd/ NOKWWOD r 000
(Z=O0'H=V)Ig*TVIY L1ID1dH] 2000
o)
(3UNTS Aid IUOd NINTY ONTIIW SV THNSSIUd 110 TISN) 2
THMNSSAYA 40 SINTIVA AN LY ALISCHO0 J1V3dn 0L 3ANILINOHANS o]
D
{AAACHAASOA® JIN0AUCHIDAH ZNEANS X} ASNMNDA AN TLNDBAONS 16430
1000 :19vd LO/Z2¢ /702 £EEe28 = aO4va ASONDd 02 HSVIT M 19 Al Nviend04
QON37 HHY OO
NuN13y L2200
dIAIN/ULVRZUNR (0* NN d10) A1 aruo
0OsYy 4+ dIN/ASVO=UND (C*O0°TINAIIN) J1 H4#Q0
O 1000C T =uom vv0o
0 IcT=uno FyO0

000 vV LO/LY /07 ££Fea = J1va VL VIV 02 ISV 19 AL ~AwWaLDY



FORTRAN [V Gl WELFASL 2.0 PSR VATE = 32349 t9/21/14 PAGE 0001

0001 SUBRINUTINL PSURCHNX o HY o NZeMITERTUL o IMEGAHITLER)
C
C SHUURUULTINL TU SULVE PRESSURE EQUATIUNS oY
C POINT-SUCCLESSI VL =N)VER=RELAXAT ITUN MLTHOD
C
0002 IMPLICIT REAL¥8(A-ily0~2)
0003 CUMMUN /PRESS/ PUIL01205) oPH{100205)ePG{106295)ePFU(100245),

6 PFW{1002e5)4PFG{120205)sPUN(L2Os2¢5) ePWN(104205)+PLHIL10+2+5)
6 PFUN(LID42¢5)sPFWN{LO00295)sPFGN(1042+5)

0004 COMMUN /ZCIATX1/ GW{L10e2+9)sEW(1V92¢5) sAR(104215)e8W(L10¢205)
CCW(L100205)oF W 100299)eHW{100200) sRW(104255)2UWM(1002+5)9DW(104+2+5)
0005 COMMUON /CHMTX2/ VU1V 2¢5)0GOCL0020S5)sEUCIV0245)0AUL104245)

€ BUC10¢2¢5)eCUILI092¢5)9FU(100295)sHULI0s2+5)VUUM(1002¢5 1
£ RO(L0+2:45)eDOC10,245)

0000 CUMMUN ZCMTX3/ VG(1092:+5)9GGULL002095)4EGUIL10:¢2¢5)0A0U(1042105)
L BGUL10,249)eCGUIL10¢295)sFGU(106205)HOG(100205)900G(10+245)
L EGULlO0eT)0AG(1052e5)48B6(100249)9CG(1002¢5)9Fu(104205)
€ HG{1042+5) s RUI(10e2¢5)sRG(1042+5) 0G{10¢249)

0007 COUMMUN /CIMTXA/ FRW(1002¢D)sFGWLI(104295)0FGW2(1002¢5) +FGW3(1062+5)
CoFGAG(LIU1205)eFGRS(100295) 1FEWLI(1092¢5)sFEV2(100245) FEW3(10+245)
CoFAWLI(100205)oFBWIL0020H)oFCWI(1002¢S)oFFWNLI(100205)0FFW2(1042,45)
CoFFW3(100203)sFHWL(106295) oFHN2( 100205 ) s FHWI(1232¢5) oFHWA(L1092¢5)
okt HNS( IV e24S) s FUW(100245)¢UFW(1002,95)

006GH CUMMON /7CMTXS/ FRU(106209)sFVU(100295) - GUI(100205)9FG02(109295)
€ FGO3(106205)0F008(100205)FGOS(1092¢5)sFEDLI(1002¢5)FEV2(10+2,5)
CoFEUS(1092e5)»FA0LI(100205) FUUC1002¢5)9FCUL(101295)+sFFULI1002¢5)
€ FFU2(1002¢D)9FF030100205)sFHOL(1042+5)3FHO2(200205) +FtHO3(12002+5)
CEryFHOB(1042¢5) s FHUS(100205)+FUN(1002:5) 40FU(10+245)

0009 CUMMUN ZCMTX6/ FRGU(LO0s2¢5)sFRGI100205)eFVGIL104208)eFURLI(100205)
b FOR2(100205)0FURI(100203) sFGRA(L1002:¢5)eFGR5(1002¢5)FERL1(10+245)
EIFER2(109245)4IFER3I(10+02¢5) oFARL(1062¢5)sFUR(104+2¢5)9FCRI(100205)
C FFR1IC10+12¢5)sFFR2(100205)oFFR3(10,2¢5)eFHRI(10¢2+5) 4FHR2(10+2,45)
CoFHR3(104CeS5) s FHRG(TU4205) oFHRS( 1002450t GGLL1002e5)4FGG2(100245)
EaFGGIL109205)9eFGGO(1002:5) eFUGS(10¢2¢5)eFELI(109245) FEG2(10+245)
CiFEG3ICLI0e2s5)1FAGI(100215)+FHGLICI2¢5)+FCOLIL104295)eFFGRIL10-295)
& FFG2(1092¢S)+1FFGI{10+2+5) ¢FHGI(10¢2¢5)sFHG2(10+20¢5)+FHGI(104245)
CoeFHGA(109Z05) e FHGS(100205)92DFG(100245)

C
0010 NIl TER=0
0011 11 HNITER=NITER+]
0012 PMAX=0e0
0013 DL 15 K=1.HZ
0014 DY 15 J=1NY
0015 VO 15 1=1.0X
0916 PRKW=PW(1+JsK)
0017 PWLeJ oK)= (OWCToJeK) =Gl o JoKIEPRW (1 oJyK=1) —EW(LsJeRK)I¥PW([sJ=1,K)
€ ~AWlToaJoKITPW(1 =2 oJ oK) =CW(L1sJoKIEIW(LELJoK) ~FullosdoK)®PW(1,
CJ+1 oK) “HW{ 13 JoK)I*PW (L oJdeKt]1l) ~RW{ToJsKISPFW{TsJsK)
€ =UWM(T,JK)*P0014JeK) 2/78BW(1sJeK)
001 PWC Lo JoKISPKW+UMEGAS (PW( T JeK)-PKW)}
C
0019 PRU=PD(1 ¢+ J oK)
0020 PUOCLsJoK)IZ(DULT oS oK) =VULT ¢ JoR)*PW( 1 4J oK) =GOl JsK)*PU(L1sJeK=1)

£ ~EU(LoJoRISPO(L =k oK) =AUC(L o JoKI2PULI=19JsK) =CULT4JK)®PO(

EL¢ttoJdoK) =1UlLsJeKI®PULL 0 J#] oK) —HGUI s JsK)EPO(1sJsK¢1)

€ —UUM(1,4JsK)IEPGIT4JeK) =RU(LsJoRIFPFO(T4J4K) 700010 J3K)
0021 PO s o) =PRUH AL GAS (PU( L4 JoK) -PKUL)

S0¢



206

2000

(OMa=(L 0L it IShiva= T

(LI R I AR BRI FAATHISIF R DY ITEX S AR § LA

(AT I/ T 4w 1L ) =N ¢ 1) D4
COANCTAr IOt N CH IIGOHA= (T ANSC L)t Ao L) vONd- 2
(LANC I I (AP EIFOld~ (T4 TI=0)D (A PO 1I2OHI~- (T4X3
SU—COI)O AN CO ) IONH = (N EAC IO (AL PN LI~ (AT )DAHS6 (3
NECOTITOAd= INCT4C S TI=1)NAda(A )19~ (NPT )N s (ACCTIINIDDA- 3
(AL I=1)0 el 4OFS1)I1OVI— INT=LCTI41)D s (AL 1)Y= (X 1-F3
SEIONUAAIASCS 1) 1d= (N T =1 =1)O k(N LI YIO 1= (1-R*V4M T )0 4412
HECOTICONH= (1=H'COATIVAdI (A LIUODD 4= (T4 1) 1R (P 1)EOD - 3
(V=N r o 11104 (N F P II2OOD~ (1=N*T=C 1 )9 tis( M 1) TODA-=THUL
(AR EIRNBINEEI D LN BRI IRERN S S > Al B 2 &

YOI ANS LT I0ild= (T4ASPOLIOAds (AL TICH 1= (14N I=1)0dde(N 3
CI)CHMA= (E4NCT=C I 04 {ACC T TUHA= (NI T4 1O RN )CUSA- 3
(RCTACCIIN AN CO NI A~ (AT 1 -1)O W (Her ) TNI4- 9
(ASLCTHIIO SN LTI TAD A= (AL T I0IAs (AT I )atl )= (M0 1=-1)0:0d% (AT
LS I)INVA= (NCT=CoI+1)INIds (AL IICUN4= (ACT=C LI H AT T)ZUI4- 3D
(AST=C*1=1)0 g (N C S ) TRidd~ {(T=H*T+/ 1Y a3 (AL 1YIGUDd- (1-MY
SCOTI4II0 IS IR LoD DD~ (=ML I ONAAn(NLC U= (T=H**T~-1)0:4u3
ML I2UD:A~ (A T=FCTIIO IR INCOIITUN U= (AL I MU CISF 4D DAY~ 3
(MO )N (AL 1)ONd= (WP T YN (AT TIONNMA- (AL *1)D0u=HIL

(AL T)NMI=4D U4

CAOMI~{AC S 1) 0AA) AVOIRO+ JONA=(HC* 1) 0 ddd

(derepiouds¢ (N3

SCOIINUAR(AS L TIONG~ (IR TRCS IINAAS N L TIGUH A= (4P 1+1)04dd# (43
SEOCIICOH I~ (1NCI L INADS NI IEUHA= (TN T )OI (AL 1) 2OHI-T
CURC T IIOHA# AT ) TOHA~ (A THC T4+T)0 UM (N CC )0 dd- (N 1403
CIYOAASENOC I d= (A I+ I=130Ad$ (AL 1) IOA 4= (AL T 41)04ad (NI
SCCTITUDE= CHCPT=1)UAdS(AC I IOV~ (AT =CeT4 10NN T IIE0Nd~ 3
(HI=CO L0 LA (N L4 1)2000- (A T=CTI-1)0Ud# (AL [ IO V4= (T=N*T1+73
CEIOAAS NS L C1)IG0D - (T=H'P2 141 )04ds (AL Iv0D:a=- (1=NFeI)0AcIn(NrT
CSENCOD = (1=N*T*I1=1)0H4d*{N*L*1)2094~ (1-NI-~L IV das A L1 )I09:0- (3
NECO T IAAAS (R T I IUAL=- (UL *IIOUS N E20H3— (N1 IN)I=(AFCT)0AY
(A¢r s 1)0:4d=309d

