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Abstract

An efficient finite different method is presented for
simulating unsteady state multiphase flow in the matrix
blocks (primary porosity) of naturally fractured systems or
other reservoirs which have two different porosities. The
scheme obtains pressure and saturation distributions in the
matrix blocks (rather than average values) by dividing the
matrix into sub-domains. The method is an extension of the
double-porosity concept in which fractures are the continuum
for fluid flow and the matrix rock 1is the primary storage
medium which acts as a source term to the fractures.

The fracture medium is the major flow path to the well-
bore with the matrix sub-domains as source terms. The
matrix sub-domains can be connected to each other or to the
fractures iﬁ any way desired to conform to the physics of
the reservoir. This approach liends itself to an efficient
scheme for reducing the system of flow equations to the same
structure as conventional single-porosity simulators.
The method is presented for a fully-implicit, two-phase
(cil~water) simulator, but it can readily be extended to
multi-phase, multidimensional systems as well as to problems

involving heat flow or chemical transport.
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Introduction

Numerical simulation of petroleum reservoirs has proved
to be a very useful tool for understanding the flow of flu-
ids in the reservoir and for predicting the effect of alter-
ing the physical system through various production/injection
schemes. Although simplified models can be used to match
the field behavior under a given operating scheme, more rea-
listic models are needed to predict behavior when the physi-
cal system is changed.

In naturally fractured media, described as a permeable
host rock containing a network of highly interconnected fis-
sures, the application of a conventional single-porosity mo-
del of porous media has proved inadequate. The concept of a
double-porosity system has been developed for use in simu-
lating these systems. Fractures are assumed to be intercon-
nected andiprovide the main flow path in the reservoirs.
The host rock 1is assumed to be small disconnected blocks
(matrix blocks) surrounded by the fractures. The matrix
block size (or fracture spacing) is wusually assumed to be
described.by some statistical function which is a property
of the system. This concept has been applied by many
authors and appears to be a realistic and practical method

for ﬁodeling many fractured systems.
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The double-porosity concept as normally applied in nu-
merical simulators is used to obtain average fluid proper-
ties for the host rock (matrix blocks) in a given region be-
cause all the matrix blocks are lumped into one source term
connected to the fracture in each mathematical grid block.
The model becomes inadequate for simulating heat conduction,
gravity segregation or other transient phenomena in indivi-
dual matrix blocks. When matrix blocks are large and wells
are shut in or producing at low rates, fluid or heat move-
ment in individual matrix blocks are important phenomenon.
Boundary conditions between matrix and fractures may also be
more realistically modeled by the use of smaller matrix
sub=-domains.

The finite-difference scheme presented in this paper is
an extension of an existing double-porosity concept (1). A
fully-implicit, two-phase numerical simulator 1is presented
in which ﬁatrix-blocks are represented by several sub-
domains in a given grid block. The model is used to show
gravity segregation effects in the matrix rock. An effi-
cient scheme is presentad for solving the equations so that
the solution time does not become prohibitive as the number
of matrix sub~domains increases. This method could also be

used to simulate heat conduction or chemical transport in
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two porosity systems and in multilayer systems where low
permeability layers produce largely by vertical flow into
high permeability layers.

Theory of Flow in Porous Media

The theory of flow in porous media originated in the
1850's with the work of Henry Darcy (2). He presented an
empirical relation which related fluid flow in a sandpack to
the pressure drop across the system through a constant of
proportionality called the permeability of the system. King
Hubbert (3) discusses Darcy's Law in relation to the Navier
Stokes equation and for system geometries other than those
studied by Darcy.

Darcy's Law is expressed in the following form (2):

k r

v = ‘—L-l—-de), l.]']
where
d
o = | 32_ - gD. [2]

When density (p) is a function of pressure only,

Equations 1 and 2 can be combined to the fcllowing familiar

form of Darcy's Law,

v = - k/u [Vp - pgVD], [3]

with terms defined as follows:
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v - superficial velocity, L/T

k - permeability, L?

p - viscosity, M/(L-T)

o - fluid density, M/L3

g - acceleration of gravity, L/T?

D - depth (positive down), L

V - gradient, L-!
For single phase fluid flow, the continuity equation(conser-
vation of mass) is,

~7+(pv) + pq =2L0%) [4]

where pq 1s a point source or sink mass rate per unit bulk
volume, M3/ (L3.T), and ¢ is void fraction of the porous me-
dia. Combining Equations 3 and 4 gives the partial differ-~
ential equation which describes the flow of a single phase

fluid in a porous medium.

Ve[pk/u(vp-pgvD) ] + pq = "’gﬁ"’) [

|91
ad

Two Phase Flow Equations

For two phase immiscible flow, each phase is assumed to
follow Darcy's Law. The fraction of the void space occupied
by a given phase, a, is called the saturation of that phase,

Sa. Because the permeability, k, in Equation 5 is defined



T-2716 5

for single phase fluid flow, the permeability to a given
phase 1is expressed as ke+ky, for multiphase flow where
kyy 1is the relative permeability and has a wvalue in the
range 0 to 1. The relative permeability for a given phase
is normally assumed to be a function of the phase satura-
tion and increases with increasing saturation. Figure 1 is
an example of relative permeability measured in the labora-
tory for an oil-water system 4).

- Two immiscible phases will also have a pressure differ-
ence across any interface because of capillary and interfa-
cial forces in the pores and the fluids.

Capillary pressure is most easily visualized by assum-

f

ing that the porous medium consists of capillary tubes o=
varying sizes. If the porous medium is contacted to a free
water surface, then water will rise in the capillaries to
different heights depending on tube radii and éurface ten-
sions. The'free water surface (where there is no capillary
force) 1is called the water-oil contact. The variation in
tube radii leads to a decreasing average water saturation
with height above the water-oil contact. This height versus
aéerage saturation relation can be converted to an average
capillary pressure versus saturation by assuming that oil

and water pressures are equal at the water-oil contact and
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that the two phases are in gravity equilibrium above this
contact (dashed lines in Figure 2). If the average capil-
lary pressure is defined as the difference between o0il and
water pressures, then the average capillary pressure at a
given height, h, above the water-oil contact is:

Pc = g(pw- po) °h [6]

For a water-wet system, we get a capillary pressure versus
water saturation cufve as shown by the solid lines in Figure
2. The capillary pressure curves depend on the saturation
direction. When o0il displaces water such as during forma-
tion of the reservoir, then the ''drainage' curve is follow-
ed. The water saturation will decrease to some minimum
value at a large capillary pressure. This irreducible water
saturation 1is where the water phase becomes discontinuous
and the relative permeability becomes zero. When water dis-
places o0il during production of a reservoir, the "imbibi-
tion'' curve is followed and capillary pressure is normally
assumed to go to zero at the residual o0il saturation where
oil becomes discontinuous and relative permeability is zero.
For simplicity, the imbibition curve is always used in this
model because that is generally the direction of saturation
change. Discussion of initialization of the model is given

in the section on Program Organization.
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For two phase systems with low compressibility, it is
often desirable to write Equation 5 in volumetric form be-
cause the petroleum industry most often deals with volume
quantities. A dimensionless quantity called the formation
volume factor 1is introduced and can be defined as

| Ba = pSa/pra [7]
where s and r represent surface and reservoir.

Combining Equations 5 and 7 with relative permeability
and saturation gives the most often used form of the reser-

voir flow equations for oil-water systems:

k_ a(g_s)
velk() (7p -p gvD)] +a = —— (8]

qs is a volumetric flow rate per unit volume at surface
conditions.

For two phase (oil-water) systems, Equation 8 is writ-
ten for each phase. All properties are a function of either
pressure or saturation. The four wvariables, pressure and
saturation for each phase, are reduced fto two by the follow-
ing auxiliary relations:

s, =1-58, [9]

I

P, P, + PC [10]

where the capillary pressure, P., is given as a function

of water saturation as discussed earlier.
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Boundary Conditions

Equation 8 can be used to describe flow in a porous me-
dium with the use of appropriate boundary conditions. Somne

of the most common boundary conditions are:

1) no flow -
(Vpa - pagVD)b =0 [11]
2) constant rate -
(vp, - p,gYD)y = constant [12]
3} pot aquifer -
3 A
(p, = 0,87D)y = 2= [15]

4) constant pressure -

(pa)b = constant [14]

For balanced systems in which fluid injection equals fluid
production, as in many waterflood systems, the no £flow
boundary condition is often used.

Theory of Flow in Fractured Reservoirs

The theory of flow in fractured porous media developed
in the 1960's when Barenblatt (5) described a naturally
fractured reservoir as a double porosity medium in which the

two pore systems were coupled by a fluid transfer term. The
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secondary porosity (fractures) is very permeable and is the
main flow path while the primary porosity (matrix) has a
much lower permeability, but contains the bulk of the flu-
ids. Warren and Root (1) and later Odeh (6) introduced
Barenblatt's work into the petroleum literature and gave
analytical solutions for the pressure distribution in such a
two-porosity system. They described the fractures as a
highly interconnected system with the matrix separated into
numerous small 'matrix blocks'" which must feed into the
fractures (Fig. 3). The block size (or fracture spacing) is
assumed to be a statistical representation of the system ge-~
ometry.

Most of the literature on fractured reservoirz and mo-
dele of double porosity reservoirs have developed along the
lines of a statistical description of the reservoir because
the number of fractures, size of the reservoir, and diffi-
culty in difectly measuring fracture distribution prchibits
simulation of the exact geometry. However, Cilman and
Kezemi (4) showed that a two-porosity model can represent &
single fracture in addition to randomly fractured media if
the fracture is the primary flow path (i.e., a single high
permeability ''fracture'" connected to a low permeability

"matrix'" of known geometry.)
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Kazemi (7) and Duguid and Lee (8) were first to incor-
porate the two-porosity model into a numerical model and
they showed the usefulness of the models for simulating flow
in large scale systems.

Flow in the fractures 1is generally assumed to follow
Darcy's Law in the two-porosity models. Several authors
such as Witherspoon (9) have shown that Darcy's Law can be
used to describe flow in the fractures, the permeability be-
ing related to fracture width.

Very little discussion of the data required for a two-
porosity model is given in this thesis. It is assumed that
the following data is available:

- Fracture and matrix relative permeability

Fracture and matrix capillary pressure

H

- Fracture and matrix porosity

- Fracture and matrix permeability

- Matrix block size

- Fluid and formation compressibility
- Fluid viscosities

- Fluid densities

- Reservoir size

Some functional relationships for the data used in this

simulator are given in a later section.
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The equation to describe flow in the fractures is Equa-
tion 8 with an additional source term to describe flow be-

tween matrix and fractures.

K (&) .
velk (= v - vD + + = _ D ob 15
e G o (TPop ~ P8 T e P 4L = ¢ [15]

The subscript f refers to the fracture and ma to the matrix.
Tmaf 1is the volumetric rate of fluid transfer between ma-
trix and fracture per unit bulk volume. Several authors
have 1;sed erﬁbiricéi~ relations to describe 1tpgf (10), but
if Darcy's Law applies for flow between matrix and fracture,

it can be shown to be

k
"mafa [k(ié) ao]ma[vpama-pagvl)ma] [16}

where o depends only on the size and shape of the matrix
blocks, not on the fluid, and is therefore termed the shape
factor. For a rectangular block of lengths Lx, Ly, and Lz,

the shape factor for a finite difference formulation 1is:

L+ 1) [17]

c =4 (_12 +
Lx Ly Lz

Use of Equations 15 and 16 to describe flow in fractur-
ed systems accounts for viscous, capillary, and gravity

forces between matrix and fracture and therefore should be
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more reliable for predicting fracture-matrix flow than em-
pirical relations.

The above two-porosity formulation does not require the
choosing of a 'transfer function" as many have misinterpre-
ted. One only needs to find a ¢ which is a statistical (or
could be an exact) representation of a geometry. In theory
o can be measured, however, in practice it is determined by
history matching reservoir behavior. Most other properties
in Equation 16 such as permeability, porosity, relative per-
meability, and capillary pressure could be measured on la-
boratory core samples. The spacing parameter, o, is assumed
tc be a property of the system independent of grid size, as
are permeability and porosity, but it can vary from one area
of the reservoir to the next. Equation 17 is normally only
used to determine apparent matrix block sizes (L).

The amount of transer to (from) the fracture must equal

the loss (gain) in the matrix as described by Equation 18.

3 (45
. ~ B'a,ma [18]
Tmaf « 3t

This description of fracture-matrix flow appears to
agree with the imbibition phenomena measured in the labora-
tory (11). During imbibition, water is drawn into the ma-

trix rock by capillary force and oil is subsequently dis-
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placed. The matrix capillary pressure curve is thus impor-
tant in recovery efficiency in such systems.

A conventional simulator could be used to exactly re-
produce this double-porosity model by using separate nodes
for fracture and matrix, but the size and therefore the com-
puting time would be prohibitive (4). This was discussed by
Gilman and Kazemi (4). |

Finite Difference Equations for Double Porosity Systems

Analytical solutions of the reservoir flow equations
can only be obtained for very simplified systems, therefore
numerical techniques are often used to solve the equations.
Finite differences are most often used to solve the partial
differential equations as they have proven to be the wmost
reliable and easiest methods to implement. Other methods
such as moving points, method of characteristics, finite
element, Galerkin, and collocation have been attempted, but
they are nof proven as practical as finite differences and
are computationally more expensive (12). Finite differences
may not always be as accurate as some of the above-mentioned
methods, however. Time and spatial truncation errors tend
to smear sharp fronts (numerical dispersion). 1In heat flow
or chemical transport, numerical dispersion may be very

large and special techniques may be needed to avoid the

problem.
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Solutions can also depend on which way the grid is oriented
with respect to production and injection wells.
Equations 15 and 18 can be written in a compact finite

difference form as given by Equations 19 and 20.
A[Taf(Apaf-YafADf)} + Tamaf[(pama-Paf)-Yamaf(Dma-Df)]

+ qas - X t ( )af [19]

£(@g-D_)] = 8, (32 5y [20]

Tamaf[(Paf_pam )- Yoma ma ama

where the coefficients, Tof and Tamaf are called transmissi-
bilities and are defined below. The no flow boundary condi-
tions most often used are accounted for by setting the
Apyf and ADg terms to zero at the boundary. Note that
the matrix pressure and depth gradients are defined as ma-
trix values minus fracture values. This is the approxima-
tion normally used for the double porosity formulation. 1In
oil water systems, Equations 19 and 20 are written once for

each phase. The auxilliary relations which reduce the num-

ber of unknowns to four are:

Soma = 1~ Syma (21]
Sop =1 - S ¢ [22]
poma - pwma + Pe a [23]
Pog = Puyg + Pog [24 ]
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By substituting the above relations into Equations 19
and 20 written for the oil phase, there will be four equa-
tions and four wunknowns (Sypa, Syf, Pmas> Pwf); all
other terms are a function of these four unknowns.

Terms in Equations 19 and 20 are defined by Equations

25-28.
AP = Piy1 © Py OF Py~ Py [25]
Taf = (X «Area (k‘b)f(’ﬁ;) of [26]
kr
Toma = (x-V) (ko)ma(ig)ama [27]
b, (83 = (5™ o (#5)n [28 ]

where A is 0.001127 for oil field units given in the nomen-
clature and V, Area, and AL are the volume of the grid
block, flow area between grid blocks and length between grid
block centers respectively. The fracture spacing parameter
(shape factor), o, as previously discussed, has units of in-
verse square length and is assumed to be a property of the
system.It will not normally be a function of grid size.
More details on the evaluation of the transmissibilities as
given by Equations 26 and 27 will be given later. They are
evaluated using standard techniques given 1in. the petroleum

literature.
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Wellbore Source Terms

The source (sink) term resulting from a well in a grid
block is normally derived assuming steady state radial flow
between the grid block boundary and a point source at the
center of the grid block. Using Darcy's Law and assuming
that the node pressure, pyf, is the volume average pres-
sure of fluid in the grid block, the flow rate is:

Ae2emenz (ko)
q, = = : (%) af' (PurPof) [29]

@ 2
1n (rl/rw)-1/2+s

1
Z 2
r -r
1 \
where Az 1is the grid block thickeness and and rj is the

outer radius of the grid block. For rectangular blocks, i,

is usually assumed to be a function of block dimensions:

AXA
ry = : b [30]

More exact relations have been proposed (13).

Equation 29 results in an additional unknown for every
well -- the wellbore pressure, pyL- Each well must have
scme constraint in order to totally specify the system.
Normally a total £luid production (or injection) rate is

known.

