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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 is 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 in any way desired to conform to the physics of 
the reservoir. This approach lends 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 
(oil-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 and provide the main flow path in the reservoirs. 
The host rock is assumed to be small disconnected blocks 
(matrix blocks) surrounded by the fractures. The matrix
block size (or fracture spacing) is usually 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 modeling 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 is presented 
in which matrix-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 presented 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



T-2716 3

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):

v = - ^-pV$, [1 ]

where

4» = / |E- - gD. [2]

When density ( p) is a function of pressure only,
Equations 1 and 2 can be combined to the following familiar 
form of Darcy's Law,

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

with terms defined as follows:
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v - superficial velocity, L/T 
k - permeability, L 2 
y - viscosity, M/(L*T) 
p - fluid density, M/L3 
g - acceleration of gravity, L/T2
D - depth (positive down), L
V - gradient, L~1

For single phase fluid flow, the continuity equation(conser­
vation of mass) is,

- V . ( p v )  + pq [4]

where pq is a point source or sink mass rate per unit bulk 
volume, M 3 / (L3 • T) , and <j> 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.

V • [ p k / y ( Vp- pgVD) ] + pq = [5]

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, #, is called the saturation of that phase.
Sa. Because the permeability, k, in Equation 5 is defined
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for single phase fluid flow, the permeability to a given 
phase is expressed as k ekra for multiphase flow where 
kra is the relative permeability and has a value 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
ing that the porous medium consists of capillary tubes of 
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 surface ten­
sions . The free water surface (where there is no capillary 
force) is 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 
average 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 oil and 
water pressures, then the average capillary pressure at a
given height, h, above the water-oil contact is:

Pc = s(pw- p0)'h [6]

For a water-wet system, we get a capillary pressure versus
water saturation curve as shown by the solid lines in Figure
2. The capillary pressure curves depend on the saturation 
direction. When oil displaces water such as during forma­
tion of the reservoir, then the "drainage" curve is follow­
ed e The water saturation will decrease to some minimum 
value at a large capillary pressure. This irreducible water 
saturation is where the water phase becomes discontinuous 
and the relative permeability becomes zero. When water dis­
places oil during production of a reservoir, the "imbibi­
tion" curve is followed and capillary pressure is normally 
assumed to go to zero at the residual oil 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 is introduced and can be defined as

Ba = pso/pra 
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 r 3 (r ) aV« [k(— ) (vp -p gVD) ] + q =------- —  [8]
y B a a a  Sa 91

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 variables, pressure and 
saturation for each phase, are reduced to two by the follow­
ing auxiliary relations :

So = 1 - Sw [9]

Po = Pw + Pc [10]
where the capillary pressure, Pc , 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. Some
of the most common boundary conditions are:

1) no flow -
( v p a -  Pag V D ) b = 0 [ 1 1 ]

2) constant rate -

(vpa - p gVD)^ = constant [12]

3) pot aquifer -

(vpa - Pag V D) b - |PîL [13]

4) constant pressure -
(p ), = constant [14]a b L J

For balanced systems in which fluid injection equals fluid 
production, as in many waterf lood 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 reservoirs and mo­
dels 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 directly measuring fracture distribution prohibits 
simulation of the exact geometry. However, Gilman and 
Kazemi (4) showed that a two-porosity model can represent a 
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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Figure 3. Double Porosity Model
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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 is 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
- 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 3 (*!)
v - [ k , ( — ) - ( V p  -  P gVD ) ]  +  t  +  q = -  - [15]f iiB af af a f maf a s a 3t

The subscript f refers to the fracture and ma to the matrix. 
Tmaf i-s the volumetric rate of fluid transfer between ma­
trix and fracture per unit bulk volume. Several authors 
have used empirical relations to describe T m a f  (10), but 
if Darcy’s Law applies for flow between matrix and fracture, 
it can be shown to be

k-WcT [kW a0W VP<xma-(V VDma] I1£ 1
where a 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 is:

a = 4 (— 2 + — 2 + — o) [17]
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 a which is a statistical (or 
could be an exact) representation of a geometry. In theory 
0 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, a, is assumed 
to 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.

a f ‘frSx
W  a = - S ? - - ’" 2 [18]

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 most 
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 not 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). In 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.

where the coefficients, Taf 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 
Apaf and ADf 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. In 
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 :

('Apof'Ya£ADf-) 1 + h m a f ^ P “P r- ) - Y (D -Dr) 1 ama  ̂af amaf ma f J

[19]

^amaf[(P(xf ^ama^ ^amaf^f ^ m a ^  ÂT At  ̂ama

Soma wma [2 1 ]

Sof 1 - Swf [2 2 ]

Poma wma ma [23]

Pof = Pwf + PCf [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 unknowns (Swma ? Swf $ pma, pw f ) ; all
other terms are a function of these four unknowns.

Terms in Equations 19 and 20 are defined by Equations 
25-28.

AP = P i+1 ' Pj_ °r Pi - P^_i [25]

T af = 0c*)f(^)af [26]

T aina = O'V) (k °)m a a m a  [271

At (^.) = (*i)n+1 - (*i)n [28]

where X 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), a, 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 in 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, paf, is the volume average pres­
sure of fluid in the grid block, the flow rate is:

A*2 -TT-AzCkÿ) f k
qa “    " SiF^af* (pwL™P af)

— i----9 In (r-j/r )-l/2+s
^ 7 ^ 7  1 "

where Az is the grid block thickeness and and r% is the 
outer radius of the grid block. For rectangular blocks, rj 
is usually assumed to be a function of block dimensions:

r1
Ax Ay [30]

More exact relations have been proposed (13).
Equation 29 results in an additional unknown for every 

well -- the wellbore pressure, pWL • Each well must have 
some constraint in order to totally specify the system. 
Normally a total fluid production (or injection) rate is 
known.

Q = I I q [ 3 i ]T l a  al

where Qq- is the total fluid rate and I and a 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, a, 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 is 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-matrix 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+1), 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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MATRIX

I I MATRIX1

Figure 4. Extended Double Porosity Model.
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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 ' i1 and matrix sub-domain "j" 
are :

T f (p “P ) - y (D -D ) 1wf,i+1/2 wf,i+1 wf,i wf,i+1/2 f,i+1 f,i
-T [ (p -p ) - y D -Dwf,i-1/2 wf,i wf,i-1 wf,i-1/2 f,i f,i-1) ]
NMB

+1 T [p -p -Y (D -D )j
j=l w,maf, ij wma, i, j wf, i maf, i, j ma, i, j f, 1

+ v i = ^  [ ^ > w f , i - < ^ ) S f . i ]  f3 2 J

^wma, i, j+1/2 ̂ wma, i, j+1 ^wma,i,j Yma, i, j+1 /2 

D̂ma,i,j+1 Dma,i,j ̂

^wma,1,j-1/2^wma,i,j ^wma,i,j-l Yma,i,j-l/2 

(^ma, i , j Dma, i, j -1 ̂ ̂

Twmaf, i , j !-pwma, i , j pwf,i Tmaf, i, j ̂ Dma, i , j Df, i) ]

T f  wma,i"^^wma,i]j 3̂31
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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. If a given grid 
block is not connected to the fracture, then the appropriate 
Tmaf term could be set to zero.

To simulate the no flow conditions for both fracture 
and matrix, the i+1 (j+1) or i-1 (j-1) terms are set equal
to the corresponding i(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 (Ti+1/2 or 
T'i-i/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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kArea r
T ctf,i+l/2 Xf -ax" fi+1/2

t3 4 ]

where w provides for upstream weighting. (The direction 
flow is coming from is upstream).

^i+l = 1 lf Pi+1-Pi" yi+l/2 (Di+l"DV  >0 t35 1

wi+l = 0 lf pi+l"Pi"yi+l/2^Di+l“D î  <0 t361
Upstream weighting has been found to be stable, but intro­
duces numerical dispersion. It is generally first order 
correct. Terms of Equation 34 are further defined as:

Area.,, , Area.
Areai+1/2 = — ^ ' ^7]

Axi+l/2 = -—  P  [38]

(k ) = 2Axi+l/2(k<|i:>£,i+l(k'i>)£i r39,
f, i+1 /2 Axi+i(k*) f i + Axi (k (j)) f

Equation 39 is a harmonic average permeability between 
two nodes and ensures that the lower permeability dominates 
the value of k-p+q y2 . The effective fracture permeability,
(kcfi) f, is 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
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matrix data replacing the fracture data. There would be no 
<j) 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:

kr
T amaf,i^  " tVakmaU, j ̂ maf ,i, j f,i + 

kr
^  ^maf^i,j ^ÿE^ma,i,j^

The V , a, and kma terms are for the given matrix sub- 
domain and therefore do not need to be averaged. A harmonic 
average of kma and kf<j>f could be used, but the smaller 
kma value would dominate. Again, wmaf is a weighting 
factor 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 (omaf is 1.0 be­
cause the fracture is upstream and thereforey, (kr/yB)f, 
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 + a)krox r
qw,i - PIi (------ )f(PwL"Paf) t41 1

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

w = 1, qw>0 (injection)

w = 0, q^< 0 (production) [42]

The oil rate is then:
(l-to)kr

qoi - PIi ilB— )of^ ) E43J
and therefore will be zero for injection^ Evaluation 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. 

la! Transformation
For some systems such as a single well, single phase 

transient simulation, radial systems are more 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

Au = —1—  In r /r [44 1IMAX e w
where IMAX is the number of nodes, re is an external

boundary radius and rw is the wellbore radius.

Axi+l/2 = rw (e (i+1/2)AU- e (i-1/2)Au) [45]

Areai+l/2 “ 2l' rw el Az [461

V . = w rw2 (e2iAU-e2(i'1)AU)Az [47]

Ax i+1/2 k i+l ki 
k 1+172 = (e0+l/2)Au.eiAu)ki + (e^ u . ^ - l / 2 A u )k [^S]

For short time transient data it is also desirable to take 
time steps exponentially as given by equations 49 and 50

%  ■ [«i
at - Jat (e t- 1) t50l

i+1 i i
where NUMTS is 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:

x . - ^wf 
Pwf 
^wm> 1 
Pwm> 2

Swm,NMB
Pwm,NMB

[52 ]

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 is written in residual
form:

R = Ax - b , [53]
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then by Taylor Series expansion, neglecting second
order and higher terms

Rn+1 = R n + (||)n (xn+1 - xn) [54]

I f Rn+  ̂ is to go to zero, then

= R* [55]

where l represents the iteration level and

5x*+1 = x ^ 1 - x^ [56]
Equation 55 is again of the form of Equation 51. Itera­

tion is performed until <5x is less than some arbitrary con­
vergence limit.

3RThe term is the Jacobian matrix and it represents

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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R r. = A.ÔXfi f,i-l

Ciôxf,i+1+ Diôpw,i

+ Bl. ôx r- . + B2. ôx •. +

A. = 3x

Bl . = 3Rf,l
9xf,i
9Rf ^

B2,i “ m, x
9R

9R
D. =

f,i+l

^ apw,i
R

R fsi R

ôx

ôxm, x

fw, i 
fo, i

«te: ii
«te;i
ôswm,NMB>p

L T¥“‘ÿ
For the matrix residuals :

R . = B3. ôx r . + B4. ô x .x m, x

[57]

[58]

[59]

[60] 

[61] 

[62]

[63]

[64]

[65]

[66]
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where

Rm, i =
*n>w 1 
mo, 1

?mw,NMB 
mo,NMB

[67]

3R
B3i " 3X

m. i
f,i 

3R .
B4i = sx

mi
m, i

The wellbore residual for a given well, wL is:
RwL EwL 5xf,i+ B5wL“t'wL5P,

[68 ]

[69]

[70]

wnere
3R

E wL
wL 3x

B5 3R„l

71]

[72]
wL 3PwL

Figure 5a shows the most compact equation form for a 
one-dimensional, 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 2x2NM B, B3 -- (2NMBx2) , B4 -- 
(2NMBx2NMB) , E -- (1x2), and B5 -- (1x1), 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 equation 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 used 
to advantage to reduce the matrix to a simpler form, and 
thus greatly reduce the time required to solve the equa­
tions. 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 banded portion of the matrix can be solved first « 
The change in wellbore pressure is then given by :

6P„L - (RwL - E w A V  [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 
5c 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:

6xm,i = 84 i"1(Rm,i " 8hSXf,i) t74!

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 is 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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Bl B2 C D 6 X f i ~ R fl"
B3 B4 6xml Rml
A Bl B2 C 6xf2 R £2

B3 B4 • 5xm2 = Rm2
A Bl B2 6x£3 R £3

B3 B4 5xm3 Rm3
E B5 ^XwL R w L

— - — — 1

Figure 5a. Equation Form for a Three Node, One Well 
System

wl h-1 o n o i 6Xfi - R fl
B3 B4 Sxml Rml
A Bl' 0 C Sx£2 R £2

B3 B4 • 6xm2 - Rm3
A Bl' 0 5xf3 R f3

B3 âxm3 Rro3
E B5 _ «x„l J _ Rwl

Figure 5b. Reduced Equation Form for Double Porosity, 
Implicit Well Model
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Bl" C 

A Bl' C 

A Bl'

B3

E

B3

B3

B4

B4

B4

B5

<5Xfi “ Rfl"~

6xf2 R f2

5xf3 Rf '

5xml = Rml

6xm2 Rm2

6xm3 Rm3

6xwL RwL

Figure 5c. Rearranged Equation Form for Double Porosity 
Model
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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 
described by: , . . -

A[T(Ap-yAD)]= 0 .. [75]
and no flow between fracture and matrix :

Tma [ P m a - P f - W < Dma;Df> ï “ 0 . '
Since the density is a function of pressure, the ini.tiliazac­
tion becomes an iterative procedure. For gravity equilibri­
um, the following equation applies for each phase;

y . .y . j
] _ - r  1 , - 1  / r ,  X  r  -> i

Pi - Pi-1.  ---2----i Î--1 I" I
For node one, Pi-1 is the water-oil contact pressure and 
Di-1 is the water-oil contact depth. Initialization of the 
fracture is done first, then the first matrix sub-domain in 
a given node is initialized by:
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[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-oil 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 >

If the calculated capillary pressure is greater than 
that allowed by the input ^capillary pressure curve, then the 
water pressure is calculated as:

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-

A Newton-Raphson technique could be used 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.

max [79]

fied
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START;

READ DATA REDUCE EQUATIONS (PELIM)

YES SOLVE FOR FRACTURE UNCNOVNS (SETUP, GBAND)^ WRITE ERROR 
MESSAGE

FORMATERROR?
SOLVE FOR REMAINING UIKNOWNS AND UPDATE ALL VARIABLES (UPCATE)

GO TO 999WRITE DATA
NOINITIALIZE SYSTEM (INITIAL, SWFUNC) NOITRN>NIG

YESDT = 0.5 TYME = -0.5 ITSN = -1 
NIG = 20

YES 500TYME=TYME40TWRITE WARNING

CALCULATE MATERIAL BALANCE (RMTBAL)350ITSN = ITSN +1 ITRN = 0 YES
OUTPUT ̂  
DESIRED

WRITE
OUTPUT400

ITRN = ITRN +1

NO
CALCULATE FLUID/ ROCK PROPERTIES 
(RPERM, CAPP, WORE, FLUID, OMEGA, TRWS)

NO

YES
300READ NEW TIME STff3 DATA

CALCUALTE JACOBIAN (FFOOEF, NMOOEF, MFOOEF)
NO END OF FILE ?

CALCULATE RESIDUALS (RESID) .YES
999STCP

Figure 6. Program Flow Chart
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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 initialized, time-step in­
formation and wellbore rates can be read to begin simulation 
of the desired reservoir.
Fluid Properties

Fluid property calculation has been kept 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.

where ca is the fluid compressibility and the subscript b 
represents a base value.

The porosity is also assumed to be a linear function of 
pressure as determined by the rock compressibility, c^

[80]

[81]
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* = tb[l + c^(p^-py)] [82]

Relative permeabilities and capillary pressures are 
assumed to be defined by power fit equations.
Water relative permeability :

- ^wir EW
k = k (S ) [ 
rw ]

rw or l-Sor-Sw .r

Oil relative permeability:
1-S S

or- w EO
k = k (S ) [----------- ]
ro ro wir

Positive Capillary Pressure:
S (P =0) - S

S <S <1-S 
wir w or

[83]

S <S <1-S 
wir w or

[84]

w= p (s ) [
c c wir Sw (Pc=0) - Swir

w jEP S <S (P =0)
wir w c

[85]

Negative Capillary Pressure :
S -S. (P =0)

P = P (S ) [
c

w w
c or l-Sor-Sw (Pc=0)

EM S (P =0)<S <1-S 
w c w

[86]
or

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

Figure 7 shows the input requirements. Card 2 through 
Card 8 are each 'Used 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 is 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, oil 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
be changed 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 if the maximum iterations are exceeded for a time- 
step. It is important to check that the material balance is 
good before using the model results. If maximum iterations 
are being exceeded, time-step size or grid-block dimensions 
may need to be changed.
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Figure. 7 Program Input Format
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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. In
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 lines should be parallel with the 
slope of the lines being directly proportional to the 
permeability of the system. The pressure separation between 
the two lines is a measure of fracture storage capacity 
divided by total storage capacity. The inflection point can 
be used to determine the fracture spacing parameter, a. 
Pressure transient testing is one method to determine data 
for numerical simulators.

The transition curve between the two parallel straight 
lines cannot 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 section. The use 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 1646.07 psi
y 0.8 cp

cw 3.5 x 10-G psi -1

Bw 0.9942 res. bbl/STB

rw 0.34 ft

re* 5957.84 ft

c + f 3 x 10”6 psi" 1

Ccj>ma 3 x 10"6 psi" 1
h 210 ft
k f 1000 md

•̂ma 1 md

4) ma 0.1392

4>f 0.02

a 0.0016 ft"2

q 100 STB/D
Ati** 10"6 days

*20 nodes were distributed exponentially between rw and 
re using equations 44-48.
**100 times step were distributed exponentially for a 1 - day 
buildup and a one-day drawdown using equations 49 and 50.
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Figure 8. Analytical and Numerical Comparison for a 
Single-Phase Drawdown in a Double-Porosity 
System



PWS
, 

PSI
L6

30
 

16
35

 
16

40
 

16
45

T-2716 47

oLD
CO

A N A LY TIC A L

NUMERICAL

^  I D  " 2

T , HOURS
io

Figure 9. Analytical and Numerical Comparison for a 
Single-Phase Buildup in a Double-Porosity 
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 valid. 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 oil 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 5, 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. In 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.

.It 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 solution (22) « 
Saturation distributions for a two-porosity vertical system 
arc shown in a later section.

Capillary pressure was zero for the single-porosity 
models because that is the assumption used in the Buckley- 
Leverett solution. For the two-porosity models, a matrix 
capillary pressure curve greater than zero was used to 
ensure a large imbibition force. An exponential time func­
tion is used 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
Syzmi 0.08

Swf i 0.01

Ww 0.8 cp

Uo 40 cp

c(t) 3x10“6 psi-1

cw 3.5x10”6 psi-1
Co 1.36x10“5 psi" 1

Bw 1.0 at 15 psi
Bo 1.036 at 15 psi

Pw 62.4 lb/ft3
Po 58.0 lb/ft3
Bwcf 0.01

Borf 0.0

Bwcma 0.08

Borma 0.451

krwf 1.0 (SwfD)1•0
krof 0.99 (SorD) 1 ' 0

Continued...