(ARAG= (N F 1) NAS) «VQWIN I IRA= (A C * 1) R Ad

(ASCCTIMAAZE (NP )OAdS IRSC ST IMND~ (TR IACC TR IO Ce TIGMIE~ D
CLAASC LI MAA AN P T VNIE= (NSO T IR AR (RO TN~ (T4 T -1
M SR (AL TIZRH 1= (14X T =F S 1)MIde (AU P eI ) TR = (MO TAM THI ) Mdde(Nerd
CIIEMIA~ (VAL TR AR CACCO T YEM S~ (AT I— TR IUx (A1) T~ (A3
SCCTAIIAAAY (AL INDA= ISP T=D DM A (AP B) TRV - (N T-FPT+T)MAds (3
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FURTRAN 1V 6l PELEASLC 2.0 PSuUR DATE = 82433 f0/37/707 PAGE n001

0037 T {RI«GT JRITAL) PHAX=R]

LIRS P2=DABSIPW(] ¢J 1K) =DPKW)

N3y : IF{R2eGT s RMAX) IAAX=12

ov4a0 RI=DABSIPG(L +J 1R )-1'KG)

0nat IFAR3GT oiiMAX) RMAX=R2

ULY ¥ © RARDANS(PIO{ Ly Jy KD =1'KUF)

ovag IF(ROLGT o NAX) RIAX=RA

00as PS=DAUSIPIS( Te JoK)=DKKF)

R IF{RGeGT oI 1AAX) PMAX=5

00AG RO=DAUS(PI G{ Ty 33 K)=PKGE) !
nyav IF (120467 o h.MAX) RMAX= RO

voan 15 CUNTIMNUE

Y] IF(RMAX LI TUL) GO TU 20

0950 IF(NITERGUSHLTEiY) G TO 30

0051 GU TO 11

0nesp 20 PRINT 9%,NITLR

cnnsy 95 FURMAT (* OCUNVERGLNCE AFTER' 317+  ITERATIONS ')
ounha RETURN

0055 30 PRINT 96,METLH

(WVETH 96 FORMAT(' 0CUNVERGLNHCE HOT ACHIEVLD AFTERY 417+ ITERATIUNS?Y)
00457 RETURN ’

0nns END

L0Z



FUITRAN 1V Gl
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0o 29
0030
0031

0032
[ IVRR]

RELEASE 240 PYPRES DATE = 82333 20737707

acon

SUBROUTINL PTPRUS(HX sNY s NZ s HyPAVGy MUEQ o 4BLW e MUEG s CUMUTL » CUMWAT o
£ CUMWI yCUMGASsCUMGLyOILP yWATP yWAT L ¢ GASPy GAST ¢ WOR s GUR S ET TME +DELTN)

SUBROUTINE TO PRINT (JUT PRLSSURE DISTRIBUTIONS AND UTHER RESERVUOIR
PARAMETERS

IMPLICIT PPLAL®8(A-1H41)=-2)

REAL*H MDLOMDEW MOLG

COMMON /PRESSZ POCL0e2 95 ) ePW(100295) oPGL109295)sPFULLV245)
€ PEW{10+2¢59) sPFGULI00205)sPUNC100205) sPUNI10+245)9PGiH{E04205)
& PFON(10e2:D)sPFWN{L10+2¢5) sPFGN(10+2+5)

PRINT J100,NoET IMEJODELTHN
100 FORMAT (* 1STMULATION RESULTS AFTER TIME STEP 9 154/4'0ELAPSLED TIME

E =0 4F10e2¢' DAYS'o/'0TIME STEP SIZE (DAY) =09l 10e20/77)

PRINT 102 sPAVG sMBEN MBLW yMBEG» CUMUIL » CUAWAT , CUMW L .
101 FORMAT(*OAVLRAGL RUSERVUIR (MATRIX) PRESSURE (PSIA) =°4F12e2¢/7
' UIL MATCRIAL UALANCE THIS STEP (PERCENT) =

.
€ *oF12e0 4/
€ ' WATER MATERIAL BALANCE THIS STEP (PERCENT) =',F12.4¢/
(7 ' GAS MATLERIAL BALANCL THIS STEP (PERCENT) =% ,Fl12e44/7
(A ' CUMULATIVE OIL PRODUCED (STB) =%3F12400/
17 * CUMULAY IVE WATER PRODUCED (STB) =445 12e007»
12 ¢ CUMULATIVE WATER INJECTED (STB) =V 4F12.0)

PRINT 102 ,CUMGAS  CUMGT 9 W02 GUR

102 FORMAT(Y CUMULATIVL GAS PRUDUCED {SCF) =4 3F 12600/
1A ¢ CUMULATIVE GAS INJLCTED (SCF) =% ,F1260077
[ ' WATER-OIL RATIO =3 Fl2ele7
(4 ! GAL-0OIL RATIO =0 4Fl12e14/7)

PRINT 103,01LP yWATPWATI GASI?yGASI

103 FORMAT(' OIl. PRODUCTIUN THIS STEP (STH) = 9F 12620/
6 ¢ WATER PRUDUCTION THIS STEPR (ST0)) =0 4Fl2e20/
G * WATER INJECTION THLS STEP (578) =V eF 12e20¢7
14 ¢ GAS PRUODUCTIUN THIS STEP {(SCF) =*43F12620/
& ¢ GAS [INJECTIUN THIS STOP (SCH) =V 2F12e207777)

PRINY 104

104 FURMAT('1 PRESSURL DISTRIBUTIUNS N MATRIX RUCK® o/

[ . PR E XL AR PR EESE R E RS EREE R ERE KRR R NENRER?/ /)
DO 12 LK=1,NZ
K=NZ=LK+1

PRINT 109, K
105 FORMAT(*OLAYER NHUAULR® 417 4/% S &4k k04830 /)
J=NY
S50 PRINT 106,J
106 FORMAT(*ORUMN NHWMBLRY 4174/ ——mreemeen v/
PRINT 107, (POCiosJeK)e 11, ,NX)
107 FORMATC® PO *H 10F16))
PRINT 100, (PW(1sJeK)eI=19X)
100 FORMAT(* pWw ', 101712.1)
PRINT 102, (P5HlteJeK) s 1=140X)
109 FORMAT(®* PG *410f12.1)
J=J-1
IF{JeENeO) LO T 12
GO TO 50
12 CONTINUF

PRINT 119
LED FURAAT(/ZZ/77/7%0 P SSURL DESTRIMUTIONS TH FRACYURL '/
[ 1 CEIR AR tRREEBELRLREELRECRERFERSNEI /)

PAGLE
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FORTHRAN IV G1  RELLASE 2,0 PTPRLES DATE = 82333 20737707 PAGL 0002

0034 DU 13 LK=1,NZ

0034 K=NZ-LK#+1

00306 PRINTY 105, K

0037 J=NY

0038 51 PRINT 1064J

o019 PRINT 111y (PFOCTsJeK)sl=1,NX)
0040 111 FURMAT(* PFUO', 10F12e1)

0041 PRINT 1129 (PFW(L1sJeK)sl=1)NX)
0042 112 FORMAT(?® PFW?, 10F12e1) .
0043 PRINT 1139 (0F G{LsJeK) o 1=14NX)
onaa 113 FORMAT(?® PFG,10F12e1)

v0A%H J=J-1

0010 IF(JeFQe0) GO T1) 13

0047 GO T0 S1

00AH 13 CUMTINUE

004A9 RETURN

0050 END

602



FORTRAN

oocot

0002
oon

0004
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0000
0007
ooon
0009
0010
gott
0012
0013
00t1a
0015
0016
0017
o0Ln
ooty
ona2n

0021
0022

0023
0024
(111244
0026
0027
0024
002y
o030
co31
0032
00433
0034
0034
[+ TUR13)
0027
ooy
0039

0040
0041

iv

Gl

REZLEASE 240 PISAT

[N 2Na}

D

$U

12

DATE = 82334

SUBROUTEINEG PTSAT(NX s NY ¢NZyNsCTIME)

BROUTINE TO PRINT SATURATION DISTRIBUTIONS

IMPLICIT REAL*B{A-HyU-7)

COMMUN /SAT/Z SO(10+245)9SW(104205)+8G11062+5)¢SOF(1042,

20/31/707

5

E SWF(104295)+5G1 (109245) ¢sSUN(10s2¢5) oSWN(LE092+5)sSGN(10+s295)

& SUFN(10+290) s SWFH{1002+5) s SGFN(1092+5)

PRINT 112,MNyETINE

FUORMAT(///7/7°0FUR TIME STEP' {5 CLAPSED TIME (DAYS)='yF 12247/

6 +'0 SATURATIUN DISTRIBUTIONS IN MATRIX RUCK',/,
€V RRERERCAEAEREBUAEAR RN QSRR B ERRIE LK KRN/ /)
DO 14 LK=1,MZ

K=NZ-LK+1
PRINT 103, K
J=NY

PRINT 104,J

PRINT 113¢ (SU(1eJeKDIeI=14NX)
FORMAT (* SO *, 10F12.2)

PRINT 11484 (SW(IsJeK)e1=1¢NX)
FORMAT (* SW ¢, 10F12.2)

PRINT 11S5s (SG(l19JsK)e1=14NX)

115 FORMAT(' SG ', 10F12.2)
J=J=1
IF(JeEQe0) GU TO 14
GU TU S2
14 CONTINUE
PRINT 116
116 FORMAT(///7/77°0 SATURATION DISTRIBUTIONS IN FRACTURE® o/
& . ABERA P RN AR NAORRESCEKEECE R R AR LK EF RV //)
DU 15 LK=1,HZ
K=NZ-LK+1
PRINT 103y K
J=NY
53 PRINT 104,J

117

113

119

15
193
194

PRINT 117 (SUF(1eJeK)el=1sNX)
FURMAT(® SUt ¢, 10+ 12.2)
PRINT 118y (SWF(LeJaK)sl=1eNX)
FORMAT(® Swi-*y 19F12.2)
PRINT 119y (SGF(leJsK)a1=1,4NX)

FORMAT(Y SGI *y 10FL2.2)

J=J=-1

IF(JsEQe0) GO TO 15

GO Tu SJ3

CUNT INUE

FORMAT (O OLAYER HUNBLIY 15 154/° stk sttttssee/)
FORMAT (P ORUW NUMIIR?! 41654/ —=m—m=eea=t/)
RETURN

END

PAGE 0001}
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240 plrogn DATE = 82333 20/ 87707 PAGF 0001

SUBROUTINE PTPURINXsNY s NZyNyET IME)

SURROUTINE TO PRINT PURUDSITY DISTRIDUTIONS

IMPLICIT REAL*B{A-H,0-2) .
COMMUON ZPARMI/Z CLyCFyPHI(L04245)FPHI(104245)

PRINT 112N CTLAE

112 FORMATU/Z/7/77°0F0R TIME STEP' 15, FLAPSED TIME (DAYS)='4F12.2,/7
&
4

23

12

» 0 POROSITY DISTRIBUTIUNS IN MATRIX RUCK*s/,
L S L R R P RNl RV '