Q =114 [31]
T 2 a ol

where Qr is the total fluid rate and 2 and o represent the

layers and phases respectively.
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The equations presented in this section represent a
well defined system. However, the coefficients are func-
tions of the variables and therefore the equations are non-
linear. The next section will discuss one method for line-
arizing the equations. Numerous other methods have been
used (12, 14).

Finite Difference Equations for Extended Double Porosity
Model

The purpose of this thesis and the simulator is to ex-
tend the double porosity concept by dividing the matrix in a
given grid block into several sub-domains which may be con-
nected to one another and/or to the fracture. Figure 3
showed one matrix sub-domain in a given grid block. Figure
4 shows two possible divisions of the matrix block into 3
sub-domains. This is still the same system as shown in
Figure 3, but the sub-domains are chosen to more closely re-
present the physics of the problem. Equation 19 will con-
tain several matrix/fracture terms and Equation 20 will need
to include terms resulting from finite difference of the ma-
trix. As shown in Figure 4, not all matrix sub-domains may
be connected to the fractures, and the flow areas between
matrix and fracture may be different. Therefore, the shape
factor, o, may be different for each sub-domain. No direct

flow is allowed between matrix blocks from one grid block to
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‘another because it is assumed that the matrix is discontinu-
ous and the fractures are the flow path from one grid block
to the next.

This program is developed for one-dimensional flow in
both fracture and matrix and therefore the finite difference
equations will be presented as such. This method could
readily be extended to multidimensions for either the frac-
ture or the matrix sub-domain. The solution method in this
paper 1is actually independent of the intramatrix connec-
tions, therefore the connections could be as complex as de-
sired to match the physics of the problem.

Darcy's law is applied to flow in the fractures, in the
matrix blocks, and between matrix and fractures; therefore,
the equations presented earlier still apply. Equation 20
needs to have an additional term representing transport
between matrix sub-domains, and Equation 19 will have a
fracture—maﬁrix transfer term for each sub-domain connected
to the fracture in a given grid block. The number of vari-
ables increases from four per grid block to 2*(NMB+l), where
NMB is the number of matrix sub-domains.

For each phase (oil and water), a fracture equation is
required for each grid block, and a matrix equation is

required for each sub-domain in each grid block.
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The concept presented in this paper is similar to ideas
presented by Pruess and Narisimhan (15), Eric and Ershagi
(16) and Joseph Papay (17).

If Equations 19 and 20 are written in expanded form for
one~dimensional flow in fracture and in the matrix, the wa-
ter equations for grid block 'i' and matrix sub-domain 'j"
are:

(b . . 7P _ )~

Yoe 141 /806 1430 £ 4
wEf,i+l “wf,i wi,i+1/2 £,i+1 f£,i

-T - - D -D
wf,i-l/z[(pwf,i P 1-17"" we i-1/2051 £,i-1) ]

wa,i+1/2 )]

NMB o
T (p -y (D -D )]
j=1 w,maf,ij wma,i,j wf,i maf,i,j wma,i,j £,1

+qw,i = At [( )Wf,l ( )wf 1] [32]

Twma,i,j+1/2[Pwma,i,j+1“Pwma,i,j“Yma,i,j+1/2
(D )]

ma,i,j+1°Dma,i,J

r - - -
Twma,i,j-l/Zprmasi,j pwma,i,jwl Yma,i,5-1/2

(D

na, 1,3 Pna,i,j-17 ]

wmaf, i, Puma,i, i PwE, i Ymaf,1,iPna, 1,3 PF,1) ]

A [( ) wma, i ( )wma 1]3 {33}
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Two additional equations are written for the oil phases.
Oil pressure and saturation are then eliminated with Equa-
tions 21 through 24.

NMB is the number of matrix sub-domains in a given grid
block and the n superscript represents values at the last
time level. All variables without superscripts are assumed
to be evaluated at the current time level. 1If a given grid
block is not connected to the fracture, then the appropriate
Tpaf term could be set to zero.

To simulate the no flow conditions for both fracture
and matrix, the i+l (j+1) or i-1 (j-1) terms are set equal
to the corresponding 1(j) terms at the boundary nodes.

The matrix equation has no well source or sink term
since it is assumed that the fractures are the primary flow
path. Either Equation 32 or 33 could easily be extended to
multiple dimensions independent of the number of dimensions
of the other porosity.

Evaluation of the transmissibility terms (Tj+1/7 ox
Ti-1/2) between grid blocks has been of concern for many
years. There are a number of ways to evaluate them ({18).
Equations 34-39 have been found to generally give the best
results. These are the standard techniques found in the

petroleum literature.
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R K
rea r
Tog,i+1/2 = M oz & ehipg/o (o1 Gpd op, 1417 Q-0 iy
kr
(B at, 1} [34]
where « provides for upstream weighting. (The direction

flow is coming from is upstream).

=1 if p D) >0 [35]

Wi+l 1417 Pi " Yie1/2Pig1”
341 = O 1E Py 9P V5472 (Pyiq~Dy) <O [36]

Upstream weighting has been found to be stable, but intro-

duces numerical dispersion. It 1is generally first order
correct. Terms of Equation 34 are further defined as:
Area. Area,
Area = AL+ = 137 ]
i+1/2 2 o
(ax, + Ax.)
AXi41/9 = 1+1Z i [38]

(ko) _ 28%547 /2 (KD £ 549 (ko) gy (39
f,i+1/2 Axi+i(k¢)f,i + Axi(k¢)f,i+l '

Equation 39 is a harmonic average permeability between
two nodes and ensures that the lower permeability dominates
the value of kj41/2. The effective fracture permeabllity,
(k¢)f, 1s used in the previous equation as required for
double-porosity systems (4). For flow between the matrix

sub~domains, Equations 34 through 39 could be used with



I-2716 25

matrix data replacing the fracture data. There would be no
¢ term, and the Area and Ax terms would be the values for
the matrix sub-domains.

For flow between the matrix and fractures, the trans-
missibility is:

k

= [Vok__}. . cos () e s F
{Vo ma}l,J{wmaf,l,J (EE)f,l [40]

r
P-opaedi, s G ma,i, 3!

The V,s, and kp, terms are for the given matrix sub-
domain and therefore do not need to be averaged. A harmonic
average of kpy and kfé¢f could be wused, but the smaller
kps +value would dominate. Again, wpgf 1is a weighting
faétor depending on whether the fracture or matrix is up-
stream. If flow is from the fracture to matrix as determin-
ed by equations similar to 35 and 36, then wpsf is 1.0 be-
cause the fracture is upstream and thereforey, (kr/uB)g¢,
is used in Equation 40. Other methods have been presented
for evaluating mobility between the fracture and matrix (19)
‘as the true relative permeability between matrix and frac-
ture is not obvious. The gravity gradients, y in Equations
32 and 33 are normally assumed to be average values between

two nodes.
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The wellbore water relative permeability in Equation 29
also is assumed to depend on the upstream direction (whether
the well is an injector or producer).

krw + wkro

U,i = Pl ) £ (B Py g)

[41]

where PI is the constant terms in Equation 29 and w is de-
fined as:

w =1, qw>0 (injection)

-

w=0,qx<0 (production) [42]

The oil rate is then:

(l-w)kr
= g A\ ras]
qu PIi (-——-———-B————u )Ofi P L["'J
and therefore will be zerc for injection. Evsluation of

terms as given by Equations 34 through 43 will result in the
two porosity model giving the same answers as a conventional
porous medium simulator with separate grid blocks used for
the fracture and matrix as shown in Reference 4.

Radiel Transformation

For some systems such as a single well, single phase
transient simulation, radial systems are wmore appropriate.
Equations 39-43 can be used with the following exact trans-
formations in which grid radii are distributed exponential-~

ly. These transformations have been included in the model.
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Let

1
pu = — 1 44
u I nr /r [ ]

e W
where IMAX is the number of nodes, re is an external

boundary radius and ry is the wellbore radius.

BXi4q /0 = T, (e (i+1/2)ru_ o (i-l/Z)Au) [45]

iAu

Area; s o = 2m r e Az [46 ]
Vi = q rw2(e21Au_eZ(1-1)Au) AZ [47]
bXi41/2 Kiv1 Bg
k:L+1/2 = [48]

- - (1=17
(e(iF1/2) bu_ isw)k; + (etPU-etTH 8y

For short time transient data it 1is also desirable to take

time steps exponentially as given by equations 49 and 50

AU 1n(TMAX/At1) [49]

t  NUMTS-1

Au

t
At = Yat (e - 1)
i+l i 1

where NUMTS 1is the number of time-steps and TMAX is the
final time.

Linearization of the Finite Difference Equations

As previously mentioned, the porous media equations can,

be highly non-linear. With the availability of high speed
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computers with large memory, the Newton-Raphson approach has
been widely used to solve for all unknowns simultaneously.
This fully implicit formulation results in very stable
systems, even when time-steps are large. Time truncation
error can be significant in this approach, therefore, time-
step size must be chosen carefully.

Equations 32 and 33 can be written in matrix form for

any number of nodes as:

Ax = b [51]

where, for each node i:

s, —

Swf
Xi= Pwf
Swm:l

pWF’Z [52]

*

Swm, NMB
Pwm,NMB| |
L 1

In equation 51 the coefficients A and the right-hand
side, b are functions the unknowns, x and therefore Equation
51 is non-linear.

One common method of solving the equation is by Newton-
Raphson iteration. Equation 51 1is written in residual

form:

R = Ax ~ b, [53]
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then by Taylor Series expansion, neglecting second

order and higher terms
rOFL _ gn (%é)n (Xn+1 - xD [54]
1£f R0FL is to go to zero, then
_(g_i)zdxwz - % [55]
where % represents the iteration level and

6x2+1 = xj?'+1 - xl [56]

!

Equation 55 is again of the form of Equation 51. Itera
tion is performed until é&x is less than some arbitrary con-
vergence limit.

R

sx term is ‘the Jacobian matrix and it represents

The

the partial derivatives of all residuals with respect to all
unknowns. In the finite difference formulation many terms
are zero and a sparse matrix will be formed. Numerous
authors have presented details on efficient methods for solv
ing the reservoir flow equations by the Newton-Raphson metho
(20).

For a given node, i, the fracture equation will depend
only on fracture variables of immediately surrounding nodes,
the matrix variables of node i and the wellbore pressure if
the node contains a well. The residual equations for the

fracture can be written in the following form.
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where R .
ROV,
mo, 1

mw , NMB
mo,Nng

B4, = o [69]

X_ .
9 m,i

The wellbore residual for a given well, wL is:

ReL = B 5Xf,i+ BS L SPyuL [70]
where
aR
wL .
E . = "= [71]
wL axf,i : :
aR
L
B5 = ot [72]
wL 3D, 1, 4

Figure 5a shows the most compact. equation form for a
onewdimensiénal, three-node system with a well in the first
node. The form is identical to that for any two-porosity
simulator, but the partial derivative sub-matrices are of a
larger size depending on the number of sub-domains in a

given grid block. The A, Bl, and D coefficients will be

2x2, the B2 matrix will be 2x2NMB, B3 -- (2NMBx2), B4 --
(2NMBx2NMB), E -- (1x2), and B5 =-- (1lx1), where NMB is the

number of matrix sub-domains.
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Derivatives can be taken either analytically or numeri-
cally. Analytical derivatives will generally require less.
work and storage if they can be found. Analytical deriva-
tives were used in this model.

Solution of the Linear Equations

Solution of the equatibn matrix will often be a major
portion of the total computer time in the reservoir simula-
tor. The structure of the double-porosity form can be wused
to advantage to reduce the matrix to a simpler form, and
thus greatly reduce the time required to solve the egua-
ticns. Implicit wells terms will also have to be rearranged
to get the matrix into an efficient band structure.

Implicit Wells

Solution of implicit wells has been discussed by sever-
al authors (21). The D coefficient in Figure 5a can be eli-
minated by the B5 coefficient below it (Figure. 5b) and then
the upper bénded portion of the matrix can be solved £first.
The change in wellbore pressure is then given by:

-1 ;
WL (R, - E

= B5 wL wLGXfi)

SPWL {73]

Reduction of the Double Porosity Coefficients

The bandwidth of the matrix is still much larger than a
conventional simulator. Solution time is normally on the

order of bandwidth squared, therefore it is important to put
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the matrix in the most compact form. The B4 coefficients
can be used to eliminate the B2 terms above them as shown in
Figure 5b. The matrix can then be rearranged as in Figure
5¢ and the upper left hand band matrix can be used to first
solve for change in fracture unknowns. The change in matrix

unknowns is given by:

-1
§x = B4 , (R, - B3,sx [74]

m,i i m,1 f,i)

This matrix will be much faster to solve than the ori-
ginal matrix and, therefore, this simulator will not require
a large amount of additional time compared to a conventional
model.

Discussion of some timing comparisons for different
numbers of matrix sub-domains is given in the section on
Program Verification. The important concept here is that
additional information can be obtained at a much reduced
computing time compared to the use of a standard formulation
with additional grid blocks to represent the matrix.

It appears that the reduction of the equations as shown
by Figures 5a through 5c¢ 1is directly proportional to the
number of sub-domains. For solution of a banded matrix,
solution time is proportional to the number of bands squared

and, therefore, it is important to reduce matrix size.
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Program Organization

Initialization

Figure 6 shows the program flow chart (the program is
listed in Appendix A). Once the data have been read, the
model must be intialized to ensure that the system is in
gravity-capillary equlibrium as described in the section on
Two Phase Flow. The initialization can be performed using a
capillary pressure curve, water-oil contact pressure,
water-oil contact depth, node center depths (D), and oil and
water densities.

For equilibrium, there must be no flow between nodes as

des~ribed by:

8[T(ap-vaD) ]= O P [75]
\
and no flow between fracturé and ma;rix: S
- - /"4. - " = . 7 1
Tma[Pma P Ynaf\Ppa D%)J O.§~ [76]

Since the density is a function of pressure, the initiliaza-
tion becomes an iterative procedure. For gravity equilihri-
um, the following equation applies for each phase:

_ CYiYi-d
Pi 7 Py1 7z

=
el
~d

—

(B3-Dy.y)

For node one, pj-ij is the water-oil contact pressure and
Di-1 is the water-0il contact depth. 1Initialization of the
fracture is done first, then the first matrix sub-domain in

a given node is initialized by:
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_ Yma+Yf
pma - Pf - — (Dma - Df) [78]

then the other matrix blocks can be initialized as given by-
equation 77.

The entire initialization must be done for both oil and
water. At the water-o0il contact the pressure of the two
phases are assumed equal. The difference in densities of
the two phases will result in increasing capillary pressure
away from the water-oil contact (Fig. 2). From the capil-
lary pressure curve, saturations of the nodes can be deter-
mined. N

1f the calculated capillgry pressire is greater than
that allowed by the input mapiilary pressure curve, then the
watar pressure is calculated as:

Py = Po ~ Plpax [79]

The water potential gradient will no longer be zero,
but because.the water is at the irreducible saturation, the
transmissibility, T, will be =zero because water relative
permeability is zero and equation 75 will still be satis-
fied.

A Newton-Raphson technique could be wused to solve
equations 77 and 78, but for oil and water systems, density
is only a weak function of pressure.. The linear iteration

used provides rapid convergence for the density function

used in this program.
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To ensure equilibrium between matrix and fracture, the
maximum capillary pressure in the fracture must be less than
or equal to the maximum capillary pressure in the matrix.

After initialization, the model is run one time-step
with no wells to ensure that the system is properly equili-
brated. Once the model has been initialiéed, time-step in-
formation and wellbore rates can be read to begin simulation
of the desired reservoir.

Fluid Properties

Fluid property calculation has been Lkept relatively
simple for both ease of input and ease of programming; how-
ever, the correlations can fit a wide variety of actual
data.

For systems with low compressibility, formation volume
factor and density can be assumed to be linear functions of

pressure.

B =B b[l - ca(pa-pb)] [80]

a a

p_ = pab[l + Ca(Pa‘Pb)] [81]

where c, is the fluid compressibility and the subscript b
represents a base value.
The porosity %s also assumed to be a linear function of

pressure as determined by the rock compressibility, Cy
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o =4[l + ¢, (b p)] [82]
Relative permeabilities and capillary pressures are
assumed to be defined by power fit equations.

Water relative permeability:

Sw - Swir EW
k =k (5 )] ] S <8 <1-s [83]
™w rw or 1-Sor-—Swir wir w or
0il relative permeability:
1-S S
or- w EO
k =k (¢ )] ] S <S <1-S [84]
ro ro wir 1-S . -S wir w or
wir “or
Positive Capillary Pressure:
S (P =0) - S
p =p (s )[ ¥ S L L R I ) [85]
c ¢ wir s (P_=0) - S . wir w ¢
W' c wir

Negative Capillary Pressure:

S -S_(P =0)
P =P (s Y[ ¥ ¢ EM S (P =0)<s <1-5  [86]
c c or 1'Sor-sw(Pc=0) w C \ or

The terms in brackets are dimensionless saturations defined
as Sp throughout the remainder of this paper. 0il and
water viscosities have been assumed to be constant.