T-2716 51

K-rwma
kroma
^cf
Pcma
a
4) ma
^ma
Ax
Ay
AZ
4>f
k f

rw
Qt

At

Table 2 (continued)
0.1072
0.589 (SorD)4'831 
2.14 (Syfo)1 *929 
13.36 (Swm£)) 1*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 STB/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

c* 3x10-6 psi” 1

cw, o 3x10-6 psf- 1
Bw, o 1 res bbl/STB @ 15 psi

4 cp

liw 1 cp
Az, Ay 100 ft
k 300 md

0.20

^wc 0.16

Sor 0.20

^rw 0.4 (Swd)1 * 2
^ro 0.9 (Sqd)2-0
q 76 STB/D
At 5, 50 days
Ax 10, 25 ft

rw 0.25 ft
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Table 4.
Two Porosity Buckley-Leverett Model Data

k-rwf 1 • 0 (Swpf )
^ r o f 1•0 (Sq D f)
S w c f 0.01
S o r f

oo

P c f

oo

■^cm 5 .0 (Swj)m)
a 0.0016 ft*

COi—io
300 md

0.01
Az 100 ft

Ay 100 ft

Ax 25 ft

k f 100000 md

P w m i 409.18
P wf i 414.18
Swmi 0.16
^wfi 0.01
At 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 oil 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 several 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 could 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 is 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
Ww 1 CP
Vo 4.6 cp

3xl0~ 6 psi”1

cw, o 0

pw 62.4 lb/ft3
..Po 51.7 lb/ft3
Svzc ^ • 43
Sor 0.34
^rwf 0.57(Swof)1
krof 0.57(S0Df)
•̂rwm 1.0 (Swpm) 3

k rom 1.0 (SoDm)

Pcf* 0.75 (SwDf)Z"° Psi
P cm'' 1.3 (Sw£)m) psi
Pwmi 11.67 ps i
o 294.92 ft”?

0.1744 
km 56 md

Continued...



Table 5 (continued) 
kf 10000 md
Az 0.1647 ft
Ay 0.1647 ft
Ax 0.0335 ft

qwlj10 0.000787 STB/D
rw 0.042 ft

Atf 1x10“5 days (50 exponential
steps to 0.002 days)

At 0.001 days, 0.01 to 0.24 days

Sworn and Swpf are chosen so that Pcm = 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 
simulated 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 assumed 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 Lz 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 a 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 period between the early and late 
time straight lines is affected and thus this data is needed 
to determine matrix properties from a 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 is 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.



T-2716 64

LD
CD X - NESTED M ATRIX BLOCKS 

*  - l-D  STACKED BLOCKS 
+  - 3-D STACKED BLOCKS 

  - SINGLE MATRIX BLOCK

c n

CL.

T-'TTTmrT 'T 1» M H r ■"

«* id-l
TIM E , HOURS

Figure 14. Pressure Drawdown for Single-Phase, 
Multiple Matrix Sub-Domain System
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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-2 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 shut in forcing some oil into 
the fractures, but gravity forces will tend to cause oil 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 
into the fractures. Gravity forces in the fracture will 
cause oil 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
havior 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 fractured system as shown by the examples in 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 semilog 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 ; ft2 , m2
b right-hand side vector
B formation volume factor; res bbl/STB, res m 3/m3
Bl coefficient sub-matrix
B2 coefficient sub-matrix
B3 coefficient sub-matrix
B4 coefficient sub-matrix
B5 coefficient sub-matrix
c compressibility; psi"1, Pa”1
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 oil relative permeability equation coefficient
EP positive capillary pressure equation coefficient
EW water relative permeability equation coefficient
g acceleration of gravity; ft/sec2, m/sec2
1MAX number of nodes in x-direction
ITRN iteration number
ITSN time-step number
k permeability; md, m2
kr relative permeability; dimensionless
L matrix block edge length., m
NIG number of Newton-Raphson iterations allowed
NMB number of matrix sub-domains per grid block
NUMTS number of exponentially distributed time-steps
•p pressure ; psi, Pa
Pc capillary pressure; psi, Pa
PI .wellbore productivity index; md-ft, m3
q wellbore flow rate; STB/D, m 3/sec
q wellbore flow rate per unit volume; day” 1, sec"1
Qq- total production or injection rate; STB/D,

m3/sec
r radius; ft, m
R residual
s skin factor; dimensionless
S phase saturation; fraction
t time; days, sec.
T transmissibility, STB/psi-day, m3/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, m/sec
V bulk rock volume; STB, m 3
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x vector of unknowns
Greek
y gravity gradient; psi/ft, Pa/m
ô change in unknown value
A Pi+l-Pi or pi-pi-1AL distance between grid points
At time step size; days, secs
Au radial grid exponential factor
Aut exponential time-step factor
Ax grid block size in x-direction; ft, m
Ay grid block size in y-direction; ft, m
Az grid block size in z-direction ; ft, m
X conversion factor for units used
y viscosity; cp, Pa•s
p density, lb/ft3, Kg/m3
a fracture spacing parameter, ft-2, m“2
y matrix-fracture source term; day- 1, sec-1
t matrix-fracture flow rate ; STB/day, m 3/sec
<j> porosity; fracture
0 fluid potential given by Equation 2
a) upstream weighting factor

Subscripts
1 first node, phase 1
2 second node, phase 2
b boundary, base
D dimensionless
e external
f fracture
i node index, initial value
ir irreducible
j matrix block number
1 layer
ma matrix
o oil
r reservoir, residual, relative
s surface
w water, well
WL well
X direction index
y direction index
Z direction index
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Greek Subscripts
a phase
<f> rock
Superscripts
Z iteration level
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10W7#@#leeesm
leeieeee leenm leeiaew iee!3eee 1001400# 10015000 10016000 10017000 10018000 10018100 10018200 10019000 
10020000 
10021000 
10022000 10023000 10024000 10025000 10026000 10027000 10028000 10029000 10030000 10030100 10030200 10031000 10032000 10033000 10034000 10035000 10036000 10037000 10038000 
10039000 10040000 10041000 10042000 10043000 10044000 10045000 10046000 16047000 10048000 10049000 10050000 10051000 10052000 10053000 10054000 10055000 10056000 10057000 10058660 19659000 10060000 10661000 10062000 10063000 C 10064000 C 10066000 10066900 10067000 10668099 10069000 10070000 10071000 10072000 10673000 10074000 10975000 10076900 10077600 10078000 10979000 10080000

PROGRAM CSM. VERSION 7/87/1988. J. R. OILMAN. 800700.
THIS IS A PROGRAM TO SIMULATE OIL-tiATER FLOW IN NATURALLY FRACTURED OR OTHER HETEROGENEOUS DOU8LE-POROSITY RESERVOIRS.THE PRIMARY POROSITY CONTAINS TX SULK OF THE FLUID WHILE THE SECONDARY POROSITY IS TX PRIMARY FLUID FLOW PATH TX PRIMARY(MATRIX) POROSITY IS NOT CONNECTED FROM GRID SLOCK TO GRID BLOCK BUT IT CAN BE SUBDIVIDED INTO SEVERAL BLOCKS WITHINA GIVEN GRID BLOCK TO ALLOW TRANSIENT FLOW.

TX DATA REQUIRED IS AS FOLLOWS* _(TX CARD NAME MUST BE IN COL. 1-16. INPUT IS 118 OR F18 0FORMAT WITH TX FIRST DATA IN COLUMNS 11-20 )
CARD 1 —
NUELL I MAX - NMB -
CARD 8 —
DWOC PWOC
RC RW

- TX NUMBER OF WEILS TX NUMBER OF GRID BLOCKSTX NUMBER OF MATRIX BLOCKS WITHIN A GRID BLOCK

DEPTH OF WATER OIL CONTACT.FT. (POSITIVE DOWN) PRESSURE AT WATER-OIL CONTACT.PSI.BASE PRESSURE FOR FLUID PRESSURES.PSI.EXTERNAL RADIUS FOR RADIAL SYSTEMS. FT. WELLBORE RADIUS FOR RADIAL SYSTEMS. FT.
CARD 3 —
VIW —  WATER VISCOSITY. CP.VIO —  OIL VISCOSITY. CP.A/CF —  FRACTURE ROCK COMPRESSIBILITY. 1/PSI CM —  MATRIX ROCK COMPRESSIBILITY. 1/PSI.
CARD 4 —
cwCO
litRHOUB RHOOB
CARD 5 —

WATER COMPRESSIBILITY. 1/PSI.OIL COMPRESSIBILITY. 1/PSIWATER FORMATION VOLUME AT BASE PRESSURE. RES BBL/STB OIL FORMATION VOLUME AT BASE PRESSURE. RES BBL STB WATER DENSITY AT BASE PRESSURE. LB/CUFT OIL DENSTIV AT BASE PRESSURE. LB/CUFT.

EWF —  EXPONENT FOR FRACTURE WATER XL. PERM EQUATIONEOF —  EXPONENT FOR FRACTURE OIL XL. PERM EQUATIONSWCF —  CONNATE WATER SATURATION IN FRACTURE SORF —  XSIDUAL OIL SATURATION IN FRACTUX RKSWCF—  FRACTUX OIL REL. PERM AT CONNATE WATER SATURATION RKSORF—  FRACTUX WATER XL. PERM AT XSIDUAL OIL SATURATION
CARD 6 —
EUR —  EXPONENT FOR MATRIX WATER REL. PERM EQUATIONEON —  EXPONENT FOR MATRIX OIL REL PERM. EQUATIONSWCN —  CONNATE WATER SATURATION IN MATRIX SORM —  XSIDUAL OIL SATURATION IN MATRIX RKSWCM—  MATRIX OIL REL XRM AT CONNATE WATER SATURATION RKSORM—  MATRIX WATER REL. XRM AT XSIDUAL OIL SATURATION
CARD 7 —
EPF EMF SPCZF PSWCF PSOX
CARD 8 —
IKSPCZH PSWCM PSORM

EXPONENT FOR POSITIVE CAPILLARY PXSSUX IN FRACTUXEXPONENT FOR NEGATIVE CAPILLARY PXSSUX IN FRACTUXWATER SATURATION FOR ZERO CAP PRES IN FRACTUX FRACTURE CAP PRES. AT CONNATE WATER, PSI.FRACTUX CAP PXS. AT XSIDUAL OIL. PSI

EXPONENT FOR POSITIVE CAPILLARY PXSSUX IN MATRIX EXPONENT FOR NEGATIVE CAPILLARY PXSSUX IN MATRIX WATER SATURATION FOR ZERO CAP PRES IN MATRIX MATRIX CAP PXS. AT CONNATE WATER. PSI MATRIX CAP PRES. AT XSIDUAL OIL. PSI.
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leesieee c 10052000 c10083000 C 10084000 C 10085000 C 10086000 C 10087000 Ç 10088000 C 10089000 C 10090000 C 10091000 C 10092000 C 10093000 C 10094000 C 10095000 C 10096600 C 10097000 C 10098000 C 10099000 C 10100000 C 
10101000 C 10102000 C 16103000 C 10104600 C 16105600 C 16166006 C 10107060 C 16107500 C 10167600 C 16108060 C 16109060 C 10110006 C 16111000 C 10118060 C 10113000 C 16214060 C 10115000 C 18117006 C 16128000 &
10119006 FILE 5-CARD,UMIT-READGR 10120006 FILE 6-LINE.UNIT-PRIttTER10121600 COMMON /CONS/CU.CO.NUELL,DT.IMAX.NH8.UI0.VIU.RH0U8.RH001.CF.Cn10122006 COMMON /FRAC/8UF.tOF.DF.PUF.POF.MHIIF.PHlF.RlCOF.RlCUF.RKUPF.PCPF.16123900 « RKOPF.TCF.TOF.TUF.SUF.VR.UUF.UOF.RHOUF.RHOOF10124000 COMMON /C0EFF/A11,A12.A21.A22.Ill,B18.031.888,Cl1.C1E.C21,C2210125000 COMMON /RMS/ RFU.RFO.RMU.RMO.RUL16126000 COMMON /WELL/ PI.PBH.PIU.PI0.UU.U1.U2.UD.PUN10127006 COMMON /MATRIX/SUM.lOM.DM.PUM.POM.PHItM.PHIM.RKOM.RKUM.RlCUPM.10128666 • RKOPM.TOM.TOM,TUM.SUM.WUM,UOM,RHOUM.RHOOM.PCPM.10129000 8 TW. TOM F. TUMF, UUMF. UOMF10130006 DIMENSION 0(606).D(200).X(200>10131600 DIMENSION BUF(99).t0F(99).DF(99).PUF(99).P0F(99).PCPF(99)10132066 DIMENSION PHIBF(99).PHIF(99).RK0F(99).RKUF(99)10133666 DIMENSION RKUPF(99),RK0PF(99).TCF(99).T0F(99).TUFC99)10134066 DIMENSION S0F(99).SUF(S9).VR(99).UUF(99).U0F(99).RH0UF(99)20135066 DIMENSION RH0OF<99>.All(89).A12(99).A21(99),A22(99)16136066 DIMENSION 811(99).812(99).821(99).822(99).C1K99)16137668 DIMENSION C12(99).021 (99).C22(99).UU(99).UK99),98(99),UD(99)10138666 DIMENSION RFU(99).RMU(99).RF0(99).RH0(99).VPUFNC99).UP0FN(99)10139666 DIMENSION PI(99).P8H(99).PIU(99).PI0(99).RVL(99).PUN(99)10146666 DIMENSION 8UM(99).B0M(99).DM(99).PUM(99).P0M(99).RH00fl(99)16141066 DIMENSION PHI8M(99).PHIM(99).RKOM(99).RKUM(99).PCPM(99)10142666 DIMENSION RKUPM(99),RK0PM(99).TCM(99).T0M(99).TUM(99)10143666 DIMENSION S0M(99>.SUM(99),UUM(99).U0M(99),RH0UM(99)10144666 DIMENSION TMF(99).TUMF(99),T0MF(99).WWMF(99).W0MF(99)10145666 DIMENSION SI6MA(99>.AKM(99).CGMF<99).N0RAT(99)16146660 DIMENSION DX(99).DV(99).D2C99).AKF(99).RAD(99)16147666 DIMENSION IU(99).JU(99).RU(99).SKIN(99).0UELL(99)10148666 DIMENSION UPUF(99).VP0F(99).VPUM(99).VP0M(99).PCF(99).PCM(99>10149666 DIMENSION VPyMN(99).MP0MN(99).0U(99).90(99).CUMUC99).CUH0C99)16150066 LOGICAL CONVRG

GRID1 (MUST HAVE IHAX8NH9 OF THESE) —
1 —  NODE NUMBER INDEX J —  MATRIX BLOCK NUMBER INDEX NOMAT —  INDICATES NODES WITH NO MATRIX SIGMA —  FRACTURE SPACING PARAMETER. 1/ SO FT.PHIBM —  MATRIX BASE POROSITY AKM —  MATRIX PERMEABILITY. MD CGMF —  GRAVITY COEFFICIENT (-6.5 < CGHF < 6.5)
GRIDS (MUST HAVE IMAX 0F THESE) —
I —  NODE NUMBER INDEXDX —  GRID BLOCK SIZE IN X-DIRECTION, FT.DV —  GRID BLOCK SIZE IN Y-DIRECTION. FTDZ —  GRID BLOCK SIZE IN Z-DIRECTION. FT.PHIIF —  FRACTURE BASE POROSITY , /  AKF —  FRACTURE PERMEABILITY. MD.^  DF —  FRACTURE DEPTH. FT. (POSITIVE DOWN).
TIME (CAN HAVE AS MANY AS DESIRED) —
TSTART —  START TIME FOR NEW TIME STEPS. DAYS DT —  TIME-STEP SIZE. DAYSTFINIS —  ENDING TIME FOR CURRENT TIME STEPS. DAYSNIG —  NUMBER OF NEWTON-RAPHSON ITERATIONS ALLOUEDIPFREO —  TIME-STEP FREQUENCY FOR PRINTING DATANUMTS —  NUMBER OF TIME STEPS FOR EXPONENTIAL DISTRIBUTION
WELL (NEED ONE FOR EACH WELL. FOLLOWING EACH TIME CARD) —
WL —  WELL NUMBERZU —  NODE NUMBER LOCATION OF WELLRW —  WELLBORE RADIUS. FT.SKIN —  WELLBORE SKIN FACTORQUELL —  TOTAL WELLBORE FLUID RATE. STB/DAY
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10151000 10152000 10153000 10154000 10155000 10156000 10157000 10158000 10159000 16160000 10161000 10162000 10163009 10164000 10165000 10166000 10167000 10168000 10169000 10170000 10171000 10172000 10173000 10174000 10175000 10176000 10177000 10178000 10178100 10179060 10180000 10181000 10182000 10183000 10184000 10185000 10186000 10187000 10188000 10189000 10190000 10191000 10192000 10183000 10194000 10196000 
10196S00 10196500 10196600 10197000 10198000 10199000 
î 0200000 10201600 
10202000 10203000 10204000 10265000 10206006 10207000 10298000 10209000 
10210000 
10211000 
10212000 10213000 10214000 10215000 10216000 10217900 10218000 10219000 
10220000 
10221000 16222000 10223000 10224000 1022500#8

READ INITIAL DATA CARDS
READ(5.20.ERR«800) NUELL.IMAX.NM*WRITE(6.25) NtiELl.IMAX.NMB READ(5.30.ERR«SOS) DWOC.PWOC,PB.RE,RW1 URITE(6.35> DWOC.PWOC.PB.RE.RWl READ(5.40.ERR-800) UIU.VIO.CF.CM WRITE(6.4S> UlU.VlO.CF.Cn READ(5.50.ERR■800) CU.CO.BUB.BOB,RHOUB.RHOOB WRITE(6.55) CU.CO.BUB-BOB.RHOUB.RHOOB READ(5.50.ERR-800) EWF.EOF.SWCF.SORF.RKSWCF.RKSORF WRITE(6.65) EWF.EOF.SWCF.SORF,RKSWCF.RKSORF , READ(5.50.ERR-800) EWM.EOM.SWCM,SORM.RKSWCM.RKSORM URITE(6.75) EWM.EOM,SWCM.SORM.RKSWCM.RKSORM READ(5.60.ERR-800) EPF.EMF.SPCZF.PSWCF.PSORF URITE(6.85 ) EPF.EMF.SPCZF.PSWCF,PSORF READ(5.60.ERR-800) EPM.EMM.SPCZH,PSWCM,PSORM URITE(6.95) EPM,EMM.SPCZM.PSWCM.PSORM FORMAT(10X.3I10)FORMAT(10X,5F10 0)FORMAT(10X.4F10.0)FORMAT(10X,6F10 0)FORMAT(16X.5F10 0)FORMAT(IX'CARD l'.4X.'NUELL -'.110,3X.'IMAX S 'NMB -'.110,/)FORMAT(IX'CARD 2'.4X,'DU0C S PB0 'RWFORMAT(IX'CARD 3',4X.'VIW S 'CF •'.E10 5.3X.'CMFORMAT(IX'CARD 4'.4X.'CW BUB

203040506025

45
55

■'.110.3X,
•',F10.3.3X.'PUOC ••.F103.3X.•'.F10.5.3X,'RE •'.F10.5.3X, •'.F10 S./)■',F10.5.3X,'UIO ■'.F10.5.3X. -'.El# 3./)■'.E10.5.3X.'CO -'.ElOS.SX, •• .F1075',3X. 'BOB -'.F10 S.3X.