DO 12 LK=1,NZ

K=NZ-LK+1
PRINT 103, K
J=NY

PHINT 104,49

PRINT 189 (PHITLIsJsK) o I=1eNX)
J=J-1

IF(JEQeQ) GU TU 12

GO TO 23

CONTINUE

PRINT 152

152 FORMAT(///7¢ %% PUORUSITY DISTRIBUYIUN IN FRACTURE #*%4',/,

3

18
103
104
189

[

' KPR AR AR AR RR AR REE RO AL R OO R NERO//)
DD 18 LK=1,NZ
K=NZ~LK+¢+1
PRINT 1034k
J=NY
PRINT 104.J
PRINT 189 (FPHI(TsJoKD)ol=1yNX)
J=J=~1
IF{JeEQ.0) GU TU 18
GO TUO
COUNT INUE
FORMAT(*OLAYER NUMUIER *,154/7° ®8¢tdskatetRy)
FORMAT{*OROW NUMBILIR® 4[5/ ——m—ee—m—wa /)
FORMAT(('0', 10F12,4))

T1?¢

RETURN
END



FURTRAN 1V G

Qoo

oool
0003

n00a
000%

0006
0007

0008
0009
0010
0011
0012
o013
outa
0015
oule
0017
001y
0019
0020
o021
ooa2a
0023
0024
0025
ov26
0027
0028
0029
0030
0031
0032
00313
00 34
003%
0036
0037
00238

RLLEASE 200 PIVFLO

oco

DATE = 82334 20737707

SUBROUTINE PTVLLOINX3NY s NZ ¢ NoETIME ,DELT)
SUNROUTINE TO PRINT VELOCITY DISTRIBUTIONS OF FLUIDS IH FRACTURE

IMPLICIT REAL*D(A~-H,0~-2)
COMION ZVELQOZ VOIX{T104:24'53) o VOY (10520513 VO2L104245) sVWX(100245)
EVHY{1002¢%5)eVNZU106235)9VOX{109205)eVGY(10s245)eVGZ{104295)

PRUINT 100Ny CT IMELDELT
100 FORMAT (* $STMULATIUH RUSULES AFTER TIME STEP *4,14L,4/+*0ELAPSED TIME
E ='4Fl10624¢" DAYS /0T )AE STEP SIZE (vAY) =V 3FlVe2e/77)
PRINT 114
114 FORMAT(/7* FLULD VELUCITY DISTRIBUTIONS IN FRACTUKRES' s/,
A ¢ hkkkhbkdk kR bkt Rk bbbk A kR kbR EAR kRN //)
DO 14 LK=1.H2Z
K=NZ~LK+1
PRINT 10S.K
105 FORMATC'OLAYER NUMUBER® 4179/ *kkkskkkkrprkiy/)
J=NY '
52 PRINT 106,J
106 FORMAT(*OIROW NUMNER? 4 [74/! —~~—mme—ae—=t/)
PRINT 115, (VOX(IsJeK)s1=1,4NX)
115 FORMAT (' VUX?*, lOD12.,4)
PRINT (169 (VOY{TseJeK)el=1,NX)
116 FORMAT(®* VOY',,10012.48)
PRINT 117, (VO2(TeJsK)sI=1,NX)
117 FORMAT(®* VDZ*',10D124)
PRINT 118, (VWX(IsJeK)sl=19sNX)
119 FORMAT(* VWX *y10D1244)
PRINT 119, (VRY(T1sJeK)ol=1,NX)
119 FURQAT(? vHY*, LOD12.8)
PRINY 120, (VWZ{1sJeK)el=14NX)
120 FORMAT(®* VWZt',410D12.4)
PRINT 121, (VOX(EeJoKDIoI=14NX)
121 FORMAT(® VGX*'y10D1244)
PRINT 122, (VOY(TsJeK) s1=1oNX)
122 FORMAT(! VGY ', LOD12e4)
PRINT 123, (VGZ{T1sJeK) o I=1HX)
123 FORMAT({® VGZ'y10D12.4)
J=J-1
IF(JeEEQe0) GO TO 14
Gl) TU 52
14 CONTINUE
RETURN
ENOD

PAGE 0001
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FORTRRAN IV Gi

0001

0002
0003
0004
0005
0000nH
0007

0003

0009y

no10
oot
001
001y
0014
0016
0016
0017
0018
0019
0020

onat
on22
0023
0024
002Y
0026
o027
auzn
00249
0030
o0 st
o032
0033
0034
003
LD RN
0037
LIVRE
[TV
tuan

RLLEASE 2,0 REGDAT

c
C
C

(3N s NaXe]

anNOn

SUBROUTINE TO READ IN RESERVUIR AND FLUID DATA

SUBRUUTINE RESODATINXsNYsNZ)

TMPLICIV REAL#B(A-HyK,0U=-2Z)
INTEGER KoKPHIL ¢ KPENHL ¢ KPHIF

DATE = 82333

20/ 37/707

COMMUN /SLT1/ RHOSD RHO3W s RHOSGePSCe TSCy ALPHA s UL TA » GAMMA

CUMMON ZLIMIT/ MPUT yMPWT ¢MOGT s MSGT sMSWT o MESGT y MFSWT
COMMON /PARML/Z CLICEFSPHI(L1002+5) +FPHIT1062+5)
COMMON /ZPARMZ/Z KL(10424S)oFKXXC1002¢5)oFKXY(100205)eFKXZ(1042¢5)

£ FKYX(1002e5)sFKYY(1002¢5)sFKYZ(104295)0FKZX(10+2+5),

6 FKZY(10+2+5)9FKZZ(104245)
COMMUN /PARM3/  POT(15),U0TI1S)DIBOT(LS),

[ I I~ )

FPCOWT(15) y FOSWT(15) 4 RSWT(15) +RFSWT(15)
INTEGER®2 TITLL(40)

READ CUDE NUMbLIZR FOR ROCK-MATRIX PUROSITY AND PERMEADILITY

(F

10

RE

FO

20

22

1t
21
50

12

O UNIFORM DISTRIBUTIUN: KPi{IL=0, KPERL=0)

READ(S,112) TITLE
READ(S5+100) KPHIL,KPERL
IF(KPRILWNE.O) GO T 220
READ(S,112) TITLE
READ(S,108) PHIL

DO 10 K=1oNZ

DO 10 J=1,NY

DO 10 I=1,NX
PUI(TeJoK)=PHIL
CONTINUE

GO 1O 21

AD NUDES® PUROSITY STARTING FROM LAYER NZs NZ-1,
R EACH LAYER THE HOW ORDER IS: NYs NY=L1s NY=2,

READ(S,112) TITLCE

DO 11 LK=1eNZ

K=NZ-LK+1

J=NY

READ(S+102) (PHI(IyJeK)y U=14NX)
J=J-1

IF(JEQe0) GU TO 11

GO TO 22

CUONTINUE

PHRINT S0

LA R NN J

3

3
29

RSUT(LIS) yDRSUT(ISIZUOT(15) e PHT{LIS o UNTILS)sPGTILIS) o BGTILS)
DIBGTLS) 1 UGT(1S) +5GT(15)eKRGT(L1521KROGT(15)PLGUTILIG)+DSGT(1S),
SHT(15) oKKWTU15) sKROWT( 1S ) e PCOWT(15) o DSWT(15) +FSGT(15) 4FKRGT(16),
FKRUGTC( 1519 FPCGUT(15) +FDSGT(15) +FSHT(15) ¢FKRWT(1H) s FKRUWT(15)

2
te

FORMATI/Z7 £ DORNGITY DISTRINUTIUN [N RICK MATRIX %+4'//)

DU 12 LK=1eiZ

K=NZ=-LK+1

PRINT 103, K

J=hY

PRINT 104, (PHI(TeJdeK)e1=14NX)
J=Jg-1

IF(JeEQe0) ;2 TU 1.2

GU TY 24

CUNT IHUE

1.

PAGE 0001
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FORTRAN IV G}

0041
00as2
0041
00aa
00AS
0046
0047
0o0aa
0049

0050
ovi1t
0052
0053
0054
0055
0056
0087
005y
0059
0060

ov6l
06062
ouod
0064
00695
0066
0067
o068
0069

0070
00T
0072
Vo074
0074
00rH
007n
[+l ard
o7y
0079
onceon
2041
oon
oond
oona
UKy
0846

RELEASE 240 REZSDAT DATE = 82333 20737707

nocon

oo oOnNn

IF(KPERLeNELO) GO TU 25
READ(S+112) TITLE
READ(S101) PLIAL
DO 13 K=1,NZ2
DU 13 J=1NY
DO 13 I=1,NKX
KL{TsJrK)=PERL

13 CONTINUE
GU TO 24

READ NODES* PERMEARILITY STARTING FROM LAYER NZoNZ-lseseeoelele
FUR CACH LAYER, THL ROV ORDER 1S: NYsNY=1oNY=29000e03920e1,

25 READ(5,112) TITLE
OU 14 LK=1,NZ
K=NZ-LK+1
J=NY
26 READ(S,102) (KL{IsJsK)pI=1,NX)
J=J-1
1F{(JsEQe0) GO TU 14
GO TO 20
14 CONTINUE
24 PRINTY 151
151 FORMAT(/7/7" **% [SUTROPIC PERMEAUILITY ODISTRIBUTIUN I[N RUCK MATRIX
CHExt//)
DO 15 LK=1,4NZ
K=NZ-LK#+}
PRINT 103.K
J=NY
27 PRINT 107, (KL (IsJeK)y I=14¢NX)
J=J-1
IF(JetEQe0) GUL TU 15
GO fu 27
15 CONTINUE

READ CODE NUMDERS FOR FRACTURE PORUSITY AND PERMEALLILITY

(FOR UNSFORM DISTRIDUTION: KPHIF=0y NUMKF=0)

AS FOR PERMEAUILITY TENGURs IF NUT UNIFORMINUMKF «NEeO)s UNE. SET UF
TENSOR VALUES witL UE ASSIGHLD TO ALL NODFSE THUEN NUMKE SETS OF
PERMEANILETY TENSOIR! WILL PE READ IN FOR NUDLS THAT ARE DIFFERENT

READ(S,112) TITLE
READIS»100) KUHIF s HUMKE
IF(KPHIF oNIFe0) GO TO 2284
READ(S,112) TITLE
READ(S«101) PHIF
DN 16 K=1¢NZ
DO 16 J=1NY
DU 16 I=1+MX
FOHTI(L o doKY)=ILT

16 CONTINUL
GO TLU 29

28 NEAD(S,112) TLITLE
DO 17 LK=1,H7
K=NZ-LKt1
J=NY

30 PCAD(S102) (it (e oK) a1 =1 9NX)
J=Jd-1

PAGE
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FORTRAN

0087
0088
ooua
0090
0091
0092
0093
0094
0094
0Nvo
0097
oo9n
0099
0100
otol
v102
oty3
0104
010%
0100
0107
0104
0109
oito
o111
o112
o113
otia
011%
o116
o117
otia
o119

