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CHAPTER I

INTRODUCTION

Mathematical models for petroleum reservoirs incorporate the
reservoir physical properties and the interaction of natural and
artificial forces to simulate reservoir behavior. Therefore,
mathematical simulation helps in understanding reservoir behavior.

Such information leads to the most economically desirable form of
exploitation.

Reservoir simulators are used to design the most economical
secondary recovery program and to lay out the complete reservoir
management from discovery to depletion.

Natural reservoirs consist of one, two or three phases (oil,
water, and gas) with various geometries. Therefore, various reservoir
simulators were developed. They start with one-dimensional one-phase
simple simuiators and end up with complex three-dimensional three-
phase ones. Although three-dimensional simulators are now available,
the most popular simulator is the two-dimensional one because a well-
organized two-dimensional simulator can be used to approximate three-
dimensional one at a lower cost.

The efficiency of a simulator as a working and economical tool
hinges upon the ability of its algorithms to solve the pressure equations
efficiently.® Most of the computer time is spent in performing pressure

1



solutions. For this reason, the best simulator is the one which
requires the minimum work during the pressure solutions.

The pressure equations can be solved either by iterative or
direct methods.

Iterative methods are by far the most common methods of solving
the pressure equations used in simulation. This is because iterative
methods are easy to program and require less storage and less computation
compared to existing direct method algorithms. Hence during the early
years of work in this discipline, the direct solution techniques were
almost completely abandoned as a solution process. However, in
recent years with the development of sparse matrix techniques, the
direct solution process has become Tess costly, while producing as
good a result. For this reason, direct solution techniques are once
again being considered in reservoir simulation areas.

The existing numerical methods (direct or iterative) to solve
the mathematical models of petroleum reservoirs are time consuming.
Those methods consume different computer time when applied on reservoirs
with different characteristics.

The computer time is expensive, therefore, a tool to choose
the fastest, most efficient methods for a given reservoir is needed.

A comparative study helps to show the features of each method. Such
information leads to the choice of the most economically suitable method.

The comparative studies done in literature are Timited to two
or three methods and most of these comparative evaluations are done on
a system of simulaneous equations not as part of a complete simulation.
Also most of these comparative studies used idealized model of fixed

rates and square reservoir with pre-determined flow coefficients.



Stone!* has presented a comparison among the following numerical
procedures: alternating direction implicit (ADI), strongly implicit
(SIP), point successive overrelaxation (PSOR), and point Jacobi. His
study was in terms of computational work and residual. He used an
idealized square reservoir with fixed flow rates and a combination
of homogeneous regions. His results are presented in Figure 1.1. Stone
concluded that both ADI and SIP possess convergence rates a great deal
faster than those of the other two methods. For homogeneous case, ADI
is slightly faster than SIP. However, SIP is significantly faster
than ADI in case of heterogeneous reservoirs. Also he concluded that
PSOR is more rapid than point Jacobi method.

Breitenbach, et al.3 gave a very brief comparison between Gauss
elimination, PSOR, and ADI. For his model, he showed that PSOR and
ADI are more efficient than Gauss elimination for more than 9x26
cell system. His results are shown in Figure 1.2.

Watts!® has presented a comparison among ADI, SIP, line successive
overrelaxation (LSOR), and corrected LSOR in terms of accuracy. His
results are shown in Figure 1.3. He concluded that for two-dimensional
strongly anisotropic problems, the corrected LSOR is faster than
other available techniques. However, in homogeneous isotropic square
problem, the corrected LSOR is slower than ADI, SIP, and LSOR.

Weinstein, et al.2° have compared SIP with ADI for a two-dimensional
two-phase model. Their results are shown in Figure 1.4. They found that
the computational work ratio, which is the ratio of ADI computer time
to SIP computer time, generally increases with increasing transmissibility