65 FORMAT(IXeCARD S'.4X,'EUF'SWCF
•RHOUB -'.F10.5.3X.'RHOOB -'.F10 5,/)•',F10.5,3X.'EOF ■',F10.S.3X. •*.F105.3X»'SORF -'.F10 5.3X.S 'RKSWCF-',F10.5.3X.'RKSORF-'.F10.5,/)75 FORMAT(IXeCARD 6'.4X,"EWM -'.F10.5.3X.'EOM -'.F10 5.3X, S 'SWCM .',F1#.5,3X.'S0RM -'.F10 5.3X,0 'RKSWCM-*,F10.5.3X.'RKSORM*'.F10.5./)85 FORMATdX'CARD 7'.4X.'EPF8 895 FORMATdX'CARD S',4X.'EPN

•'.F105.3X.'EMF "'.F105.3X. •SPCZF •'.Fit.5.3X,'PSWCF -'.F10 5.3X. •PSORF -'.Fit 5,/)-'.Fit 5.3X.'EMM -'.Fit 5.3X, •SPCZM •'.Fit,5.3X,'PSWCM -'.Fit 5.3X. •PSORM -'.Fit 5,/)" 0MNN - NMB t IMAX IF (NN EQ.t) 00 TO gtt
READ MATRIX 6RID CARDS

100 CONTINUE
READ(S.lit.ERR-800) I.J.M.UAL2.UAL3.WAL4.UAL5 N - N ♦ 1 L • J ♦ (I-1)*NMB NONAT(L) • M SIGMA(L) . VAL2 PHIBMCL) • VAL3 AKR(L) - VAL4 CGMF(L) » VALS IF(N LT.NN) CO TO 100 110 FORMATdtX.3I10.4Flt t)URITE(6.11S)

115 /WRITE(6.125)125 FORMAT(///40X.'SIGMA (1/FT882)'./,120('f)) 

WRITE(6.145)
145 C^RmD(«H!NS.l!5x),/,l8e<e,e>)WRITE(6.1S5)
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2M

21#

205

215

225

235
245

10226060 10227000 10228000 10229000 10230000 10231000 10232000 10233000 10234000 10235000 10236000 10237000 10238600 10239000 10240000 10240500 10241000 10242000 10243000 10244000 10245000 10246000 10247000 10248000 10249000 10250000 10251000 10252000 10253000
HESS
1025700010258000 10259000 1023000010861000 10261100 10262000 10263000 10264000 16271000 16272060 10273000 10273500 10273600 10274000 10292000 19293000 10294000 16295000 10296000 10297000 10297100 10298000 10299000 10300000 10301000 19302000 10303600 10394909 1930500010305100 __10306006 336 10367000 19308000 10309000 10310000 10311000 10313000 10314600 10315000 10316000 10317000 16318900 16319000 16320000 16321000 16322600 
8

C READ FRACTURE ORID DATA
N ■ 6CONTINUEREADCS.216.ERR-S00) I.VAU.VAL2.VAL3.VAL4,UAIS.VAU N ■ N ♦ 1 DX(I> • VAL1 DV(I) • VA 12 DZ(I> • VA 13VR(I) ■ VALlXVAL2fVAL3/5.6146 PHIiF(I) • VAL4 AKF(I) » VALSSVAL4 DFCI) • VAL6 IF (N LT IMAX) 00 TO 860IF CRE.GT 6) CALL RAD6RD(RU1.RC.IMAX.RAD.DX.DV.DZ.VR)FORMAT(10X.I16.6F10.0)WRITE(6.205)FORMAT(///40X,'DX (FT)«180C'«'))CALL RITED(DX.l.IMAX)URITE(6.215)FORMAT(///40X.eDV (FT)e./.120C'S1))CALL RITEDCDV.l.IMAX)WRITE(6.225)FORflAT(///40X.'DZ (FT)'./.120("*'))CALL RITED(BZ.l.IMAX)WRITE(6.235)F0RflAT(///46X.ePHI8F (FRACTION)',/.120C*"))CALL RITEDCPHIDF.l.IMAX)WRITE(6.245)FORMATC///40X.'AICF (RD)',/.120('*'))CALL RITED(AKF.l.IMAX)WRITE(fi.255)55 F0RMAT(///46X.'DF (FT)'1*0<•*'))CALL RITED(DF.l.IHAX)

IHTIALIZATION IS VERIFIED BY RUNNING PROGRAM WITH NO WELLS
CALL INTIAl<PCF.PCN.CONF.DZ.PI.PWOC,DUOC) _____ ___CALL SWFUNCtIMAX.PSWCF.PSORF,SWCF.SORF.SPCZF.EPF.EMF.SWF.PCF.PCPF) CALL SUFWC(NN.PSWCM.PSORM.SWCM.SORM.SPCZM.EPM.EMM.SUM,PCM.PCPN)DT • 6 6 TYME ■ -0.5 NIG • 20 ITSN • -1 IPFREO • 1 GO TO 350

READ TIME CARDS
300

1

CONTINUEREAD'S,316.ERR-800.END-999) TSTART.DT,TFINIS.NIG.IPFREO.NUMTS WRITE(6.325) TSTART,DT.TFINIS.NIG.IPFREO.NUMTS IF (HUNTS.GT.i ) DUT-l.0/(FLOAT(NUMTS)-l)SALOG((TFINIS-T6TART)/DT> DO 365 M • 1.NUELLREAD(5.320.ERR-806) L,I,RW(I),SKIN(I),GWELL(I),PRi(I)WRITE(6.335) L.I.RU(I).SKIN(I).OUELL(I).PBH(I)CONTINUEFORMAT'16X.3F10 6,3110)FORMAT'16X.2110.4F10.6)FORMAT(///IX'TIRE '.4X,'TSTART-',F16 5,3X.'DT -'.F16.5.3X,9 " TFINIS-'.F16.5.3X,'NIG -M5.5X.S 'IPFREO IS.6X.'NUMTS -'.IS./)FORMAT'IX'WELL ",4X.'WELL «•',110,3X.'NODE $"',I10,3X,8 'RW -'.F16.5,3X,'SKIN8 "GWELL -'.F10.5.3X.'PBH -•.F10.5.3X.••.F10.5./)
BEGIN CALCULATIONS

350 CONTINUE ITN • 0ITSN • ITSN ♦ 1 400 CONTINUECALL RPERM(IMAX,EWF.EOF.SWCF.SORF.RKSWCF.RKSORF.SWF.RKWF.RKOF.S RKWPF.RKOPF)CALL RPERM'NN.EWM.EOfl.SWCM,SORM.RKSWCM.RKSORM.8WN.RKWM.RK0M,• RKWPM.RKOPM)CALL CAPPdMAX.PSWCF.PSORF.SWCF.SORF.SPCZF.EPF.EMF,SWF.PCF.PCPF) CALL CAPPtNN.PSWCM.PSORM.SWCM.SORM.SPCZM.EPM.EMM.SWH.PCM.PCPM)
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isaaam11)324000103250001032600010327000103280001032900016330000103310001633200010333000103340001033500010336000103370001033800010339000103400001034100010342000103430001034400010345000103460001034700010348000103490001635000010351000103520001635210010352200103523001035240010353000163540001035500010355100103552001035600016357060103580001035900010359100103592001036000910361000103620001036300010364000103650001036600010367000103680001036900010370000103710001037200010373000103740001637500010376000103776001037800019379000103800001638100016382000203830001038301610383020103830301038304010383100103835068

DO 405 L'l.NN SOmi) . 1 - SUfl(L)405 POfl(L) ■ PUfld) ♦ PCfl(L)DO 467 I-1.IHAX SOFtI) • 1 - SUF(I)407 POF(I) « PURI) ♦ PCF ( I )
C GET H-LEVEL PORE VOLUMES IF THIS IS FIRST ITERATIONC IF CITN.GT.0) GO TO 425 DO 410 L-l.NN VPUMNCL) • VPUH(L)UPOHMCL) • VPOMCL)CONTINUE DO 420 I-l.IHAX VPUFNCI) ■ VPUF(I)VPOFN(I) • WOF(I)CONTINUECALL FLUIDtMAX.PS.Wl.RHOUB.CU.SUF.RHOUF.PUF)CALL FLUID (MAX. PS. SOI. RHOOB. CO. BOF.RHOOF.POF)CALL FLUIDCNN.PB.BUI.RHOUB.CU.BUM.RHOUM.PUM)CALL FLUID<NN.PB.BOB.RHOOB.CO.BOM.RHOOM.POM)CALL VPORECIHAX.l.VR.CF.PB.POF.PHIBF.PHIF.SOF.BOF.VPOF) CALL VPORE(IMAX.1.VR.CF.PB.PUF,PHIBF.PHIF.SUF.BWF.VPUF) CALL VPORE<IMAX.NMB.UR.CM.PB.PUM.PHIBM.PHIM.SUM.BUM.VPUM) CALL VPORECIPIAX.NMB.VR.CM.PB.POM.PHIBM.PHIM.SOM.BOM.UPON)

410

420425

: NEED TO RESET N-LEVEL PORE VOLUMES AT TIME ZERO
IF CITN4TVME.GT 0) GO TO 445WIPM . 6.0UIPF • 6.0OIPM . 0.6OIPF " 6.6DO 430 L'l.NNVPUMNCL) • VPUM(L)VPOMN(L) • UPOM(L)WIPM « WIPM ♦ UPUM(L)OIPM « OIPM ♦ VPOMCL)430 CONTINUEDO 440 3-1.IMAX UPWFN(I) • VPUF(I)VPOFN(I) • VPOF(I)UIPF • UIPF ♦ UPUFCI)OIPF - OIPF ♦ VPOF(I)446 CONTINUE445 CALL OMEGACIMAX.PUT.RHOUF.DF.UUF)CALL OMEGA(IMAX.POF.RHOOF.DF.UOF)CALL OMEGA(NN.PUM.RHOUH.DM,WUM)CALL OMEGA(NN.POM.RHOOM.DM.UOM)CALL ONEGAKIMAX.NMB.PUF,PUM.RHOUF.RHOUH.DF.DM.VUMF)CALL OHEGAKIMAX.NMB.POF.POM.RHOOF.RHOOM.DF.Ml.UOMF)CALL TRANS(8.IMAX.TCF.TUF.AKF.RKWF.UUF.VIW.BUF.DX.DV.DZ.RAD,RU1) CALL TRANSC0.IMAX.TCF.TOF.AKF.RKOF.UOF.VIO.BOF.DX.DV.DZ.RAD,RU1) CALL TRANS(NMB.IMAX.TCM.TUM.AKM.RKWM.WUM.VIW.BUM.DX.DV.DZ.RAD.RWl) CALL TRANSCNMB.IMAX,TCM.TOM.AKM.RKOM.UOM,VIO.BOM.DX.DV.DZ.RAD,RWl) CALL TRANSI (NMB. IMAX. TMF. TUMF. AKM. RKWR.iaCUF.lARF. VIW.BUF. BUM.8 VR.SIGMA)
CALL TRANSI(NMB.IMAX.THF.TOMF.AKM.RKOM.RKOF.UOMF.VIO.BOF.BOM.S VR.SIGMA)CALL WTRANSdHAX,DX.DV.DZ.RU.VIW.VIO.BUF.BOF.SKIN,RK .̂RKOF.8 AKF.0UELL.WU.PI.PIU.PIO.RUL.P8H.PUN.PUF.mil))CALL FFCOEF ^CALL MMCOEF CALL MFCOEFCALL RESIDCNHB.IMAX.RFU.RMU.RHOUF.RHOUM.FWF.PUS.DF.DM.TUF.TUH»8 TUMF.VPWF.VPUFN,VPUM.VPWMN.PIU.PBH.PUN.DT)CALL RESIDCNHB.IMAX.RFO.RMO.RHOOF.RHOOM.POF.POM.DF.DM.TOF.TOM,S TOHF.VPOF.VPOFN.UPON.VPOMN.PIO.PBH.PUN.DT)

THE FOLLOWING SUBROUTINES ARE COMMENTED OUT ON PURPOSE. TtC SUBROUTINES ARE USED ONLY FOR DEBUGGING.
CALL RDATA CALL DEBUG
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1*3846*# 1*3856#* 1*3866** 1*387*** 1*388*** 1*389*** 1*39**** 1*39*5*0 1*391*** 1*3920** 1*393*0* 1*3940** 1*39500* 1*39600* 1*397*6* 1*397**5 1*397*1* 1*397*2* 1*397*3* 16397*4* 10397*5* 1*39706* 16397*7* 16397*8* 16397*9* 1639710» 1*39711* 1*39712* 1*397125 1039713* 1*39714* 1*397145 1*397156 1*39716* 1*39717* 1639718* 1*39719* 1*39726* 1939721* 1939723* 1*39724* 1639725* 1639726* 1*39727* 1639728* 
163980*8 1*39900* 
1040008* 
1 0 4 0 1 0 8 *  16402800 104030*0 
1 0 4 0 4 0 * 0  
1040500* â®406*00 1*4*70*0 164*88** 1*4*9*** 1*41**** 1*411*** 1*412*60 1*413*** 1*414*** 1*415*** 1*416*0* i@4i7*e* 1*418*0* 1641850* 1*4186*8 1*419*06 1642**** 1*421*6* 1*422*#* 
1 0 4 2 3 8 6 *  1*424*** 1*434*16 8

CALL PEL!MMAX.MB)CALL DEBUG CALL 5ETUP(A.D.MAX)CALL GBANDCA.D.X.2SMAX.3, .Ml.IERR.*)CALL UPDATECX.PVF.SUF.PUH.SUH.eUELL.GU.00,WtB.MAX.CCNURO)ITH • ITN 4 1 IF (CONVRG) GO TO 5**CONVRG • TRUE.IF(ITN.LT.NIG) GO TO 4**URITEC6.45*) ITSNF0RMAT(//1X,'MAXIMUM ITERATIONS USED AT TIME STEP MS.//) CONTINUE TYME • TYME + DT CALL RMTBALCUM1T.UIPF.VPUF.VPUFN.GU.UIPM,VPUM.VPUMN.CUMU.CUMO.S OMBT.OIPF,VPOF.VPOFN,60.OIPM.UPOM.VPOHN.NMB.IMAX.DT)IF (MOD(ITSN.IPFREO).NE.•) GO TO 7**
WRITE TIME STEP INFORMATION

45*5**

WRITE(6.6**) ITSN,TYME.DT.ITN 6** FORMAT(IX.'TIME STEP I •.13.14X,'TIME- '.F13.4.' DAYS'.6X.'DELTA*. S' TIME" '.F13 4.' DAYS',lOX.'NWBER OF ITERATIONS" ',13.///) URITE(6.61*) UNIT. OMIT 61# F0RAAT(4#X,'UATER*.18X.'OIL',/.IX.'MATERIAL BALANCECFRACTION)',9X. SE134.9X.E13 4,////)IF (TVME.GT *.*) WRITE(6.62*)62* F0RMAT(44X.*W E L L  REPORT*.//)DO 65* I - 1. MAX IF (RUCI).EG.*) GO TO 66*IF (GWELL(I).NE #) WC • OU(I)/GUELL(I)IF (CUMW(I) LE 1.8)•WRITE (6.64* ) 1.00(1 ).OU(I),OUELL(I ).PBH(I).WC.CtMI(I ),CUM0(1 )IF (CUMU(I).GT.l.*)•WRITE(£.63* ) 1,00(1).OU(I).QWELL(I),PBH(I).UC.CUMU(I).CUMO(I)63* FORMAT(8X.'OIL RATE'.SX.'WATER RATE',6X,'TOTAL RATE'.SX,'PRESSURE* S.9X.'WATER CUT',6X.'CUM WATER',7X,'CUM OIL'./.IX.'MODE'.3X,•'(STB/DAY)'.6X.'(STB/DAY)'.7X.'(STB/DAY)'.7X.'CPSI)'.1*X. •'(FRACTION)',9X.'(STB)'.11X.'(STB)'./.IX.13.4(2X.F13.4).3(3X.•F13.4).///)64# FORMAT(8X.'OIL RATE'.SX.'WATER RATE',SX,'TOTAL RATE'.SX.'PRESSURE* •,9X.'WATER CUT*.SX.'CUM WATER*.7X.'CUM OIL'./,IX.'NODE'.3X.S'(STB/DAY)'.SX. ' (STB/DAY)'.W. ' (STB/DAY)* ,7X. * (PSI )'. 1*X. 9'(FRACTI0M)',9X,'(STB)',11X,'(STB)'./,1X.I3.4(2X,E13 6).3(3X.SE13 #).///)66* CONTINUE
C WRITE PRESSURES AND SATURATIONSe
5*7

517

527

537

547

657

7*6

8*8US

F0RMAT?///4*X.'SUM <FRACTION)'./.18*(eS*))CALL RITED(SWM.NMB.IMAX)
F0RMAT(///4*X. SWF (FRACTION)'./.18*(*8'))CALL RITED(SWF.1.IMAX)
F0RMATÎ///48X.'PWM (PSI)'./.12*('•'))CALL SITED(PWM.NMB.IMAX)
FORMAT(///46X,'PUF (PSI)'./.18*('*'))CALL RITED(PUF, 1. MAX )
F0RMAT(///4*X,'POM (PSI)°,/.i8*<'S'))CALL RITED(POM,NMB.IMAX)
F0Ri5îf///49X.'POF (PSI)B,/.12*('S'))CALL RITED(POF. 1. MAX)
IF̂ ÎnUMTS GT.l) DT " (TYME-TSTART)B(EXP(DUT)-!.*) IF(TYME**.***1.LT.TFINIS) GO TO 36*IF(TYME**.6**1.GE.TFINIS) 00 TO 3*0 
GO TO 999
FORMATC2xî'FORMAT ERROR ON DATA CARD')STOPEND
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RAO3RD —  CALCULATES GRID FOR RADIAL SYSTEMS

c SUBROUTINE RADGRD(RU,RE.N.R.DX.DV.DZ.V> DIMENSION R(l).DX(l>.Dr<l).DZ(l),U(l)
DU • ALOO(R£/RU) / N DO 50 I-l.NR(I) • RU S EXFCFLOAT(I)SDU)IF (I.GT.l) GO TO 10 - R<I) - RW■ 3 1416*(R(I)M2-RU**2) / DX(I)80• R(I) - RCI-1)• 3.1416*(R(I)**2-R(I“1)**2) / DX(I) DX(I) t DV(I) * DZUÏ / 6 6146