Figure 7 shows the input requirements. Card 2 through
Card 8 are each wused once. A separate Grid 1 Card is
required for each grid block and a Grid 2 Card for each

matrix sub-domain. A new Time Card can be used whenever
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time-step size or well rate changes are required. A Well
Card is required for each well after each Time Card. The
variables are described in the nomenclature and at the start
of the program listed in the Appendix.

The input data is printed by the simulator each time
the program is run. Extensive data checking 1is not
included. At the time-step frequency given on the Time
Card, the simulator will print fracture and matrix pressure
arrays and fracture and matrix saturtion arrays. For the
wells, o1l and water rates and cumulative produced or
injected volumes re given. Material balances for both
phases are calculated and printed for each time step as a
check on the solution stability. If the maximum itrations
are exceeded, a warning is printed. The print frequency can
berchanged by the use of a new Time Card.

To simulate a single-porosity system the spacing
parameter, SIGMA, should be set to zer on all Grid 1 Cards.
The program will still expect to read at least one Grid 1
Card for each grid block.

The program will continue to the maximum allowed time,
even 1f the maximum iterations are exceeded for a time-
step. It is impo_tant to check that the material balance is
good before using the model results. If maximum iterationmns
are being exceeded, time-step size or grid-block dimensions

may need to be changed.
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Program Verification

To verify the accuracy of the program, a single phase,
two-porosity radial system was compared with the analytical
solution for an infinite systems. Two-phase linear systems
given by Gilman and Kazemi (4) were also matched with the
simulator.

A single-porosity, one-dimensional, two-phase model was
simulated to show the numerical dispersion effects in
fully-implicit simulators. A match of a laboratory flood
was made and relative solution times for multiple matrix
sub-domains are discussed.

Single-Phase Radial Model

The radial system given in Table 1 was used to compare
the analytical and numerical solutions of the single-phase,
two-porosity system given by Equations 15, 16 and 18. 1In
the simulator a large area was used to minimize boundary
effects. The analytical solution is for an infinite system.
No-flow outer boundary conditions were used in the numerical
simulator, but because the flow time is short, the boundary
condition was not important. Nodes were distributed expo-
nentially and time-steps were taken exponentially to get the
maximum accuracy. Figures 8 and 9 show the pressure re-

sponse at the wellbore during constant rate production of
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the well (pressure drawdown) and during shutin (buildup).
The numerical and analytical solutions are in agreement.
Reference 2 gives the analytical solution. The two-slope
pressure transient plots are a characteristic of the
double-porosity media. The first slope represent fracture
response, and the transition to the second slope results as
the matrix begins responding to the fracture flow.

The two straight 1lines should be parallel with the
slope of the 1lines being directly proportional to the
permeability of the system. The pressure separation between
the two lines 1is a measure of fracture storage capacity
divided by total storage capacity. The inflection point can
be wused to determine the fracture spacing parameter, o.
Pressure transient testing is one method to determine data
for numerical simulators.

The transition curve between the two parallel straight
lines cannoﬁ be accurately simulated using the standard two-
porosity formulation. Use of multiple matrix sub-domains
will give a more accurte pressure response as shown in a
later sectiocn. The wuse of multiple matrix sub-domains
allows transient flow within the matrix blocks. This gives
a higher slope for the transitional portion of the semilog
pressure~time plot. This slope should be approximately one-

half the early and late time slopes for an ideal system.
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Table 1

Single Phase, Double Porosity Model Data

Pi

dma
of

o]

q

At{**

1646 .07 psi
0.8 cp

3.5 x 10~ psi -!
0.9942 res. bbl/STB
0.34 ft

5957.84 ft

3 x 10-% pgi-!

3 x 10-% psi-!

210 ft

1000 md

1 md

0.1392

0.02

0.0016 ft-?2

100 STB/D

10-% days

*20 nodes were distributed exponentially between r,, and

re using equations 44-48.

#%100 times step were distributed exponentially for a l-day
buildup and a one-day drawdown using equations 49 and 50.
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System
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Linear Two-Phase Models

Linear two-porosity and single-porosity models were
compared by Gilman and Kazemi (4) to show that the double-
porosity model was wvalid. Data for vertical and horizontal
double-porosity models (diagrams on Fig. 10 and 11) are giv-
en in Table 2. The simulator given in this thesis was com-
pared to the reference to ensure that the simulator was
working properly. The results should be identical since the
equations are the same for single matrix sub-domains. Fig-
ures 10 and 11 show the cumulative o0il produced and produc-
ing water-oil ratio (WOR) for the simulator in this thesis
and the simulator of Reference 4. Equations were used for
relative permeability and capillary pressure in this thesis
while tables were used in the literature examples; there-
fore, there is some difference in the results. All other
data are identical.

Buckley-Leverett Comparison

A single-porosity, linear, horizontal, two-phase model
with water displacing oil was simulated by setting matrix
properties to zero. The saturation distribution at 300 days
for a 40 node model was compared to the analytical solution
(by the well-known Buckley-Leverett Method) for the same

system (Table 3 & Figure 12). The numerical solution cannot
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reproduce the sharp front for the grid systems shown because
of numerical dispersion effects. Use of larger time steps
or large grid blocks increases the truncation error as shown
in Figure 12. 1In the reservoir there is true physical dis-
persion and viscous fingering that prevents sharp fronts.
The use of many more grid blocks and smaller time steps
could give very close agreement between the numerical and
analytical solutions.

.1t is.interesting to..show a saturation distribution for
a two-porosity system with the same storage capacity. The
fracture saturation has a very sharp gradient, while the ma-
trix maintains a nearly constant profile behind the flood
front. The data used is in Table 4 and saturations are
plotted in Figure 12. The results are in qualitative
agreement for a two-porosity analytic solutien (22).
Saturation distributions for a two-porosity vertical system
arc shown iﬁ a later section.

Capillary pressure was zero for the single-porosity
modzls because that 1is the assumption used in the Buckley-
Leverett solution. For the two-porosity models, a matrix
capillary pressure curve greater than zero was wused to
ensure a large imbibition force. An exponential time func-

tion is wused to describe imbibition for the analytical

solution.
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Table 2

Two-Phase, Double Porosity Model Data for Program
Verification

Pwmi. 1479 psi

Pwfi 1463 psi

Swni 0.08

Swfi 0.01

By 0.8 cp

Lo 40 cp

Cy 3x10-%6 psi-1

Cy 3.5x10°% pgi-!
co 1.36x10°° psi-!
By 1.0 at 15 psi
Bo 1.036 at 15 psi
ow 62.4 1b/ft?

0o 58.0 1b/ft?3
Swef 0.01

Sorf 0.0

Swema 0.08

Sorma 0.451

Kywf 1.0 (Syfp)t-®
krof 0.99 (Sorp)!'"?

Continued...
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krwma

kroma

At
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Table 2 (continued)

0.1072 (Symp)?!-929

0.589 (Sorp)%-831

2.14 (Sygp)l-929

13.36 (Symp)l-72

0.0002 ft~2

0.1392

100 md

10 ft

100 ft

102.04 ft

0.02

10,000 md

0.34 ft

500 STR/D 0-1600 days
0 STB/D 1600-6400 days

0.01, 0-0.1 days

0.1, 0.1-1.0 days

1.0, 1.0-10 days

10, 10-100 days

100, 100-6400 days
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Table 3.

Buckley Leverett Model Data

Pwi 409.54 psi
Swi 0.16

Cy 3x10-% psi-!
Cw, 0 3x10-% psi-!
By, o 1 res bbl/STB @ 15 psi
Mo 4 cp

Hyw 1 cp

Az, Ay 100 ft

k 300 md

b 0.20

Swe 0.16

Sor 0.20

Ky 0.4 (Syp)'-?
Kro 0.9 (Sop)?°?
q 76 STB/D

At 5, 50 days
AX 10, 25 fc

Iy 0.25 ft
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Table 4.

Two Porosity Buckley-Leverett Model Data

Kyrwf
Kyof
Swef

Sorf

Az
Ay
AX
kf
Pwmi
Pwfi
Swmi

Swfi

At

—t

-0 (Swa)l'O
1.0 (Sopg)t-°
0.01

0.0

0.0

5.0 (Sypm)®' ¢ psi
0.0016 ft-?

0.13

300 md

0.01

100 ft

100 ft

25 ft

100000 md

409.18

414.18

0.16

0.01

5 days

Fluid properties are those in Table 3.

Matrix relative permeability is in Table 3.
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Laboratory Comparison

A laboratory core flood presented by Kazemi and Merrill
(11) was simulated with the double-porosity model using one
matrix block per grid node. The authors used a seven layer
single-porosity model to simulate the system. The data used
is that given by the authors, but adjusted for the two-poro-
sity formulation as given in Table 5. Very small time-steps
were used to reduce numerical dispersion effects. The com-
parison of pore volumes o0il produced and producing water-oil
ratio (WOR) between this model and the laboratory data are
shown in Figure 13. The close agreement shows that the
double-porosity formulation is valid and can use a greatly
reduced grid system compared to a single-porosity formula-
tion.

Timing Comparison

Comparison of the relative speed of this computer pro-
gram with séveral matrix blocks compared to one block were
made to show that solution time does not become prohibitive
as more blocks are added. The ten node, two-porosity model
shown by the diagram in Figure 10 was used in this compari-
son. For a single sub-domain per grid block system,there
will be 40 unknowns. For four sub-domains per grid block,

the number of unknowns becomes 100 or 2.5 times the number
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for one block. The actual increase in time required was
found to be 3.01 -- approximately the increase in number of
unknowns. (Times were 1.26 and 3.79 seconds per time step
for the two systems). The method of solution causes the time
required to solve the equations to be proportional to the
total number of matrix sub-domains. In conventional simula-
tors, increasing the number of nodes céuld cause solution
time to go up much more rapidly than linearly with the num-
ber of unknowns because the equation matrix bandwidth will
increase and solution time 1s proportional to bandwidth
squared. If a five layer conventional model was used to
simulate the four sub-domains per grid block fracture-matrix
system, the bandwidth squared would be 529 compared to 49
for the two-porosity system.Bandwidths for 2 unknowns and
2-dimensions is equal to 4*NM+3, where NM is the minimum di-
mension (18). The equation solution time could increase by
the ratio 529:49 (10.8). In multidimensional systems it
would be impractical to use a conventional simulator to mo-
del a two-porosity system because of the many grid blocks
required. In systems with large matrix blocks where gravity
segregation is important, it would be inefficient to use
either a single-porosity model or a standard two-porosity

model.
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Table 5.

Model Data for Laboratory Core Flood Comparison

IMAX 10

Hw 1 cp

o 4.6 cp

Cy 3x10-°% psi-!

Cw,0 0

O 62.4 1b/ft3

fo. 51.7 1b/ft?

Swe 0.43

Sor 0.34

Ky £ 0.57 (Syof) ' "
kyof 0-57(30Df)1‘0
Krwm 1.0 (Sme)a.0
Krom 1.0 (SoDm)3'0
Pof* 0.75 (Sypf)?°? psi
Pem® 1.3 (Sypm) !0 psi
Pwmi 11.67 psi

o 294.92 ft-?

bm 0.1744

kny 56 md

Continued...
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ke

Az

At

Table 5 (continued)
10000 md
0.1647 ft
0.1647 ft
0.0335 ft
0.000787 STB/D
0.042 ft
1x10-° days (50 exponential
steps to 0.002 days)
0.001 days, 0.01 to 0.24 days

Swom and Sypf are chosen so that P, = 0.9

psi at residual oil
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Examples of Program Use

Single Phase Transient Flow

Various authors (23, 24) have shown that the assumption
of pseudo-steady state flow from matrix to fracture as is
done for single matrix block systems can result in some in-
accuracy when simulating pressure transient response because
transient phenomenon within the matrix is not accounted for.
They have shown that the transitional pressure response
shown in Figures 8 and 9 should have a slope one-half that
of the early and late time slopes. The one-half slope is
because of the assumptions used in the double-porosity for-
mulation, but the slope should be greater than that for the
single domain system. The same system given in Table 1 was
similated using three matrix sub-domain per node in differ-
ent geometric arrangements. Nested or stacked blocks (see
Figure 4) were simulated. For the stacked blocks, fractures
were assumea to be in one or three dimensions about the ma-
trix block. The fracture spacing parameters were calculated
using Equation 17. For one-dimensional flow from matrix to
fractures, the Ly and L, terms are omitted (4). Figure
14 shows pressure drawdown response for the different sys-
tems. The slopes of the transitional curves are greater

than that for the single-subdomain system as expected. The
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fracture spacing parameter varies as the number or geometry
of the matrix subdomain varies. The value of the spacing
parameter for each arrangement must be derived as given in
Reference 4. Values for o for the nested blocks, 1-D
stacked blocks and 3-D stacked blocks are 0.00065, 0.0072,
and 0.00107 ft-2 respectively for the outer subdomains.
Those domains not connected to fractures have a spacing
parameter of zero. To determine the apparent geometry and
size of the matrix block. in. a reservoir, the simulator could
be used to match a field pressure transient response. Note
that only the transitional pericd between the early and late
time straight lines is affected and thus this data is needed
to determine matrix properties from s field test.

For this example, the nested matrix blocks are probably
the most realistic for representing the true physics of the
flow and therefore should be used when comparing the numeri-
cal solution to the analytic solution. The other geometries
are shown only for comparison. The size of the matrix
blocks 1is the same for all three examples, but the intra-
matrix and matrix-fracture connection is different. For the
stacked blocks, the actual pressure distribution in the
matrix will not correspond to the sub-domain boundaries
chosen. The two-phase examples which follow show where a

stacked block representation of the matrix is useful.
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Phase Segregation in the Matrix Blocks

Horizontal System. The horizontal literature example

given in Table 2 was simulated with four matrix sub-domains
per node to show phase segregation in the matrix blocks.
The system was simulated with four stacked blocks above the
fracture. Only one block was connected to the fracture
(Fig. 15) and had a spacing parameter of 0.0032 ft-? as
calculated from Equation 17. The saturations versus time in
the top and bottom blocks of the first node are compared to
a single sub-domain system in Figure 15. Fracture
saturations in the first grid block are also shown. The mo-
dels were not produced from 1600 to 6400 days to show the
phase segregation and imbibition effects in the model. Im-
bibition caused by capillary forces will continue to draw
water into the matrix during shutin forcing some o0il into
the fractures, but gravity forces will tend to cause o0il to
rise in the matrix away from the fractures. Because of the
slow rate of fluid transfer, the system has not stabilized
even after 4800 days of shutin. The multiple block systems
can be used to give additional insight into the behavior of
two-porosity reservoirs. Boundary conditions on the matrix
blocks will also be more closely approximated for the multi-

ple block systems.
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Vertical System. The vertical literature example was

also simulated using four matrix sub-domains per grid block-
The saturations of the outer and inner blocks and the frac-
ture for the first and last node are shown in Figure 16.
Again, only the inner sub-domains were connected to the
fracture and had the same spacing parameter as given above.
In the vertical system there are no gravity forces working
to distribute fluids in the sub-domains, because the sub-do-
mains are all at the same elevation for a given node, and
they are not directly connected to the matrix of the other
grid blocks. The system arrangement may not be physically
realistic, but it does show the effect of imbibition in the
absence of gravity forces. Water continues to imbibe from
the fracture into the matrix during well shutin, forcing oil
intc the fractures. Gravity forces in the fracture will
cause oll to rise to the top of the fracture as shown by the
decrease and then increase in water saturation for the bot-
tom fracture node after the well is shut in.