(p..). They also found that ADI fails to converge for higher

max
transmissibility.
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lteration
Number Time
Porometer . of Average (millisec/
s Iteration (Mcx SiP Time Numberof Itarations/ lterations/ Total Time Work
Problem Pmax Procedure Min ADIP Steps itarations Time Step Block} {(minutes) Ratio
Dissolved Gas SIP 0.959942, ! 3 189 23,6 2.41 .83
Drive 56 -3
Case {* ADIP 0.569 < 10 ', 0 8 247 30.9 2.26 4,69 .22
Dissolved Gas SIP 0.9999942, 1 8 193 24,2 2.40 .89
Drive 660 -4
Case |1* ADIP 0.231x 10 ,0 % o9
Gos-0il 2600 SIP 0.999998 25 77 31 .97 0.993
Incompressible ) ADIP  0.203 x 107° 25 389 15.6 1,48 2.75 3.78
Water-Oil Redial , 10 SIP 0.9995 ge* 86 9.6 1.90 0.45
Coning 03 x
ADIP 0.001 g o0 o0

* Al K of Cose Il are 10 times those of Case 1.
**Simulgtion from 30.4 to 365 doys. (The 0-30.4 day time step was not included, since both SIP ond ADIP fsiled to converge.)

Figure 1.4-Weinstein,et al.'s Comparative Study



Price and Coats'? have presented a comparison among four different
ordering schemes outlined in chapter V. A direct solution method is
used with these ordering-schemes to solve idealized reservoir problems.
The Price and Coats study produces impressive results in terms of
computational work reduction. However, these results in computational
work reduction are limited to the computer time involved in elimination
portion of non-zero elements of the equations system and do not include
the additional work required to reorder the cell system from standard
ordering to the appropriate ordering.

From the afore-mentioned survey, a development of a better direct
method approach is needed. A more comprehensive comparative evaluation
using a realistic petroleum reservoir is also needed. This study will

address these two areas.



CHAPTER II
RESERVOIR MODEL

The introduction of Darcy's law into the two dimensional
continuity equation for each of the three immiscible fluid phases in

petroleum reservoirs leads to the following system of partial differential

equations :
el o q.o0 *
d %, . 3 0 00 _ . 3 1
§§'(hpoko Ei—) Ty (hpoko 3y )+ A =h 5¥'(¢poso) (2.1)
for the oil phase,
i-(hJ\i)iI%—")+§—(t1 xaéw)+quW*=h?—(¢ S..) (2.2)}
3x \MPyty THx 3y Ow W oy A 3t Py w )
for the water phase, and
L) o} 3d
9 -9 -9 _w
X (hpgxg ax * Rsohpoxo ax * sthpwxw IX )
3% Rl 1o}
a_ 9 _9 _W
* ay (hpgkg oy * Rsohpo}‘o ay * sthpwkw oy )
q.p.* 5 _
+ —Q—LA =h3 (eogSg T Reg90,5, * Rg, 89,5, (2.3)
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for the gas phase.

where

> J = 0,0, W (2.4)

These equations have been derived making the following assumptions:

1) Darcy's law applies

2) Composition of each fluid phase is constant

The generalized multiphase flow equation for the unsteady-state

flow of 0il, gas, and water in a porous medium is developed by combining

the three single-phase equations into one basic equation.

In order to

do this, we need to express the following auxilury equations:

The potential terms are

@O = PO +pogD
= +

®g Pg pggD

@w = Pw +pwgD

the capillary pressure terms are

Pcw = Po B Pw

Peg = Pg = P

and the saturation equation is

So +S_+ Sw =1

g
Thus:
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The derivation of the generalized multiphase equation is as follows:

Divide the oil equation (2.1) by P4 and expand by differentiation:

3P 3(p.gD)
) 0 9 0
3% (Mg =55) *+5x (g —5 1}
3P 3(p.9D)
9 _0y .0 o "
* oy (hko By) * Yy {hko oy !

o *
850 890 oPo S 56 BPO 9P

h(
L (60, 2 +85, zpe 5L * 0 -
o 0o ot 0 BPO ot 070 BPO ot Apo

(hAy), 3%, 2 3o, . (hx,)y

po X 8@0 po

3@0 2 9P

0
ay) T (2.12)

0

- {

The water equation (2.2) is divided by P and expanded by differentiation:

P 3(p,,9D)

) 0 ) cw 3
X (hkw_gi' T X (hxw X ) + X {hxw oX

}

30
W W _ 0 90 0y _ ww
5 (40, ¢ + 95, ELNT t oy )

o] A % 3
9 W2 aQW (h W)y ° W)Z DW1 (2.13)
o] ax a@w Py o

The gas equation (2.3) is divided by o_ and expanded by differentiation:

g
oP 3{p_gD) aP
3_ 0y L9 9 9_ —c9
ax (hxg ax) aX {hkg aX Py X (hxg X )