10

n

DXCI) DVCI)GO TO DX(I)DY< I ) VCI) CONTINUE RETURN END
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e m m u r acC INTIAl —  INTIAUZATION SUBROUTINECcxxxxxxxxxxxxxxxxxmxxxxxxxxmxxxxxxxxxxxxxxmxxxxxxxxxxxsraxxxxxxmc SUBROUTINE IMTIAWPCF,PCM.CGMF,DZ,PB,PWOC.DWOC)DIMENSION PCFCD.PCMCl ),CGflF<l).DZCl >COMMON /COMS/CW,CO.NUELL.DT.IMAX,NHI.VIO.VIU,RNOUl.RHOOB.CF.CM COMMON /FRAC/BWF.BOF.DF.PUF.POF.PHIBF,PHIF.RKOF.RKUF.RKWPF,PCPF,• RKOPF.TCF.TOF.TUF.SUF.VR.UUF.UOF.RHOUF.RHOOFCOMMON /MATRIX/BUM.BOM.DM.PUM.POM.PHIBM.PHIM.RKOM.RKUM.RKWPM,8 RKOPM.TCM.TOM,TUM.SUM.UUH.UOM.RHOUM.RHOOM.PCPM.S TMF.TOMF.TUMF.UUMF.UOMF. DIMENSION BUF(99).B0F(99).DFC99).PUF(99),P0F(99).PCPF(99)DIMENSION PHIBF(99).PHIF(99).RK0FC99),RKUF(99)DIMENSION RKUPF(99).RK0PF(99).TCF(99).T0F(99).TyF(99)DIMENSION RH00F(99).SyF(99).VR(99),UlF(99).U0FC99).RH0UF(99) DIMENSION BUM(99),BOH(99),DM(99).PUfl(99).POM(99).RHOOM(99) DIMENSION PHIBM(99).PHIM(99),RKOM(99).RKUM(99).PCPMt99)DIMENSION RKUPM(99).RK0PM<99).TCM(99).T0M<99).TUM(99)DIMENSION SUM(99).UUM(99).U0M(99),RH0UM(99)LOGICAL CONVRGC NN ■ IMAX*NMB DO 10 1*1.IMAX POFCI) • PWOC PUF(I) " PWOC DO 10 J-l.NNB L ■ J 4(1-1)*NMB PUM(L) • PWOCDM(l) • DF(I) 4 CGMF(L)*DZ(I)POMCL) ■ PWOC 10 CONTINUE 20 CONTINUE
CONVRG • .TRUE.CALL FLUID(IRAX.PB,BUB.RHOUB.CU.BWF.RHOUF.PWF)CALL FLUID(IMAX.PS.BOB.RHOOB.CO.SOF,RHOOF.POF)CALL FLUID(NN.PB.BUB.RHOUB.CU.BÜ1.RHOUM.PUM)CALL FLUID(NN,PB.BOB,RHOOB.CO.BOM.RHSOfi.POM)DO 30 1*1.IMAXIF (I EG.IMAX) 00 TO 25IF (I.EG 1) PUF(I) • PWOC 4 RHOWF(I)/1448(DF(I)-DW0C)AVGD * (RH0UF(I41 )*RH0UFCD) / 888DP » PUF(I41) - PUF(I) - AU0D*(DF(l4i)-DF(I))IF (ABS(DP).GT.0.0001) CONVRG * .FALSE.PUFCI41) • PUF(l4l) - DP IF (I.GT.I) GO TO 22POF(I) « PUOC 4 RH00F(I)/144*(DF(I)-DU0C)PCF(I ) « POF(I ) - PUF(I)22 AVGD • (RH00F(I41)4RH00F(I)> / 288DP « P0F(I41) - POF(I) - AVGB*(DF(l4t)-BF(I>)IF (ABS(DP).QT.9.9001) CONVRG * FALSE.P0FU41) - P0F(I41) - DP PCF(l4i) * P0F(I41) - PWF(I41)25 DO 36 J-l.NRB L • J 4 (I-l)SNRB AVGD « (RH0UflSL)4RH0UF(I)) / 288 DP ® PUM(L) - PUF(I) - AVGD*(DM(L)-DF(%))IF (^S(DP) GT 0.0001) CONVRG • FALSE.PtiHCL) • ®UM(L) - DPAVGD • IRHOOM(L)4RNOOF(I)) / 888DP « POfl(L) - POF(I) - AVGDS(DM(L)-DF(I))

^  • r*UE-
3, " " a » - PW,UIF (CONVRG) RETURN NITM • NITN 4 1 

Ht^ITN LT.aB) 00 TO 80
END
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sur une —  capxlumv messuse calculation

cC THIS SUBROUTINE CALCULATES WATER SATURATION FOR EACHNODE AS A FUNCTION OF CAPILLARY PRESSURE. POWER-FIT EQUATIONS ARE USED TO DESCRIBE THE CAPILLARY PRESSURE FUNCTION. CAPILLARY PRESSURE CURVES ARE ASSUMED TO BE IMBIBITION CURVES AND EXTEND FROM A MAXIMUM VALUE AT CONNATE WATER TO A MINIMUM VALUE (ZERO OR NEGATIVE) AT RESIDUAL OIL. SEPARATE POWER-FIT EQUATIONS ARE USED ABOVE AND BELOW THE ZERO CAPILLARY PRESSURE POINT.
PARAMETERS- 
N —  THE NUMBER OF NODES.PSWC —  CAPILLARY PRESSURE AT CONNATE WATER. MUST BE ZERO OR POSITIVE.PSOR —  CAPILLARY PRESSURE AT RESIDUAL OIL. MUST BE ZERO OR NEGATIVE.SWC —  CONNATE WATER SATURATION.SOR —  RESIDUAL OIL SATURATION.SPCZ —  SATURATION AT THE ZERO CAPILLARY PRESSURE POINT. EP —  EXPONENT FOR THE POSITIVE PORTION OF THE CAPILLARY PRESSURE CURVE EM —  EXPONENT FOR THE NEGATIVE PORTION OF THE CAPILLARY PRESSURE CURVE.SW —  WATER SATURATION VALUE.PC —  CAPILLARY PRESSURE VALUE.PCP —  DERIVATIVE OF CAPILLARY PRESSURE.

SUBROUTINE SUFUNC(N.PSWC,PSOR.SUC.SOR.SPCZ.EP.EM.6U.PC. DIMENSION PC(l).SW(l)7PCP(t)
■ SPCZ - swe I(DP EO 0.9) DP - 9999 0 • 1-SOR-SPCZ (DM EG 0.0) DM * 9999.0 30 I-l.N(PC(I).LT.PSWC) 00 TO 20 WATER IS AT CONNATE SATURATION.PC(I> • PSWC SW(I) - SWC 00 TO 30 20 IF (PC(I).CT.PSOR) 00 TO 81 C WATER SATURATION IS 1-SOR (RESIDUAL OIL SATURATION)PC(I) • PSOR SW(I) -1-SOR 00 TO 30 El IF (PC(I ) LT.0) GO TO 22 C WATER SATURATION IS BETWEEN CONNATE SATURATION AND THE ZERO C CAPILLARY PRESSURE SATURATIONSU(I> ■ SPCZ - (PC(I)/PSWC)**(1/EP)*(DP)GO TO 30C WATER SATURATION IS BETWEEN THE ZERO CAPILLARY SATURATION AND C 1-SOR (RESIDUAL OIL SATURATION)22 SW(I) • SPCZ ♦ (PC(I)/PS0R)**(1/EM)*(DM)30 CONTINUE RETURN END
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RPERtl —  RELATIVE PERMEABILITY CALCULATION

c ___CALCULATION OF RELATIVE PERMEABILITIES AND DERIVATIVES OF RELATIVE PERMEABILITY FOR EACH NODE USING POWER-FIT EQUATION PARAMETERS AND TX WATER SATURATION FOR EACH NODE.
PARAMETERS- 
N —  NUMBER OF MODESEU —  EXPONENT FOR WATER RELATIVE PERMEABILITY EQUATION EO —  EXPONENT FOR OIL RELATIVE PERMEABILITY EQUATION SUC —  CONNATE WATER SATURATION SOR —  RESIDUAL OIL SATURATIONRKSWC —  OIL RELATIVE PERMEABILITY AT CONNATE WATERRKSOR —  WATER RELATIVE PERMEABILITY AT RESIDUAL OILSW —  WATER SATURATIONRKW —  WATER RELATIVE PERMEABILITYRKO —  OIL RELATIVE PERMEABILITYRKWP —  DERIVATIVE OF WATER RELATIVE PERMEABILITYRKOP —  DERIVATIVE OF OIL RELATIVE PERMEABILITY

SU6R0UTIX RP€RM(N.EU.EO.SUC,SOR,RKSWC.RCSOR.SU.RKW.RKO.RKWP.RKOP) DIMENSION SW(1).RKW(1 ).RKO(i).RKUP<1).RK0P(1)
DEMON • 1 - SOR - SWC DO 30 I • t.N IF (SW(I).CT SWC) 60 TO 86 WATER IS AT CONNATE SATURATION.RKWCI) " 0 RXO(I) • RKSWC RKWP(l) - 0RKOP(I) • -EOSRKSWC/DENON 60 TO 36 20 IF (SW(I) LT.l-SOR) 60 TO 21 WATER SATURATION IS 1-SOR (XSIDUAL OIL SATURATION)RKUCI) • RKSOR RKO(I) • 0RKWP(I) • EUX RKSOR/DEMON RKOPCI) ■ 0 60 TO 3081 RKUCI) • RKSORS((SU(I)-SWC)/DENOM)SSEU RKO(X) • RKSWC*< Cl-SOR-SWCI)>/DENON)SS£0 RKWP(X) • EWtRK0OR/DENONS(<SU<I>-SWG)/D6NON>St<EV-l>RKOP(I) • -EOKRKSUC/DENOMSC ( l-SOR-SUC I ) )/DENOM )»<E0-i )30 CONTINUE RETURN END
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C %C CAPP —  CAPILLARY PRESSURE CALCULATION 8C %
CXXXX^XXX%%%XX%10(ttX%X%%XXXXXX%%%XX%*%X*XXXXXXXX*%t%XXXXXXXX%%*%XX%XX*

THIS SUBROUTINE CALCULATES CAPILLARY PRESSURE FOR EACH NODE AS A FUNCTION OF WATER SATURATION. POWER-FIT EQUATIONS ARE USED TO DESCRIBE THE CAPILLARY PRESSURE FUNCTION. CAPILLARY PRESSURE CURVES ARE ASSUMED TO BE IMBIBITION CURVES AMD EXTEND FROM A MAXIMUM VALUE AT CONNATE WATER TO A MINIMUM VALUE (ZERO OR NEGATIVE) AT RESIDUAL OIL. SEPARATE POWER-FIT EQUATIONS ARE USED ABOVE AND BELOW THE ZERO CAPILLARY PRESSURE POINT.

MUST BE ZERO 
MUST BE ZERO

PARAMETERS'
N —  THE NUMBER OF NODES.PSWC —  CAPILLARY PRESSURE AT CONNATE WATER.OR POSITIVE.PSOR —  CAPILLARY PRESSURE AT RESIDUAL OIL.OR NEGATIVE.SWC —  CONNATE WATER SATURATION.SOR —  RESIDUAL OIL SATURATION.SPCZ —  SATURATION AT THE ZERO CAPILLARY PRESSURE POINT. EP —  EXPONENT FOR THE POSITIVE PORTION OF THE CAPILLARY PRESSURE CURVE.EM —  EXPONENT FOR THE NEGATIVE PORTION OF THE CAPILLARY PRESSURE CURVE.SW —  WATER SATURATION VALUE.PC —  CAPILLARY PRESSURE VALUE.PCP —  DERIVATIVE OF CAPILLARY PRESSURE.

SUBROUTINE CAPPtN.PSWC.PSOR.SUC.SOR.SPCZ.EP.EM.SW.PC.PCP) DIMENSION PC(1).SW(1).PCP(1)
DP " SPCZ - SUCIF (DP.EG.0 0) DP ■ 9999.0DM « 1-SOR-SPCZIF (DM.EG.0 0) DM • 9999.0DO 30 I-l.NIF (SW(I).GT SUC) GO TO 26 WATER IS AT CONNATE SATURATION.PCCI) • PSWCPCP(I) • -CPSPSUC/(DP>00 TO 39

80 IF (SW(I).LT 1-SOR) GO TO 81
If?T^TUKII0H 18 l"8** (RESIDUAL OIL SATURATION)PC (11 ■ PSOR PCP(I) • EMSPSOR/(DN>CO TO 3881 IF (SUCI).GT.SPCZ) GO TO 88

PCCI) - PSUC«(<SPCZ-SU(I))/(DP>)«EP
GOTO 30 "EP*PSUCyî 08)S((SPCZ-SUC I>)/(DP))t*(EP-l)

28 PC(I) - PSORXC(SUCI )-SPCZ)/(DM))<BEM
30 CONTINUE W4PS08/(0"),( (Stf (I )*8PCZ ̂ (M* ««(EM-1 )

RETURNEND
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FLUID —  CALUCLATIOh OF FLUID PROPERTIES

C
c 
c 
c 
c 
c 
c 
c 
c 
c 
c c c

THIS SUBROUTINE CALCULATES DENSITIES AND FORMATION VOLUME FACTORS AS FUNCTIONS OF PRESSURE. FLUID COMPRESSIBILITY IS ASSUMED CONSTANT AND TH6RF0RE THE FLUID PROPERTIES VARY LINEARLY WITH PRESSURE.
PARAMETERS'
N —  NUMBER OF NODES PB —  BASE PRESSURE VALUEBB —  FORMATION VOLUME FACTOR AT BASE PRESSURE RHOB —  DENSITY AT BASE PRESSURE CF —  FLUID COMPRESSIBILITYBF —  FORMATION VOLUME FACTOR RHO —  DENSITY P —  FLUID PRESSURE

SUBROUTINE FLUID(N.PB.BB.RHOS.CF.BF.RHO.P) DIMENSION BFCl).RNOCl).P(l)

1#
I-1,H• BB* 1 - CF*(P(I)-Pt))♦ CFt(P(I )-PB))BF(I )RHO( I )■ RHOBSd CONTINUE RETURN END

**
*
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*%%%%%%%%%%%%%%%%%%%%%%«%%%
UPOftE —  PORE VOLUME CALCULATION

c THIS SUBROUTINE CALCULATES POROSITY AS A FUNCTION OF FLUID PRESSURE. ROCK COMPRESSIBILITY IS ASSUMED TO BE CONSTANT AMD THEREFORE POROSITY INCREASES LINEARLY WITH PRESSURE. PORE VOLUMES ARE CALCULATED BY MULTIPLYING NODE VOLUME BY POROSITY AMD SATURATION.

18

PARAMETERS'
M —  NUMBER OF NODESM —  NUMBER OF MATRIX BLOCKSC —  ROCK COMPRESSIBILITYUR —  NODE VOLUMEPB —  BASE FLUID PRESSUREP —  FLUID PRESSUREPHIB —  POROSITY AT BASE FLUID PRESSURE PHI —  POROSITY S —  PHASE SATURATION OF NODE B —  FORMATION VOLUME FACTOR UP —  PORE VOLUME OF MODE

SUBROUTINE VPORE(N.M.VR.C.PB.P.PNIB.PHI.S.B.UP) DIMENSION VRCl),P(l).PHlClï.VP(i).PHIB(lî.SCt).BCl)
DO 10 I-l.N DO 10 J-l.M I • J ♦ (I-l)SM V • VR(I) / FLOATCM)PHKL) « PHlB(L)t(l ♦ CS(PCL)-PB))VP(L) » PHKL) f V t S(L) / B<L)CONTINUERETURNEND
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%%%%%%%%%%%%%%%%%%
OMEGA —  CALCULATE UPSTREAM WEIGHTING FACTORS

THIS SUBROUTINE DETERMINES WHICH NODE (I OR 1-1) IS UPSTREAM THE NODE WITH THE LARGEST FLUID POTENTIAL IS CONSIDERED THE UPSTREAM NODE. A •W* VALUE OF 1 FOR NODE T  MEANS FLUID WILL FLOW INTO THIS NODE FROM NODE 'I-l* A *0' VALUE MEANS FLUID WILL FLOW OUT. RELATIVE PERMEABILITY BETWEEN TWO NODES IS DETERMINED BY THE UPSTREAM NODE SATURATION.
PARAMETERS'N —  NUMBER OF NODES P —  FLUID PRESSURE RHO —  FLUID DENSITY

16
10559666

D —  DEPTH OF NODE (POSITIVE DOWN)W —  WEIGHTING FACTOR. A VALUE OF 1 IN FROM NODE I-l. A VALUE OF 6 INTO NODE I-l.

SUBROUTINE OMEGA(N,P.RHO.D.W) DIMENSION P(l).RHO(l).W(ll.DCl)
IF (N.EG.l) RETURN DO 16 1-2.NAVGGRD • (RHO(I) ♦ RH0(I-1)>/<8S144> PTI • P(I) - AVGGRD * DCI)PTIM - P(I-1> - AVGGRDtD(I-l)T • PTIM - PTIW(l) • SIGN<0 S.T) 4 9.5CONTINUERETURNEND

MEANS FLUID FLOWS MEANS FLUID FLOWS
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OMEGAI CALCULATE UPSTREAM WEIGHTING FACTORS

10

THIS SUBROUTINE DETERMINES WHICH POROSITY (F OR M) IS UPSTREAM. THE POROSITY WITH THE LARGEST FLUID POTENTIAL IS CONSIDERED THE UPSTREAM NODE. A "W" VALUE OF 1 FOR POROSITY "F* MEANS FLUID WILL FLOW IN FROM POROSITY "M" A O' VALUE MEANS FLUID WILL FLOW OUT RELATIVE PERMEABILITY BETWEEN TWO POROSITIES IS DETERMINED BY THE UPSTREAM SATURATION.
PARAMETERS'N —  NUMBER OF NODESM —  NUMBER OF MATRIX BLOCKSPF —  PRESSURE OF FRACTUREPM —  PRESSURE OF MATRIXRHOP —  FRACTURE FLUID DENSITYRHON —  MATRIX FLUID DENSITYDF —  DEPTH OF FRACTURE (POSITIVE DOWN)DM —  DEPTH OF MATRIX (POSITIVE DOWN)W —  WEIGHTING FACTOR. A VALUE OF 1 MEANS FLUID FLOWS INTO FRACTURE. A VALUE OF 0 MEANS FLUID FLOWS INTO MATRIX.

SUBROUTINE OMEGAI(N.M.PF,PH.RNOF.RHOM.DF,DM.W) DIMENSION PF(l).PM(l).RHOF(l).*HOM(l).OF(t).DM(t).U(l)
DO 10 I-l.N DO 10 J-l.M L • J ♦ (I-DSMAVGGRD • (RHOF(I) ♦ RHOM(L))/(*S144)PTF - PF(I) - AVGGRDtDFCI)PTM - PM(L) - AVOGRDSDM(L)T • PTM - PTFW(L) - SIGN(O.S.T) ♦ 0.6CONTINUERETURNEND

«ea
r
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TRAMS —  TfMHSfllSfXBXLXTV CALCULATION
0%%%%%%%%%%%%%%%%%%%%%%%*%%%%%%%%%%%%%%%%»»%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

82

23

30

THIS SUBROUTINE CALCULATES TRANSMSSI8LITIES BETWEEN NODE 'I' AND NODE I-l'. THE TRANSNIBILITV VALUEBETWEEN THE TWO NODES IS STORED IN THE T  NODELOCATION. ARITHMETIC AVERAGE AREA AND HARMONIC AVERAGE PERMEABILITY ARE USED FOR THE TRANSMXSSXBXTV CALCULATION. UPSTREAM FLUID PROPERTIES ARE USED.
PARAMETERS-
M —  NUMBER OF CONNECTED MATRIX BLOCKSN —  NUMBER OF NODESTC —  CONSTANT PORTION OF TRANSHISSIBILITY T —  TRANSHISSIBILTV.AK —  ABSOLUTE PERMEABILITY RK —  RELATIVE PERMEABILITY U —  UPSTREAM WEIGHTING FACTOR VIS —  VISCOSITY B —  FORMATION VOLUME FACTOR DX —  NODE SIZE IN X DIRECTIONDY —  NODE SIZE IN Y DIRECTIONDZ —  NODE SIZE IN Z DIRECTION

SUBROUTINE TRANS(M.N,TC.T.AK.RK.W.VIS.B.BX.BV.DZ.RAD,RUÎ 
DIMENSION U<ll.TC<l>.T(l>.AKm.RKtn.B<l>.8X<l).DV<l>.8Z<l>.S RAD(l)
II ■ 8IF CM EG 1) RETURN IF CM.GT.0) II • 1 DO 30 I-I1.N DO 30 J-2.M L • J * <1-1>«M IF CM EG 9) GO TO 89 AREA • DXtDSDVCI)DL • DZCI) / FLOATCM)MX « SBAKCDIAKCL-l) / CAKCL) ♦ AKCL-D)GO TO 25IF CRAD(X).GT.9) GO TO 88AREA • CDZCDSDYCI) *  BZCI- l)S D V (I- l) )DL • CDKC1 ) ♦ DXCI-D)HK • DL S ACCCX) t AKCI-D / CBNCI-1 )8AKCI> 4 BXCX)SAKCI-l))GO TO 86
AREA -3.1416 t RAD(I-li 8 CDZCIHDZCI-1))IF (I GT.2) GO TO 83DL • SORT(RAD(I)SRAD(I-in - SGRTCRADCI-1Î8RU)HK - DLSAKCI )SAK<I-l )/C(SGRTCRAD(I)«RADCI-1)i-RADCI-l))SAKCI-l) 8 ♦ (RAD(I-1)-S0RTCRAD(I-1>XRU))*AKCI)ÎGO TO 25DL » SORT<RAB<î>*RAD<I-în - SORTCRADCl-1 )8RAD( 1-8))HK • DLBAK(I )BAK(I-l )/((SGRT(RAD(I )8RAD(X-l ) )-RAD(I-l))BAK(I-l ) S 4 CRADCI-l )-SGRT(RADCI-l)tRAD(1-2) )JBAKCI) )II • IIF CH.GT.S) II - LRMOB • CW(II)*RK(II-1)/B(IX-1) 4 Cl-tiCIX))SRKClI)/BCII))zVlSTCCII) • 0.001127SHKSAREA/DLTCII) « TCCII) * RMOBCONTINUERETURNEND

Mtt
tt
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C %C TRANSI —  TRANSHISSIBILITY CALCULATION *C *
c c c THIS SUBROUTINE CALCULATES TRAMSMISSIBLITIES BETWEEN FRACTURE AND HATRIX. UPSTREAM FLUID PROPERTIES ARE USED.