Because of the similarity of the matrix saturation be-
havicr for the vertical and horizontal systems, the imbibi-
tion force is much greater than the gravity force in this
case. For oil-gas systems, results may be quite different.
The standard two-porosity model could not show the phase

’

segregation effects without using more grid blocks.
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Laboratory Simulation

The laboratory core flood described earlier was matched
with one-matrix sub-domain per grid block. The matrix above
and below the fracture (Fig. 13) was represented as one
larger sub-domain at the same average height as the frac-
ture. If the same system is simulated with one matrix sub-
domain above and one below the fracture (to correspond to
the true system geometry), the difference in saturation dis-
tribution in the top and bottom matrix rock can be seen. Af-
ter 0.23 pore volumes of water are injected, the saturation
distributions are as shown in Figure 17. These distribu-
tions agree with the profiles given in Reference 11. In
this case there is very little additional information gained
by using more matrix sub-domains because of the nature of
the problem. Gravity forces are small. Using multiple
matrix sub-domains can give some insight into the behavior
of the fracfured system as shown by the examples 1in this
section. The finite difference method presented should also
be applicable to other phenomena in fractured media such as

heat flow or chemical transport.
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Conclusions

Development of an efficient finite difference method
for simulating unsteady state multiphase flow in the matrix
blocks of naturally fractured systems led to the following
conclusions:

1. The double-porosity formulation can use a greatly
reduced grid system compared to a single-porosity
representation of a fractured system.

2. Solution time is directly proportional to the number of
matrix sub-domains.

3. The use of multiple matrix sub-domains in single-phase
transient flow gives a greater semilcg pressure plot
slope during the transition from early to late time
response than the use of a single matrix sub-domain.

4. Use of multiple matrix sub-domains can be used to show
phase segregation in the matrix blocks of two-porosity

systems without increasing the number of grid blocks.
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Nomenclature
A coefficient matrix
Area flow areas between nodes; ft?, m?
b right-hand side vector
B formation volume factor; res bbl/STB, res m3/m3
Bl coefficient sub-matrix
B2 coefficient sub-matrix
B3 coefficient sub-matrix
B4 coefficient sub-matrix
B5 coefficient sub-matrix
c compressibility; psi-!, Pa-!
C coefficient sub-matrix
D coefficient sub-matrix
DT time step size variable; days
E coefficient sub-matrix
EM negative capillary pressure equation coefficient
EO 0il relative permeability equation coefficient
EP positive capillary pressure equation coefficient
EW water relative permeability equation coefficient
acceleration of gravity; ft/sec?, m/sec?
IMAX number of nodes in x-direction
ITRN iteration number ‘
ITSN time-step number
k permeability; md, m?
ky relative permeability; dimensicnless
L matrix block edge length., m
NIG number of Newton-Raphson iterations allowed
MM3B number of matrix sub-domains per grid block
NUMTS number of exponentially distributed time-steps
! pressure; psi, Pa
Pe capillary pressure; psi, Pa
PI .wellbore productivity index; md-ft, m3
q wellbore flow rate; STB/D, m3/sec
q wellbore flow rate per unit volume; day~!, sec-!
Q total production or injection rate; STB/D,
md /sec
r radius; ft, m
R residual
s skin factor; dimensionless
S phase saturation; fraction
t time; days, sec.
T transmissibility, STB/psi-day, m?®/Pa-sec
TMAX maximum time for current time-steps; day, sec
TYME program time variable; days
u interstitial velocity; ft/day, m/sec
v Darcy velocity; ft/day, ?/sec

' bulk rock volume; STB, m
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Subscripts

L RO anaLh§~Hrhm Do N

N X 5

vector of unknowns

gravity gradient; psi/ft, Pa/m

change in unknown value

Pi+1-Pi Or pi-pi-l

distance between grid points

time step size; days, secs

radial grid exponential factor
exponential time-step factor

grid block size in x-direction; ft, m
grid block size in y-direction; ft, m
grid block size in z-direction; ft, m
conversion factor for units used
viscosity; cp, Paes

density, 1b/ft3, Kg/m?

fracture spacing parameter, ft~?2, m~?
matrix-fracture source term; day'l, sec
matrix-fracture flow rate; STB/day, m’/sec
porosity; fracture

fluid potential given by Equation 2
upstream weighting factor

-1

first node, phase 1
second node, phase 2
boundary, base
dimensionless

external

fracture

node index, initial value
irreducible

matrix block number

layer

matrix

oil

reservoir, residual, relative
surface

water, well

well

direction index

direction index

direction index
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Greek Subscripts

o phase
¢ rock
Superscripts

2 iteration level
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PROGRAM CSM. UVERSION 7/87/1582. J. R. GILRAN. 800709.

THIS IS A PROGRAM TO SIMULATE OIL-UATER FLOW IN NATURALLY
FRACTURED OR OTHER HETEROGENEOUS DOUBLE-POROSITY RESEQUEERS

THE PRIMARY POROSITY CONTAINS THE BULK OF THE FLUID UMI
THE SECONDARY POROSITY 1S THE PRIMARY FLUID FLN PATH

THE PRXMRV(HM’RIX) POROSITY IS NOT CONNECTED GRID BLOCK
TO GRID BLOCK B T CAN 3E SUBDXUINDF‘I.N‘I‘O scuem. BLOCKXS WITHIN

A GIVEN GRID )LOCK TO ALLOW TRANSIENT

THE DATA l!EOUXRED 1S AS FO

LLOWS
(THE CARD NAME MUST BE IN COL. 1-10. IWT IS Hl OR F10.0
FO&MT VUITH ﬂ'li FIRST DATA IN COLUMNS 11-28.)
CARD 1 —

BLOCKS
NMB - THE NUMBER OF MATRIX BLOCKS WITHIN A GRID BLOCK

CARD 2 ~—
DVUOC -- DEPTH OF WUATER OIL CONTACT.FT. (POSITIVE DOUN)
PUOC -- PRESSURE AT UATER-OIL CONTACT.PSI.
PB - BASE PRESSURE FOR FLUID PRESSURES.PSI.
RE -~ EXTERNAL RADIUS FOR RADIAL SYSTERMS. FT
RY  — UELLBORE RADIUS FOR RADIAL SYSTEMS. FT
CARD 3 -~

VIY -~ UATER UISCOSITY. CP.
VI0 -= OIL VISCOSITY. CP.
CF - URE COMPRESSIBILITY. 1/PSI.

% FRACTURE ROCK
CM -~ MATRIX ROCK COMPRESSIBILITY. 1/PSI.

CARD 4 -~
cy WATER COMPRESSIDILITY. {/PSI.
co QIlL COMPRESSIBILITY, 1/PSI.

BUD - UATER FORMATION VOLUME AT BASE PRESSURE. RES MOL/STD

__—B0B OIL FORMATION UOLUME AT BASE PRESSURE. RES BBL./STD.
RHOVB WUATER DENSITY AT BDASE PRESSURE., LB/CU.FT.
RNOOD OIL DENSTIY AT BASE PRESSURE. LB/CU.FT.
CARD § -~

== EXPONENT FOR FRACTURE WATER REL. PERM_EQUATION
EOF - EXPONENT FOR FRACTURE OIL REL. PERM. EGUATION
~= CONNATE UATER SATURATION IN FRACTURE

-~ RESIDUAL OIL SQ‘I’URGTION IN FMT HE
RKSUCF-~ FRACTURE OIL REL. PERM. AT CONNA SATURATION
RXSORF -~ FRACTURE uam REL. PERM AT RESXDUM. OIL SATURATION

== EXPONENT FOR MATRIX WATER REL. PERM. EQUATION
EOM - EXPONENT FOR MATRIX OIL REL. PERR. EQUATION

L Such CONNATE UATER SATURATION IN MATRIX

SORM RESIDUAL OIL SAWTXON IN MATRIX

RKSUCH— MATRIX OIL REL. T _CONNATE LUATER SATURATION

RKSORM-- MATRIX WATER REL. PERH Af RESIDUAL OIL SATURATION

CARD 7 ==

EPF - EXPOMENT FOR POSITIVE MPILLMY PRESSURE IN FRACTURE
¢~ EWMF == EXPOMENT FOR NEGATIVE CAPILLARY PRESS!.K IN FRACTURE

SPCZF — UATER SATURATION FOR 2ERO W PRES. IN FRACTURE

PSUCF -- FRACTURE CAP. PRES. AT CONNATE UATER. PSI.

PSORF -~ FRACTURE CAP. PRES. AT RESIDUAL OIL. PSI.

CARD 8 —

EPR - EXPONENT FOR POSITIUE CAPILLARY PRESSURE IN MATRIX
o~ EMR__ —— EXPONENT FOR MEGATIVE CAPILLARY PRESSURE IN BATRIX

SPCZR —— UATER SATURATION FOR 2ERO CAP. PRES. IN MATRIX
PSUCH -~ BATRIX CAP. PRES. AT CONNATE UATER. PSI.
PSORM —— MATRIX CAP. PRES. AT RESIDUAL OIL, PS].
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100810600
10682000

o

[,

g
OO OIINOOONNONOOOOHOS

’

PHISF — FRACT
.~ AKF == FRACTUR
DF -- FRACTURE DEPTH. FT.

TIME (CAN HAVE AS MANY AS DESIRED) ~--

TSTART -- START TIME FOR NEU TIME STEPS. DAYS
DT -- TIME-STEP S1ZE. DAYS

;rms -- ENDING TIME FOR

NUMBER OF NEUWTON-RAPHS
-- TIRE-STEP FREQUENCY FOR PRINTING DATA
UNTS —— NUMBER OF TIME STEPS FOR EXPONENTIAL DISTRIBUTION

UELL (NEED ONE FOR EACH UVELL. FOLLOWING EACH TIWE CARD} --

GRIDL (MUST HAVE IMAXENME OF TMESE) -

1 -~ NODE NUMBER INDEX

J -- MATRIX BLOCK NUMBER INDEX
NOMAT ~- INDICATES NODES
GMA ~- FRACTURE SPACING PARAMETER. 1/ $Q. FT.
PHIBM —— MATRIX BASE PORQSITY

AKH — MATRIX PERMEABILITY., MD

CGMF -~ GRAVITY COEFFICIENT (-0.5 < CGIF ¢ 0.5)

GRID2 (MUST HAVE IMAX OF THESE) --
1 -~ NODE MUMBER INDEX

N
ITH NO MATRIX -

~DIRECTION, FT.
~DIRECTION, FT.
-DIRECTION, FT.
SITY

TY, MD.
(POSITIVE DOUN).

CURRENT TIRE STEPS. DAYS

ON ITERATIONS ALLOVED

NUMBER
Iy -- NODE NUMBER L@mo« OF UELL

LBORE
SKIN -= UELLBORE SKIN F

ACTOR
QUELL ~- TOTAL WELLBORE FLUID RATE. STB/DAY

36158098 CRNXXAAAXXXXXXXXREAXAXXLEXXRXXEXXXXAXE XXX XXXXXXREXXLXXEXXRXXXXXLRTXXEENK

...
®
e
g

nn

36124000
ieig5eee
18126000
1€127000
19128000

LE SeCARD.UNIT<READER

LE 6°LINE.UNIT=PRINTER
COMMON /CONS/CU.CO. NUELL
.COMON /FRAC/gl{'.

OPF
COMMON /COEFF/Al1.A12.4
COMMON /RHS/ RFUW.RFO.RM
COMMON /UELL/ P1.PBH.PI
'COMON /MATRI

[ = B
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RN
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:
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223223222222222292¢
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=
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£3999
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g

IRAX.NMS.UTO0, VIY, RHOWS . RHOOB . CF . CM
POF ., PHIBF , PHIF , RKOF .

. TUF , SUF . UR, WUF , UOF . RHOWF
A22.811.812.821.022.C11.C18.C21.C22

W, WL, W2, WD

RXUF . RKWPF . PCPF,
RHOOF

:
:
i

§

B
ned
b ]
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10151000 ¢
101520600 C READ INITIAL DATA CARDS
19153000 C
12154000 READ(S.2€.ERR=808) NUELL INAX, NMB
12155000 URITE(E.25) NGELL. IMAX. NM
10156000 READ(5.30.ERR=822) DUWOC.PUOC.PB.RE.RU!
18157900 URITE(E.35) DWOC.PUOC.PB.RE.RUWL
12158000 READ(5.40.ERR=882) VIUW.VI0.CF.CM
10159008 URITE(6.45) VIW.VI0.CF.CM
10160000 READ(5.50.ERR=8202) cu CO.BUB.BOB, RHOUB RHOOB
10161608 WRITE(E6.55) CW.CC.BWB.BOB.RHOWB,RKOO
10162000 READ(5.5@.ERR=800) EUF.EOF . SWCF,SORF, RKSUCF RKSORF
16163000 URITE(6.65) EWF.EOF.SWCF . SORF,RKSWCF ,RKSORF
10164202 , READ(S,50.ERR=809) EUM.EOM. SUCM, SORM. RKSUCH RXSORM
19165000 URITE(E.7S) EWM.EOM,SUCM. SORM.RKSUCM, RKSOR
10166002 READ(5.60.ERR=B2d) EPF .EMF, SPC2F,PSUCF PSORF
10167000 URITE(6.85) EPF.EMF,SPCZF . PSUCF ., PSORF
i0ic8200 READ(5.60.ERR*802) EPM.EMM.SPCZM,PSUCM, PSORM
1016502¢ URITE(E6.95) EPM,EMM, SPCZM. PSUCH, PSORM
101780300 20 FORMAT(10X.311d)
16171000 39 FORMAT(106X.5F10.0)
16172689 40 FORMAT(10X.4F18.0)
10173080 S0 FORMAT(10X.6F190 @)
18174000 60 FORMAT(1O6X.5F16.0)
18175000 es FORMT(XX'CMD 1°. 4%, "NUELL »°.110.3X.°IMAX =°',I10.3X,
10176000 *NMD e, 110.7)
10177088 35 FORMAT(IX°"CARD 2°.4X, " DR0OC -'.Fl. 3 3X,PUCC «*,F10.3.3X.
1.178“0 ‘ 'P. ".r!. .ﬁ ".fi..‘::il.
10178100 $ ‘RY -'.FlO.S./)
19179500649 45 FORM‘I'(IX'WD 3' 4X,°VIv* =°,F10.5.3X.°V]I0 «' F10.5.3X.
191860080 [ e E10 .3!.'(:!'\ «* £10.3.7)
10181800 58 ronmrux'cann 4°,4%.°CV ** . £10.5.3%.* «*.E£10.5.3X%,
10182009 ] lUl =* F10°5,.3X. *BOB s*,F10.5.3X.
16183009 [ =® F10.5.3X."RHOOB =',.F10.5./)
10184002 65 FORMAT(IX*CARD S§°., 4X.'EW e® F10.5,3X. *EOF s? F10.5.3%,
18185000 $ SSUCF «° F10.5.3X.°SORF +°,.F10.5.3X.
16186020 ‘RKSUCF-'.F!O.S.:))(.‘KSORF-'.F e.5.7)
16187000 75 FORPAT(IX*CARD 6°* 4X.'Elﬂ «* F10.5,3X. ‘EON «*' F10.5.3%,
ic1880908 *CUCM +°,Fi9.5.3X."SORR +°,.F10.5.3X%,
16189900 s 'RKSUCH**,F10.5,3X. "RXSORMe? ,F10.5./)
16190000 85 FORPAT(I{X°CARD 7'.4x.'m-' = F19.5.3X. EMW «*,F10.5.3%.
$16191%00 8 *SPC2F «°*,F19.5.3X,"PSUCF «°,F10.6.3X%.
10182000 8 *PSORF «*,F10.5.7)
19153000 95 FORMAT(iX*CARD 8‘,0(.'EPH e* F10.5.3X. ‘EMM o' F10.5.3X.
10184600 $ *SPCZM «°.F10.5,3X, *PSUCH ¢ ,F10.5.3X.
16i86006 ] *PSORN =*.F10.5.7)
0196900 M- o
NN o NMB 2 IRAX
10196600 IF (NN EG. O T
igizes o i
AD RATRIX GR
19195000 C ! 1o
10200000 100 conTINUE
(S, 110.ERR=809) ,
ggggg:gg 'C'g’ ! 889) 1.J.M.VAL2.VAL3.vAL4,VALS
/ - + (I-1)XNMB
10204000 NOMAT(L) » M
18205 SIGNA(L) « vAL2
10206000 PMIBR(L) = VUAL3
10207000 &KHR(L) = UalL4
16208600 CGMF(L) = VALS
12205000 JF(N.LT NN} GO TO 3109
10210000 116 FORMT(“X 3110. 4710 ®)
jseiteee | RITE(S 116)
7//740X., "NOMAT (NO MATRIX LY ox*
jesiises  call eITERORaT. D
10215000 125 FORMART(/7/7/740%,.°SI1GHA (1/FT822)°./, ige
16216000 CALL RITED(SIGMA.NMB, IMAX) 1200%2°))
}:gi"“m 135 ?Romn1?"3§ox ‘PHIBN rnac
777 R ( TION)®, /. (*3*
‘goamooo sﬂa}%:?éﬁb(l’ﬂxln .NIB., IMAX et
10221000 145 FMT(;/M“.‘MH (RD)*.7,120(°%*))
{ SSII.L Rx'r:béaxn.m JImAx)
1556 FORMAT(/7/7/740X%. *CCHF (DIMGIM)' 7,180(°2°))

CALL RITED(CGMF.NMB, IMAX
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82

C
g READ FRACTURE GRID DATA

210

218

&

210.ERR=808) I.UAL1,UALZ.UALJ.VAL4, VALS.VALS

[TV Salad J
r
[

et O =

L3
UMA!EM.EWQU/S 6148
VALSSVALY

i 53“
&

ﬂ’\“-\%
b ]
~~

GO T
) CALL RRDGRD(N! RE. IMAX, RAD. DX.DY.DZ,UR)
I)l. BF10

3R3RRISRLE TR

+ 1, INAX

ox

)
!D)‘V.LIM

X

b2

-I
-
e
b
.