0120
ot2l
o122
ot24
0124
0125
0126
o127
0128
0129
0130
0131
0132
0133

0134

ot3hH
01 3¢
0147

v Gi

RLLLASE

17
29
152

31

18

19

80
100
101
to2
103
104
106
107
100
109
tio0
1t
112
115

A
1148

2.0 R

[F(J«EQe.0}) GU TU
GO TO 30
CONTINUE
PRINT 152

USOAT

17

DATE =

82333

20737707

FORMAT(//7% #%% PORUSITY DISTRIBUTIUN IN FRACTURE *¥%07/)

DO 18 LK=1,.NZ

K=NZ-LK+1
PRINT 103+K
J=NY

PRINT 104 (FPHI( T JsK)sI=1,NX)

J=Jd-1

IF(JeEQe0) GO TO
GO YO 31

CUNT INUE
READ(S¢112) TITLE

READ(S9108) CFKXXsCFKXYsCFKXZoCFKY Xy CFKYYaCFKYZoCFKLZXsCFKZY,CFKZ2Z

DO 19 K=1,NZ

D0 19 J=1NY

DO 19 I=1,NX
FRKXX(EosJoK)=CFKXX
FKXY(EsJ9sK)=CFKXY
FKXZ(I o JoK)=CIFKXZ
FKYX(1sJeK)=CFKYX
FYYY(l eJsK)=CFKYY
FKYZ{leJeK)=CFKYZ
FKZX{T1eJoK)=CFKZX
FRZYUTL o J oK) =CFKZY
FKZZUIvJoK)=CFKLZ
CONT IMNUE

IF {NUMKF ¢L.Qs 0) GO
READ(S.112) TITLE
DO 80 L=1NUMKF

READ(Ss109)] o J oK oFRXXUT0JoK) o FRXY UL oK) oFKXZUE o JoK) oFKYXTIEo oK)y
€ FRYYULoJoK) yFKYZUToJoeK) b KZXCT1 e JoK)oFRZY(10JeK)oFKZZ(1 9 JoK)

CONTINUE
FORMAT(216)
FORMAT(F10.,0)
FORMAT (10F 64 0)
FORMAT U OLAYER HU
FORMAT(®0® ,12F 10,
FURMAT (3F10,0)
FORMAT(*0', 52111,
FORMAT(9F8,0)
FURMAT(31S49F0L0)
FORMAT(*OROW WAL
FORMAAT(A(3Xs I 91
F ORMAT (40A2)
FURMAT (/7' OPMAXY
POPMAXG =',F10.1

FORMAT (/770011 PVT DATA TAUBLE',/?

18

To 32

IR Yy [H50/°

2)

4)

LRy IS,/

2 3IX) )

= F10sla?

2 D512 /s Y0SGMAX =0,F11e20/+°05VMAX =0 4F1102)
P RRR kR RSNAAKY /), TY,

- - o on oo § \~v

PSI®/ 9 *OPUAKW

REERBELEIE SN Y/)

=t Fl0els!

P51/,

E'PUTIB RO, TO7, 0017001 /70P% s TAJ 4 RSO ¢ TS56 4 'URSU/ZDPY + TG »
VUL aTOa (31D 9 T1S (BUL/Z5TBIY 4 T25,4 ' (STU/NBL/PST ) TA0,
CYISCE/ZSIND 'y TO24 * (GCE/ZSTH/PSII o T6T7,0(CP )04/

6 mmmecmcm e - ——-

A

mmmammemmty)

L7 FORMAT('0 3] 101 o 108D 1DeH9F 106 sF 1564 4F1064)

1tn
1131

fUORMAT (6T 16 0)
f ORAAT(/ /77 0nAT 12

VI DATA

TANLI: o/t SEX 4L 44LH Rttt ettt o/,

PAGE 0003
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FURTI’AN

013y
0139
0ola0

o141

0142

0133
0144

014%
0146

0147

o148

0149

01%0
01L1

0152
01523
0154
015%
0150
0t1s7
01548
0149
0160

Iv 61

RULEASE 240 RESDAT

C

OATE = 82333 20737707

E TOW'PHT s TLIGo UK o/ 9 T79°(PST)'eT17,
EV(CP) /Y ——momm - -ty/)

1173 FORMAT('0*+F10el +2F10e4}

1172 FORMAT(®0® ot 1001 sD15e5+F10e5¢F1044)

1132 FUORMAT(///'0GAS PVT DATA TADLE? ¢/ 4? Skt sttt tessttts s’ // 19,
EVNG sTI8e G s T29¢ 'N(L1/DG)/DP 4 TA24'UG* e/ T70°(PSI),T16,
CE'{BUL/SCF) *sT279 ' (SCFZUBL/ZPSTI) *4TA140{CP)* ¢/
£ emm——e - e e 1t 0 e - t /)

119 FORMAT(//7'0STANUDARD PRESSURE =?,F16es49 ' PSIA®,/'0STANVARD TEMPERAT
CURE =%4F10els' DEGe F®'9/9%001L DENSITY =0,T12.4,% tBM/CU FT'4/,
CYOWATER DLHNSITY ='3F10e49" LBM/CU FT /9 '0GAS DENSITY =9,F12.4,

E* LBM/CU FT'/)

1191 FUORMAT(//* TILTING ANGLES UF RESFRVUIR FURMATIUNI® /7
EYO0ALPHA =*31 10e24+* DEGe*/2y'0UETA  ='4F10e2¢° DEGe "4/

C'OGAMMA =% ,i"'10e2,4" DLGe'//)

120 FORMAT(2D12.4)

121 FURMAT{//'0FRACTURE COMPRESSIBILITY =',015489"* PS1-1%/,

(A POMATREX RUCK CUMPRESSIBILITY =¢,D1244,°* P51-1'/)

1173 FORMAT(®0?4F10e243F10e63¢F1045)

1134 FORMAT( ///7°'0GAS—-UIL RELATIVE PERMCABILITY & CAPILLARY PRUSSUNE
EDATA FOR MATRIX RUCK®/ ¢! S4Bkttt d stk st btk tbekbbhete
CEHXERRERRO S S PR R RO R e e e RN IRE /7 / TP ,9SG g T17, KRG 9 T20,

COKRUG® ¢ T37, 'PCGU* 4TA4, '0SG/DPCY/
€ V360 IPS1)*9TAA 4 (PSI=1)"'e/
L et L et R nind Y4 /7)

1135 FORMAT(//7/70WATLR-UIL RELATIVE PERMLABILITY €& CAPILLARY PRESSURE
EDATA FOR MATRIX RUCK'¢/¢' SHEREEEESRERRRIRERRERESRNEEERAAREF O KRG KK
CRERREREEECRERA SR ARRERERERREERORRRR 0,/ /T TSN JTEI 740 KRW? 4 T26,
COKIOW® 4 T3B,4'PCOW? ,TAS, 'DSW/DPCY 4/,
£ T3To'(PST) oTAS 4 (PSI=1)"9/

[ e LD L - o e 2 2 e 2 e 0 e e 2 '/7)

1136 FORMAT( ///'0GAS-0IL RLLATIVE PERMEABILITY €& CAPILLARY PRESSURE
EDATA FOR ERACTURE!/, [ 2y E P e e S F RIS R 2 2 20
CEERRRRERIRRRARERIRhRE R SRR ER0 4//  TT3 9SG ¢ TL74 KRG 9 T26
EO*KRUG?® 4T37,'PCGIIY 4 TA4, 'DSG/DPCY/,

B T36,s'(PSL) o TAA (P31 =1)04/
£ mmmrmcccrccc e —————- ——— —— e - ———— ty//)

L1377 FICRMAT(///7'0WATER=-UIL RELATIVE PERMEABILITY € CAPILLARY PRESSURE
EDATA FUR FRACTURE'y/, O AREREREE KR KL KRR AR K SRR A RE ARk SRR AR RN
CREEEOEEPERRP AR RR SI SR RN CR AR ARERRE 5 // o TTo *SW o TI7¢*KRW? 4y T26,
CCKRUW® o T3Bo"PCUW? 4 TAS, *DSW/DPCY 4/

E T37:0(PSI)"oT45,(PSI=1)%/
A I e ———— 7)

C  PRINT PERMEABILITY TLNSUR

C

32 PRINT 163
153 FORMAT (/77 *¢& ANILOTRUPIC PERMEABILITY DISTRILUTION IN FRACTURE
cesary/y)
DO 81 LK=1,WZ
K=NZ-LK#+1
PRINT 103,K
J=NY
33 PRINT 11004
DO 82 LI=14ilXsA
TEND=T1+3
IF(IEND«GT o NX) TEMD=NX
PRINT 110 (FRXX{E o DoK) o FRXYCT 0 oK) eFKXZUT 4 DoK) 2 1114 ELND)
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FURPTRAN

ot61
0162
0163
voloa
0l106%
Vi6h
0167
0168
0169

o170
0171
0170

o173
0174
017y
0176
0177
0178
0179
- 0100

otal
o1an2
o1as
oina
[+ 3 B33
0186
0187
otun

018"
0140
0191
012
0193
0194
01945
01546

0197
o1 9u
ot9w

[VH )

IV GI RCLEASE 240 RESDAT VDATE = 82333 20s37/707 PAGE Q00S

aonon

Nl s} aoan an0n

ann

PRINT 119 (FKYXCI9JoKIsFKYY(LoJdoK)oeFKYZ LoD K)o =11 4I1END)
PRINT J01y (FKZX(CEaJoK)9FRZYUT s JoK)sFKZZUT9JoK) e I=11,4ICND)
PRINT 135

135 FORMAT('0")

82 CONT INUILC
J=J=-1
IF(JEQs0) GO TH 81
GO 10 33

81 CUNTINUE

RCAD MAXIMUM PRESSURES AND SATURATIONS FUR VALULS IM TAULES

NEAD(S,112) TITLE
READ(S5,1006) PMAXUPMAXW ¢ PMAXG s SGMAX SWMAX
PRINT 115¢PMAXUPHAXW ¢ PMAXG ¢ SGMAX ¢y SWMAX

READ OtIL PVT DATA

READ(S.112) TITLE
PRINT 114
DU 105 I=1+%00
READ(S,116) PUT(I)DOT(L)4OINOT( 1) 4RSOT(T) 4 ORSOUT(E)VUT(T)
PRINT 117, PUTUI)oBUT(I)oDIBUTLLI)sRSOTII) JDRSUTLL)SLOTLT)
MPOT=}
IF(POT (1) oGl.ePMAXU) GO TOD 51
105 CONTINUE

READ WATER PVT DATA :3
~
51 READ(S,t12) TITLE
PRINT 1131
DO 53 1=1,59%0
MPwT=1]

READ(S+116) PHWT(I) UWI(L)

PRINT 1171,0WT(1)UWT(T)

IF(OWT(L)sGLoPMAXY) GO TU 54
3 CUNTINUE

HEAD GAS PVT DATA

54 READ(S.112) TITLE
PRINT 1132
DL 595 I=1,500
MPGT=1
READ(S 1163 PGTLL)NGTIL)DIBGTLL) UGT(L)
PRINT 1172, POTII)BGTE)oDIBGT(I)UGTLT)
TELPGTUL ) e GL o PPMAXYL) GO TU S50

645 CONTINUE

READ OfILe WATLR, GAS DENSITILS TN LUM/ZCH FT AT STANDARD CUNDETIUNS
56 READ(S.112) TITLE

READ(S+110) RHUSUSRHUSW¢RHIGGePSCHTSC

PRINT 1194125Ce TLCRHULU RHOSY, RIIUSG
READ FHRACTURE AND MATRIX CUMPRESSIDILLIY

REEAD(SL12) TITLYE



FURTRAN IV GI1

0201
0202

0204
0204
0208
o206
0207
0208
0209

0210
0211
o212
0213
0214
0215
0216
0217

02148
0219
0220
o221
0222
0223
0224
0225

0:26
0227
028
oz2y
040
031
0232
0233
034

023%
0236
0237
02343
039
0240
[V ]

RELFASE 2.0 REESDAT

an

(s s N2 X3!