12

aP 5(p_gD) aP
3 0 ] g 3 cg
+ 2 — ) + = + A
oy (Mg 3y ) oy Ty —5— 1+ 57 (R —5p)
3S 3o . aP aP
= ooy —F + 08, T =2+ 0.5, - 2
e g ot goP. 2 g g o ot
g 0 0
oR aR aP
ho ] sw 0
+—= (Sp. =g—+ Sp, =5 —=x+5
pg 0" o0 aPo wow aPO ot
y (h)\g)x aég 2 304 4 (hpoko)x 8@0)2 BRso . (hpwlw)x ( 3<I>wz
Pq ax a¢g Pq 9X %, T o 9X
(hx), 3%, , 30 .(hor) 9 (ho. A ) 2 3R
AL () 00ty () 2 Wiwly( ) 2 (2.14)
pg Y ' 3% g y ) g 3y’ 739,
where
9.0, R 30 30
=.-99 ., _S6 3 (¢ _ o Oy _23_ _0
S Apg ¥ pg th at(oposo) ax (hpoko ax oy (hpolo ay)}
R od ad
sw 9_ o Wy 9 W
* _E;' th 3% (¢°wsw) T Bx (hpwkw ax) 3y (ho Ay ay)} (2.15)

Incorporating equations (2.1) and (2.2) into (2.15), we obtain
s = - qgog* - Rsoqopo* - stquw*) / (DgA) (2.16)

Combining equations (2.10), (2.11), (2.12), (2.15) and (2.16), we obtain

aP aP aP

0y , 3 0y - o
(Mt'_aY)J’W(Mt —z;j) = 31 5z *B,*By+B, +B, (2.17)

2
X
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Equation (2.17) has been derived using unified SI units, but if practical

units (Appendix A) are used, equation (2.17) becomes

3
ax

11.57407408 8, -9

(hA

t

BPO

oX

) +

3

3y (0

oP
at

M

3P
3y

O =

+ 11.57407408 B, + B3 + 0.001 B, + B; (2.18)

where the total mobility term is

ho (SOCO + chw +SC

g4

+ Cr) )

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)
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the production term is

q,0,* R
-1 gg 1 SO 1 SW
B, = < { +qpe*(—=-—)+qp*(=-—=")} (2.25)
2 A Pq o Pq W O Pg
the capillary pressure term is
3P aP
= - 3_ __ca cg
B, {3 (hx ) (h;\ aV)}
9P aP
3 cw 3 CW
+ { 3% (hlw W) + W (h)xw —ay)} (2.26)
the gravity term is
- O,Q,W a a(png) a a(png)‘
3, =- 1, [ﬁ-{mj ——1+ L my —ay-—}] (2.27)
and the second degree derivative term is
"a‘ i P Y i
0,W (hp.A.) 2 3R ho .\ 39,
- V. {__J_.J__( ) —3 +(‘°_J)y( 3y° } (2.28)
J g 3®J pg oy a@J

Potential gradients are assumed to be small and the square of such terms

are neglected, therefore

B.=10 (2.29)

The following auxiliary set of equations are necessary to define
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equation (2.18):

Capillary pressure equations

Pg - PO = ch = fl (SO,SQ’SW)

0
[}

-0
(]

PCW = fz(So,Sg,Sw)

Density equations

Do = f, (PO)
Og = f, (Pg)
Ow = fs (PW)

Relative permeability equations

kpo = Ts (Sgs5455,,)

=
[}

Pg f7 (SO’Sg’SW)

Ky = To (S925455,)

Reservoir geometry equations

o
|

= fe(X,Y)

= f1o(XaY)

=
[

(2.

(2.

(2.

(2.

(2.