-
.
[l

CALL RITED(MF 1. 18AX)

URITE(6.265)

FORMAT(///748X. *DF (FT)*,/,180(°%"))
CALL RITED(DF.1.1MAX)

¢
g-xmxmxmxm IS VERIFIED BY RUNNING PROGRAM UITH NO UELLS

GALL INTIAL(PCF,PCA, CQNF, D2, PD. PUOC, DUOC)
L SUFUNC(IMAX, PSUCF . PSORF , SUCF , SORF , SPCZF , EPF . EWF , SUF , PCF . PCPF)
CQLL ?fUNC(m . PSWUCH , PSORM , SUCH, SORM, SPCZN . EPM. EMN. SUN, PCA. PCFA )

co

READ(S.316.ERR=800,. END=989) TSTART,DT, TFIN1S.N1G. IPFREQ, NUATS
WRITE(6.325) TSTARY.DT,TFINIS,NIG. IPFREQ, NUNTS

gs gém;s GI.U D}.'ITM (FLOAT(NUMTS )-1)3ALOG( (TFINIS-TSTART )/DT)
READ(5.329.ERR=B00) L.I.RU(]), SI!N(I).G‘LL(I) PEN(I)
YRITE(6.335) L.I.RU(I), SKIN(I),QUELL(I).PBH(L

CONTINUE

FORMAT(10X.3F10.0.3110)

FORRAT(10X.2110.4F10.09)

ORMAT(//7/71X°TIRE *.4X, *TSTART=*,F10.§,3X. DT 0d,Fi0.5.3%.
$ 'TF!NXS-'.H..SJX.’N!G e, 1%,5X,
8 CIPFREQ =°,15.5X, "NURTS +°,15./)
FORPAT(1X UELL .CX.‘KLL 0-'.11..3!.'”096 8°,110,3%,

) *,F10.5.3X.°SKIN =°,F10.5.3X.

$ *QUELL "-FXO.S.Q(.‘PW **,F10.5.7)

¢
C DEGIN CALCULATIONS

»e

CONTINUE

ITN = 0

ITSN » ITSM ¢+ 3

CONTIMUE

‘OALL RPERH(&HGX tzé’@f + SUCF . SORF , RXSUCF , RKSORF , SUF . RKUF . RKOF
“LLM(MEWEWWMRKMWMWRKM.
s RXUPA, RKOPH )

CALL CAPP(IMAX,PSUCF ,PSORF , SUCF . SORF . SPC2F , EPF . ENF , SUF . PCF, PCPF )
CALL CAPP(NN,PSUCH, PSORN. SUCH, SOQFLM.S’%-&PCH.M)
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CF(1)

c
g GET N-LEVEL PORE UOLUMES IF THIS IS FIRST ITERATION

ODLA

1

10332000
16333000

16328000 407
16329000

163;
1633

10350000 C NEED TO RESET N-LEVEL PORE VOLUMES AT TIME ZERO

103510060 C

10352008

16352180

T-2716

m

Ny % X
9528 X gy g
gpoaas S ¥ R
Aigey I
Egsacg § 45 B33

.GT.0) GO TO 445
)
3
)
)

e, 55 B2 mmmmmmmwmw gk
S@@ e 0 0.0 dnnuo 333333

R BeRe L 111 :
“ERTLY mm m m

o, e e 0004
~“3IO0O0

UPWFN(]
UPOFN(I

WIPF
8

00!.!. TRANS I (
CM.I. FFCOEF
CALL AMCOEF
CALL WFCOEF
CGLI. RESID(

CALL
CAL
CAL

338

DO 44
CALL
CALL

10361000 445 CALL

16352260
10352308
%0324“
16354000
16355000
18360000 440
19362000

16355100
13363080

18364800
19368008
18369000
193700800

19371000

10372000

18373068
16374000

10375000
16376000

16377000

10:

10365900
16366000
193670060
19378960

CALL RDATA

CALL DEBUG
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CALL PELIM(INAX.NMB)
CALL DEBUG

LL
CALL SETUP(A.D.INAX)
CALL GBAND(A.D.X.28IMAX.3,.001,1ERR.Q)
(x’}%l;L U;MTE(X PWF ., SUF , PUM, SUM, QUELL.GU. Q0 , 1B, IMAX , CONURG )
IF (COMRG) GO TO 509
IF(I'I’N LT.NIG) GO 'TO 400
URITE(6.450) ITSN
FORRAT(/71X, *HAXINUM ITERATIONS USED AT TIME STEP °*,15.//)
CONTINUE

= TYME + DT

CALL RMTBAL (UMBT.UIPF.UPUF, UPJFN. QU, UIPH, UPUM, UPUMN, CUMY . CUMO,
s OMBT. OIPF. UPOF ., UPGFN, G0, O1PM, UPOR, UPOMN, NM3 , IRAX . DT)
IF (MODCITSN.IPFREG).NE.@) GO TO 700

:g

c
g URITE TIME STEP INFORMATION

URITE(E.608) ITSN, TYME.DT,1TN

FOﬂMT(iX.‘TIPE STEP $ *,13.14X,°TIME= ".F13.4." DAYS’®,6X. 'DELTA’,
* TIMEe *,F13. 4.' DAYS®, 10X, NUNBER OF ITERATIONS« °*,13.7//)

WlTE(G 610) URJT. OMBT

urmw ‘7(4““MTER' +18X."0IL", 7, IX, "MATERIAL BALANCE(FRACTION)®,9X,

DO 656 1 = 1.1IMAX
IF (RU(I).EQG.0) GO TO
IF (QUELL(I).NE. @) UC » QU(I)/QUELL(T)
IF (CUMU(I) . LE. 1.9)
SURITE(6.648) 1.00(1).0U(1). QUELL(I).PBH(I).uC.CUMN(I),CUND(])
IF (CUMN(1).GT.1.0)
TE(6.630) 1.,00(1).0W(1) .mun.mm WC.CUMM(I), eunom
FORMAT(8X. *OIL RATE®,6X, *HATER RATE *TOTAL RATE®,S5X, *PRESSURE*
8.9%, "UATER CUT' 6%, °CUN. VA .7X.'CW OIL®./.{X.°NODE",3X,

RATE ", 6X. *UATER RME'.SX.'TOTGL MTE'.SX.'PRES&R!
. WATER®,?X.°CUM. OIL®,/,iX, NODE » 3%,

8° (STR/DaY ¥, -cstwma',vx.-wsw

G° (FRACTION)® . BX. *(STB)®. 11X, *(ETBIC. /, 4X. 1. 4(BX.ELI. 6) 33X,

$E13.8).777)

CONTINUE

g URITE PRESSURES AND $SATURATIONS

587

547

(6.507)
ggé&??/?ﬂﬂ( "Sum (FRACTION*./. 120(°3*))
CALL RLTEDLSUR.MB. IM

FORMAT (/748X *SuE mmcuom' ,.120¢8%))
SeEL AR L i

FORRATC/ /740K, "PUM (PST)*. 7, 120(°%%))
CALL %ng;m ,NRB, IMAX)

FORMAT (/7740X, *PUF (PSI)*,/.420(*3%))

SRS e gy b 1AAXD

:omﬂ}//«x,-m (PS1)°.7,288(°%%))

Sht L o ke
roamnuuox.-m :Psw./ 120¢°2*))
CALL RITED(POF.i.IRAX)

CONTINUE
IF (NUATS GT.1) DT o (TYME-TSTART)Z(EXP(DUT)-1.0)
IF(TYNE+0 9063 .LT.TFINIS) GO TO 360
IF(?YHE¢0 9001 .GE . TFINIS) GO TO 300

G0 70 9§59
TE(6,810)
moéganax.-romr ERROR ON DATA CARD® )

84
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19424026 C.

85

1%4030 gxxxxmsumuxnmxsmuummmmmnm
:::gmmo g RADGRD -- CALCULATES GRID FOR RADIAL SYSTEMS

i:g“‘é;: guzmxuxmuxnx:munsusmmnnmm
10424090 SUBROUTINE RADGRD(RY,RE.N.R,DX,DY,DZ.V)

10424109 DIRENSION R(1).DX(1).D¥(1).D2(1).V(1)

9424110 C

18424115 DU = ALOG(RE/RY) 7» N

16424120 DO 56 I=1.N

16424130 R(I} o RU X EXP(FLOAT(I)2DY)

18424149 IF (1.GT 1) GO 70 190

16424150 BX(I) = R(I) - RY

10424160 DY(1) « 3. 14163(R(1)X32-RURR2) / DX(I)

18424170 GO T0 20

10424182 10 DX(I) = R(I) - R(I-1)

104241690 DY(1) = 3.14163(R(1)232-R(I-1)3%2) / DX(I)

10424200 20 VU(I) = DX(I) & DY(I) % DZ(I) 7 5.6146

10424210 50 CONTINUE

10424220 g‘;uﬂn
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10425005 ¢ -
R AU AN AR N AR AR AR AR RN AN

10425010
0425015
1425020

2582S

16425227
12425239
16425232
15425235
10425240
10425245
10425250
1642555

¢

INTIAL -~ INTIALIZATION SUBROUTINE

c
gxxxxxxxxxxnuxxxxxxxxnxxxxmxxxxuusxxuxxxxxxxxnnuxmxxsum

s
. DIMENSION

SUBROUTINE INTIAL(PCF,PCH,CGNF,DZ.PB.PUOC. DUOC)

DIRENSION PCF(1).PCM(1) CGAF(1).D2(1)

COMMON /CONS/Cu,CO. NUELL, DT, IMAX.NMB,VU10.VIU, RHOWS  RHOOB, CF . CH
COMMON /FRAC/BUF . BOF , DF . PUF . POF . PHIBF . PHIF , RKOF , RKUF . RKWPF . PCPF,
] RX . . TUF , UR, WOF , RHOWF . RHOQF
COMMON /MATRIX/BUM. BOM, DR, PUM, POM, PHIBM. PHIN, RKOM. RXUM, RKWPM,

$ RXOPM . . . RHOUM, RHOOM , PCPM,

BUF (99
DIMENSION PHIBF(
DIMENSION RKUWPF (
DIMENSION RHOOF (
DINENSION BUM(S9

Sgg

+ CGMF(LI3D2(])

§§§:;
~2222§ 55

¥

.PB.BUB. RHOUB.CU. .
P8. 20B.RHOOB ’
DUB, RHOUD. CU. BLEL, RHOUHA . PU
-DOB,RHOOB. CO, BOR, RH30R . PO

T0 25

» PYOC + RMOWF(1)-1442(DF(1)~-DUOC)
(1)) » ggs8

} = AUGDS(DF(1+4i)-DF(1))

) CONVRG = .FALSE.

s
VXX
w-

SEEEE

L Lo

33
3

23833
;

g
-
greee
-4 A%v
o' T2
o4 anug
~
§~§
) oo 0ue

.,%
.‘.%
Spg:

~e 03“
?vzu ~ P
-

RHOOF (1)/144%(DF (1 )-DYOC)
- PUF(I)
+1 )+RHOOF (1)

<
~
-3 e

e W
."‘3 o~
-~ =g 4
* > 4

Il & ~

o<
'
2

) s 288
GDE(DF (I+44)-DF (1))
RC = .FALSE.

%
3
52
g

oo
< OO0
o0
R
L L]
Scad

2

RHOUF (1)) 7 288
AVGDE(DA(L)-DF(1))
RG » .FALSE.

g:g
o
vg;§;§§
g

£3

L]
WA

s 88
AUCDS (DM(L)-DF (1))
CONURG = .FALSE.

[t~
_e
Ow

2g

o2
23
g ¥
3
-

86
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10425488
iO 405
10425410
10425415

10425440
10425445

¢ -
gmxxmuuxumxnxuuuxxmmmnmunnum:
(C: SUFUNC ~- CAPILLARY PRESSURE CALCULATION :
CXXXXXXXFXAXXXXAXIX XXX KXXAXELAXEAXXAXXXXXAAXXEXXNAXXREXEXXARXRANKNAXNY
THIS SU”OUTXNE CALCULATES WATER SATURATION FOR EACH

; A FUNCTION OF CAPILLARY PRESSURE. POUER-FIT

DE_AS
‘I’IONS ARE USED TO DESCRIBE THE CAPILLARY PRESSURE
FOMe .  CAPILLARY URE ASSUMED TO BE

NURBER OF

~— EXPONENT FOR THE POSITIVE PORTION OF THE CAPILLARY

PRESSURE CURVE.
~~ EXPONENT FOR THE NEGATIVE PORTION OF THE CAPILLARY

PRESSURE
- MTER SAT!.RATIQ( ‘MLUE
Y PRESSURE VA

RAREFALXAXXTAEREXXXXXNN

( P?’PSOR .SWC,SOR, SPCZ.EP.EN. 84, PC. PCP)
9098
9993

OgoﬂoOO“OOOQOOOOOOOOOOOOOOOOOO

e
3
[
%
e Lt T
Oww
»e
§
-~
.33

SIDUAL OIL SATURATION)

883
o

21

"e

-

-t W o~

VOwrenY
gs :

-~
~

a4~
’,
S
-3
-
tnc

0 22
’E'ﬂtﬂl CONNATE BATURARTION ZERO
SSURE SATURATION #ND THE
C(I)/PSUC)ISE(L/EP)IX(DP)

ET\EEH ZERO CAPILLARY SATURATION AND
OIL SATURATION
(1 )/Psomuu/:amnm

£
%
RN
o§= sfa

£-8kod
&

35
M8
g

L] :
ggga_
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10426000 C
%g:aazggg EWW!HWWSRIWXSRSIM8W%
ig:«;gggg g : RPERM -~ RELATIVE FERMEABILITY CALCULATION :
%ﬁ:l ¢00 gxx:uxxmnxxmunnm:uunmnmtu
10433000 C CM.CULGTION OF RELATIVE m»n.mes AND DERIVATIVES
10434008 C RELATIVE PERMEABILITY FOR EACH NO
10435000 C USING POWER-FIT EQUATION ms AND THE UATER
10436900 g SATURATION FOR EACH NODE.
19438000 C PARAMETERS *
19439600 C :
19440900 C N -- NUMBER OF NODES
10441009 C EU —— EXPONENT FOR WATER RELATIVE PERMEABILITY EQUATION
10442060 C E0 — EXPOMENT FOR OIL RELM'XW PERNEABILITY EGQUATION
16443000 C SUC -- CONNATE WUATER SGTIRM'
16444899 C SOR -- RESIDUAL OIL SATURATI
§0445060 C RKSWC -- OIL RELATIUE PEM” ITY AT CONNATE UATER
0446000 C RKSOR -~ UATER RELATIVE PERMEADILITY AT RESIDUAL OIL
10447008 C S4 —~ UATER SATURATION
$0448860 C RXU -~ WATER RELATIVE PERMEABILITY
9069 ¢ RX0 -- OIL RELATIVE PERMEADILITY

56600 C RXUP -~ DERIVATIVE OF UATER RELATIVE PERMEABILITY

10451000 C RXOP -- DERIVATIVE OF OIL RELATIVE PERMEABILITY

10452009 C
10453000 CRERXARAXAAXXRAAX XXX XEXAAXEAXXXXEXEXLXREXXXE XXXE RXXXXXRAXXKARERAXXREXXS
18454000 C

$8455000 SUBROUTINE RPERM(N,EW,EQ, SUC. SOR, RXSUC . RKSOR, SU, R . RXO ., RKCUP, RKOP )
1 DIMENSION SU(1).RKU(1).RKO(1),RKUP(1),.RKOP(1)

19467¢¢9
DENCH » § - - SUC
104559008 20301- l.N
14460008 IF (SU(I).GT.SUC) GO TO 29
10461008 C UATER IS AT CONNATE SATURATION.
10463000 RKUC(I) = @
19464000 RXOCI) = RKSUC
18465900 RXUP(I) = @
8466000 AOP(I) = ~EQIRKSUC/DENON
19467600 €0 TO W
104888300 290 IF (SU(1).L7.1-8S0R) @0 TO 24
10465000 C  UATER SATURATION IS 1-SOR (RESIDUAL OIL SATURATION)
10471000 U1} = RKSOR
18472000 RKO(I) = ¢
10473500 RXUP(1) » EUZRKSOR/DENON
18474000 RKOP(1) = &
10475000 €0 TO 3¢
40476000 21 RKW(I) = RXSORX((SU(I)-SUC)/DENOM)ISIEY
19477000 RXO(3) » RKSUCK((31-SOR-SU(I))/DERON )S2ED
50475008 BKWP(1) = EU 2( (SW(T )-SUC )/DENOR)IXR(EU~1)
36479000 RXOP(1) » —EOXRKSUC/DENOME((4-SOR-SU(1))/DENOM)XX(EC-1)
30 CONTINUE
40481000 RETURN

3
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[e1e]

ms:xm:xnmum:uuummm:m:
< ' CAPP —- CAPILLARY PRESSURE CALCULATION :
cumxxxsxmuuxm:x:x:nsmﬂxwzum
’ THIS SUBROUTINE CALCULATES CAPILLARY PRESSURE FOR EACH

NODE AS A FUNCTIgg OF UATER SATURATION. POWER-FIT

SED TO DESCRIBE THE CAPILLARY PRESSURE
LLARY PRESSURE CURVES ARE ASSUMED TO 3E
ES AND VA

PARAMETERS

N == THE NUMBER OF NODES
PSHC - WILL?RV PRESSURE AT CONNATE UATER. MUST BE ZERO

OR POSITIVE.
PSOR ~- NW&LARYUEW AT RESIDUAL OIL. MUST DE ZERO

GATI
SUC ~- CONNATE UATER SATURATION.
SOR -- RESIDUAL OIL sam ION
SPCZ ~— mn T THE 2ERO CAPILLARY PRESSURE POINT.
EP -- m:msmv - ﬂi POSITIVE PORTION OF THE CAPILLARY
EN - EWENT FOR THE NEGATIVE PORTION OF THE CAPILLARY

S -- UM’ER SﬂTUﬂM'IW UQL!E
PC ~-- CAPILLARY PRESSURE VALUE.
PCP -~ DERIVATIVE OF CAPILLARY PRESSURE.