PARAMETERS'
M —  NUMBER OF CONNECTED MATRIX BLOCKS N —  NUMBER OF NODESTC —  CONSTANT PORTION OF TRANSHISSIBILITY T —  TRANSHISSIBILTV.AK —  ABSOLUTE PERMEABILITY OF MATRIXRKF —  RELATIVE PERMEABILITY OF FRAC TURERICH —  RELATIVE PERMEABILITY OF MATRIXU —  UPSTREAM WEIGHTING FACTORVIS —  FLUID VISCOSITYBF —  FRACTURE FORMATION VOLUME FACTORBM —  MATRIX FORMATION VOLUME FACTORV —  MODE VOLUMESIGMA —  SPACING PARAMETER

SUBROUTINE TRANSICM.N.TC.T.AK.RKM.RKF.W.VIS.BF.BM.V.SIGMA) DIMENSION TC(1).T(1).AKC1),RKF(1).RKM(1).W(1).BFC1).BM(1), » Vm.SIGHAU)
DO 10 I-l.N DO 10 J-l.M L • J ♦ (I-l)SMRMOB • (<1~W(L)JtRKF(IÎ/BF<I) ♦ WCL)8RKM(L)/Bfl(L)) / VIS TC(L) - 0.0063288V(I )8AK(L)SSIQMACL)/ FLOATCM)T(L) - TCCDtRMOB 10 CONTINUE RETURN END
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108*10*4108*2044108*34441084400010845000108*604014807*00108*8*001084904410810444108110*01081200*1*81300010814040108150401*81600010817040108180401081900010820000108210441082200*108234401082400*1082S***108264**10827*0*10828***

C WTRAMS —  UELLI08E TftANSflXSSXtlLXTY CALCULATION

C C C C C C

THIS SUBROUTINE CALCULATES PRODUCTIVITY INDICES FOR OIL AND WATER AT THE UELL80RE. FOR INJECTION RELATIVE PERNEABILITY FOR INJECTION FLUID(WATER) IS ASSUMED TO BE EOUAL TO THE SUM OF WATER AND OIL RELATIVE PERM OF THE NODE. UELLBORE RESIDUAL IS ALSO CALCULATED

FT.FT.FT.

l*83***8
1*83200*1*833*001*8340**1*8350*0
108370061083844016839000
1084100*1*84240®10843*00108440*01084540*1884640*10847*9*1484804®
10854*44188614**108520*0108530*01*85406*
m s s10857*0010888*0*108594**10850*00t

C C C C C Cc c cCc c c c e c c c c c c c c c c
SUBROUTINE UTRANS(N.DX.DY.DZ.RU.UIU-UIO.Bti.lO.S.RKU/REO. '8 AK.OWELL.WW.PX.PIW.PIO.RWl.P&I.PWM.PWF.Rl)DIMENSION DX(l).BV(l).DZCl).RW(i).BU(l).B0(l).St|).RKU(l)7 8 RKO(l).«C(l),OWELLCi)eWy(l).PI(lLPiy:i$.PXO(l),RUL(l).• PBH(t).PWN(l).PWF(n
DO 10 I-l.NIF (Rl.EO 0) *1 • S0RT(DX(I)IDV(I)Z3.S146)IF CRW(I).E9.0) 00 TO 10PICÎÎ • 0.00708SDZCI )SM(I î/CRlSRl/tRlSRl-RUCl )8RU(I ) )8 8 AL06CR1/RU<I3) - 0.5 ♦ 8(D)UU(D » SION(0.5,AELL(%)) ♦ 0.5UROB ■ (RKUU ) ♦ WU(D8RtC0(D)/ BW(I) / VÎW

PARAMETERS'
N —  NUMBER OF NODES DX —  GRID BLOCK SIZE IN X-DIRECTION.DY —  GRID BLOCK SIZE IN Y-DIRECTION.DZ —  GRID BLOCK SIZE IN Z-DIRECTION.RU —  UELLBORE RADIUS. FT.VIW —  WATER VISCOSITY. CP VIO —  OIL VISCOSITY. CP.BU —  WATER FORMATION VOLUME FACTOR. RES BBL STBBO —  OIL FORMATION VOLUME FACTOR. RES BBL./STBS —  SKIN FACTOR. DIMENSIONLESSRKU —  WATER RELATIVE PERMEABILITYRKO —  OIL RELATIVE PERMEABILITYAK —  ABSOLUTE PERMEABILITY. MD.OUEtl —  UELLBORE RATE. STB/DUU —  UELLBORE WEIGHTING FACTOR (1 FOR INJECTION)PI —  UELLBORE PRODUCTIVITY CONSTANTPIU —  WATER UELLBORE PRODUCTIVITY (TRANSMXSSZBILITY)PIO —  OIL UELLBORE PRODUCTIVITY (TRANSHISSIBILITY)RWL —  UELLBORE RESIDUALPBH —  UELLBORE PRESSUREPUN —  WELL NODE PRESSURE

ONOB • RKO(D / 80(1) / VIO 8 (l-WU(I)) PIU(I) • PICDXUMOB PIOCI) • PKDtOMOB IF CPUNCD.Ee.B) PUN(I)IF (PBH(I).19.0) PBH(I) PWFCI)9UELL<I)/(PXO(I)*PIU(I)) ♦ PWNÎI)
10 RWLCD • ^ELL(I)-(PI0(X)4PIU(I))S(PBH(D-PUN(i: CONTINUE RETURNEND
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ieeeseteies63m10884000108650001086600010867000108680001086800010870000108710001087268010873000108740001087S0001087600010877080108780001087900010888000108810001088200010883009108840001088S00010886000108870001088880010889080108900001089100610892000108930001089400616895086188966961089766018898*90108996001090600019901060
1690309610904000109050001090600# 10907009 109080# 10909000 1091000# 10011000 10912608 10913088 10914608 10915808 10916000 10917000 16018000 10919000 1SS20060 10921000 18922000 10923000 10924000 10925000 10926000 10927000 10928000 10929000 10930000 10931000 10932000 10933000 10934000 10935000 10936000 10937000 10938000 16939000 S

18902090 C

x

FFCOCF —  CALCULATES TERMS FOR JACOBIAN MATRIX

THIS SUBROUTINE CALCULATES PARTIAL DERIVATIVES OF FRACTURE RESIDUALS WITH RESPECT TO FRACTURE VARIABLES FOR USE IN THE JACOBIAN MATRIX. UELLBORE DERIVATIVES ARE ALSO CALCULATED.THE COEFFICIENTS CALCULATED ARE AS FOLLOWS•
All —  PARTIAL DERIVATIVE OF FRACTURE WATER RESIDUAL WITH RESPECT TO FRACTURE WATER PRESSURE OF NODE I-l.A12 —  PARTIAL DERIVATIVE OF FRACTURE WATER RESIDUAL WITH RESPECT TO FRACTURE WATER SATURATION OF NODE I-l. A21 —  PARTIAL DERIVATIVE OF FRACTURE OIL RESIDUAL WITH ^ RESPECT TO FRACTURE WATER PRESSURE OF NODE I-l A82 —  PARTIAL DERIVATIVE OF FRACTURE OIL RESIDUAL WITH RESPECT TO FRACTURE WATER SATURATION OF NODE I-l. Bit —  PARTIAL DERIVATIVE OF FRACTURE WATER RESIDUAL WITH RESPECT TO FRACTURE WATER PRESSURE OF NODE I.B12 —  PARTIAL DERIVATIVE OF FRACTURE WATER RESIDUAL WITH RESPECT TO FRACTURE WATER SATURATION OF NODE I.B21 —  PARTIAL DERIVATIVE OF FRACTURE OIL RESIDUAL WITH RESPECT TO FRACTURE WATER PRESSURE OF NODE I.B22 —  PARTIAL DERIVATIVE OF FRACTURE OIL RESIDUAL WITH RESPECT TO FRACTURE WATER SATURATION OF NODE I.ClI —  PARTIAL DERIVATIVE OF FRACTURE WATER RESIDUAL WITH RESPECT TO FRACTURE WATER PRESSURE OF NODE 1*1.C12 —  PARTIAL DERIVATIVE OF FRACTURE WATER RESIDUAL WITH RESPECT TO FRACTURE WATER SATURATION OF NODE 1*1. C21 —  PARTIAL DERIVATIVE OF FRACTURE OIL RESIDUAL WITH RESPECT TO FRACTURE WATER PRESSURE OF NODE 1*1.C22 —  PARTIAL DERIVATIVE OF FRACTURE OIL RESIDUAL WITH RESPECT TO FRACTURE WATER SATURATION OF NODE Ui Wl —  PARTIAL DERIVATIVE OF UELLBORE RESIDUAL WITH RESPECT TO FRACTURE WATER PRESSURE OF NODE I.US —  PARTIAL DERIVATIVE OF UELLBORE RESIDUAL WITH RESPECT TO FRACTURE WATER SATRUATION OF NODE I.WD —  PARTIAL DERIVATIVE OF UELLBORE RESIDUAL WITH RESPECT TO UELLBORE PRESSURE
SEE THE HAIM PROGRAM FOR DEFINITION OF OTtCR VARIABLES.

SUBROUTINE FPGOEFCONNOR /'CONS/ey.eO.NmL.BT.IHAX.NRB.VIO.Viy.RKOUB.RHOOB.eF.eH COMMON /F%AG/9WF,BOFXBf .PWF,POF.PHIBF.PHIF,RKOF.RKWF.RKWPF,PCPF. f RKOPF.TCF.TOF.TyF.SUF.VR.UUF.WOF.RNOWF.RHOOF
COMMON zC0EFF/All,A18,ASl.A88.i)ll,B12.B21,B82«ClS.C12.C81.C88 COMMON /WELL/ PI,PBH.PIW,PI0,WW,W1.U2.WD.PWN COMMON /MATRIX/BWM.BOM.DM,PWR.POM,eKIBM,PMIM.RKOM.RKWM,RKWPM,£ RKOPH.TCH.TOR.TWfl.SUM.UUR.WON.RHOWN.RHOON.PCPH.
9 TMF.TOHF.TUHF.UUMF.UORFDIMENSION 8yFteS).B0F<99>.DF(99),PUFte9>.P0F{8§3.N?W(99> DIMENSION PHIBF(99 >.PHIF(99).R&OF(99).RKUFC£8>DIMENSION RlCUm99>.RK0PF(99>»TCF<99$.T0FCK8>,TVF(g9)DIMENSION SWF(B9).VR(99),WWF(#).WOF<99),RKOWF(Sm DIMENSION RHOOF<99>,mC99>,AlB<98).A21<99LA8a<m DIMENSION Bil(99).B12(99).921(99}.B32(99).CU(99>DIMENSION C12(99).C2î(99>.C2g(9S>.VU(9$îî,Wl(99>.W8C9S3.W6(R9) DIMENSION PI(99).PBH(99).PIU(99).PI0(8$?.pyN(991 DIMENSION BWM(99).BOM(99),DM(99).PWN(99WJM(99),RHOOM(99) DIMENSION PHlBfl(99).PHIR(99).RK0M(99).RK̂ (fe5).PCPM(99)DIMENSION RKUFFr(991. RKOPM(99 ). TCM( 99 ). TON(991.TW51(99 )DIMENSION 5WM(99).WWM(99),W0M(99).RH0WM(99)DIMENSION TMFC99J.TWMF(99).T0MF(99).UUHF(99),W0MF(99I
DO 30 I-l.IMAX 111(1) - 0 B12(I ) • 0 B2KI) • 0 B22(I) • 0

CALCULATE CONTRIBUTIONS FROM I -l NODES 
IF (I EO 1) 00 TO 81

**
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itfrteeee 1994 i m10942m$09430001094400010945000IÔ9460001094700010948m10949m
10951000$0952000
10953000$095400010955090
$095609010957060$995809010959000109600001096100010962000$0963009
10964000
10965066
16966m19967m
1096890010960000
10970m£6971999
19972909
1097309919974m
109756901097696919977m
te s ra m18979000 18990609 
1098100# 10982000 $0983000 16984000 10985000 10986000 109B7006 16938000 10989090 19990000 16991009 169980# 
im a m  &09940&$ 10995006 16996m 10997000 16998m 
10999m  i i m m  11601000 ! 1002m 
im a m  
$ i0 0 4 m  
ii0 0 s m  
iie a e m  ii007m 
21008m  
w a rn *#  
11010m  fiieum 
L io ia m  
i i0 i3 m  
$ i@ i4m  *1815066 11016060 1101708® 11918006 0

AV6D DPIAli C X Î
cRHoyrcn ♦ hhoufci-d ) / essPWF(I>-PyF(I-l>-AUeDSCDF(I)-DF(I-l))TCF(I)*UUF<I)*(RlCUFCl-li/VIW)S(CU/iUF(I-l))8DPl -TUFCI)S(l49H0U88Cy/288SCDF(l)-DFCl-l)))• TCFCI)SyUF(I)S*ICUPF(I-li/V2y/8UF(I-l)SDPl• TCF(I)*(1-UUF(I)>SmCtiF<I)/UIUSCU/iyF(I)8DP1 ̂  ♦TUFCI)SCl-0HOU8SCti/888SCDF(I)-DF(X-l)))• TCFCI )*(l-UyF(I))82<UPF(I)/V:UZ0tiF(I)*DPl (RHOOF(I) ♦ RMOOF<I-!>> / 888 P0F(I)-P0FCI-1)-AU6D«(DF(I)-DF<I-1))• TCFCÏÎSV9FCI)8(RK0F(I-1)/U2O)S<CO/80FCI-l)>«*>01 -TOP(I>*(i4RH0O8*C0/888*(DF<Iï-DFCI-1JÎ>#22(1) • ?CF(I )SyOFd )*mC0PF(I-l )/VI0/80F< I-l ItDfOl -T0f>(I)8PCPF<I-l)TCF(Ï)* C1-U0F<I)ÏSMCOFCI)/WI0*C0/80F(I)SDP01 ♦TOF (1)8(1 -0KÔO8se4)/288S ( DF ( I )-DF ( I -1 ) ) )

A12(I)
111(1)I•12(1) AV6D • DPOl • A2KI )

•21(1)
•22(1) • TCF(I )8(1-U0F(I ) )8fK0PF(X )A>I0/DOF(I-1)8DPO1 ♦ TOF(2)SPCPF(I) X~

CALCULATE C0HTRI8UTI0AS FROM 1*1 NODES
21 IF (I.EO.IMAX) 60 TO 22AU6D ■ (RHOtiFCI*!) ♦ RHOUF(D) / 288 DPI • PWF(I+1)-PWF(I)-AV0D%(DF(I+1)-DF(I))-TCF(I*l)S(l-UUF(l41))8(RKUF(X4l)/VXU)S(CU/»yF(l4t))SDPl -TUF(I*1)S(l-RH0Ui8Cy/288S(DF(l4l)-DF(I)))•ercF(x*i ):(i-wwF(i4i ) )«kupf( 1*1 )/viy/9UF( 1+1 >*dpi• Dll(X) -T0F(I41)*UWF(I41)*(RKUF(X)/VIW*CŴ WF(I)•DPI) ♦ TyF(I<-ns(l4«H0y88CU/288*<DF(l4l>-DF(I)))• B12<I) “ ?Cm*l)8UyF(2*i)3*KUPF(X)/VXU/iUF(X>SDPi '' ^(RN00F(I+1) » «N60F(IÎ) / 888C141)-P@F(X)-AM6DS(DF(X41)-DF(I)) e"1W(X̂ I)S(l-tiOF(m))$(R5COF(I*l)/VrO)$CCO>WCi4l"TOFCl4i)$ClpHOOiSe0/2S88(DF(l4l)-9F(l>)) ^ ---TCF(I*li8ClHfOF(I+l))88K0PF(1*1)/VI0/80F(1*1Î8DP01 -T0F(I*l)8P0Pn%4l)•21(1) -TCF(I»1 )8MF(X«$ ÎSRK0F(IVUI0Se@/80Fm •DPOl ♦ W(IHÏS(l-?W8iSeô/2888(DF(X*y-DFCX))î S82(Xî̂  Ter î 1*1 îmOFC 1*1 Î8RK0PF< X )/VXOSlOF ( X ÎSBPOI * W (  l*$ MPCPFCI î /'—

xCll(X) •012(1) •11(1 )8•12(1)SAU6D • \DPOl »'cai(i)8022(1)
821(1)8•eem

ADD WELL80NE AMD AOOUMULATION T 0 W
29 OONTINUE811(1) »

•12(1)
8

•11(1) - (WW(:)*8K0F(I)+eKWF(X))/VIW*0W/8WF(I)*(P8H(X)- PUH(X))»PX(X) ♦ PXU(X) * VR(2)/BT«StF<I)S(PKlBF(I)SeF ♦PHiFducy) * DWFd)812(1 > -«• PX{X)S(UU(X)8«C0PF(X>*R(CUPF(X-;:3(PDK(X)«PIM(X)) I /UXU/M8'(X) ♦ UR$X)/DT«PHXF(X)/BUF(X)•2KX) ■ -PX(I )%( 1«W(X ))*RKOF(I )/VIO*CO/BOF(X )%(PM(I ) PUN(2 ) )* PXO(X) * VR(I)*(l-gWF(I))/BT:(PMX»Fd)*OF*^XF(I) 8C0)/B0F(X) * g21(I)-PI(X)*(1-WW(:))8RK0PF(%)/VZO/80F(I)g(PgK(X)-PWM(X))- VRC)/D?^IF(X)/80F(:) * 822(1) Pi(X)a((RKWF(:)+W(X)*#0F(X))aGw/viw/BWF(i)+(i-ww(S);2 RK0F(X)*0O/D0Fd)/Vl0) 8 (P9M(X)-PWM(%>)-PXO(X )-PXW(gX PX(X)&((2KWPFa)4WW(X)88K0PP(X))/VXW/BWF(X)*(£-WW(X)  ̂RKOrF(X)/86F(Z)/VIO) 8 (P8H(I)-PWN(%))cpxycx) * pioci)>