(2

(2

(2
(2

30)

31)

32)

33)

.34)

35)

.36)

.37)

.38)
.39)
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Rock property equations

~
[}

= f11 (X.y) (2.40)

RS
|

- 1 3¢
fi2 (Po’ ry 55;) (2.41)

Solubility equations

0
1

so - f13 (Po) (2.42)

e
]

sw = 1 (aﬂ) (2.43)

Viscosity equations

u, = fis (P) (2.44)
Hg = fis (Pg) (2.45)
w, = fi7 (P) (2.46)

Initial condition equations

Po(xsy50) = Py (x.y) (2.47)
1

So(%sy5,0) =S, (x,y) (2.48)
1
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S,(%:y:0) = 5, (x.9) | (2.49)

Boundary condition equations (Mewmann type)

BPO
=2 = 0 (2.50)
9P
0 _
BT 0 (2.51)

Equation (2.18) with the auxilury equations constitute a complete mathematical
formulation of the two-dimensional three-phase simulation problem using
implicit pressure explicit saturation (IMPES) technique.

The mathematical derivation is similar to that given by Peaceman
and Rachford!! and Crichlow® except for the SI units incorporated in

this derivation.



CHAPTER III

FINITE DIFFERENCE SYSTEM

Equation (2.18) is far too complicated to be amenable to
analytical solution. This nonlinear partial differential equation is
approximated by finite differences where a variety of numerical
techniques are adequate to solve it.

This chapter develops the finite difference system necessary
to solve equation (2.18). In applying difference techniques, the
continuum of space and time is divided into discrete intervals.
Figure 3.1 shows the spatial discretized reservoir system. Thus, the
difference system is defined only at the points (i,n) where i is the
location of the cell and n is the time level. Figure 3.2 shows the
definition of the cell system.

In this study, the implicit pressure - explicit saturation
(IMPES) method will be used. The IMPES method solves equation (2.18)
implicitly for pressure distribution. The saturation distribution is

then explicitly calculated for each point.

3.1 Implicit Solution of Pressure

The finite difference formulation of equation (2.18) can be
carried out by substituting for each term of the differential equation

‘the appropriate finite difference approximation. Here, the noniterative

18
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TETRY 6/0

\\\\////41“‘ Reservoir boundary

N

/////z

///

NN

Gas

X

011

7] Water

2

A VWater injection well

o 0il1 production well

sz Gas injection well

Figure 3.1 - Discretized Reservoir System



20

N

i g

' l

I 1 - I
————— M\
'T QO

& 1-%0 Qi (51'+1/2
. _
' i +*25

Typical cell - Top view

i+ 4
A————- —O— 7T
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Figure 3.2 - Cell System Definition
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IMPES approach will be used. Thus, the mobility, capillary and gravity
terms will be evaluated at the previous time level. Hence equation
(2.18) becomes

1 n+l n+l
3 5P 3 3P nap"
% (0 S) + 55 (my S55—) = 1157407408 8] S + o (3.1)

for simplicity the subscript "o" is dropped from P.
Each term of equation (3.1) can be differenced separately. The

finite difference form of the first term on the left of equation (3.1)

is:
n+l n+1 n+l n+l
n+1 P P. - P.
) L =9 i 2 T B g i-l
5 (M S5); BX; {(hlt)xi+% 5, (hxt)xi_% o, }
pt - pl pl . pf
(1 - e « i+l i i i-1
hx,) — - () —} (3.2)
X3 Uxiay My Ui oy

where the variables subscripted as i-% or i+ are the values of those
variables evaluated at the boundary between the i'th and i-1, or i'th
and i+l cells, respectively. The parameter & is a weighted factor

such that if

8 = 0, then the scheme is explicit
8 =%, then the scheme is Crank-Nicholson
8 = 1, then the scheme is fully implicit

Similarly the finite difference form of the second term on the

left of equation (3.1) is

n+l n+l n+l n+l
&, 2 e ) —‘-ﬁ‘i- (h1, ) i P

; (1-8) P?+ ) P? Py - P
(my), == - (M

)
A.Y .Y-H.x/zn A.V.H_;m t .y-i_l/zn .‘/-i 1
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where the variables subscripted as i-}%n or i+sn are the values of those
variables evaluated at the boundary between the i'th and i-n, or i'th
and i+n cells, respectively.