QOO0 OOOO

s
i
i

SUBROUTINE CAPP(N.PSUC, PSOR. SUC.SOR, SPC2.EP.EN.SU.PC.PCP)
DIRENSION PC(1).84(1),.PCP(1)

DP e« SPCZ -
IF (WEO..)W - 9999.¢
N - 4 -SOR-SPCZ

©

5:8:
SESS. By
3CEiD
s
38 5
$8 °
3 §
§ L J

-~
el e B X Lol )

Lo
~
[ ]
m
g
N
§
-~

8
/i
C

s g
8323
3
«:- 3y

:
3#
3
3
s»
3
=4
3
§
-
g

ATION {5 BETUEEN CONMTE g4

i SATURA‘I’XOI TURATION AND THE 2ERO
BCX((SPC2-SW(1))/¢( )SIEP
EP!PMI(DP)S((SPCZ-SU(!))ltN))“(EP-U

T

ION 18 BETUEEN THE ZERO TURA

RESIDUAL OIL SQTURM’IN) CAPILLARY s TION AD
((SWU(I3)=-SPCZ)/(DM))XXEM

* EMIPSOR/(DM)IZ((SY(I)I~SPCZ)/(DM) ISE(EM-1)

B3
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16546000

QOOOOOOONOOOOOOO

000

CW!WMM"WSIWSI”W!RK“:

FLUID -- CALUCLATION OF FLUID PROPERTIES %

%
CRRXXXAXXXXX XX KAXXXXE XA KXEKIXAXEXXAR KRN AREAXXXXRXXRXXEXEXXXXEAXXXXRENS

THIS SU’QOUTINE CALCULATES DENSITIES AND FORMATION
UOLUME FACTORS AS FUNCTIONS OF PRESSURE. FLUID
COMPRESSIBILITY IS ASSW CONSTANT AND TNERFORE
THE FLUID PROPERTIES UARY LINEARLY WITH PRESSURE

PARARETERS :

N -- NUMBER OF NODES
PB -~ BRSE PRESSURE UALUE
BB -- FORMATION VOLUME FACTOR AT BASE PRESSURE
RHOB -—— DENSITY AT BASE PRESSURE
CF -- FLUID COMESSI'ILITY
BF -- FORMATION VOLUME FACT
RHO == DENSITY
== FLUID PRESSURE

EXXAXXXXXAE XX XXXXXXAXAE XXX EEXAXAXXRAXEREXRAREXEXXRXXERXXXXX XXX XXXNEKE

SUBROUTINE FLUID(N.PB, l W.CF.V.M.P)
DIMENSION BF(1).RHO(Y

~

DO 10 Ie4.N

BF(I) » BBZ(1 - CFX(P(1)~PB))
RHO(1)e (1 ¢ CFR(P(1)-PD))
CONTINUE

RETURN

END
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¢

OROOOKOOOOOOOOOOODOOOOOODNOCOHOO

UPORE

PORE VOLUMES ARE CQLCULATED 24 MTIPLY!M NODE UOLUME

~~ PORE VOLUME CALCULATION

BY POROSITY AND SATURATI
PARAMETERS *

M — NUNBER OF NODES
M —— NUNMBER OF MATRIX BLOCKS

C - ROCK COMPRESSIBILITY

UR == MODE VO

VOLUME
PB -~ BASE FLUID PRESSURE

P == FLUID PRESSURE
PHIB -~ POROSITY AT BASE FLUID PRESSURE
PHI -- POROSITY

S —— PHASE SATURATION OF NODE
B — FORPATION VOLUME FACTOR
VOLURME OF NODE

P

s s S T e e Tt

CREXXAXXXXXXXAXX XX XX XXX XXX XX XXX XRARXEXXXXNTEXXLKXXXLXXXXXXRXNAXEXKENE
THIS SU'ROUTIVG CALCULATES POROSITY AS A ;UNCTIW OF FLUXD

EXRREAXXXENARRRAKXXNENY

L 2 £ 1
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10881000 C

{mesagw gnnmmn:xmmsuummnmm:mmuz
iggggx g : OMEGA -~ CALCULATE UPSTREAN WEIGHTING FACTORS :
106266267& g:mwnx:mmmmmmuum
10628000 C THIS SUDR‘OUT!FE DETERHI'IS WHICH MODE (1 OR I-1) IS
10629900 C NODE WITH THE LARGEST FLUID POTENTIAL
10630009 C XS WSIDERED THE lPSTREM NODE. A *U*® UALUE OF 1
10631060 C FOR MODE Y10 MEANS FLUID WILL FLOW INTO THIS NODE

16632900 C FROM NODE *I-1*. A *0° UALUE BEANS FLUID UILL FLOU
18633¢09 C OuUT. RELA?IUE PERMEABILITY BETUEEN TUO NODES 1§

10634800 C DETERMINED BY THE UPSTREAM NODE SATURATION.

10635002 C

10636009 C PAR RS

10637609 C N == NUMBER OF NODES

H c P =— FLUID PRES

10639000 C RRO —— FLUID DENSITY

1 c D -- DEPTH OF NODE (POSITIVE DOUN)

106419008 C U == UEIGHTING FACTOR. A UALUE OF § REANS FLUID FLOUS
10642009 C IN FROM NODE I-1. A UALUE OF 0 MEANS FLUID FLOUS
10643008 C INTO NODE I-1.

10644000 C

10645090 CRAXXXXXAXXXXXX LXXKXAAXXX XXX XXXXAAXAXXEXXXNXXXAXBARRX A RXEXNXAKNRREKXNNH
10646000 C

10647000 SUBROUTINE OMEGA(N.P,RM0.D. M)

10648000 DIMEMSION P(1),RHOC1).W(1).D(2)

10649069 C

10650008 IF (M. EQ.1) RETURNM

0651000 DO 10 I-2.N

16652009 * (RHO(I) + RHO(I=-13)/(22144)

18653099 PT1 « P(1) - AUGGRD 3 D(1)

12654006 PTIH . v(x-u = AUGGRD2D(I-1)

10655000 s PTIR - PTI

10656000 U(Il . SICN(O 5.7T)+ 9§

18657000 18 CONTIMUE

{2858000
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c
c

©

10

OMEGAI -~ CALCULATE UPSTREAM UEIGHTING FACTORS %

]
[odes o tdanly st ptddefiioes syt diptanatasrs s s diliin slinsyitfis i)

THIS SUBROUTINE DETERHI'IS UHICH POROSITY (F OR M) 1§
UPSTREAM. THE POROSITY WITH THE LMGEST FLUID POTENTIAL
16 CONSIDERED THE UPS QEM NODE LUE OF 1
FOR POROSITY °F* nm FLUID UILL FW
NOH POROSITY °W°* °9° UALUE MEAN FLUID UH.L FLOV

RELATIVE m»unv m POROSITIES 1§

K\‘ERHI!{D BY THE UPSTREAM SATURATI

TERS
N - NUHDER NODES
M _-- NUMBER OF MATRIX BLOCKS
PF -~ PRESSURE OF FRACTURE
PR -~ PRESSURE OF MATRIX
RHOF -~ FRACTURE D _DENSITY
RMOM -- BATRIX FLUID DENSITY
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10794000 C
iO?OSM cmm::mm:mmznmmw

o7 ¢ .
10707080 TRANS ~— TRANSNISSIBILITY CALCULATION x
127791““9“. cmm'm".‘ﬁl'xmmnuu:m'“nm““m
16711009 © THIS SUBROUTINE CALCULATES TRAMSWISSIBLITIES BETUEEN
10712009 C MODE ”1° AND NODE “1-1°. THE TRANSMIBILITY UALUE
10713000 ¢ BETUEEN THE TUO MODES 1§ STORED IN THE ‘I’ NODE
10714900 ¢ LOCATION. ARITHMETIC AUERAGE AREA AND HARMONIC

15608 € FUERAGE PERMEABILITY ARE USED FOR THE TRANSRISSIBITY
10716000 ¢ CALCULATION UPSTREAM FLUID PROPERTIES ARE USED.
10718680 ¢ PARARETERS
10719060 C
0726008 ¢ M — NUMBER OF COMNECTED MATRIX BLOCKS
10721689 G N — NUMBER OF NODES
0722008 C TC —- CONSTANT PORTION OF TRANSMISSIDILITY
10753000 G T o= TRANSMISSIBILTY.
10704889 © AK — ABSOLUTE PERMEABILITY
10735000 ¢ RX — RELATIVE PERMEABILITY
10726680 ¢ U — UPSTREAM UEIGHTING FACTOR
1977000 ¢ VIS -- UISCOSITY
10728000 B — FORWATION VOLUME FACTOR
1075800 C DX -—- NODE SIZE IN X DIRECTION
16736000 G DY — NODE SIZE IN ¥ DIRECTION
18731600 C DZ — NODE SIZE IN 2 DIRECTION
16732060 C
T a2 T ————————
16734008 C
10735000 UTINE TRANS(N.N.TC.T.AK.RK,\.U15.B.DX.BY.DZ. RAD, M)
6733000 DIMENSION W(1),TC(1),TC1). AKCE). RKC1),BC2) . DX(1),DV(1).D2(1).
10736100 RAD(1)
16737089 ¢
16735008 1.2
16739008 IF (M. EQ.1) RETURN
16740009 IF (M.GT.0) 11 = 1
16741000 DO 3¢ Ieii.M
10742889 DO 30 Je2.R
18745003 Lo d & (logrem
16744008 IF (M.EG.8) GO 10 29
18745000 AREA = DX(I)EDY(I)
10746000 DL = D2¢1) ~ FLOAT(M)
18747900 HE o BEAK(LISAK(L=1) 7 (AKIL) + AK(L-1))
15745000 80 10 2%
19748100 B9 1IF (RAD(1).GT.0) GO TO 88
10743308 AREA = (DZ(IIEDV(I) + BZCI-1)ED¥(I-1))
3 DL o (DX(1) # DX(I-1))
: HC o DL B AK(T) B AK(I-1) # (BX(I-1)3AK(I) ¢ BXCIISAK(I-1))
1o7eeio B2 AREA e 3.1416 ¥ RAD(I-1)
Sree .3 -1) 8 (DZCI*DI(I-1))
10730550 IF (1.67.2) 60 TO 23
10756 DL o SORT(RAD(TIZRAD(I-13) - SORTCRAD(I-1I3RY)
10756350 HK « DLSAK(T)RAK(I-4)/((SQRT(RAD(IISRAD(I-1) )-RAD( I-1) 88K I-1)
% :;sszggg ’GO m‘géﬂﬁn(l'i )-SQRT(RAD(I-1))XRU ) IZAK (1))
10750400 23 DL « SGRT(RAD(I)XRAD(I-1)) - SGRT(RAD(I-1)ZRAD(I-8))
10751600 MK « DLEAK(TIRAR(121)/ ¢ (SORT(RAD(1)BRAD (1ot 1 )nRAD Iod 3 )8AK(I-1]
18751100 8~ + (RAD(I-1)-SORT(RAD(I-1)ERAD(1-2)))2AK(I))

-
e res; RROD < (U T AR C TT-1)/B(TI-1) & (1=UC(ID)IRRK(IT
. - -1) ¢ (211D

16755000 TCCI1) = @.805127XHKIAREA/DL 1nouis
16756600 T(I1) = TC(I1) % RKOD
16757000 30 CONTINUE
16758000 RETURN
18759000 END
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TRANST -- TRANSMISSIBILITY CALCULATION ]

c - X
[22steeidptitir s esp i3 iiilo e ttitiitdteioncsgipitiiipiosiretitslis]

THIS SUBROUTINE CALCULATES TRANSMISSIBLITIES lETUEE
FRACTURE AND MATRIX. UPSTREAM FLUID PROPERTIES ARE USED.

PARAMETERS :

M - NUMBER OF MCTED MATRIX BLOCKS
N -= NUABER OF NODE
TC == CONSTANT POR‘TION OF TRANSMISSIBILITY
T == TRANSMISSIBILTY.
K - BSOLUTE PERMEABILITY OF' MATRIX
- RELATIVE PERMEABILITY OF FRAC TURE
RKH == RELATIVE PERHEQIILITV OF MATRIX
U -- UPSTREAN UEIGHTING F
VIS -- FLUID VISCOSITY
BF — FRACTURE FORMATION UOLUME FACTOR
B -~ MATRIX FORMATION VOLUME FACTOR
U _-- NODE VOLUME
SIGMA -~ SPACING PARANETER

CXRXAXXXXXXXXXXXXXRXXXEXX XKL LXXRXAXEANEAR EXRXXXAXXXXRAXXRKILXEXXRIEXXXXAY

(2]

i0

SUBROUTINE TRANSI(M.N,TC.T,AK.RKA,RKF.U.VIS, DF.BN. V. S1CMA)
DIMENSION TC(1).T(1),AK(1).RKF(1),.RKM(1).U(1),.3F(1).B0(8),
U(1).SIGRA(L)

*{,N

.tin

(1-1)x8

((1-U(L)IXRCF(I)/BF (1) + W(LIZRKM(L)/BR(L)) » VIS

0. 00632BLV(1)SAK(L)IZSIONA(L )/ FLOAT(R)

TC(L)SRNOB
CONTINUE
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862000 cumuuxmnu:mx ARARRXKXNN XX AXNE XARANAEKIAKK XXX XXXXAXXKEEE