•82(1) < 
UKX) «sygciï «
UD(2) ®
MOW ADD OOMTRXDUTXOM mOM MATRIX DL8C&S

S° 3# J" J * l.MRB(X-1)8NM8AV6D • CRHOtiFCl) ♦ RHOWM(D) / 882 DPFM ■ FVFCZ > - PWM(L) - AVO#(DF(%) -SMCIÎ)•11(1) » 811(1) ♦ TMFCL)•(1-WWMF(L))9(RK̂  (I)/VIW30W/DWF(%))P 8 DPFM ♦ ngF(l)SU » RH0UD8&W/28S8CDP(X)-8M(L))I•12(1) • •12(1) ♦ TMF(I)•( 1-WWMF(L ) )8RKWPF(X )/VIW/DWF(I )8D̂ g°M AU6B • (RHOOF(I) * RMOOM(L)) / 888 DPFM » POF(X) - POfl(L) - AV6D*(BF(I) -8M(D)821(1) • 821(1) * TnF(L)8CI-W8MF(î.))6;rX0F(X)/VI0tC9/B0P(Z))< 8 DPFM ♦ TOMF(D$U * RNOGDSCO/SSBSCDFCIHMCL)))•28(1) » 822(1? 4 TMF(L)S(l-WOmF(L))«KOPF(I)/VIO^OF(:)*BPFM I ♦ TONF(DSPCPHX)CONTINUERETURNEND
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11*19#*#11*20#**11*21#**
11*22***11*23***11*24#**11*25***11*26**#11*27***11*28**#11*29***11*3*#**11*31**#11*32**#11*33**#11*34#*#11035###11*36###11*37*##11*38**#ii#39#ee11*4*#*#11*41**#11*42#*#11*43###

%%%#»%%%%%%%%(%%%%%%%%%%%%%%%%%%%% C %C MMCOEF —  CALCULATES TEAMS FO# JACOBIAM MATRIX %C %
CC THIS SUBROUTINE CALCULATES PARTIAL DERIVATIVES OF MATRIXRESIDUALS WITH RESPECT TO MATRIX VARIABLES FOR USE IN THE JACOBIAM MATRIX THE COEFFICIENTS CALCULATED ARE AS FOLLOWS'

11*45##* 11046### &1#47### 11*48*## 11*49##* 11*5*### 11*510*0 11052### 11*53### 11054##* 11655### 18#56*## 11057*## 
11#5S**8 11059**# 11*6#*## 11*61*** 11*62*0* 11*63##* 11*64®*# 11*6580* 11*66*** 11#67**#
11669***1107#***11*710#*11*72***11073***11*74***11*75*#*11*76***11*77***11*78**#11079###
11*8**##11*81*#*11*82*#*11*63*#*11*84*##11*85*#*|l086*#9

AMU —  PARTIAL DERIVATIVE OF MATRIX WATER RESIDUAL WITH RESPECT TO MATRIX WATER PRESSURE OF NODE I-l.AM12 —  PARTIAL DERIVATIVE OF MATRIX WATER RESIDUAL WITH RESPECT TO MATRIX WATER SATURATION OF NODE I-l.AM21 —  PARTIAL DERIVATIVE OF MATRIX OIL RESIDUAL WITH RESPECT TO MATRIX WATER PRESSURE OF NODE I-l.AM22 —  PARTIAL DERIVATIVE OF MATRIX OIL RESIDUAL WITH RESPECT TO MATRIX WATER SATURATION OF NODE I-l.BN11 —  PARTIAL DERIVATIVE OF MATRIX WATER RESIDUAL WITH RESPECT TO MATRIX WATER PRESSURE OF NODE I.BM12 —  PARTIAL DERIVATIVE OF MATRIX WATER RESIDUAL WITH RESPECT TO MATRIX WATER SATURATION OF NODE I.1X21 —  PARTIAL DERIVATIVE OF MATRIX OIL RESIDUAL WITH RESPECT TO MATRIX WATER PRESSURE OF NODE I.BM22 —  PARTIAL DERIVATIVE OF MATRIX OIL RESIDUAL WITH RESPECT TO MATRIX WATER SATURATION OF NODE I.CMlt —  PARTIAL DERIVATIVE OF MATRIX WATER RESIDUAL WITH RESPECT TO MATRIX WATER PRESSURE OF NODE 1+1.CM12 —  PARTIAL DERIVATIVE OF MATRIX WATER RESIDUAL WITH RESPECT TO MATRIX WATER SATURATION OF NODE 1+1.CM21 —  PARTIAL DERIVATIVE OF MATRIX OIL RESIDUAL WITH RESPECT TO MATRIX WATER PRESSURE OF NODE 1+1.CM22 —  PARTIAL DERIVATIVE OF MATRIX OIL RESIDUAL WITH RESPECT TO MATRIX WATER SATURATION OF NODE 1+1.
SEE THE MAIN PROGRAM FOR DEFINITION OF OTHER VARIABLES.

SUBROUTINE MMCOEFCOMMON zCONS/CW.CO.NUELL.DT.IRAX.Wa.VIO.VXU.RHOta.RHOOS.CF.CN COMMON /MATRIX/BUN.BOX,BFLPUN.PON,PHIBM.PHlH.RKON.RKtiM.RKUPfl.• RKOPN. TCM. TON. TIOT. SUM. WUN, WON, RHOUM. RHCOR. PCPH.S TNF.TONF.TUMF.UWNF.UOHFCOMMON ZCŒF2/AM11, AM12. AM21. AM22, BN11, BM12. BM31, BN28, CM11 # CH12, S CM21. CM2 2COMMON /FRAC/BWF,BOF.DF.PWF,POF.PHIBF,PHIF.RKOF.RKWF.RKWPF,PCPF. S RKOPF.TCF.TOF.TWF.SWF.VR.UUF.UOF.RHOUF.RHOOFDIMENSION BWF(99).BOF(99),DF(9S).PUF(99).POF(99).PCPF(99) DIMENSION PHIBFC99),PHIF(99).RK0F<99).RKUF(99)DIMENSION RKUPFC99),RK0PFC99).TCF<99).T0F(99).TUF(99)DIMENSION SUF(99>.VR(99).yUF(99).VOF(99),RHOWF(99>DIMENSION AH00F<99>,ANU(99!.AH18<99>.AMS1(99>.AR82<99>DIMENSION BH11<99).BN12(99),BM21C89),BM22(99).0X11(99)DIMENSION CM12(99).CN21(99).CM2g(99).WUC9S).Wl(99).W2C99>.WD(9e) DIMENSION PI199).PBH(99).PIU(99)f_PI0(99L DIMENSIONBWMTSf ).B0M(99)TDX(99).Pl̂ (99),P0MC99),RH00MC9® ) DIMENSION PHlBH(99).PHIM(99>.RIC0NC99).RKto1(99).PCPfl(99)DIMENSION RKUPM(99).RK0PM(fl9).TCN(99),T0RC99)eTWM<99)DIMENSION SUM(99),WWM(99).U0R(99>.RH0UR(99)DIMENSION TMF(89),TWMF(99),T0MF(99).WWMF(99).W0MF(99)
DO 3* L- BM1KL) BM12(L) 1X21(L) BM22(L)

l.NMBSIMAX « *• #■ ##IF (NNB.EQ.l) GO TO 88
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iiesTm 11088000 11089m 11090000 11091000 1109200011093m11094m11095060ii096m1109700011098m11099miiieem11101000iiieemi u 6 3 m
11104m
1110S000ni06m11107000iii08m11109m11110000m u mi m a mm i g mm i 4 mm i s m1111600011117000m i m em i m ein asm 11121000 11122000 tiiaam 11124m11125900m 2 6 miii27m1112890011129miii30m11131000111320001113309011134000111350001U 3S000
18137m1113800011139900111400001114100011142m1114300011144m1814500011146m11147m11148miii49m11150000msieee11152900111539001115409011155m111560001115650011157m1115890011159000

CALCULATE COHTRIBUTlOHt F*0* l-l NODES
IF (MOD(L.NMS).EQ.l) 00 TO 21AVGD - (RNOUH(L) ♦ RHOtiN(L-li) / 288DPI • PUHCL)-PUN(L-1 )-AUGD«(DN(L)-Dn(L-l))AN1KL) • TCn(L)StiUNCL)*cmcUN(L-l)/VIU)*(CU/8UN(l-t))SDPl t -TUN <I)t(1♦RH0U8SCU/888S C DN(L )-DN<l-l)) >AN12CL) • TCNCL )SUUFI(L JSRKUPNCL-1 >/VZU'8UFI<l-l )»DPl Wild) • TCNCL)S(l-UUN(L))S*ICUNCL)/VIU*CU/IUfl(L)SDFl 8 ♦TUNCL)*(1-RH0U8«CU/288SCDN(L)-DN(L-lÎ))8N12CLÎ • TCNCL)SCl-UUN(LU«RICUPNCL)/VZUv1UNCL)SDPlAVGD ■ (RH00NCL) ♦ RHOON(L-ll) / 288DPOl ■ P0N(L)-P0NCL-l)-AVGD8(DNCL)-DN(L-t))AH21CL) • TCN(L)tU0NCL)«(RK0NCL-l)/VI0)S<C0/80N(L-l>)tDP01 S -TONC L)t C1♦RH001SC0/288S C DNC L >-DN(l-lÎ))AH22(L) ■ TCNCL)SU0«CLÎSRKOPHCL-t)/VI0/B0N<L-lÎSDP01 S - TONCL)tPCPN(L-l)8N2KL) ■ TCN(L)SCl-VON(L))8RKONCL)/VIOtCO/lONCL>SDP01 S «TON C L ) t(1-RH008SC0/288S(DNCL)-DN(L-l)))8N22(L1 • TCNCL)*(1-U0N(L) )JfBC0PN(L)/VI0/80N(t)tDP01 S ♦ TONCL)SPCPN(L)

CALCULATE CONTRIBUTIONS FRON L*1 NODES
21 IF (NOD(L.NRS) EO.0) 60 TO 22AVGD • CRHOUNCL*!) ♦ RHOUN(D) / 288 DPI • PUNCL*l>-PUHCL)-AV0D*(DNCL4l)-DN(L)>CN11CL) - -TCN(L4l)SCl-titiNCL4l))SCRICyNCL4l)/VIU)SCCV̂ UN(L4l)) S SDP1-TUHCL*1)l(l-RH0UiSCU/888*CDN(L4l)-DNCL ) Ï)CN12CL) • TCNCL*!)SCl-UUN(L4l)ÎSRKUPNCL*!)/VIU/lUNCL4tÏSDP1 BN11CL) • BNU(L) -TCN<L*1 >StiUN(L41 )SCRrUN(L)/VIUSCV/lWCL)S 8DP1) 4 TUM(L4l)*(14RH0U88CW/288*(DN(L41)-DM(L)))BN12CL) • BN12CL) - TCNCL+1 )*WUflCL+i )SRKUPN(L4l )AJIUŷ UNCL*! )S SDPIAVGD • CRH00NCL41) 4 RHOON(L)) / 888 DPOl ■ PONCL41î-PONCLî-AVODS(DNCL41)-DN(L))CN2KLÎ • >TCN(L4l)8(l-UON(L4l))S<RKON(L4l)/VZO)t(CO^ON(L4l)) S SDP01 ~T0N(L4l)SU4ftK008tC0/2SSS(DN(L4l)-DNa>>). CH22CL) • -TCN<L4l)S(l-U0N(L4l)ÏSRKDPNCL4l)/VZO/10N(L4lîSDP0iS - T0N<l4l)tPCPNCL4l>

DN2KL) • 8N21CL) -TCN(L4l)SU0NCl4lISRTONCLÎ/VIOSCO/BONCLÎ 8 I DPOl 4 T0NCL41 )S(14flH008SC0/2888(DNCL4l)-DNCLU)(L) - BN22CL) - TeNCL4l)SUON(L4l)8*rOPN(L)/VIOSBONCL)SDP01 4 T0fiCL4l)SPCPNCL>
ADD ACCUMULATION TERMS 

22 CONTINUEI • L / NH8 4 1 IF CNOD(L,NN8).EO0) III8MU(L>« VR(I)/NH8zDTSSUN(L>SCPH2BMCL)SCM4pHINCL>SCti)>’BMNCL) 4 S BNIKL)BN12CL) • SN18CL) 4 UR(I)/MM#/DT*PHIM(L)/BWM(L)8N21CL> • BN2KL) 4 VRCI)/NNIS<1-S«1(L))/DTS(PHI8M<L)SCN4PHIH(L)8 ICO)/ION(L)BN22CL) « BN2BCL) - VR CI)/NR8/DTSPHIH t L1/80NC L >
NOW ADD CONTRIBUTION FROM FRACTURES
AVGD - (RHOVF(I) 4 RHOtiNCLU / 288DPNF ■ PUF(I) - PUNCL) - AVGD8CDFCI) -DMCLU
BNIKL) • BNIKL) - TMFCDStiUNFCDSCRKUHCD/ViySCU/DtiNCL) )8
9 DPMF 4 TUMFOJICi - RHOWB*CW/2S2%CDF(I)-DM(L)))

DPMF • POFCI) - POM(L) - AVGDSCDFCI) -DMCD)
BR2KL) •JWgKL) - THFCDSyONFCDSCRKONCD/VIOtCO^ONCDX
iBN22<D - w g a ^ ^ a j s û o ^ S S ^ i m i ^

30 CONTINUE RETURN END
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1116#**#1116100#1116200#1116300011164*0#11165000111660001116700011168000111690001117000011171000111720001117300#1117400011175000111760001117700#11178000111790001118000011181000111820001118300#11184000111850001118600#1118700#1118800011189000111900001119100#111920001119300#111940001119500011196900111970001119390#11199090

MFCOEF CALCULATES TEWS FO* JACOB I Ah MATRIX

1120100#112020001126390011204000
11205060
1120309#1120700011208000112099001121000#0

THIS SUBROUTINE CALCULATES PARTIAL DERIVATIVES OF MATRIX RESIDUALS WITH RESPECT TO FRACTURE VARIABLES AMD PARTIAL DERIVATIVES OF FRACTURE RESIDUALS WITH RESPECT TO MATRIX VARIABLES. THESE TERMS ARE THE LOWER-LEFT AND UPPER-RIGHT OF THE JACOBIAN MATRIX. THE COEFFICIENTS CALCULATED ARE AS FOLLOWS-
B(I.J2) —  PARTIAL DERIVATIVE OF FRACTURE WATER RESIDUAL WITH RESPECT TO MATRIX WATER PRESSURE OR WATER SATURATION B(I.JP) —  PARTIAL DERIVATIVE OF FRACTURE OIL RESIDUAL WITH RESPECT TO MATRIX WATER PRESSURE OR WATER SATURATION B(JS.I) —  PARTIAL DERIVATIVE OF MATRIX WATER RESIDUAL WITH RESPECT TO FRACTURE WATER PRESSURE OR WATER SATURATION 
B(JP.l) —  PARTIAL DERIVATIVE OF MATRIX OIL RESIDUAL WITHRESPECT TO FRACTURE WATER PRESSURE OR WATER SATURATION
SEE THE MAIN PROGRAM FOR DEFINITION OF OTHER VARIABLES.

SUBROUTINE MFCOEFCOMMON /CONS/CU.CO.NUELL.DT.IMAX.NHB.VIO.VIU.RHOWB.RHOOB.CF.CM COMMON /FRAC/BWF.BOF,DF,PWF,POF,PHIBF,PHIF,RKOF,RKWF.RKWPF,PCPF, S RKOPF.TCF.TOF.TUF.SUF.VR.WUF.WOF.RHOWF.RHOOFCOMMON /C0EF3/ BCOMMON /WELL/ PI.PBH.PIW.PI0.WU.U1.W2.UD.PUN COMMON /MATRIX/BUM.BOM.DM.PWM.POM.PHIBH.PHXH'RfCOM.RICUH.RKUPM,S RKOPM.TCM.TOM.TUN.SUM.WWH.WON.RHOUM.RHOOM.PCPM.• TMF.TOMF.TWMF.UWMF.WOMFDIMENSION BWF(99).B0F(99>.DF(99).PWFC99).P0FC99).PCPF(99) DIMENSION PHIBF(99).PHIF(99).RK0F(99).RKWF(99)DIMENSION RKUPF(99).RK0PF(99).TCF(99).T0F(99).TUFC99)DIMENSION SUF(99).VR(99).UUFC99).WOF(99).RHOUF(99)DIMENSION RH00F(99).B(2S.2S.S#),UU(99>DIMENSION PIC99).PBH(99).PIUC99).PI0(99),U1C99).W8(99).1»C99Î DIMENSION BUH(99).B0M(99).DH(99).PUM(99>.P0M(99).RH00M(99) DIMENSION PHIBM(99),PHIM(99>.RK0M(99).RKUM(99).PCPM(99> DIMENSION RKUPH<99),RK0PN(99>.TCN(99>.T0N(99>.TUN(99>DIMENSION SUH(99).UUMC99).W0MC99).RH0WM(99)DIMENSION TMF<e9).TURF(99).TOMF(99).WWMFC99).WOMF(99)
DO 1# I-l.IMAX DO 1# J-l.NMB L - J ♦ CI-DSNHB J2 • 2SJ ♦ 1 JP • 8SJ ♦ 2
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11211604 11218000 11213000 11214000 11215000 11216000 11217000 11218000 11219000 11226000 
11221000 
11222000 11223000 11224000 11225000 11226000 11227000 11228000 11229000 11230000 11231000 11232006 11233000 11234000 11235000 11236000 11237000 11238060 11239000 11240006 11241000 11248000 11243006

CALCULATE DERIVATIVE OF FRACTURE RESIDUALS WITH RESPECT TO MATRIX VARIABLES
AVGD • <RHOUF(I) ♦ RHOUM(D) / BSSDPMF • PUF(I) - PUM(L) - AVGDS(DFCI) -DMCD)8(1.J2.1) ■ TMF(LXUUHF(L)»RKUM(Lî/VXUSCU/lUMtI)SDPMF S - TWMFd )S( 1-RH0U8SCU/28SS<DF(I )-DM(L ) ) )8(1.JP.I) ■ TMF(L)SUUHF(L)SRKUPM(L)/VZU/8UM(L)*DPMFAVGD • (RHOOF(I) ♦ RHOOM(L)) / 888DPMF • POFCI) - POM(L) - AVGDSCDFCI)-DM(L>)BC2.J2.I) • TMF CL)SUOHF(L)SRKOMC L)/VI0SC0/80MCL)SDPMF S - TOMFCL)S(1-RHOOBSCO/28SSCDFCI)-DM(L)))8(2.JP.I) • TMFCL)SU0MF(L)SRK0PM(L)/VI0/80MCL)SDPMF S - TOMFCDSPCPMCL)

CALCULATE DERIVATIVE OF MATRIX RESIDUALS WITH RESPECT TO FRACTURE VARIABLES.
AVGD • (RHOUF(I) ♦ RHOUM(L)) / 888DPMF . PWFCI) - PUMCL) - AVGDSCDFCI) -DMCD)8CJ2.1.I) • -TMF(L)S(1-UUMFCL))SRKUF(I)/VIUSCU/8UF(I)SDPMF S - TWMF(L)SC1*RH0U8SCU/888SCDFCI)-DMCL)))DCJ2.2.I) • -TMF(L)S(1-WWMF(L))SRKWPF(I)/VIW^WF(I)8DPMFAVGD " (RHOOFCl) ♦ RHOOMCL) ) / 888DPMF • POFCI) - POMCL) - AVGDSCDFCI) -DMCD)BCJP.l.I) • -TMF C L )S( 1-WOMF C L ) )SRKOFC I )/VIOSCO^OFC IISDPMF S - T0MF(DS(14RH008SC0/888S(DFCI)-DMCD))8CJP.2.1) » -TMF(L)X(1-U0MF(L))SRK0PF(I)/VI0/80F(I)S8PMF S - TOMFCDSPCPFCI)

10 CONTINUE RETURN END
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112440$#1124500#11246#©#11247000112480001124800#112S0#0#lliE112540## 11255000 112560## 112S7#00 1125800# 11259000 11260000 11261000 11862000 11263000 11264000 11265000 11266000 1126700# Hi

RCS1D —  CALCULATES RESIDUAL R H.S. VECTOR

Cc c c c c c c c c c c c c c c c11270000 C 11871000 C 11272000 C 1127300# 11274000 11275000 11276000 11277000 11271000 11879000 11280000 11881000 11280000 H28300S 11284000 11885000 11886600 21 11287000 11886000 11888000 82 11290000 11291000
u n s111894000 11295000 11296000

0%%%%%%%%%% %%%%%%%%%%%% »%%%%%%
C THIS SUBROUTINE CALCULATES THE RIGHT-HAND-SIDE VETO* THEC TERNS IN THIS VECTOR ARE THE RESIDUALS CALCULATED FROMTHE LAST ITERATION VALUES.