The time derivative of pressure is differenced as follows:

n+l n
@, - (3.4)
5T 4 it :
where
at = ™1 g0 (3.5)

After the development of the finite difference equations for
each term of equation (3.1), the linearized finite difference system

can be written in the following rearranged form

Pn+1 + a.P?+1

n+1 n+1 n+l _
iPi-n iPio1 + bipi + ¢c.P + f.P, = d (3.6)

iti+l i i+ i

where the coefficients are

e(hxt)yi_1
e, = — =N (3.7)
i Ayi Ayi_%n
e(hxt)xi_%
S T (3.8)
1 1=
8(hx
. . ( t)x'i""% (3 9)
1 AXiAXi+% *
8(hr,)
t'ys
f. = ——— 1P (3.10)

VoY Wiy

bi =-e.-a; -Gy - fi - 11.57407408 Bli/At (3.11)
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the right hand side is
d, = -11.57407408 BliP?/At + 0T, (3.12)

where the variable OTi consists of all of the values based on the last

time step and is defined by

OTi = 11.57407408 Bo; * By * 0.001 841 + CNi (3.13)

3
the Crank-Nicholson term is:

2 1-0 . 0 _ n n
Ny = =g (meyPy - agPyg + (e +ay + oy + ) Py

n n
~ciPlyy = FiPLLt (3.14)

the weighted dimensions of the cells are

Ay g =% (Byy + 4y ) (3.15)

Axiy =% (ax; + 8%; ;) (3.16)

AXgyy = f( Bxg g + BX5) (3.17)

BY s = 28y, * BY;) (3.18)
the PVT term is

By = hy94 (SOC0 S0t SgCg + Cr)i (3.19)

The production term is

B..=- 1 { qus +q o* ( 1 EEQ_ + q p* Q_l - Eéﬂ.) }
2i AxiAyi ) 0’0 ' p pg wwW o pg i

g 0
(3.20)
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the capillary pressure term is

(3.21)

(ch)i+1 - (ch)

Axi Ax1.+,/2

.i

Cy. egli m CPegliag

3%, AXiAxi-%
(Pes)

cj’i
+ (hA.
( J)yi+%n Ay; By

- (Pes)y

i+

- (hrs) (ch)‘i _ (ch
J .Y-i_x,zn AyiAyi-%n

iy (3.22)

and the gravity term is

0,9,W (0.gD). - (p.gD)
- J i+l J
841 = - Z ; { (h}\j)x

i+ i My

- () (png)i = (png)i-l
3%, Xy Mg

(png)i+n - (png)i
+ (hx;)
J .Y-i+

o i Vieg

P T L

(3.23)
iy By By

-kn

If the finite difference approximation, equation (3.6), developed
for cell i is written for all cells in the x-y rectangular mesh, a set
of Tinear equations is obtained. Those equations can be written in the

following matrix form:

EP=d (3.24)
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The form of matrix A depends upon the ordering scheme by which the cells
of the x-y mesh are Tinearly indexed. This system of equations can be
solved either by iterative methods or by direct methods. These methods

will be discussed in chapter IV, V, and VI.

3.2 Explicit Solution of Saturations

The new 0i1 saturation can be developed from the oil phase
equation. Neglecting the second degree derivative term in equation

(2.12), the saturation time derivative would.be:

3S 3(p D)
o _1}t 3 Py . 9 o7
3T - ho [ax (Mg 53 * 5% g —x— 1}
o 8(p.9D)
3 8Py 4 3 0
3y By s Loy 1]

w
Q
O
(%2)

9 9
- Po at o 93 hoAp (3.25)
Similarly, the new water saturation can be developed from the
water phase equation. Neglecting the second degree derivative term in

equation (2.13), the saturation time derivative would be:

3S 3(p,aD) 5P
w o _ 113 APy . 3 W _ 9 cw
ot~ h¢ | ax (hxw 3x) MY {hkw 9x } X (hxw X
3(p,,9D) 3P
+_9 Py L 3 W 3.9 _CW
"y (hx,, T TR e Tl R < (hx,, 5y )]