{6.&.4090 g UTRANS -- UELLIORE TRANSMISSIBILITY CALCULATION
108058’8 gmmsxxsxmnnsmmnnummmz
10886
10807000 C TH1S SUWINE CALCULATES PRODUCTIVITY INDICES FOR
16808000 C OIL AND UATER AT THE WELLBORE. FOR INJECTION RELATIVE
16809000 C PERNEABILITY FOR INJEC?ION FLUID(WATER) 15 ASSUMED TO
je81 c BE EQUAL TO THE SUM OF UATER AND OIL RELATIVE PERH OF
10811600 C .THE NODE. UELLBORE RESIDUAL IS M.SO CALCULATED
10812060 C
10813098 C PARARETERS
10814000 C
18815000 C N -~ OF NODES
18816000 C DX -- GRID BLOCK SI2E IN X-DIRECTION., FY
10817060 C DY ~- GRID BLOCK SIZE IN Y-DIRECTION. FT.
10818000 C DZ ~- GRID BLOCK SIZE IM Z-DIRECTION, FT.
1681 c RYU -~ UELLBORE RADIUS., FT.
i C VIV == WA VISCOSITY, CP.
18821900 C V10 -- OIL VISCOSITY. CP
¢ BY ~- UATER F TION VOLUME FACTOR. RES.JBL./STB
10823009 C B0 ~- OIL FORMATION VOLUME FACTOR. RES. BBL./STB
16824000 C § —— SKIN FACTOR, DIMENSIONLESS
16825000 C RXW -- UATER TIVE PERMEABILITY
16826000 C RKO -- OIL RELATIVE PERMEABILITY
16827000 C AK -- ABSOLUTE PERMEABILITY, MD
16828000 C WELL == WELLBORE RATE, STB/D.
10829000 C == WELLBORE WEIGHTING FACTOR (1 FOR INJECTION)
18339909 C X == VELLBORE PRODUCTIVITY
16831009 C -= WATER WELLBORE PRODUCTIVITY (MISSIBILITV)
18832088 C P!O == OIL UELLBORE PROMTXUITV (TRANSRISSIBILITY)
16835992 C Rl -~ UELLBORE RE
16834008 C PBH -~ UELLBORE PRE
%Cﬁ%?“.“ g PUN -- YELL NODE PRESSURE
ggm WW!WWWRWW
38209 -
16839000 SUBROUTINE WTRANS(N.DX,DY.DZ.RY.UIW,U10,5y.30.5. RKu /K0, '
8340000 ] AK,GUELL . WU, PT. PIU.PI0.RWL, PBH. PUN, PWF RS )
18841090 DIMENSION DX(1).DY(1).D2(5), (1), BU(1}.80(1).5V1).REM(L),
19842000 3 RKO(1). AK(L), QUELL(L3 . BB{1).PICi2.PIE 1. PIOCL), RULLLS,
%@343@0@ ] PRH(L).PUN(L).PUF (1}
308450600 DO 10 Iei.N
18846000 IF (R{ .EQ. Q) Ri o SQRT(DX(I)XDY(13/2.8148)
16847608 IF (RY(1).€6.6) GO TO 10
10848895 PICI) = o.mmnzu)wu)/muumux-wu)umxnx
16849¢96 ] ALOG(RI/RU(1}) - 8.5 ¢ $(1))
WU(1) » SICN(O.8,.QUELL(])) ¢ ..5
363651000 WROB o (RKWI(I) + MJ(IIIRKO(I))/ BU(]I) » VIV
OROB = RXO(1} ~» BO(1) 7 VIO B {i-MU(I)) -
18853600 PIU(I) o PI(]1)ZUMOB
1886546€2 PI0CI) = PI(1)30MOD
i IF (PUNCI).EQ.0) PUN(I) o PUF(])
1 IF (PBHCI) £EQ.0) PBH(I) » QUELL(IIZ(PIOC(II4PIU(I)) + PUN(I)
10857000 RUL(I) o QUELL(I)=(PIO(IN+PIN(I)IS(PEH(I)-PUN(I )
$ & CONTINUE
16859096 RE TURN
g END
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16313640
163140%¢
169159¢8
10916000
199176800
19818029
18919000
1920900

C
¢
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mnmmxmmmmmmm:m:

FFCOEF ~—— CALCULATES TERNS FOR JACOBIAN MATRIX X

. - %
cnnxxxxxsunxmmunmmnnnmxm

THIS SUBROUTIME CALCULATES PARTIAL DERIVATIVES OF FRACTURE
RESIDUALS UITH RESPECT TO FRACTURE UﬁRIhlLES FOR USE IN THE
JACOBIAN MATRIX. ELL’ORE DERIUA TXUES ALSO CALCULATED.

THE COEFFICIENTS CALCULATED ARE AS FOLLOWS:

A1l -- PARTIAL DERIVATIVE OF FRACTURE UATER RESIDUAL UITH
RESPECT TO FRACTURE R PRESSURE OF NODE 1-1.
Al12 -~ PARTIAL DERIVATIVE OF FRACTURE UATER RESIDUAL WITH
RESPECT TO FRACTURE WA OF NODE I-
A21 -~ PARTIAL DEHUOTIW OF FRACTURE OIL &ESIDUAL VITH
RESPECT TO FRACTURE UATER PRES: F NODE I-1.
A22 -- PARTIAL DERIUM’I&I OF FRACTURE OII. RESIN.IM. UITH
RESPECT TO FRACTURE UATER SA OF NODE
311 ~-- M'hl. DEﬂXUQTILE OF FRACTURE UATER KSIML UXTH
RESPEC RACTURE UATER OF NODE 1I.
312 -~ M. mwanut OF rnacm UATER RESIDUAL WITH
AC ON OF NODE 1I.

RESPECT TO FR UATER §
ey -- AL DERIVATIVE OF nacrutz oIt R!SIM vItH
paz UATER OF NODE 1.

T0 FRAC
DERIVATIVE OF FRACTURE OIL RESIDUAL Ulﬂ'l
N RESPE TION MNODE I
Ci1 -- PARY

RESPE.
C12 -~ PART

- RESPI
g2y --
RESP!
c22 — PaRT
RESPE FRAC
Y1 — PARTIAL DEREUATI&E OF WUELLBORE IES!MI. VITH RESPECT
T0 R PRESSURE OF MNODE 1

U2 -- PARTIAL MXWIW OF UELLBORE RESIDUAL UITH RESPECT
TO FRACTURE UATE MTIO“ OF MODE 1.

4D = PRRTIA !RWM‘IW VELLBORE RESIDUAL WITH RESPECT

TO UELLRORE PRESSURE .

§§§§§

?—§?~§23#‘3.—’-3

$TE THE AAIN PROGRAA FOR DEFINITION OF OTHER UARIABLES.

gmmzmzsmmmmnmmmmwmmmm

[
c
c

SUBROUTINE FFCOEF
COFMGH /COHG/CY. CO. WFLL, DT, TAAX . NRR, VL0, V1Y, RKOUB . RHOOB , CF , OF
cam ST RNG/INF , dui&w,m.m PHIF.KN.RKUFW . .

OOFMON 7COEFF/AL
CO™MON ~AZLL/ PI

COMMON /RATRIX/BUN. m. 5 PHIM, RKOM. RIKUM, RKUPA,
§ RKOPM, TCH, TOXR. TBM, 8137, WS, WOK . KHOWHX, .PCPM,
8 ) THF, TORF , TUINF  LWNF . DORF

DIRENSICH BUF(9S).BOF(99).DF(BR), PUWF(99),.POFL(LS ), PIPF(99)

DIPENSION BHIDF(S9). PHIF (99).RKOF (£8). RKWF (UH)

ZIMENSION RKWIF(98), RKOPF(98). TCF (83, TOF(ES), TVF(8D)

DIRERSION SWF(D83,UR(99),WF (145), WOF (99), RKOWF (§ii?

DIMENSION RHOOF(89)./731(99),R12(90).A21(90). ABR(ES3?

DIMENSION B11(98).B12(99),.021(89).832(98).C11(99)

DIMENSION £12(99).C21(99).C22(05 ). V(99 .U1(09).9R(D5 7, UD(NY)
DIRENSION PI(58).PBH(99).PIW(89).PI0(SF:,FUN(SD?

DIMENSION BUFM(S9).BOM(99),DN(S8)., PUR(95).PUR(9D), RHOON(D9)

DIMENSION PHIBR(ES).PHIN(99).RKOM(99). RKWMI(ED) . PCPR(99)

DIMENSION RKUPH(98).RKOPM(99),TCR(9D). TOM(89), TW1(99)
DIFRENSION SUM(89),LUN(99),U0N(59) . RHOUR(D9)

DIMENSION 99, TUNF(99). TONF (D). UUJMF (99), UORF (93)

D0 30 I, IMAX
Bii(I) = @

B12(1) « @

321(1) = @

B22(I) = @

CALCULATE CONTRIBDUTIONS FRON 1-i NODES

IF (T.EQ.2) G0 TO &2
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¢
¢
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21 1If !(’I .EQ.IMAX) GO TO 22

" AUGD = (RHOUF (1) + RMOUF(1-1)) / 288
DBP1 @ PF(])-PUF(I-1)-AVADE(DF(1)-DF(1-1))

ALL(I) o TCF(IIRUWF(IIX(RKWF (1-1)/VIW)R(CU/BUF (1-1))XDPL
[ § -TUF (1)X( 1 +RHOURICH/RESX(DF(1)-DF(1-1)))
~838(1) e TCF(I)SUWF (1 )XRKWUPF(I-1)/VUIU/BUF (I-1)2DPY ,

BLi(I) « TCF(INE(1-MUF(]))ERKLF (1)/VIUSCU/BUF (1)8DP1
s «TUF (1 )8( 1 -RHOUBECH/288X (DF (I )-DF (I-1)))
BI2CI) o TCF(I1)E({1-UF(I))IBRKWPF(])/VIU/DUF (1)3DPY

AUGD = (RHOOF(]) ¢ RHOOF(1-1)) - 288
\mx e POF(1)-POF(1-1)-AUGDE(DF(1)-DF(I-1))

A21(1) » TCF(I)BUOF(IIR(RKOF(1-1)/7VUI0)8(CO/BOF(1-1))8DPOY
=TOF (1 )3 (1 +RHOOBECO/2883 (DF (I )=DF (I-1)))
~A22(1) = TCF{Y)IZYOF (] )XRKOPF (1-1)/VI0/DOF(1-1)2DP04
s ~TOF (1 )BPCPF(1-4)

B21(13 ¢ TCF(I1)IB(4=-L0T(]))LRXOF (1)/U103C0/B0F (1)2DPO1
+T0F (£33 (1-RHOCEXCO/2888(DF(1)-DF(1-1)))

B22(I) o TCF(I)R(1-WOF (1) ZRKOPF (I)/VI0/BOF (1-1)3DPOY &«
] <+ TOF(1)RPCPF(I) Nl

CALCULATE CONTRIBUTIONS FROM I¢i NODES

s

RHOUF (I41) ¢
PPy - Pur(xux-wru
NC11(1) o =TCF(1+41)%¢
] =TUF (1+1)%( J=DPF (1)
C12(1) «CTCF(1+1)8()
Bi1(1) - an -fCF
2P F

]
a:am . 812(3) TeE

MD . (W(l#ﬁ 4 @NOOF(I)) - 888

\DPOL w FOE (141 )-POF (1 )-AUCHR(DF (144 )-DF (1))

Ca1(%3 e=¥TCF{I01)8(¢

] ~TOF (§+1)R( L BRCO/2RBE(DF(142)-DF(1)))

caa(i} o '-?CF(D“#H'W(IM))W@W(XO!)NIO/IW(I
(14 3BPCRF (1]

>
9

USCU/BUF (1)
CU/EBEX(DF (144 )006(1))3
SWF (141 JERKUPF (1 )AVIW/BUF (1)

—

IEDPOL

I8P01
&*MK) & mm - Tﬁ%i#iﬁwﬂé‘ WMO?F(I)NXO
TOF (T4 12PCHF (L)

QDD YELLBORE AKD ACOURULATION TERWS

82 CONTINUE

MU o

o

€

P
8% S
o

§ oo
% st

R

-8

-~

N EDormon  om
§
N
=3
o
-5
-~

e

€ -
mes

¥ e

BiB(I) =
321(!) ©

B
=353
°?

guw

i L L 1o R MY o
%5

P

e

e
~ B VY

BTR(PHIBF (X IRCFoPRIF (I

osie & 8 o
-
05 s e X3

BEE(I) & o
Wiy =
U1:49 S0

w MR
2 e Seted

2 &
RN,
G B

s
<

EE

mmswx y *"Nﬂ, }
E)NZW!M(EHE‘

$I-GRCL)

INIGBUF H P@W’H

)
1Y IWIW(XHQ
B{IMBRIL)

(

B(§~ !

(5 ¢+ REOGEREO/288%
?(}%"’ g 1y XWP@EEWW

30 CON‘TIF&E
RETURN

)
;mmmwwuu ) )3DP1
qu;awm 3PP = =

£ 3453 1R (REOF (41 )7VUI0IZ(CO/DOF (f44 ) ?W&%ﬁ

1)) /7VIURCU/BUF (1 )X(PBH(1 )=
)/DTASUF (1S (PHIBF (1 )IRCF

;; FRTHIT I-PUN(]))
(3‘ PI(E)-PUNCT )}

$0/BOF (T rRiEBNIL)-PHN(E) )
begcI)

) )ECHAUTH/BHE (14 {3 ~tI( T 117

(PBH{EI=-PHURCL =B G ] J=-PIH(
PRSI R % LA ST TV I 1 SB4
~EENIE )]

5 S,

-)

98



9S

T-2716

_mmmmmmmmmmmmmm BHHL mmm

w ofz
mmm
¥
i

E

CHEgANRSTws = $ % g S8 oUa
WPH, 595, KoY, 595, URE, gz S4ss mm<
[ 479 4 RW RW-K mwm “ 2 :

Hanot £8.. JSE"EE.CLE mn.m Es-Ra3823 z2s

,)o
m wanP BE&&

M. SUn

ULATES PARTIAL DERIVATIVES OF MATRIX
T TO MATRIX VARIABLES FOR USE IN THE
. ﬂpécCOEgFICIENTS CALCULATED ARE AS FOLLOWS:

MMCOEF ~= CALCULATES TERMS FOR JACOBIAN MATRIX

IW!I!W!!W“I!W!S"WXW

WA
VE

YA
VE

WA
VE

A
VE

u

SEE THE MAIN PROGRAM FOR DEFIMITICN OF OTHER VARIABLES.

5
xBx g
EUECE
sEaBuBaBu
sEsfy
w3y IuIy Iy Sy
nnnant e o bESERL
S e R
¥, Branasnenans f GUlaRE s
X S
di B mmmmmmmmwmmmmmmm mmm 5735 mmufnumm € ..o
" O e e e & STITEECRTEAL Bowuol
g3l SFEEEEREE y3¢ ZEEEEEELEELLE iined
h=o < - n ot
Sge S FF heticnaiens o

|
|
|
w
L

ccccccccccccccccccccccccccccccccccc

s HE

iilllii!iiiilliiiiﬂellc&ill!
T2 00 O v 7 0 0 ) 08 B U T 0 T O ol 0l ) 0 2l wd o 6 ol e

‘i‘ﬂ&‘i“lll‘l‘ll‘l1111121111.&6‘1121&11@52

W 8
- e h I > m
wildaiialteailen I 5
B i 2
£
.'w’m‘



P O B O D B2 B4 Gt D el (> e

310

T

P 0 P b e it P P b b

2 3% - 2 P o> D ot o s B D3 Dot Pob B0 B B8 BB o8 B Db B Db b Db D ot Bt
n
3

Hitii

PO G0 0 P B0 ub DA 7 (v 1D Do £y Dubd s B s P s B Do ot Pt D> 550 (s B2 (b Bl s Bk ol G BB P (i s B (i s 20 S P b By P P
w
i

P10 0000 i G (b ol D (o e (o B b B e e B B

Hestitl

i

o B B (b 5l B (8 'S s Gl (30 $u2 s Bt > G (ol P> o 2 i

D Qv Gl P (o B P Pt P>
§33

00 53 6o ph e o b
F YTy

ol s B 0 B Gt Dt G (13 B et e (s O (o o
0 00 b et Bt pr D8 pos
mggmm§m§
g ig 3

TP > B B e G s 2 S s Do (D D Do i G O

¢
¢
c

¢
¢
c

DOD

CALCULATE CONTRIDUTIONS FROM L-1 NODES

IF (MOD(L.NMB) EG.1) GO TO 24
“AUGD = (RHOUM(L) + RHOUM(L-1)) / 288
(L-1)-AVGDX(DM(L)-DM(L-1))
IXUWMCL IR (RCUM(L-1)/7VIW)X(CU/BUN(L-1 ) )XDPY
s 2(1+RHOUBXCU/288X(DM(L )-DR(L-1)))
AML2(L) » SUUM(L JERKUPM(L-1)/7VIU/DUM(L-1)2DP}
BMLL(L) » TOM(L)
: :

(L
Mi2(L) » TOM(L
AVGD = (RHOOM(L )) » 288
POM(L )~POA(L-1)-AUGDE(DM(L)-DN(L-1))

3 L-1)7V1012(CO/B0M(L~1))2DPO1
2(§ +RHOOBXCO/288X(DM(L)-DM(L-1)))
XUOM(L )SRKOPM(L-1)/VI0O/BOM(L-1)2DPOY
JSPCPR(L-~1)
2($-WOM(L ) )IRKOM(L )/UI0XCO/BOM( L )SDPO1
(1-RHOODXCO/2RBX(DM(L }-DM(L-1)))
B22(L) = TCH (1-UOM(L ) HEXRKOPM(L )/VIO/BOM(L )2DPOL
s + TOM(L)ZPCPM(L)