1130100#11302000IÎS3811366000

PARAMETERS'
M —  NUMBER OF CONNECTED MATRIX BLOCKS N —  NUMBER OF NODES R1 —  RESIDUAL OF FRACTURE POROSITY R2 —  RESIDUAL OF MATRIX POROSITY RH01 —  DENSITY IN FRACTURE POROSITY RH02 —  DENSITY IN MATRIX POROSITY PI —  PRESSURE IN FRACTURE POROSITY P2 —  PRESSURE IN MATRIX POROSITY D1 —  DEPTH OF FRACTURE POROSITY D£ —  DEPTH OF MATRIX POROSITY T1 —  TRANSMISSIBILITY BETWEEN NODES T8 —  TRANSMISSIBILITY BETWEEN NODES T12 —  TRANSMISSIBILITY BETWEEN FRACTURE AMD MATRIX POROSITY V —  PORE VOLUMEUN —  PORE VOLUME AT LAST TIME STEP

IN FRACTURE POROSITY IN MATRIX POROSITY

SUBROUTINE RESID(M.M,R1.R8.RH01,RH02.P1,P8.D1,B2,T1.T2,T12.V.VM. 8 V2.V8N.PI.PBH.PWN.DT)DIMENSION Rid ).RH01(i ).RH02(1 ).Pi(l ).P2(1 ).D1(1 ).D6(1 ).T1(1 >.6 R2(l ).T2(1 ).T12(1 ).V(1 ).VN(1 ).PI(1 ).PBH(12.PUN(1 ).S V8<1).U2N(1)
DO 40 I-l.N RKIi • 0IF (I.EO.N) 00 TO 81 AVGD • (RH01< Î4S)*RHOS(I)) / 888 R1CIÎ = Tl<m)SCPl(l4l>-PlCIî-AV6D$CDl<ï4i S-fît(î)îî IF CI.EG.l) 00 TO 28 AVGD • CRH0ÎCÏÎ4RH01CI-IÎ) / 888R1(I) • R K 2 ) - TKIÎSCPÎCÎÎ-PKI-IHWODSCDKIÎ-DHI-I)))R1CI) • R K D  - CVCI) - VNCIÎ) / DT ♦ PI ( I)SCPBH< I HNJNt I )) DO 40 J-l.M L • J ♦ ei-nsN AVGD • eRHOld )4RH02CL) ) / 888R1(I) - R1CI) ♦ Tl8eL)SeP2CL)-Pien-AV6D*eD2eL)-DlCl)))R2CL) —  Tt8eL)*eP8eL)-Plcn-AVGBSCDl(L)-Dl(I)))IF eM.EG.l) 00 TO 33 IF CMODeL.H).EQ.0) 00 TO 38 AVGD - (RH08CL*1)*RH02(L)> / 888R2(L> • T8CL4t)SePieL*l>-P8eLHIveB8CDeeL*l)-MCL)))*«8eL)IF (MODeL.H).EO.n GO TO 33 AVGD - eRH08eL)4RH08eL«-ti) / 888 R8CL> - RSeL) - T2CL)S<P2eL)-P2eL-l>~AV6D*(88CL)-D8eL-l)>>33 R8<Lî - R8CL) - CU8CL) - V2NCLÎ) / DT 4# CONTINUE 
return 
END

**
*
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113060*0 11307000 11308000 11309000 11310000 11311 11312000 11313000 11314000 11315000 11316000 11317000 11318000 11319000 11320000 11321000 11322000 11323000 11324000 1132S000 11326000 11327000 11328000 11329000 11329500 11330000 &1332000 11333000 11334000 11335000 11336000 11337000 11338000 11339000 11339190 11339800 11346000 11341000 il342000 11343000 11344000 11345000 11346000 11347000 11348000 11349000 11350000 11351000 11352000 11353000 S13S4§00 11355000 11366000 11357000 1135800# 11356000 6

PELIM —  ELIMINATES MATRIX TERMS FROM JACOBIAN
000 %%%%%%%%%%%%»»

SUBROUTINE F>EL1H< INAX.NMB >COMMON /RMS/ RFU.RFO.RHU.RMO.RULCOMMON /C0EFF/A11.A12.A21,A22.B11< B12.B21.B22.Cl1.C12,C81.C22 COMMON /C0EF2/AMll,AM12,AM21,Amgg.BMll.BM12.BM21,BM22,CMll.CM18,• CM21.CM28COMMON /C0EF3/ BCOMMON /WELL/ PI.PBH,PIU,PI0.UU.U1.U8.UD.PUH DIMENSION RFUC99).RMW(9eJ.RF0<99).RMOC99).RUL(99)DIMENSION All<99),A12(99).A21(99).A28(99)DIMENSION Bll<99).B12C99>.B81<99).B88(99).Cll<99)' DIMENSION C12(99).C21(99).C28(99)DIMENSION AHll(99),AM12cg9).AM81C99).AM28C99)DIMENSION BM11(99).BM18(99).BM21<99).BM22(99).CN11(99 >DIMENSION CM12(99).CM21C99).CM88(99)DIMENSION 9(25.25.50).UU(99)DIMENSION PI(99).PBH(99).PIU(99).PI0(99).U1(99).U8(99).UD(99)
MC • 2XNMJ 4 3 DO 30 I-l.IMAX 9(1,1.I) • 111(1)9(8,1.I) • 981(1)9(1.8.I) • 912(1)9(8.2,I) - 982(1)9(1.MC.I) • RFU(I)9(2,MC,I) ■ RFO(I)DO 10 J-1.NM9 L • J 4(1-1)*NM*EOEOIF (9M1KL)IF (9M32CL)J8 • J S 8 J2P1 • J2 4 1 
J8P2 • J2 4 8 B(J8P1.MC.I ) • 9(J8P2.NC.I) • B(J2P1.J2P1.I) B(J8P2.J8P1.S) 9(J@»1,J8P2.I) B(J2P8.J2P2,I

0)0) BMlKt)BM22(L) 11

IF (J.EO.l) 00 TO 5

RMU(L) RRO(L) BM1KL) 9M8KL) 9M12(L) 9M82(L)
BCJ2P1.J2-1.I) B(J2P8.J8-1.I> 9(J8P1,J2.I) 9(J8P8.J8.I)5 IF (J.E0.NM9) 00 TO It

10

B(J8P1.J843.I) 9(J8P8.J843.I) 9(J8P1,J244,I) 9(J2P8.J244,I) CONTINUE

AM1KL)AR2KL)MMl8(t)AM88(L)
CMll(L)CM2KL)CM18(L)CM88(L)
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11361###
n u is11364###11365###11366###iiiZS11369###113?####11371###11372®##11373###113731##113732##113733##113734##113735##11374###11375###11376###11377###11378###11379###1138####11381###11382###11383###11384###11386###8

DO 8# KK 3.WC-1 K MC KK * :D • NK.K-Zî DO 15 M • 1.MC B(K.F.I) • S(K.M.I) / D 15 CONTINUEDO 2# II - l.K-1 KI - K - II 2 • KKI.K.I)DO 2# J • l.MCKKI.J.I) ■ SCKI.J.I) - 2X»(IC.J.I) 2# CONTINUE•ltd) • Ki.i.I)•21(1) ■ •(2,1,1)•12(1) • •(1.2.1)•82(1) • •(2,2,1)RFU(I) • •(l.MC.I)RFO(I) • 1(2.MC,I)IF (UD(I).EO.#) GO TO 3#VI • -FIV(I) / UDCI)V2 ■ -PIO(I) / WD(I)•11(1) •18(1) • •21(1) • •82(1) • RFU(I) ■ RFO(I) • CONTINUE RETURN END

•11(1)
ill:RFU(I)RFOd)

VISUKI)VtSU2(I>V28UKI )V2SU2(I)VISRVL(I)V2««UL(I>
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11396#*# 1139?### 11388### 11389### 1139#### 11391### 11396### 11393### 11394*6# 11395### 11396*00 113970## 11398### 11399### 114*#### 114*1### 114020#* 114*61## 114*22## 114*3### 114*4### 114*5### 114*6#*# 114*7### 114*8##* 114*9### 1141#### 11411*## 11412### 11413### 11414*#* 11415### 11416#*» 11417### 1141##*# 11419### 1142##*# 11421**# 11422##* 11423##* 11424### 11425*## 11426*## 11427#** 11428#•• 11429### 1143#### 11431##* 11432*## 11433### 11434### 11436##* 11436m 11437##* 11438**# 11439###
IÎÎ3Î8$
liVSSi

SETUP —  LOADS MATRIX FO* 88AMD

11445###1144####

SU8R0UTINE SETUP(A,D.Ni DIMENSION A(1).D(1 )COMMON /COEFF/All.A18.A*l,A22.»ll.»t8.»21.S2a.Cll.C12.Ctl.C18 COMMON zRNSz RFU.RFO.RMU.RMO.RVL DIMENSION A11(99).A12(99J,AB1(99),A82C99)DIMENSION 911(99)<112(99).121(99)<822(99)«Cil(99)DIMENSION C12(99).C2K99),C22(99) _DIMENSION RFW(99).RMW(99).RFO(99),RMO(99).RWL(99)C IC • #DO 4* I-l.NIF (111(1).EO.*.*) 811(1) • 1 *IF (822(1).EO.*.*) 822(1) • 1 #J1 • 1 ~J2 • 7IF(I LT 3) Jl • 6-881 IF(I.EO.M) 2 5DO 2* J-J1.J2 IC • IC ♦ 1 /00 T0(2*.11.12.13.14.15.16) J A(IC) • All(I)00 TO 2*A d d  " A12(X)00 TO 8*A(IC) • 211(1)00 TO 2*A(IC) « 812(1)00 TO 2*A d d  • Clld)GO TO 2*A d d  • Clfi(I)CONTINUE Jl - 1IF(I.EQ.l) Jl<*3 IFd.OT N-8Î J2-448S(N-I)DO 3* J-JS.J8 IC - IC ? l00 TO(2l.22.23.24.25.86.3*) J A d d  • A 8 i m  00 TO 3*A d d  • A22d )00 TO 3*A d d  • 821(1)00 TO 3*A d d  • 822(1)00 TO 3*A d d  • C8KI)00 TO 3*

12#""*12-1 D(X2M) • RFUd)D(I8) • RFOd)
e a rEND

11

12
13
14
15
16

83
84

39



T-2716 107

il44Ÿm 1144806e 11449606 11450006 11451006 11452000 11453606 11454000 11455060 11458000 11457006 11458006 11459600 11460000 11461000 11462000 11463000 11464000 11465600 11466060 114(57006 11468006 11469006 11476006 11471066 11472666 11473600 11474600 11475006 11476609 11477060 11478606 $1479060 11486006 11481966 11482006 11483866 11484000 ' 11485000 11486606 11487606 11488066 $$489666 11490066 11491066 11492666 11493066 11494066 11495606 11496600 $1497666 11498666 11499666 11506666 11501066 11562066 11563600 11504606 I1565606 11566066 11567666 11568060 11509000 11510060 11511000 11512000 $1513600 11514000 11515000 11516600 11517000 11518000 $1519000 $1526006 11521660 11522000 S

C %C 08AXD —  MATRIX INVERSION ROUTINE %C %
X̂XXttt*XXt%XKXX10CXXXX%%%XXXXXXXXX%X%%%X%XX3&XXXXX*X*%*%XXXXX%tXXX\X*%

SOLUTION OF SYSTEM OF EQUATIONS WITH SAND MATRIX SV STANDARD ELIMINATION WITHOUT PIVOTING.
PARAMETERS'
A — MATRIXONE-DIMENSIONAL ARRAY CONTAINING THE SAND OF THE STORED SV ROWS. THEN REQUIRED DIMENSION OF A IS M*(2*M+1) - MSN - M.M —  NUMBER OF DIAGONALS ABOVE THE MAIN DIAGONAL. THE NUMBER OF DIAGONALS BELOW THE MAIN DIAGONAL IF ALSO M, THERE­FORE THE TOTAL BANDWIDTH IS 8M+1.N —  NUMBER OF EQUATIONS D —  RIGHT-HAND-SIDE VECTOR.X —  SOLUTION VECTOREPS —  THE ELEMENT ON THE MAIN DAIQONAL IS COMPARED TO EPS DURING ELIMINATION. IF IT IS SMALLER. THE VALUE OF THE COUNTER IERR IS INCREMENTED.IERR —  NUMBER OF TIMES THE ELEMENT ON THE MAIN DIAGONAL WAS SMALLER THAN EPS.IFRST —  IF IFRST • 0 THEN THE MATRIX IS INVERTED AND THE INVERSE IS STORED IN PLACE OF THE ORIGINAL MATRIX IF IFRST IS GREATER THAN 6 THE ROUTINE ASSUMES THAT THE MATRIX HAS BEEN INVERTED AMD WILL CALCU­LATE A SOLUTION CORRESPONDING TO THE NEW R.H.S. VECTOR. THIS OPTION IS USEFUL WEN SOLVING REPEAT­EDLY THE SAME EQUATIONS WITH DIFFERENT R.H.S. VECTORS.

SUBROUTINE QBAND(A.D.X.N.M.EPS.IERR.IFRST) DIMENSION A<1).D(1).XC1)

S?
n

p
26

$

g

8
8

IERR • 6J • 1DO 10 I • i.N IE • HIFd-Ht-N) 21.81.88IE • N-IIEAUX • MIFCI-M) 23.23.84IEAUX « IIE1 • IE ♦ IEAUXHBIG • IEJl • J+1E1J2 . JlIF<IFRST GTS) GO TO 27 IF(ABS(A(J))-EPSi 25.85.27 IERR • IERR ♦ 1 IF(RBIG) 16.16.25 DO 26 JO • l.MBIG S » A(J1) / AU)IF (IFRST GT.6) GO TO 36 DO 36 K • l.MBIG J1K ■ Jl ♦ IC JK ■ J ♦ KA(J1K) • A(J1K) - AtJKNS CONTINUE IAUX • JO ♦ ID(IAUX) • DCIAUX) - DCDtS
IF (IAUX4M-N) 31.31.38 IE • N - IAUX IEAUX - MIF (IAUX-M) 33.33.34 I EAUX • I AUX IE1 • IE ♦ IEAUX Jl • Jl 4 IE1 J • J8 4 1
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11523808 J • J - « - t11524888 MPI " N + 111525888 DO 48 IIIW • l.N11526888 I • NP1 - IIINV11527888 IE - M11528888 IF (I+M-M) 41,41.4811529888 48 IE N I11538888 41 nsio • IE11531888 X(I) • DCI)11532888 IF (N8I6) 44,44.4311533888 43 DO 58 K-l.MDIO11534888 IK ■ I ♦ K11535888 JK • J ♦ K11536888 58 XCI) • XCI) - XCIK)S811537888 44 XCI) • XCD/PCJ)11538888 IE • M11539888 IF (I4N-NP1) 51.51.5211548888 52 IE • MPI - I11541888 51 IEAUX - M11542888 IFCI-1-NÎ 53,53.5411543888 S3 IEAUX - I - l11544888 54 IE1 ■ IE ♦ IEAUX11545888 J • J - IE1 - 111546888 48 CONTINUE11547888 RETURN1154*888 END8
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11549**1155*** 115510* 115520* 115530* 115540* 115550* 11556000 11557*0 11558000 1155** 115690* 11561** 115620* 115630* 115640* 115650* 115660* 115670* 115680* 1156** 115700* 115701* 115702* 115710* 115720* 115730* 115740* 115750* 115769* 115770* 116780* 115790* 1158** 115810* 115820* 115825* 115830* 115840* 115860* 115880* 115896* 115900* 115910* 115915* 115920* 115930* 115940* 11595*0 11596*6 115970* 115971* 115980* 1159*10

UPDATE - SOLVES FOR MATRIX UNKNOWNS AMD UPDATES ALL VARIABLES

SUBROUTINE UPDATECX.PWF,SUF.PUN.SUM.OUELL.OW.00.H.N.CONVRG)DIMENSION X(l).PVF(l).SUF(l).PUN<l).SWN(l).OUCl).*<l),QUELL(l)COMMON /RHS/ RfU.RFO.RMU.RMO.RWLCOMMON /WELL/ PI.PBH,PIW,PI0,WW.W1,W2,UD.PWNCOMMON /C0EF3/ BDIMENSION B(3S.25.*).PWNC99).VUC99).V(99)DIMENSION RFUC99).RHU<99).RFO(99).RMO(99).RUL(99)DIMENSION PI(99).PBHC99).PIU(99).PI0<99).UlC99).U2(99i.UD<99) LOGICAL CONURO
DO 40 I-l.N I2M - 2*1-1 
12 ■ 2*1PUFCIÎ • PWF(I) 4 X(IBM)SUF(I) - SWF(I) 4 X(I2)IF CSUF(I) LT.9.0Î SUF(I) • 6.0 IF CSUFCI) GT.1.0) SUF(I) • 1.6(AiS(X(I2M)).QT.6.*1 ) CONVRC - FALSE.(A8S(X(I2)).GT 6 6*1) CONURO ■ FALSE <UD(I) EQ.6) GO TO 15
IF

I (RUL(I)-Ut(I)*X(I2H)-V2(I)*XCI8i) / UD<I> (ABS(DP) GT 0 *1) CONVRC • FALSE.PBH(I) 4 DP PUFCI)
15

17

115981*115990*116000*11* 10*

PBW(I)PUN(I)W  TO 17 CONTINUE PBM(I) - PUFCI)PUN(I) • PUFCI)CONTINUEIF C UDCI).NE.6) PSHCI) • QUELL Cl ) / IOC I) 4 PUN(I) 00(1) • PIOCI) % CPBHCD-PUNCD)QUCI) • PIUCI) t CPBHCI)-PUN(I))MC • 2*M 4 3 VCD » XCI8M)VC2) • XCI2)DO 20 K • 3.MC-1 DO 22 J • l.K-1BCK.MC.I) • 8CK.MC.I) - BCK.J.I)SVCJ)VCK) • BCK.MC.I)CONTINUE DO 40 J-l.M L » J 4 CI-1)JN J2 • J*8PUMCL) • VCJ841) 4 PUMCL)IF (ABSCYC J841 ) ).GT.6.Ml ) CONVRG - FALSE.0UHCL) - VCJ248) 4 SUMCL)IF CSUHCL).LT.0.0) SUMCL) " 0.0 IF (SUMCL).GT.1.0) SUMCL) • 1.0 IF CAW(V(J242)).GT.0.6*1) CONVRG - FALSE.
s o a rEND
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nstoteeii60300e1160400011605000116060001160700011608000116080001161000011611000116120001161300011614000116150001161600011617000116180001161900011620000116210001162110011621200116220001162300011624000116241001162420011625000116260061162700011628000116290001163800011631000116320001163210011633000116340001163500011636000116361001163700011638000116390001164000011641000116420000