[2 N2 N2 K2

cao

R EaXal

DATE = 82333 20737707

READ(54120) CF,CL
PRINT 121,CF CL

READ TILTING ANGLES OF THE FORMATIUN (IN DEGREES)

READ(S,112) TITLE

READ(S+116) ALPHA,BETA, GAMMA
PRINT 1191y ALPHA,OETA,GAMMA
CONV=3.141593/140.
ALPHA=ALPHA*CUONV
BETA=BETA*CONV
GAMMA=GAMMA*CONV

READ GAS-UIL RELATIVE PERMEAUGLILITY € CAPILLARY PRESSURE EOR MATRIX
RUCK

READ(S.112) TITLE
PRINT 1134
DO 57 1=1,500 .
MSGT=]
READ(S,116) SGTOE)eKRGTUI) +yKRUGT(I)PCGUT{I),DSGT(1)
PRINT 1173¢ SGT(I)sKRGT(I)eKRUOGT (1)ePCGOT(LE)DSGY(L)
IF(SGT(1)GL«SGMAX) GO TU S8
57 CONYINUE

READ WATER-UIL RELATIVE PERMEABILITY & CAPILLARY PRESSURE FUR
MATRIX ROCK

58 READ(S5.112) TITLE
PRINT 11395
DO 59 I=1,500
MSWT=]
READ(Ss116) SWT{1)+KRWT(I) sKROWT (1) +PCONT(L)DSWT(T)
PRINT 1173 SWY(1)KRWT(1)sKROWT (T )sPCOWTLLI)DSKT (1)
IF(SHT(1)«GL «SWHAX) GU TO 60

59 CONTINUE

REARRANGE PCUWY VERSUS SYWT SO THAT PCOWT 15 INCREASIHNG

60 MHALF={MSWT+1)/2
DO 70 I=14MHALF
TMP=PCOWT (MSWI-1+1)
PCOWT{MSWT=1¢1)=pPCUWT(])
PCOWT (1)=TMP

70 CUNTINUE
DO 71 1=14M5WT
RSWT(L)=SWT{N5WTI-141)

71 CONTINUE

READ GAS-0OIL RELATIVE PERM_ABILITY € CAPILLARY PPRUESSURE FUK FRACTURE

NEAD(S,112) TITLE

PRINT 1130

DU 61 1=1,590

MFSGT=1

RLEANIS110) FUGT (1) oFKRGICT) o FKRUGT(T ) JFPCGUTE L) s LEGTLL)
PRINT 1173, FSGTUI) W FKRGTUT) oFKRUGTUL ) WFPCGUT L) o DSGT(L)
TELFSGTT)eut o 55HMAX) G TO 02

PAGE 0006
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FURTRAN

ol4r

0243
0Raaq
0244
0240
0247
ozan
0241
0250

0251
Qa6
0154
0254
02596
0%
0257
0258
0259
0260
0261

IV GL  RELEASLE 2.0 HEGDAT DATE = 823313 20737707 PAGE D007

[a N s sy}

no o

51 CONTIMUE

READ WATER-DIL RELATIVE PPFRMEAUILITY £ CAPILLARY PRUSSURE FOR
FRACTURE

02 READ(G112) TITLL
PRINT 1137
DU 63 I=1,500
MFSWT=] N
REAVDC(S ¢116) FSUT{L)obKRWT(L) o FKROWT( 1) oF PCUNTC(I) W FDSWICT)
PRINT 11730 FORTOI) o FKRATIL) cFRKRUWT(L) oFPCOWTI L) ot DSWT (L)
IF(FSWY({ L) GO+ SAMAX) GO TU 64

63 CUNTINUL

REARRANGE FPCOWT VERSUS FSWI SU THAT FPCUWT IS INCREASING

08 MHALF=(MFSWT+1)/2
DO 72 I=1MHALY
TMP=FPCOHTIMF53HT=1¢1)
FPRCOWT{MFSUT ~1 41 )=FPCOWT (1)
FPCUWT(1}=TMP
72 CONTINUL
DO 73 I=14MFSWTY
RESWTLI)=F 5w 3wl=1¢1)
73 CUNTINUL
RETURN
LEND

61¢



FOPTIPAN

0001

000>
0003
0004
000%
a4ooo
auo?
aoon
onou
ouln
oottt
o012

ony3
unla
0914
LLRYE
0017
[+ 3 )

001
0020

v

Gl

RLLEASE 240 RL SO 1A DATE = 82333 20727707

SUBRUUTINE RESUIMERX oMY s NZeXLe YL 9 ZLoDELX o DELY s DLLZ o)

C
C  SUNRDUTINE T KREAD RLS3ERVUIR AND GRID DIMENSIUNS
C  AMD CALCULATE FRACIURE HYDRAULIC RADIUN
C
IMPLECIT RLALAQ(A-1§»-2)
INTEGER TITLE(A0)
READ(5,100) TITLE
100 FURMAT(A0A2)
READ(S+1001) NXoBIYeNS o XL YL ZL
101 FORMAT(315,3110.0)
DELX=XL/DT LLAT (NX)
DELY=YL/ZDF LOAT {HY)
DELZ=ZL/DFLUAT (#2)
PRINT 102 ¢XL oYL o ZLoNXo NY ¢ NZyDELX s DELLY¢DELZ
102 FORMAT(® IRLSLIRVUIN AND GRID DIMENSIONS*//°'0LENGTH =*4l"12e10* FELT?
CoZtONIDTH = *3F1261 4" FLET 4 /*OTHICKNESS =949l FLET'4//
CY*ONUMBER OF GRIV POINTS IN X-DIRECTIUN =*9l7+/
CCONUMBER OF GRIUM PUOLINTS IN Y-DIRECTION =*el7e¢/»
€ * ONUMDER UF GRED MUINTS IN Z-DIRECTION =417 4/7/
60 ODLLTA-X (+T¥) ‘=0 4F1062y° DLELTA-Y (FT) =%,K10e2
[ OLLTA-/ '(FT) =0 42 10e24777)
c k

C READ FRACTURE HALF-WIDTH AND CALCULATL HYDRAULIC RADIUS

READ{S54100) TITLE
READ(S»103) WF
103 FORMAT(F10.C)
RH=3 41SY3* Wl /4 o
PRINT 104 ¢WH oi2H
104 FORMAT(*ONATURAL FRACTURE MHALF-WIDTH =*4F 1260 ' FELY o/
ECOHYDRAUL LG RADIVG =0,512.06¢ FLETY/27)
RETURN
LHND
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IOV (A 1) AL (AT TIRAIL 1990
MO OIIIN UM T=C ¢ 1) AHIDAV 1= (N F 4 TIMIL s o
DTLIV IS (AL I A= (AN FOLIIMOL 6200
COASPC S IIAC(T=H T L) IAIDAV =S (I C * 1ML HaNno
¥Nh¢i=] 00} La 2200
AHST=C 001 NQ 1200
7t 1=% 001 0@ %200
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LOAQZTLIVA=01IV 00
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FORTOAN

0032
0034
003%
0036
0037
003
0039
0vA0
00t

oua2
0onay
o0an
ooah
004
ooav
004y
0049
0050

0041
ovL?
00%3
0054
005%
0056
0057
oasnt
0059
0060
0061
0062
on6l
ovea
0065

0Vo6n
0067
ocon
Qo6
0070
0071
o072
on7y
0074
onTey
ov7o
onre
007
0og7a
oo
0061
oony
o087
Qona
JoHH
onge.
o027

1v 6l

RLLEASE

fal

2e0 TRAN DATE = 82333

TAWC Lo JoK)I=TAV (T o+ JeK)EFACTS
TCWlleJoKI=FAVGLKL{ I #+1 0 JoK) oKL (T 9J oK)
TCH(ToJeKIZTCUH L+ JeKIETFALTS

TFW{T e JeKI=FAVGIKL{ T 9 J+]) oK) e KL(T9J4K))
TEW(L 2 JoK)=TFW (1 sJsK)*IFACTO

THWI s JoK)=FAVGIKLITod ok 41 D oKLIT 9 J9K))
THW Lo JoK)=TIW (I s JoR ) $FACT IO
TRYW(TsJoKI=KLC T o JoK )2 ACTS
TUW(TeJeKDI=FACTS

TVO(TeJeKIZEACTS

TGU(EeJsK)I=TGW Il s JsK)
TEO(I»JeK)I=TEW(I sJsK)
TAUCTI»JeKI=STAW(L v JeK)
TCO(LsJeK)I=TLW(ToJsK)
TFO(I9JeKI=TEW(T s J oK)
THO(T 9o JeK)=THW (L1 s JsK)
TUO(T +JsK)=FACTS

TRO(IsJeKI=TRW (Il 9JsK)

TVG(T4JeK)=l ACT3
TGGULT ¢ JoK)=TGW{ 1+ JsK)
TEGU(I ¢JsK)=TULW(TsJesK)
TAGU(L oI oK)I=TAW{ L+ Js K}
TCGULL o JeK)=TCW(19JsK)
TRGU(L o+ JoK)=THEW{ 4 JsK)
THGO( T 9 JosKI=THW( [ s JeK)
TGGUIeJeKI=TGW (T 9 JeK)
TEG(I s JeKI=TLW (I 0 VoK)
TAG(IeJeK)=TAW({9J9sK)
TCGlIoJoK)I=TCW(14J9K)
TFGl Lo JoKISTFW(] 4 J4K)
THG I ¢ JeK)=THW (1 ¢JsK)
TRGUL T yJyRI=TRWI 19 JsK)
TRGUEsJsKI=TRW(: ) JoK)

TEGWLI(TI4JeK)=FACTY

TFGUW2(T1sJeKI=FACTH

TFGW3( L s JeK)IZFAVGIFRZZ(L 9 J oK) oFKZZUL1 vdsK~1))
TEGW3( 19JeR)I=TEGWILT 2 J oK) SFACTSO
TFGHa(leJeK)=FACTO

TEGWS ([ edsK) =I"ACTYH

TEEWL(IsJeK)=I"ACTT7

TFEW2( T 9 J oK) =t AVGIFKYY (1 eJsK Do FRYY (L oeJ=14K))
TFEW2(14JoR)=THELW2{T 9 JyK) *EFACTY
TFEW3(1+JeK)=I"ACT?