CALCULATE CONTRIBUTIONS FROM L+l NODES

21 IF (mOD(L.NMB).EQ.0) GO TO 22
AVGD = (RHOUM(L+1) + RHOUM(L)) / 288
DPL = PUM(L+1 )-PUR(L)-AVGDX(DA(L+1)-DA(L))
CM11(L) » -TCA(L+1)2(1-UUM(L+1))S(RKUM(L+1)/VIUIZ(CU/BUR(L+L))
s SDPL-TUM(L+1)8(1-RHOUBECU /288X (DM(L+1)-DN(L)))
CRI12(L) o TCR(L+1)X(1-UUM(L+1) )IIRKUPA(L+L)/VIU/BUN(L+1)3DPY
BRM1L(L) o BAL1(L) ~TCR(L41)SUUM(L+1 )R (RKUM(L )/VIVSCU/BUMN(L)
s SDP1) + TUN(L+1)S(1+RHOUBSCU/2BBE(DN(L+ )~DA(L)))
.tmam -’gia(l.) = TCA(L+1 )XW L+ )SRKUPA(L+1)/VIB/BUR(L+1)

MIGD = (RHOOM(L+L) + RHOOM(L)) ~ 288

DPO1 = POM(L+1)-POM(L)-AVGDR(DM(L+1)-DA(L))

CH21(L) » ~TCM(L+1)8(1-UOM(L+1))R(RKOM(L+1)/VI0)IZ(CO/BOR(L41))
EDPOL ~TOM(L+1)%({+RHOOBRCO/288X(DN(L+1)-DA(L)))

. CH22(L) » ~TOM(L+1)3(1-UOM(L+1))IZRKOPR(LS1)/7VIO/BOM(L+1)2DP0L
= TOM(L+1 )ISPCPA(L+S)

BR21(L) o BA21(L) ~TCH(L+1)3UOR(L+1 JSRKOM(L }/VI03CO/BOAIL )
IDPOL + TOMCL+1)R(1+RHOOBECO/2BBX(DA(L+1)-DALL)))

PNR2(L) = BM22(L) ~ TCA(L+1)ZYOM(L+1)BRKOPH(L)/UI0SBON(L )ZDPOY

s + TOR(L+1)SPCPA(L)
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CARKXEAXAXFXARXXKXXXAXA XXX XAXXARBEAX XXX FRXEXXXXXXAE TRXAXEXARKXAAEXKEAKS

%
g RMTBAL -~ MATERIAL BALANCE CALCULATION
gsmszm:zx:mmuuuxzmnmmuxmnnuxxx
SUBROUTINE MTIAL(WT.UIPF UPUF , Y &N oV, W.CUN,
s CUNO. O O1PF . UPOF , UP 0001 l'! RN, DT
DIMENSION QO(1), GUCX)APW(U.W'U N(l). POFN(I)
e DIMENSION UPWM(1),UPUMN(1) . UPORI(1).VPOMN(1).CUMJ(1),CUMO(L)
UIPFN = UIPF
Y1PF o
OIPFN = OIPF
1PF =
UIPHN « UIPN
IPR o
OIPMN = OIPM
OIPR « @
Te@
QUNET « @
DO 10 I={.N
VIPF = UIPF + UPUF(I)
OIPF =« OIPF + UPOF(I)
CUMU(I) = CUMM(I) + OU(1)xDT
CUMO(I) = CURO(I) + GO(I1)xDT
QUNET » QUMNET + QU(I)XDT
QONET » QONET + QO(I1)¥DT
10 CONTINUE
20 Lei.M3N
UIPR o UIPA + UPUN(L)
OIPR = OIPM + UPOM(L)
20 CONTINUE
IF (QUNET.NE. Q) GO TO 20
IF (WIPFN+JIPMN EQ.0) GO TO 32
gﬂ' -éux ~YIPFNHUIPA-UIPN) 7 (UIPFN + UIPPN)

1]

T0
UNBT o (VIPF-UIPFN+UIPH-UIPMN-QUNET) 7 OUNET
IF(W.'I.O) S0 T0 3%
IF (OPIFN+OPINN.EG.0) GO YO 40
gﬂoijr'o “OIPF-OIPFNOOIPH-O!PM) 7 (OIPFN + OIPMN)
OMBT = (OIPF-QIPFN+OIPM-OIPMN-QONET) 7 QONET
CONTINUE
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11643000 C

iig:;w; ccxxxxxxxnnsmxxxxnn:mmmsunuumxxxunmxmxmxx
{{g:g::g g RITED -- OUTPUT SUBROUTINE

11248000 CREXXXXXXXXAXXXKXXRLE XX XXX XXAXXAXXAXNXEXNKXXXXXXXXAXXAAEAXXXEAXXXE XXX XN
11650000 SUBROUT INE RITED(X NV, NX)

11651000 DIMENSION X

11652000

11653@ L =@

11654000 29

11655000 L3 =9

1165 MAXLP = NX 7 8 + 1

11657¢00 DO 50 Me1,MAXLP

11658000 L = L2 ¢+ 1

11659060 L2 = NX

11668900 IF (L3147 LT MX) L2 = L1+7

11661000 L3 =1l2-11+1

11662000 URITE(6.100) (I, IeLi,l2)

11663090 DO 28 Je1.NY

11664000 20 URITE(6.120) J.(X(J+(I-1)SNY), I-Ll1.l2)

11665080 URITE(6.130)

1X.8(7X.13.4X))
8(IX.F13.4))
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CREAAXXXXXXAXXXXXXXXKEREXAXXREEXEXEAXAREXXXEEEETXRXXARAAXAXXEXXEXRNXAXY

RDATA -- PRINTS DEBUG DATA

¢
CXEXXXXXXEXXXXXX XXX XXEXXXXAXXEEG XXX XXKEXXAXXXE XXX XNAGERERNXAXNAXRRXXXNXYY

SUBROUTINE RDATA
COPMON /CONS/CU.CO. NUELL.DT
COMMON /FRAC/BUF . BOF . DF . PUF

RKOPF , TCF

$ . .
COMMON /UELL, P1.PBH.PI

R
3
g
e
S TR
i
sﬁssigg 3
: =
§ (<3
_J

MENSION RKWP

by
°
(=3
o

i
:
i8
i
-

FORPAT(///748X, *RKUF *,/,120(°2*))
CALL RITED(RKUF.i.IRAX)
URITE(6.550)
FORPAT(/7//748%, "RKOPF °,/, 13.('!'1)
CALL RITED(RKOPF.NMB., IMAX
URITE(6.555)
FORMAT(/7/7744%, *RKWPF °*,/, 120('3'))
CALL RITEB(RKUPF KMEB, IMAX
URITE(6.54
FOMAT(///“)( 'PMIF °./,120(°'2"))
CALL RITED(PHIF.1,IMAX)
URITE(6.557)
FORMAT(/7/7/748X%, "RMOUF °,/.12€(*3%))
CALL RITED(RHOUF.1.,IMAX)
URITE(6.627)
FORMAT(///748%, "RHOCF *./,189(°%*))
_CM.L RITED(RHOOF. 1. IRRX)
URITE(6.637)
FORMAT(/7//740%,°UOF *.,.129(¢c8%))
CALL RITED(W 1. IMaX)
WURITE(6.647
FOQMT(///M."WF ©,/7,1800(°%°)).
OALL R!TED(W 1., IMAX)

WRITE(6.657
FOWT(///“X BUF *,/,120(°2%))
CALL RITED(BUF.$.INAX)
URITE(6.787)
FORRAT(///740%,.DOF °*./.1B0(°%°*))
CAaLL RITED(W.LIW)
URITE(6.737)

FORMAT(///48X, 'PCFFM;.‘/. 120(°2*

FORRAT(/7/7/749%."UR °,/,1R0(*%°))
CALL RITED(UR.1.ImAX)
WRITE(S.757)

FORMAT(///748X,*TCF *,/,120(°%°))
CALL RITED(TCF.$.1RAX)
URITE(6.828)

FORMAT(/7/7/740%,*TUF *,/,180(°%*))
CALL RITED(TUF.1.IRAX)
URITE(6.838)

FORMAT(//7/748X.°TOF °,/,120(%2°))
CaLL R!?ED(?OF 1. I8)

12
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FORMAT(//7/748X."TONF *,/,180("3"))

CALL RITED(TOMF.NMB, INAX)

URITE(6.858)

FORMAT(/7/740X."TUNF *,/.130(°%%))

CALL RITED(TWMF.NMD, IMAX)

URITE(6.989)

FORMAT(/7/749X, TR *,/,180(°3°))

CALL RITED(TMF . NMB.IMAX)

URITE(6.939)

FORMT( /7//748X,°RXKOM *,/7,120(°8°))
RITED(RKOH NEB. IMAX)

WITE(G.NS)

FORMAT (/7 748X. "RKUM './.ga(-:-n

T
FORRAT(//7/48X, *RKOPN *,/,120(°3'))
CALL RITED(RXOPM,NMB,IMAX)
WURITE(6.855)
FORMAT(///748X. "RKUPH °./, 18.('!'))
CALL RITED(RKUPM.NMB. IRAX
URITE(6.959)
FORMAT(//7/740X, "RHOON *,/, 18.('!'))
CALL RITED{RHOOM.NMB, IRAX
URITE(6.1629)
FORMAT(//7/748X, "RHOUN *,/, 18.("'))
CALL RITED(RHOUM.NMB, IMAX
WRITE(G,1039)
FORMT(/// WM %, /.120(°8%))
CALL RITED(M NAB. IMAX)
WURITE(G. 104
mmtuum *WOm ./, 1&('3’))
CALL RITED(UOM.NAB, IMAX
URITE(G.1069)
romnu/m *PHIN ‘./ 18.(‘!'))
CALL RITED(PHIH NFB. IhAX
URITE(6.1129)
Fmtunm UMNF ./, xa(-:'n
CALL RITED(W NMB. IMAX
URITE(6.1139
fORHﬂT(//IQOx SYCMF °,/,1200°2'))
CALL RITED(UOMF . NMB. IMAX)
URITE(E.1149)
FORRAT(//7/748%, °PCPR °,/, 38‘('!'))
CALL RITED(PCPM.NKB.1
URITE(6,1159)
ORBAT(///40X%, " TUR ;’.‘xaa('t'))

T

RITED (BUM. MRS, TRAX

; .1239)

CALL RITED(BOH.NAB, IRAX)

URITE 9)

.1269)

7/7/748%,°VCH °,/7.180(°8%))
INaX)

TED( TCH, B,
FORMAT(/7//48%,.°W *.7.120(°873)
1.188%)

)
FORMAT(/7/7/740%,'P1 .., egs
QITED(PI 1. gmx 130¢tx50)

ORﬂﬁ?(///m PIY *./,130(°2%))
CALL RITED(P .
it T
777 . 0 *,7,130(*x%))
CALL RITED(PIO.S.
Inax)

END
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DEBUG -- PRINTS DEBUG DATA

SUBROUTINE DEBUG

COMMON /CONS/CW.CO.NUELL.DT, IMRX.NMB,VI0.VIU.RHOWD, RHOOB,CF.CM
COMMON /COEFF/A11.A12.A21.A22.311.812,B821,822.C11,C12.Ce1.C22
COHHONIRRS/RFHROWMORL

COMMON /WELL/ PI1.PBH.PIV.PIO. U, W1, .62,V

'COHHON sCOEF2/7AN11.AMI2. AM2Y . M&?JHH.”SZ M21.BM22.CN11.CNML2,

DIMENSION B(2S.25.58)

DIMENSION AM11(S9).ANI2(99).AN21(88). (99)

DIMENSION BM11(99).BRi2(99),BM21(99).BM22(99),.CM11(99)
DIMENSION CM12(99),CM21(99),.CN22(98)

DIRENSION A11(99).A12(99),.A21(89).A22(99)

DIMENSION B11(99).312(99).B21(99).322(99).C11(99)

DIRENSION C12(99).C21(99).C22(99),UU(98).U1(99),.43(99).UD(99)
DIRMENSION RFU(99).RMU(99).RFO(99),RNO(99)

DIMENSION PI(99).PBR(99).PIV(98).PI10(99).RUL(89).PUN(D9)

URITE(6.527)
FORMAT(///748X.*A13 *.7,120(°%"))
CALL RITED(M.X 1, INAX)

TE(6,.537)

FORMAT(//7/748%. *A12 './ 120(°2°))
CALL nxmma. . TRAX

URITE(E.547

FORMT(///«X.“QEI *,7.120(°3%))
CALL nmma:. » IMAX)
URITE(6.5657

FORHM’(///“: 'uaa *,7,120(°2%))
CALL RITED(A22.1 xm
URITE(6.627)

FORSAT(//7/748%,°B11 °./,120(°%*))
ITED(D11.4. IRAX)

(77740X,*312 '.I 189¢°2*))
TED()IE.!.

L

ORMAT (/748X . °C11 *./.120(°2*))
CALL RITED(C1i.1.IMAX)
URITE(6.737)

FORMAT(//7/748X,°C18 °.7.180('%*))
CALL RITED(Ci2.1,IMAX)
URITE(6.?47)

FORAAT(///48X%.°C2L *,/.120(°%*))
CALL RITED(C21.1.IMAX)
URITE(6.757)

FORMT(//IW,'@B °,/7,128(°%%))
CALL RITED(C22.1.IMRX)
URITE(6.929)

FORMAT(///748X,*BR11 *,7.186(°2°%)}
CALL RITED(BM11.NMB, INAX)
URITE(6,939)

FORMAT(//7746X, *DR12 './.130(‘8'))
M%&?Iﬁbé.ﬂla MR8, IRAX
FORMAT(///748X. *BNE} '.Ida(‘t'))
CALL RITED(BN21.NMB. IRAX
URITE(6.859)

FORMAT(///748X.°BR22 °./,129(°X°))
ITED(BN22.NM3 . IMAX)

(77/40X,"ARLE *./7.120(°2°%))
CALL RITED(AN11,MMB.IMAX)

114



T-2716

T

2

i

941004

oﬁﬂnﬂvf;»»»nnnnwnﬂuwhn
a*i 3
111
p- 4

[

R

48000

S 50 125 fob P £ 55 Puls B B B B B B it (b o G G5 s (o 6 - (b B B B £ Bt -0 B (e el b Do
§

Su: Gl B Db (i i b Gulb P P Pl B e oo et

| sl edadod
| md el ot ond
i g

11964000

1.039
1049
1059
1129
1139
1149
1159
1229
1239
1249
1259

1269

1349
1369

1389
1400

-WURITE(S.1038)
FORMAT(///748X, "ANIR °,/, l“( ‘%))

CALL RITED(AMLI2.NMB, INAX)
WRITE(E.1948)
FORMAT(/7/7/740X%,"ANRL *,/,.188(°%"))
CALL RITED(MELI!Q Inax)
URITE(6.1058)
FORMAT(///740X,.°ANB2 °,/,120(°2"))
CALL RITED(AMR2.NMB, INAX)
URITE(6.1129)
FORMAT(///748X,°CNil *,/,.1R0(°2*))
CALL RITED(CMi1.NMB. INAX)
URITE(6.4139)

FORMAT(///74€X, *CR12 *./,120(°2))
CALL RITED(CMi2.NMB, IMAX)

ORMT(//NOX.'RFU *,/,120(°2*))
CALL RI‘YED(QFU 1, IMAX)
URITE(6.3238
roam'ru//«x.'nro *,7.120(°%°*))

CALL nxmmo. . IMAX)
URITE(6. 1249
FORM?(///“X.'IN ./, 12.('8'))
CALL RITED(RHU.W 1MAX
URITE(6.1259
FORBA?(///«X.‘M °,7,138(°2*))
CALL RITED(RMO.MMB.IRAX)
URITE(6.1268)
FORMAT(//7/748%.*RUL *./,120(°2*))
CALL RITED(RUL.1.IMAX)
URITE(6.1338)
FORMAT(/7//748X.°¥1 *,7,.138(°%'))
CALL RITED(g%.!.xmx

FORMAT(/7//748X.°U2 *.7,139(°%*'))
PAX )

URITE(6.1358)
FORMAT(//7/740X.°UD °./.138(°%*))
CALL RITED(UD.1.IMAX)
BRITE(S.1369)

romnnzm ‘B *./.130(°%%))
DO 1400 11, IRAX

CALL RITED(B(1.1.1).26¢.28%MB+3)
RE TURN

E