RMTBAL —  MATERIAL BALANCE CALCULATION
CXXXXXXX%X%XXXXXXXXX%%%XXXXXXXXX%XX%XkX%%%%XXXXXXXXXXXX%XXKXXXX%XX%%X%XX

SUBROUTINE RMTBAL C UH8T .UIPF. UPUF. UPI^N. OU. UI^M, VPÜM. UPlÀh. CUMU, t CUMO.OMBT.OIPF.UPOF.UFgFN.OO.OiPM.UROn.UPOflN.M.N.Df)DIMENSION OOCl).OU(l).VPgF(l).VFyFNCl).UPOF(l).VFOFN(l)DIMENSION UPUMCl).VFUnNCl),VPOfl(l).VPOMN(l).CUnuCl),CUnO(l)C UIPTN • UIPFUIPF • 0OIPFN • OIPFOIPF " 0UIPMN ■ UlPflUIPM • 0OIPMN - OIPMOIPH • 0QONET • 0OUNET • 0DO 10 I-l.NUIPF • UIPF 4 UPUF(I)OIPF - OIPF ♦ UPOF(I)CUMU(I) • CURU(I) ♦ OUditDT CUMOCI) • CUMOd) ♦ 00(1 )8DT OUNET - OUNET 4 OUCDBDTOONET • OONET ♦ 00(I)SDT10 CONTINUEDO 30 L-l.MSNUIPM - UIPM 4 UPUHCL)OIPM - OIPM 4 UPOMCL)80 CONTINUEIF (OUNET.NE.0) 00 TO 30IF (UIPFN4UIPHN.EO.0) 00 TO 38UNIT • (UIPF-UIPFN4UIPM-UIPMN) / CUIPFM 4 UIPMN)00 TO 3830 UM8T • (UIPF-UIPFN4UIPM-UIPMN-0UNET ) / OUNET 38 IF(OONET NE.0) 60 TO 36IF (OPIFN4OPIMN.EQ.0) 60 TO 40OMBT • (0IPF-0IPFN40IPM-OÎPMN) / (OIPFN 4 OIPMN)00 TO 4036 OMBT - C0IPF-0IPFN40IPM-0IPMN-00NET > / OONET 40 CONTINUE RETURN END
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11643000
11644000
11645000
1164600011647000
11648000
11649000
11650000
11651000
11652000
11653000
11654000
11655000
11656000
11657000
11658000
116590001166000011661000
11662000116630001166400011665000116660001166700611668000116690001167000011671000S

cC eiTED —  OUTPUT SUBROUTINEC
c SUBROUTINE RITED(X.NV.NX)DIMENSION X(l)

LI - 0 12 ■  0 L3 • 0MAXLP • NX / 8 ♦ 1 DO 50 M-l.IWXLP Lt • L2 ♦ 1 L2 • NXIF (L147.LT NX) L2 • Ll*7L3 " L2 - LI + 1URITE(6.100) (I. I-L1.L2)DO 20 J-l.NV 20 URITEC6.120) J.(X(J*(I-1)tNY>. I-L1.L2) URITE(6,130)50 CONTINUE100 FORN*T(2X,eI'e.lX.8(7X.I3.4X>)120 FORMAT(2X.12.1X<8(1X.F13.4))130 FORMATt/)RETURNEND
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116720## 11673### 11674000 11675000 11-676000 11677000 1167800# 1167900# 11680000 11681000 1168200# 1168500# 11686000 11687000 1168800# 1169400# 11695000 11696000 11697000 1170000# 11701000 1170200# 1170300# 11704### 11705000 11706000 11707000 1171300# 11714000 11715000 11716000 11717000 1171800# 11719000 1171910# 117182## 1171930# 11719400 11719500 1171960# 21720000 11721000 1172200# 11723000 11724000 11725000 $1726000 117270## 
11728000 117290## 117300## '$$731000 n 73200# 11733000 11734000 11735000 11736000 $1737000 H738#00 11739000 1174000» 11741000 ;■ 1742000 11743000 £174400# 11745000 î1746000 $1747000 11748000 1174900# 11750000 11751000 11752000 11753000 1175400# 11755000 8

RDATA —  PRINTS XSOQ DATA
%%%%%%%»%%%%%%%%%%%%%%%%C SUBROUTINE RDATACOMMON /CONS/CU.CO.NUELL.DT.IMAX.NMI.UIO.VIU.RHOU1.RHOOB,CF,CM COMMON /FRAC/BUF.BOF.DF.PUF.POF.PHIBF.PHIF.RrOF.RKUF.RKUPF.PCPF. f RKOPF.TCF.TOF.TUF.SUF.VR.UUF.UOF.RHOUF.RHOOFCOMMON /WELL/ PI.PBH.PIti,PI0.UU.Ul.U2.UD.PUN COMMON /MATRIK/BUM.BOM.DM.PUM.POM.PHIBM.PHIM.RKOM.RKUM.RKUPM.S RKOPM.TCM.TOM.TUM.SUR.UUH.UOfl.RHOUM.RHOOM.PCPM.S TMF.TOMF.TUMF.UUMF.UOMFDIMENSION BtiF(99).BOF(99).DFC99).PUF(99).POF(99).PCPFC99) DIMENSION PH I BF C 99 î. PHIF ( 99 ). RKOF C 99 ). RiCUF 199 )DIMENSION RKUPF(99 ).RKOPF(99).TCF(99).TOf(99).TUF(99)DIMENSION S0F(99).SUFC99$.UR(99).UUF(99).ti0F(99).RH0UF(99) DIMENSION RH00F(99).UU(99).til(99).U2(99).UD(99)DIMENSION VPtiFN(99).UP0FNf99)DIMENSION PI(99).PBH(99).PIU(99).PI0(99).RUL(99).PUN(99) DIMENSION BUM(99),B0M(99).DM(99).PUM(99).P0M(99).*400M(99) DIMENSION PHIBM(99),PHIM(99).RK0M(99).RKUM(99),PCPM(99) DIMENSION RKUPM(99).RK0PM(99).TCM(99).T0M(99).TUH(89>DIMENSION S0M(99).SUH(99).UUM(99).U0M<99),RH0UM(99)DIMENSION TMF(99).TUHF(99).T0MF(99).UUHF(99;.W0HF(98)

WRITE(6.527)527 FORMATC///40X.eRKOF •./.129(eSeîî CALL RITEDCRKOF.l.IMAX)URITEC6.537)537 FORMAT(///40X.'RKUF './,12#('*')J CALL RITEDCRKUF.l.IMAX)URITEC6.5S0Î 55# FORMATC///40X.‘RKOPF 6./.12#(=«')i CALL RITEDCRK0PF.NM1.IMAX)URITEC6.55S>555 FORMAT(///40X.BRKUPF •./,180('S*)$CALL RÏTEB(mc»F.NMl.IMAX)URITEC6.547)F47 F0RMATC///4#X.ePHIF 6./.12#('f))CALL RITEDCPH1F.1.IHAX)URITE(6,F57>557' FORMATC///40X.'RHOUF 8./.180(it*)î CALL RITEDCRHOtiF.l.ZMAX)URITE<6.S27)627 FORMAT(///4#X. •RHOCf •./. l80Ct* î )
CALL RITED(toOOF.i.IflAX)URITEC6.637)637 FORMAT(///40X.,UOF e./.180(6$e))CALL RITED(UOF.l.IMAX)WRITEC6.647)54? FORMAT(///40X.BUUF * ►/«1E#C“S* $ î CALL RITEDCUUF.1.IMAX)URITE(6.6S7>657 FORMAT(///40X,eDUF •./»180Ce8eîî CALL RITED<BUF.S.IMAX)URÏT£(6.727)727 FORMAT(///40X.'DOF •./.1«#(•*•))CALL RITEDCBOF.l.IMAXÎ URITEC6.737)737 FORMAT<///40X.ePCPF ■./.18ÔCI* ïî CALL RITED(PCPF.I.ÎMAX)URITEC6.747)747 FORMAT(///40X.'UR •./.1 B # ( ï )CALL RITEDCUR.l.IMAXÎ URITE(6.757)757 FORMAT(///4#X.•TCP •./.120(8Se>î CALL RITED(TCF.i.lBAX)URITEC6.828)828 FORMAT(///40X.eTUF './.$20(•«•))CALL RITEDf TUF.1.IMAX)URITEC6.838)838 FORMAT(///40X.*TOF './.12#(•*•))CALL RITED(TOF.1.IMAX)
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11756 H# I*ITE(S,I4S)117S70W S4S F0RM#T(///4#X.'T0MF •./,18f('S')) 
1 1 7 5 8 m  CALL RITEDtTOftF.NFS, IHAX)11759m URITE(6.SSS)ilTSem 861 F0RHAT<///4SX.iTUHF »./. 181C'*') ) 
H 7 6 im  CALL RITEDCTUnF.NHS.IHAX)11768m URITE<6,989)11763m 98» FORMAT(///41X,'TMF •,/, 186( •*') ) 
11 7 6 4 m  CALL RITED(THF.WtS.IHAX)11765m UR I TE (6 .939)
1 1 7 6 6 m  939 FORMAT(///4#X,'RK0M • ,z. 18#C «S') )
1 1 7 6 7 m  CALL RITED(RFOM.NRS,IHAX)11768m URITEC6.949)11768m 949 FORMAT(///46X. «RKUM 186C «S« ) )H77me CALL RITED(RKUM.NFS, ZHAX)11779166 URITE(6.959i11779869 959 F0RMAT<///49X.«RK0PH «,z.129(«*•))11779369 CALL RITEDCRKOPH.NFS.IHAX)11779466 URITE(6.955)11779569 955 F0RFAT(///49X.«RKUPH «./.189(*1*)) 11779666 CALL RITEDCRKUPF.NFS.IHAX)11771666 URITE(6.9S9)11778m 959 FORMAT(///49X. «RH00H • ./. 129C'S') ) 11773966 CALL RITED(RHOOF.NFS.IHAX)11774m UR I TE (6.1989)11775999 1989 FORMAT(///49X,«RHOUF •./.189C,*«Î) 11776996 CALL RITED(RHOUF.NFS.IHAX)11777966 URITE(6.1939)11778m 1939 FORMAT<//z49X.«UUF • .z. 189( eSe ) ) 11779996 CALL RITED(UUH.NFS.IHAX)11799m URITE(6.1949 )11781696 1949 FORMAT(zzz49X.«UOF '.Z,189('S')) 11788m CALL RITED(UOH,NFS,IHAX)11783m URITE(6.1959)11784m 1959 FORMAT<zzz48X.'PHIF •. Z. 189( «S') ) 11785m CALL RITED(PHIH.NFS.IHAX)11786m URITE(6.1189)11787999 1189 FORMAT(ZZZ49X.«UUMF '.Z.189CS")) CALL RITED(UUMF.NFS.IHAX) URITE(6.1139)1139 FORMAT(Z/Z49X.'VOFF «.z.189C«S')) CALL RZTED(UOMF.NFS.IHAX)URITE(6.1149)1149 F0RHAT(zzz49X.«PCPM «.z,l89('S«)> CALL RITED(PCFM.NFS.IHAX)URITE(6.1159)1159 FORMAT(zzz49X,*TUN •,z,189(*t(>> CALL RITED(TUM.NFS.IHAX) URITE(6,1889)188» FORMAT(zzz49X,'SUM «.z.l89((S«)) CALL RITED(SUM.NFS.IHAX) URITEC6.1839)1839 FORMAT<zzz49X.«SOM «./.199(■*•)) CALL RITEDCSOM.NFS.IHAX)URITE(6.1849)1849 FORMAT(ZZZ49X,"TOM ",Z,19S("*')) CALL RITEDCTOF.NFS.IHAX)URITE(f.1859)1859 F0RHAT(zzz49X.«TCM •.z.189C'S*)) CALL RITED(TCM.MHS.IHAX) MRITEC6.1869)1889 FORMAT(zzz49X."WU «./.139(«8SÎ) CALL RITaCWW.l.IRAX)

  URITEC6.Î339)
CALL̂ RITED(Pi! iTlHAX ) * ̂  URITE(6.1349)

4 Ĉ RITEDÎpiûîlfïnÂx) '138< ,,e * *URITE(6.1359)

END

11789m11799mii?9im11798m11793m11794m11795m11796m
îiSSS

I S$188811897m
u s s z11811199iisum11811399
11812mU8i3mii8i4miisiBm $ iBiem 11817696iisiemii8i9m11889m118219991x822996•
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118233»* 1182400* 11828000 1182600* 118270*0 1182806* 11829*00 1183*00* 11831000 118340*0 1183500* 11836*0* 1184000* 11841*0* 1184110* 1184120* 11842000 11843*00 118440*0 11849**0 11850**0 11851**0 1185200* 1185300* 1186400* 11865000 118660*0 11867000 11868000 11869000 11870000 11871000 118720*0 11873600 11874000 11875080 11876000 11877000 11878*00 11879080 11880*00 11831000 11882000 118830*0 11884000 11885000 11886*00 118870** 11 1111890SS*11891*0*1189200*1189300011894000118950001189600011897*0*118980001189900*1190000011913*001191400*1191500*119160*011917000119180*011919000119200*01192100011922*001192300011924000119250001192600011927000#

DEBUG —  PRINTS DEBUG DATA

C SUBROUTINE DEBUGCOMMON /COMS/CU,CO.NUELL.DT, IMAX.NFI8, VIO.VIU.RHOUB.RHOOB.OF,CM COMMON /C0EFF/A11,A12,A21.A22.B11,B12,B21,B22,C11,C12,C21,C22 COMMON /RHS/ RFU.RFO.RfW-RMO.RUL COMMON /WELL/ PI.PBH-PIU.PI0.UU.U1.U2.UD.PUNCOMMON /C0EF2/AM11,AM12.AM21.AM22,BM11,BM12,BM21,BM22,CM11,CM12. 0 CM21.CM22COMMON /C0EF3/ B DIMENSION B(2S.25.S0)DIMENSION AH11(99),AR12C99).AM21C99).AH22C99)DIMENSION BM11(99).BM12(99),BM21(99).BM22(99),CM11(99)DIMENSION CM12(99).CM21(99).CM22(99)DIMENSION A11(99),A12(99).A21(99).A22C99)DIMENSION B11(99).B12(99),B21(99).B22(99).C11C99)DIMENSION C12(99).C21C99).C22(99),UU(99).U1(99).92(99).UDC99) DIMENSION RFU(99).RFWC99).RF0(99),RM0(99)DIMENSION PI(99).PBH(99).PIU(99)»PI0(99).RWL(99).PWN(99)
UPITEC6.S27)527 FORMAT(///40X.‘All ■./.180('t')Î CALL RITED(All.l.IMAX)URITEC6.S37)537 FORMATC///4SX.eA12 •./.180(•«•))CALL RITED(A12,1.IMAX)WRITE(6.547)547 FORMATC///40X.®A21 e./.180(eSe)Î CALL RITEDCA21.1.IMAXÎ WRITE(6.557)557 FORMAT(///40X.eA22 e./.180CeSe))CALL RITED(A82.1.IMX}URITE(6.627)627 FORMATC///40X.eBll './.12*('S'))CALL RITED(Bll.l.IMAX)WRITE C 6,637)537 FORMAT(///40X,eB12 './.18»('f)Ï CALL RITEDCB12.1.IMAX)WRITE(6.647)647 FORMAT (///40X, *B2i './.120C8'))CALL RITEDCB21.1.IMAX)WRITE (6,657)657 FORMAT(///40X."B22 './.1 2 0 ( )Î CALL RITED(B22.l.IMAX)WRITE(6,727)727 FORMATC///40X.'Cl1 1./.120<eSe))CALL RITED(Cll.l.IMAX)WRITE(6.737)737 FORMAT(///40X.'C12 './.186<•<•>Î CALL RITED(C12.1.IMAX)WRITE(6,747)747 FORMAT(///40X.eC2l i./.120Cli ))CALL RITED(C21.1.IMAX)URITEC6.757)757 FORMATC///40X.eC82 ®./»120(®t*)î CALL RITEDCC22.1,IMAX)WRITE(6.929)929 FORMAT(///40X.*BM11 •./.1 B 0 ( ïI CALL RITED(BMll.NMB.ZHAX)WRITE (6,939)939 FORMATC///40X. *BM12 './.120C*'))CALL RITED(BM12,NMB.IMAX)WRITE(6.949)949 FORMAT(///40X.«Dftt! e./,120(eSe))CALL RITED(BM21.NMB.IMAX)WRITE(6.959)969 FORMAT!///40X.*BM22 a./.126(ata))CALL RITED(BM22.NHB.IMAX)WRITE(6.1029)1029 FORMAT(///40X.*AMli •./.1*0(a8e))CALL RITEDCAH11.NMB.IMAX)
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1192BW# U»ITE(S.ie38)ii829eee leag f<nwat(/zz4Sx.'wie (.z.i h (*s*>>1193MM CALL RITOCAfllE.NHi. IHAX)11931CA0 URITE<6.ie49)11932000 1049 F0RAATCZZ/4IX.'AF«1 ',Z,1»0(eSe)) 11933000 CALL RITED(AM21.MW,IMAX)11934000 URXTE(6.1059)12935000 1059 FORMAT(zz/40X,'AM22 ■.z,180(•«• ) ) 11936000 CALL RnTDCAfl22.NHS.IHAX)11937000 URXTEC6.1129)11938000 1129 FORMAT(ZZ/4#X.'Cflll •.z.l80(iSe)) 11939000 CALL RITED(CHI1.NUB.IMAX)11940000 URITECfi.1139)11941000 1139 FORMATCZZ/40X.'CM12 •.z,120(•«•)) 11942000 CALL RITED(CfllB.NMB.IMAX)11943000 URXTE(6.1149)11944000 1149 FORMATCZZZ40X.*CM21 '.z.120(•*•)) 11945000 CALL RITEDCCfl21.NMS.IMAX)11946000 URXTEC6.11S9)11947000 1159 FORMATCzzz40X.'CM22 '.z,120(':')) 11948000 CALL RITEDCCM22.NMS.IMAX)11949000 URITEC6.1229)11950000 1229 FORHATCZZZ40X.■RFU •.z.I20C•*•)) 11961000 CALL RITEDCRFU.1.IMAX)11952000 WZTE<6.1239)11953000 1239 FORMATCzzz40X.*RFO '.Z.120C'*')) 11954000 CALL RITED(RFC.1.IMAX)11955000 URITEC6.1249)11956000 1249 FORMATCZZZ40X. •RMU V/.120C»')) 11957000 CALL RITEDCRflU.NRB.IMAX)« 11968096 URITEC6.12S9)11959609 1259 FORMATCZZZ40X.«RMO •.z,120C'Se)) I19600S0 CALL RITEDCRMO.NHS.IHAX)11960100 URXTEC6.1269)11960200 1269 FORHATCZZZ40X.*RtfL •./.186C•*•)) 11960300 CALL RITEDCRUL.1.IMAX)11961000 UR1TEC6.1339)11962000 1339 FORMATC///40X.'Wl '.z,130C'$')) 11963000 CALL RITEDCU1.1.IMAX)11964000 URXTEC6.1349)1196500® 1349 FORMATCZZZ40X,'W2 ',Z.130C'S')) 11966000 CALL RITED(IS.1.IMAX)11967000 URITEC6.1359)11968000 1359 FORMATCZZZ40X.'WD '.Z.130C'S')) 11969000 CALL RITEDCUD.l.IMAX)11969100 URITEC6.1369)11969300 1359 FORMATCZZZ40X.'• '.z,130C'S')) 11969480 DO 1400 I-l.IMAX11989500 1400 CALL R1TEDCSC1.1.1).30.8SNMS*3) 11970000 RETURN11971000 END8