TFAWLCE 9 JoK)SFAVGIFKXX (1o oK) o FKXX (T =20J¢K))
TRAWIC L2 oK )=THEAVLILL s J9K) EFACTH

TFCWL( L oJoK)=FAVGIFRXX{ T 9J oK) sFKXX(I ¢19JeK))
TRCWLI{T s JeR)I=TICWL{T o JyK)*FACTH
TEFWI{1.J0K)=l ACTT7

TEFFH2(T o J oK) =1"AVGIFKYY (Lo oK) o FKYY (1 o d419K))
TFEW2(TeJoh) =TT W2 (1 4J,R) ¢ FACTO
TEFW3{TeJdoKI=t ALTT

TEFHWL (L e J oK)= ACTYH

TEIWM201:J0K) =l ACTH

TFHAS( T Jov )= AVGIICZZ (L0 J ok D FKZZ(L v JyW L))
TEHW3(T o J oK) ATEHUSUT 3 J il )HFACTLIO

20/37/07
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FORTRAN 1V Gt RELEASE 2.0 TRAH DATE = 82333 20730707 PAGE 0003

0nHl TFHWA (1 4J4K) =FACTG
ouaY TEFHWS{ T e JeK)=FACTS
0040 TFRW{L s JoK)=KL (1 s JoK)IEFACTA
0091 TFUN(T 9 J oK) =FACT 3

C
coup TFGMIULoJsK)ISTIGWL (T 0 J oK)
0093 TEGA2( L ¢ J oK) =TFOGWN2(T 9 Jd oK)
0094 TEGOI( Lo JeKISTEGWI( 1 ¢ J oK)
0094 TFGOAM1eJeRI=THGWATT 9 J oK) .
009h TFGUS{1sJeK)=TEFGWS LT o J oK)
0097 TFEOL{T ¢+ Qe KI=THEWLI( E+JsK)
o09n TFEQ2( 1y JoK)=TILW2(1+J4K)
0099 TFEOI( Lo JoeK)=TFLW3(1 »J4K)
o100 TEAULCT 2 JoeK)=THEAWL (T2 J oK)
0101 TFCOI(1 9 JoKI=TFCWI(1 0 J oK)
0102 TEFOI(LsJeKIZTECWI(14J4K)
o103 TFFO2( T4 JeK)=TEFW2(T 0 J oK)
0104 TEFU3C Ly JoK)I=TEFW3(T s J oK)
0105 TFHUI (LoD K)I=TFIWLI( T 0 J oK)
01006 TFHO2CT s JoK)I=TIHWL L1 » J oK)
o107 TrHOJIC Lo Jo KI=TEHWS(T 0 J oK)
oo TrHUA( T s J oK) =TFIHWA (T yJ4K)
0102 TEHOS( L2 Jo K)=TEHWS (1 0 J oK)
o110 TFRU(I+JeK)=TFRW (19 JeK)
ol TFUO(T +JsKR)I=FACTI
o112 TEVUO(LJ4KI=HACT]

C
o1ta TFGGLI{1sJoeK)I=TFGWI( T 4JsK) N
(/] I 3 TFGLG2( 19 JsK)=THEGW2(T ¢ JsK) :::
0116 TEGG3{ 9 JeK)=TEGWI(19J4K)
o116 TFGGAL 1 s JoK)=TFGWA (T +J oK)
o117 TFGGS({ 1eJeK)I=TFGWS (I +JeK)
o118 TFEGLUL o JoK)=TIEWE{T 3 J4K)
o119 TFEG2{I+JeK)=TILW2(I ¢JsK)
0120 TFEGI(T4JoK)=VELWI(T4J oK)
o121 TFAGLIT 2 JoK)=TFAWL (1 0J4K)
Q122 TFCOI(LeJoK)I=TFLWI(l e JsK)
o123 TEFGLUT o JoK)=TUIRWLI (1 0JeK)
0124 TEFG2( 1o J oK) =TFI'W2 (1 4+ J4R)
ot2s TFFGI L+ JrKIZTIFW3( L4 JsK)
0120 TFHGI(L 9 JeKI=THEUWL(T s J oK)
0127 TEFHG2(T 9 J oK) =TEIHM2UT 9 J oK)
o120 THHG3( T o JoKI=TRIMZ( T 4 JeK)
olzo TEFHGAU L+ JoK)=THEHWA (1 4 J oK)
0130 TFHGS( 1 eJoKI=TEHWS(T s JoK)
011 TFGRI( T4 JoKI=TEGWI(T s J9K)
0132 TEFGR2(L 4 JoK)=TFGWE (1 s JoK)
0133 TEGRI(TI2JoeKI=TIGAHI( ] 1 J9K)
0134 TFGRA(LI s J4KI=TI WAL 1 0J oK)
0135 TFGRS{ L« JeR)=TLGWSH (L9 oK)
olJ3u TTERLI(T«JeKI=THIWLI(L e JeK)
0137 TFER2(T Do K)=THL W2 (1 s J oK)
013 TFER3( Lo JoKI=1TLWI(L 9 J oK)
0134 TEARL(T o JoeK)STHEAWL (T 9 J oK)
0tao TFCRU(TI I WR)=FHCWL (L0 d oK)
olat TEFNIUTeJoKISTFFWI(T o JoK)
0142 TEFRQ(LaJoR)=THI Wit{ T e J oK)

(1B KON TEFR T o JeKI=TIEWI{T 0 J oK)



FURTRAN 1V G

0tlaa
014G
olav
0147
014n
0149
0150
0151
0152
0153
0154

RELEASE

100

240 TitAH

TEHRICTI o J oK) =TEHWL(L 0 J oK)
TEFHR2{L 4 JoK)=THIW2 (T 9 JsK)
TEHR3(L o S K)=THUWI( 1 2 J oK)
TFHRA(T 9 J oK) =TFIWA( ] ¢ JsK)
TEHRG( Lo J o KI=TFHWDO (T s J oK)
THERGUI 9D oK =TI RW (19 JeK)
TFAGU( T I KI=TFRW(1sJeK)
TEVG(I ¢ JsK)=FACT3
CUNTINUL

RETURN

LMD
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ono1

0002
onon3
0004

0005

00006

Qoo

oooun
000v
0010
0011
ovilz
0013

0ot

0015
colo
0017
ooLe
0019
0020
el
L I U
00.
0Ca
0024%
oua6
ov27
0N
ooz
€030
o003t
o032
I X)
[MUR TS
0035

00 2tn
0037

1v Gl

RLLLASL

Sy

noan

20 veLucy DATE = 82333 Q2037707

SUNRDUTINE VELOCY (N Yy HZ)

ARUUTINE TU CALLCULATLE VELUCITY AND ACCELLRATIUM OF HLUIDS IN

FRACTURE

TAPLICIT RECALRALA-IL Ky U-2)

INTEGER K

COMMUN ZVELNZ VIIX(104235 )0 VOY{100245) 9o VUZ(1002+5) s VUX(1062e5) 0
EVHY(1002985) e VHZ( 109295 )9 VGX11002¢5) s VGY(1002¢5)eVGLIL04245)

COMMON ZACCLYZ DVUXDT(1042¢5)sDVOYDTC(104265)DVUZDT (L0 2+S)

& DVUXDT(10+24H)sDVHYDT (1002992 sDVHZDT(106245) sUVOALT(10629%)
& DVGYOTCLO0+4245 )2 DVOGLZOT(109245)

COMMUN ZPRLESS/Z 1POG104245)ePW(100295) oPGI109245)9PEU(LI0205)
E PEH(109295) oPFOU(109295)sPUNCI002+5) oPUN(100205) s PGN(L104200)
& PFUN(10924% )y DFVN(L100295) ePFGN(L104295)

CUMMON ZSATZ SUL10+2e5)e5W(1092¢5)9SG(106205) «+SUF110+0205)
€ SHFL10s200H) o5GI(1092¢5)sSUNHI10¢295) 2oSUNI106245) s SGMIT1V0245)
€ SOFNILQs245)4SHFNI10:245)¢56FN(104245)

COMMUN ZSLT2/ ViisOLL X DLLYsDELZyDELT oRRH

COMNMON ZSET3/ COMNY L CON2,COMS s CONG

CUMMON ZLIMLITZ MPOT oiAPW T yMPGT s MSGT yMEWT o MFSGT o MESWT

CUMMUN /SET1/ PHOSU s RHUSW s RHUSGePSCoe TSCoALPHA W DETA s GAMMA

COMMODN ZPARML/Z CLACF4PHITLO092¢9) sFPHI(109245)

COMMUN ZPARIZ/ KLU s295) s FRXX(100295) oF KXY( 1042 ¢5) e FKXZ(100245)

€ FRYX{LI0s295) sFRKYY(100205)1FKYZ(1092,5)eFKZX(10+245)
C FKZY(1002e9) ol KZZ(1042+5)
COMMUON /ZPAPMI/Z  POTILIS)BUT(1S)DIBOT(1S) o
RSOTELIS ) s DPSOTCIH)oUNTILS ) o PUTUES Do UWTILS) o PGTILS) o HGT(15)

Dl i

[

FPCUNTOLIS) ) FOSHT(1S) s RUWT(IS) JRESWT(15)

CUNS=CONA* ]

CUNN=CUNA/ 144,

DO 100 K=l ¢MNZ

DO 100 J=1NY

0O 100 1=1 e X

CALL LINTROMESYT oSWIT(T ¢ oK) o FKRW)FSWT o FKRWT)
CALL LINTRIMESUT 20%WH (FeJ oK) of KRUWFSWT oF KRUWT)
CALL LIHTP(IFSGT o5GF (T o J oK) o KRGeFSGT o FKRGT )
CALL LINTPMMESGT oS5GH (T 9 J o k) o FRKROGFHOT of KROGT )
FRKROUS(FRROWHEKIRW) (1 KROGHF KRG )= (FKRW+FKRG)
TE(FKHRDGLTo0e0) FRRN=0 60

CALL LINTPLAPYT P UL s JoK) oUOF 4 POT V0T )

CALL LINTP(MPIGT oG Lo JoKR) JUGF o 1?GT 4UGT)
CALL LINTPLUMDPW TPl W Lo JoK) sUNF 4PHT JUXT )
CALL LINTROUMPUTPE D(T s JeK) 2 13F UpPOT 4BUT)
CALL LINTRCIPGT D GUTeJoK) 9i3FGoGT H13GT )
CALL LINTRIYPUT «PEOUT o JoeK) o RSE 9 PUT 3RSUT)
DENOF= {1IHULL R HNSLAT SE /S e 0 ) /8ELD
DENGF=RHNSG/(BIG3Hen1S5)

DLHWFE=RHOS v

IT AFKIGelLe )N ) GO T1) 301

IF(ToliQelolliel eintle L) DIYD2XZ040
1 (1 atGT ol e Alie Tol.Tol1X) DPD2X=CHHAR(DF LI+ Lok )=11 G(E~1 9 JeK) ¥/t
t QetDLLX)

DIBGT(IS) sUOGT(15) 1 S6T(10) sk RCTIIS ) yKRUGT LS ) s PCGUTILS ) o DHGT(ES)
SWECLIS) oKEWT (16 ) o KRUKTU RS )9 PCOWT (IS ) oDSWTLLS ) oF SOGTULG) oFKRGT(1G)
£ FKROGTOLID) yFPCHUTELS) ot DSGT UG ) oFSHT (DO ) o FKRWTULG ) o FKRUWT(1S ),
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00.sH
0039

0040
ovalt

woazn
004 !
0044
00Aa%
0040

00a7

a0n

Qo040
00%0
00951
ouse

oSy

0054

Q055
oNHo
ons?
nosH

0059

Q000

00n 1
00¢2
0063
0064

0065
o060

onuz
Qoo

0Q6
o077V

oozl
onry
ou73
0on7A
00/7h

aQ7re.

onre

IV Gl RLLEASE 240 VELUCY

C

301t

DATE = 32333 207387707

IF (JeEQelelllledoliNNaNY) DPU2Y=0L0

IF(JeGT el e Al Jel. To/iY) DPD2Y=CUNA®(PFG(LI 2 JtT s KI-PLG{ o J~1sK))I/(
€ 2¢%DELY)

I KeEQelalIFHoKolL.QotllZ) DPDR2Z=060

IF(KeGTVol s ANDe KaeLTeHZ) DIV 2L=CUNAX (DI G (L1 JsKED)=PN LG(LoJeK=1))/(
& 2.%DELZ)

VGXH=VGX (1 sJsK)

FKUG==FKRG/UGH

FF=FRUG¥ COMS AL LHGHZ0ELT

FACT=1 o=Fi 4 KXX(1¢JrK)

VOX(ToJeKI=TRAX{T9J9K) $#(DPD2X~-CUNS*DENGF 2VGXNZDI LT ¢
€ DLENGF*CONOGHDS LI ALPIA))

IF(FKXY(ToJoK) eiil e e D) VUXTEoJoKI=VEX(TodoK) + FRXY( L oJeK)*(
€ DPD2Y4CUNLTUDFNGFIDVGYDT (104K ) #CONLYDENGF#OSTN(ULETA) )
TFAFKXZ(LoJoK) eliLe0e Q) VGX(12JoKI=VGX(ToJoK) + FRXZ(ToJeK)&(
& DPD2Z4CUNSFULNGFXDVGZUT( 19 Js K)+CUNGXDENGHF#DCUS(GAMMA) )
VGX(T1sJeK)I=VOX (1 o JeK)XFKUG/I ACT

VGYN=VGY (1 +JsK)

FACT=] o=FF “F KYY( L9 JoK)

VGY (19 JoK)=F KYY (T 9JeK)X(DIPL2Y-COUNS $DENGF #VGYN/DELT +
& CONGEDLNGFRDSIN(NLETA))

IF(FKYX Lo JoK) eNEeOe0) VGY(T2sJoK)I=VOY(TsJsK) + FKYX(1oJok) ¢(
& DPU2X+CUNS*DLNOGF*DVOXDF(1 9 JoK)+CUNL CDENGF #US IN(ALRPIIA) »
IF(FKYZ(1oJrK) eNE20e0) VGY(I1JsK)=VGY{LeJosK) + FKYZ(1+JsK)*{
€ DPD2Z+CONSIDINGIF¥OVGZDT (1 9 J oK) +CONGSDENGF *#DCUS(GAMMA) )
VGY{1eJsK)I=VGY (1 9JsK) *-KUG/FACT

VGZHN=VGZ(1sJ4K)

FACT=1 o=FF ¥l KEZ( 15 J9K)

VGZ(T9JeK)=FKZE(LeJoK) 2 (LDPD2Z-CONSBOENGH #VGZN/ZDELT ¢
€& CONOG#*ODCUNGH*OCO5 {GAMMAY)Y)

IF(FKZX{ T o 1K) olEe000) VGZ{10JsKI=VGZIToJoK) ¢ FKLIX(T9JoK)*(
& DPD2X4CONSFOLNGFROVOXDI( T Je K+ COHOXDENGF*DSEIN(ALPHA) )
IF(FKZY(10J9K) oMEDe0) VGZ(l s JsKI=VGZ{TeJoK) + FRZY(L4J oK) &(
£ DPD2Y+CUNSEDLENHLELDVGYDT (1 9 J oK) +CUNGRDENGF#DSIN(DLTA) )
VGZ{T1+JsKI=VGZ {1 +JeK)R*FKUG/FACT

DVGXOTUI o JoKI=(VHX{T o d oK) =-VGXN)Z7DELT

DVGYOT (1o JeK)=(VUY(I4JoK)=VGYN)/OLLT

DVGZOT 9o MI=(VG2(19J4yK)}-VGZIN)/DELT

IF(LellQelotliel oliUeMX) LPDZ2X=0e0

IF(TeGT ol s AMD e 1oL ToMX) DPDIX=CONG*(PFO(LI#10J oK)= O(I=-19JeK) DI/
£ 2e¢%0ELX)

IF(JelEQel sli2od olc2eNY) DID2Y=0,0

IF (JeGTol o AND e JeLToHY) DPDAY=CORAE(PFU(L I+ LRK)I-THU(TLsJ=-1K) )/
£ 2e.tDLLY)

IF(KeLQoelollioK ol Delil) DPDAL=060

IFEKeGT ol o ADoKt TeMZ) OPDAL=CUNAR IPFU(TL o JoKELI~PENC Ly JoK=-1))/7(
. 24%DLLL)

VOXN=VOX(LeJ oK)

FRU' )==FXRU/UJUL

FF=FRKUDCLHS RO EHLE ZDLLT

FACT=1 ¢=FF &l KXX{ 1o Jo k)

VOX(1 9 JeK)=HKXXET o Jo K) €LOPD2X~CUNS #DENGF ¢VOXTIZDELT ¢
€ DENUF #COHGHLL THCALPIIA) )

TEAPKXY{ToJs k) eNholed) VXTI ¢JsK)=VOX(TedoK) + FRAY(JoJeK) &(
£ DPV2YFCONHNTOLTMIF YDVOYDT (1 o Jo K) 4+ CONGEDENOF $ DL 1IN TA) )

TFCFRXZOT v Job.) eitl.oe0) VUXCT o JoKI=SVOX(LodeK) ¢ FRXZ(TodoK)%(
6 DPO2Z4CUNSCOUTNIEEDVULZOT (F e Jo K} #CONG ADENDF £DCUSTHAMMA) )
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0)92
onu g

00GA
0094

00 a1
007

ocon
0099

0100
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ot1la
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-LEASIE 240 vitLucy VATE = 082333 Los3r/707

VOX{T9JsoK)=VOX {1 9JyK) #HEKUD/ZI-ACT

VUYN=VOY (1K)

FACT=1 o=FF ¥ KYY{ 19 JsK)

VOY (1 eJdeK)=l KYY{ T o Je K)*(DPD2Y—-CUNS *OLUNOKF *VUYN/DLLT ¢
£, CONASDLNGEZXLLII(BETAY)Y)

IFAFKYX{L 1 J9K) oHZe0e0) VUYL oo KIZSVUOYITsJIK) + FRYX(T9JsK)&(
€ DPD2X+CONSIDENUFYDVUXDT (T 9 Je K) ¢ CONOGSDENUFADS TNCALPHIA) )
IFAFKYZ( T o JoK) oidl o 0e0) VUYL 9K )=VOY( 19 JeK) & FRKYZ(10J0K) *L
& DPI2Z+CONSHDENIEXOVIZDT (L y Jo K)ECONGRDENUF *DCUS T GAIMA) )
VOY (I JeKIZVUY (T s JoK)ET KUUZEACT

VOZH=VOZ(1eJ K}

FACT=l o~FL % KZZ( 19 JoK)

VUZLL 2 Jo KIS KEZ( T s e K)2{DPL2L-CUNS*DENUF #VUZN/DLL T+
& COUNG*DINOf *DCOLG ( GAMIIA)Y )

IEAFPKZX(T o JoK) ollleDe0) VUZLT 1 JeKI=VUZULeJeK) + FRKER{ToJ oK) &(
£ DPL2X$CUNSYDENCFRDOVUXD T (L o Jo K ) # CUNGHOENOF 4D 5 TN(ALPHA) ]
TFAFKZY(LoJoK) oM e0e) VUL(L o JoKI=VUZITeJeK) # FKZIYUL1 4 JeK) H(
. DPD2Y4CUONSRDLHLE #UVUYDT (1 s JoK) ¢ CONLADENOF DS INTUL TA ) )
VOZL1+JsKIZVULLT 9 J4K) EFKUD/FACT

DVOXDT{I o oK)= (VUX(T s J oK )=VOXH)/ZDELT

DVOYOT (L « Jol )= (VUY (T 9J K )=VUYN)/Z7OLLT

DVOUZDT (1 o JsK)=(VOZLT 4K )=VIILN)/DLLT

IF(TeEQel sl ol o1ieNX) DIPD2X=060

IF(1eGTol o ADe Lol T «NX) DPU2X=CONAX{OFW (L4l JoK)=-DiW(I-1+JsK))/(
€ 24%DELX)

IF(JeEQel otN20J ol (}allY) (\f’Ua‘;v’:Doo

ITF{JeGTel s Al JolLT oY) DPVLY=CUNAX (PFW (] ¢ JE1 4 K)-=FPE R (14J-14K)}/(
& 2+%DELY)

IF(KoeEQeloell2eKol.QeMZ) LIPV2L=060

[IF(KeGTeloANDeKoeLToHZ) DRPLZ2L=CONAX(PFW (T ¢ JyK+1)-PEY(19JoK=-1))/(
E 24%DELZ)

VNXN=VWX (1)K )

f KUW==FKR®/'J%}

FF=FKUWFCUOLS DL WE/ZDELT

FACT=1o~Fl ¥ KXX{ 1 4J,K)

VAX(T o JrK)=TKXX( oo k) €(UPD2X=CUNSADENWE S VWXN/DL LT+
E DENWF#CONO DS INUALPHA)Y)

TFECFKXY(E o oK) 0lIE 000 ) VUX(T o JoKIZVWX(TeJoK) ¢ FRXY(LsJsK)2(
€ DPL2Y FCOMLEDLIFEDVWYDT (1 o J oK) t CUNLEDENWF DS IN(I TA) )

FELEKXZOT 0 oK) oM116000) VWX 9 oK )I=VAXTToJ oK) ¢ FRXZ(TeJ oK) &(
€ DPD2ZACONSADRINWFEOVWIOT (] o JoK) +CONAGFOLNWF ¢OCUS(GAMMA)Y )

VEX(ToJoK)=VWX U] oK) #FRUR/FACT

VWYN=VWY (1 +sJ4K) .

FACT=1e~FF#FKYY( 1y JoHK)

VHY (T oJeKITLRYY T 9 JeK) &(DIPLeY~CUNS CDLNYE SVWYNZDLLT
& CONASLLNWEFLL[II(ILTA))

IFAFKYX(IoJuE) o' 1e0eD) VAYLLoJsK)ISVWY{L9JeK) ¢ FEYXU10JoeK)#(
& DPR2XECOLSYDEMNST *RVWAUT (1 o JoK) t CUNORDENWE OS5 LH(AL IMIA) H

TFAFRYZ(L o JoF) ollF 40 eU) VHY({L2JeKIZVEY(TodoK) ¢ FRYZU1 0 JeK) &(
& DPO2Z#CONS2 DLNSITEOVELDT (L 9 J9K) +CUNGEOLMWF ¢*DCUS(GAMIA) )

VRY(1oeJeK)=VUEY (] ¢ JsK) 41 KUW/ZPFACT

VHZN=VWZ T 40 oK)

FACT=te~FI &l KEZUT9JeR)

VWZ (e JoK) T KEZOT 2 JeK) X(DPDAL=COMGRDENKE SVRZNZ0TL) 4
£ CONORDEMVEE X DO, (HANNMIA) )

ARV ZX(T g Jek) o iliae)) VHL(LoJoK)I=VEZ(To oK) & FKIACEs Do) E(
€ DPO2XFCOGH AN EEOVE XD T Ly Jo K FCUNOGFOLNWE DS T AL N IA) )
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FURTRAN IV Gl RELEASC 2.0 viLucy DATE = 82333 20737707 PAGL 0024

ot IF(FKZY (1 0JeK) e eDe0) VWAL e JoKIZVWZIToJdeK) ¢ TREYU L0 JeK) #{
& DPD2YHCOUSEINHUFZOVEYDT (] ¢ JoK) + CUNOGRDENWFEDSIN(RIZTA) )
o112 VWZL Lo JoK)I=VWZ (1 o JsK) ¥EKUW/FACT
[ ] DVWXDT (1o JoX )= (VWX (1 oJoK)-VVXNI/ZDLLT
ot2t DVWYDT (I s Jol )= (VWY (Lo J oK )=VHYN)/ZDELT
0122 DVWZOT(H o Jdoek )= (VUZ{ L s JeK) -V} 7DLLT
C
o1”s 109 CONTINUE
C
0124 DU BIS K=1 M2 *
o1eh 0O B1Y J=140Y
0120 DU 815 t=1,4HX
o127 IF(DARSIVUX( 14 JsK))elLT ol e0D=20) VOX(I9JeK)=040
o12u IF(DABSIVOY( 19 JeK))ellTe1o0D~20) VUY(I4+JsK)=0.0
0129 IF(DABSIVUZI Ly JeK))el.T o1 oa0D=20) VOLZ{14JsK)=0,0
0130 EF(DARSIVEX(ToJeK))elT el o0D=-20) VEX{I4JiKI=0e0
0131 IF(OABS(VAY( 1+ JeK) ) elT el s00~20) VWY(I1eJsKI=0,0
otL32 IFINDABSIVRZ( 14 JsK))eLT o1 o0D~20) VWZ(L1oJsK)=0,0
o133 IF(OARSIVGX{ 19 JsK) ) elTe140D=-20) VGX{LoJsKI=DeO
0134 TF(DADSEVOY L Lo JsKDI)elLTo1e00-20) VGY(19JeK)=0e0
0135 TF(DANSIVGZ(T e JsK) JolT o] ¢0D=20) VGZ{19JsK)=0e0
0140 815 CONTINUE
0137 RETURH
0148 L ND

82¢



APPENDIX G

Monte Carlo Program for Generating Fractured Nodes

61 RELLCASE

A OO0 OO0

M
T
G

103

101

12

GO

20 MALiN DATE = 82239

GHNTE CARLGC METHDOD FOR GENERATING FRACTURLE CelLlLS

HIS PRUGRAM I FUR 2-DIMENSIONAL RESEPVUIR AKEA

AUSS CELL CKODERING SCHENMZ IS USED 1IN NUMEBERING THE NOOES
EeGe FUR A 10U * 7 GRID SYSTEM» Thii CRDER 15 AS FOLLOWS.

61 6o 63 04 6E 6& 67 & 69 70
51 S22 53 54 355 56 57 58 59 €¢
41 42 43 44 45 4€¢ 47 48 49 £

31 32 33 34 325 30 37 36 2 40
21 22 23 24 2% z6 27 & 29 30
11 2 13 14 15 16 17 1E 19 20

1 2 3 4 5 € 7 2] ) 10

MNX = NUM3LCR OF NUDES IN X-DIFRECTIUN

NY «= NUMOEFR COF NODERS IN Y-DIKECT IUN
NPERCT = PERCLNTAGE OF FRACTURLU NOEDES
N1 = INITIAL RANDULM NUMBLR

DIMENSION NFCELL {10516 )sNF(100)

DATA HFCELL/10020D/

DATA NXsNYSKPLRCT s N1/10,7e¢35524%8/
NTAL=0

MTAL=0

NTOTAL=NX*NY

TUTAL=NTOTAL

MMENPERCTENTOTAL /100
MT=NPERCTHNTOTAL-MM=*100

IF(MT «GE 450) mMM=MM+1]

NTAL=NTAL+L

CALL RANDU(N19 N2 ,,RN)
RNF=1e+R’N*(TCTAL—1,)

INF CNTAL ) =RNF

NROWAI=(NF(NTAL)=1) /X

NROW=NROWMI+1

NCUL=NF (NTAL ) =NXFNRIIWA1L
IF(NFCELLINCIOL 9yiNRUW) e£EQe0) MTAL=MTALT1
NFCELL (NCOL s NRCW ) =1

PLRINT 103sNTAL oN1 oRINSRNF o NF{NTAL ) s NXUWNCUL
FURMAT (*0® 31593109 2F 106493110)
IN1=N2

IF{MTALLTet™M) GG TU 1

DO 12 JU=1,.NY

KJ=NY—-J+1

PPINT 1014 (NFCELL(19sKI)o1=1eNX)
FURYMAT(* 01t ,2015)

CONTINUC

PRINT 90

FORMAT(////77* FRACTURED NUDES
& ' NUN-FRACTURCED NUOOES
STur

END

14/
0 /)
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APPENDIX H

Estimation of Hydraulic Radius from Thomas et al Example

In Evans' model, the fluid interaction terms are

written in the oilfield unit as:

[T;1; = 0.001127 Kikr1526C551 051 (Ppj-Pgy) (H-1)
rHllﬁl

For example, the water component in water phase has:
o

c =1 and p.. = =22
Wwl ? wl Bwl
Hence,
[r 1, = 0.001127 X1*r0® £%ws (PruPeu) (H-2)
Tylte1Bul
Note: The dimensions of [T.], above are —m
w'Ww L3t

In Thomas et al modelzz, the matrix-fracture flow

equations are given as illustrated below for the water phase.

written in is stu s notation).
(writt th tudy’ tat )

VB < %151 _ Kikr1wVs (Piy Pey) (H-3)
T ( B = -0.0011270————§————
wl wl wl

The left-hand-side of the above equation represents
the water flow rate from the rock matrix to the fractures.
Before comparison between the two models can be made, the
equations must have the same dimensions. Therefore, the

3
dimensions of Thomas et al equation are converted from (l%-)
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o)
) as shown below. Multiply the equation by ﬁ;i.

B

M

13t

to (

Pws Klkrlw VB(PIW-wa)
vV

wl B HwiBwi

« Pws —_ V3?1541
. VBAtG( 5 )= -0.001127 o

(H-4)
The left-hand-side now represents the mass flow rate

Per unit volume and has dimensions of ( M ). Note that §

LYt
signifies time ster difference
(5 = s™*1 - &My,
Consequently, comparison between the two models results

in the following relationship.

¥
0 = —— _
rHl (H-5)
bg
T T o1 (H-6)
In this study, 1 = %} = 100 ft, ¢, = 0.01. From Thomas

et al example, the matrix shape factor (0) equals 0.25 ft'z.

Thus,

__0.01  _ c
TH T 0-25x 100 | 0-0004 £r.

From section 4.6, the fracture half-width is related to the

oW

hydraulic radius by:
4r
g =2 (H-7)
T

Hence, in this study:

a = 4x000% 4 9005 ft.



APPENDIX I

Effect of Decreasing the Fracture Hydraulic Radius

The effect of decreasing the fracture hydraulic
radius was investigated by reducing the value of the frac-
ture half-width from 0.0005 to 0.0001 ft (i.e. decrease Ty
from 0.0004 to 0.00008 ft). Water breakthrough of this run
occured at approximately the same time as the Original re-
sults (255 days). However, it was observed that the water
saturation profiles of this differed slightly from those
of the original run in Figure 10 and 11 (indicated by dash
lines in Figures I-1 and I-2). As the fracture half width
decreases, the water fronts tend to move slower in the frac-
tures while the water fronts in the rock matrix tend to move
faster. This implies that as the fracture half-width approach-

es zero, the water fronts in the fractures and the rock matrix

converge become identical when no fracture exists (i.e. d = 0).
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APPENDIX J

Effect of Smaller Grid Sizes

For comparative study the grid sizes used in this
study were the same as those used in Thomas et al22 paper
(i.e. AX = AY = 200 ft and AZ = 50 ft). To investigate the
level of truncation errors caused by replacing derivatives
in the partial differential equation with the finite differ-
ence formulae, the grid sizes AX and AY were decreased from
200 ft to 100 ft. Hence, the reservoir system consisted of
20x4x5 = 400 grid points (or 6x400 = 2400 simultaneous lin-
ear eguations). As the grid sizes decreased, the fracture
characteristics half width (£ = AX/2) decreased as well. 1In
order to preserve the same valve of geometrical factor used
by Thomas et al, the fracture half width (thus, the hydraulic
radius) had to be proportionally increased according to equation
H-5. Thus, the fracture half width used in this run was in-
creased from 0.0005 to 6.001 ft.

The results of this run are shown in Figures J-1 and
J-2 (original results of Figures 10 and 11 are shown by dash
lines). It is noted that the water fronts from the two runs
have similar profiles althiough the water fronts of this run
move at slightly slower pace than those of the original run.
Water breakthrough occurred at approximately 290 days (or 33

days later than the original results). The difference be-
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tween the two results. however, may be considered small
and constitutes an acceptable level of truncation errors.

It should be pointed out that as the grid sizes de-
creases, the number of equations to be solved and the comput-
ing time increases considerably. Therefore, one should care-
fully weigh between the accuracy desired and the time and

cost of computation involved.



thickness (feet)

2501

2001

100

/ |
/ I
/ |
| w |
| g ||
/ > I &
/ - I ~
/ /
l/ /
| / /
/ /
/ /
:
: . , + + >
0 500 1000 1500 2000

length (feet)

Figurc J;l Fracturc 50% Water Saturation Profile (Center cross-section)

Lee



250t

200t

thickness (feet)

100 t

I !
| /
| /
| /
| [
| & | &
I |5
| 3 | 9
I’ |
, |
, I
l |
l ]
; —t ' t +—»
0 500 1000 1500 2000

Figure J.2

length (feet)

Matrix 50% Water Saturation Profile (c¢onter cross-section)

8€C