*
W
"5, 3§t e, (3.26)
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The finite difference approximation of the oil and water saturation

equations is

pntl _ pntl
+1 n 0.0864At i+l i
sl [s.. ¢ LUBOREE £y i S, B
J1 Ji h ¢"+1 J x1.+;é Axi L\x1-+,/2
n+l n+1 n+l n+l
S e i S YS
Xy, Mg 8% VWing i Yiag
p@*l - Pn+1 ¢? n
- (hx. 1____1_71 + S I &
W)y, B Y] ] /G- e
i ji
where
s . At Joi® , , o.0s6aat (3.28)
oi ~ n+1 n+l n+1 4oi :
hidy "Bx;AY; %01 hioy
s - At (qmp* ) 4 00864t (g ) (3.29)
wi n+1 +1 N+l 3wi * 4wi :
h1¢1 X309 pw1 h1®i
B. . = (W) (Peydirr = (Pey)s - () (Pewli = Pewliag
3wi WX o OXyAXg WiXgy o AXGAXs
£ () (Pcw)1 - (Pcw)i - () (Pcw)i - (Pcw)i-n
Wi Ay, AyH'l/le W yi-l/zﬂ A‘y'iAy'i-%'n
(3.30)
(0:D):yq - (psiD) (0:D)s - (p;D);
By = 0.001g {(M,), Ll 3T (m.) o —nd e
J I X4y %44 L B 0%
(0:D):, - (p;D), (p;D); - (p;D).
+ () L J 1 (m, 1 )i
J yi+1/2n Y .Y1'+;£n J ‘yi‘l/zﬂ Y5 ‘yi'l/zT]

(3.31)
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The gas saturation is determined from equation (2.10)

Sq. =1-S, =S,

(3.32)
9 i i '

3.3 Discretization of the Flow Coefficient (hi)

The flow coefficient is broken into three different units as

follows:

(hAJ)yT-zn = (kyh)-i_l/n (kY‘J)T'l/zn/ (UJ)] (3.34)

where j = 0,3,w
The coefficient (kxh)i-> is evaluated by averaging k, and h at
2

cells i and i-1. The average k, for series flow in linear bed is®

AX, + AX.

- i i-1
kx. . T A IR (3.35)
1-% i, ’ i-1
k
K.

The value of hi-> is evaluated by considering a profile of two adjacent
2

cells as shown in Figure 3.3. The shaded area in Figure 3.3 is equal to

o+ ;‘1) (3.36)

s 1 . =y . .
1212( ;1)_{‘__122 1 (21) (3.37)
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Equating equations (3.36) and (3.37) and solving for hs_y» we obtain
-3
h. AX. + h.Ax.
hioy, = 1-ix : + Zx = (3.38)
- 1 i-1 7 8
Combining equations (3.35) and (3.38), we get
()., - Axihy 1 +8%;_1hy (3.39)
R L Y IV Axs_q/k,
i i-1
At the Teft boundary where i-1 is outside the reservoir
(keh)g oy, = (kg (3.40)

and at the right boundary where i is outside the reservoir

(k h)1_1/2 = (kxh)'l-l (3.41)

X

with similar equations for (kyh)i-%n‘

The extrapolated realtive permeability method developed by Todd,

et al.!® is used to evaluate (k.) and (k) for oil, water and
S "V
gas phases. For flow in the plus x-direction (ascending values of i)

(k,) i
K Sk, 4+

k, -k 3.42
(,,1__1 r1._2) (3.42)

For flow in the minus x-direction (decreasing values of i)

(k..) o=k ' (k -k ) (3.43)
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The above two equations are subjected to the following constraints:

(kr)xi-g >0 (3.44)
and .
(k,)xi_z,g max {(kr)xi, (kr)xi_l} (3.45)

with similar equations and constraints for (kr)y. 1
=t

It is obvious from equation (3.42) and (3.43) that the method of Todd,

et al.!® is based on the extrapolation of relative permeability value

at the interblock Tocation based on the two upstream values. At the
points where application of equation (3.42) and (3.43) would result in
error, the single point upstream relative permeability is used instead.
This happens at the boundary and near sink or source cells. The upstream

equation for flow in the plus x-direction is

(k), =k (3.46)
S B B

and for flow in the minus x-direction is

(kedy, . = K (3.47)
i-% 1
with similar equations for (k.), . The flow chart for the calculation
1=

of interblock relative permeabi1it§nis given in Figure 3.4.

The viscosity terms are evaluated at the cell i because the viscosity

is a weak function of pressure.
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3.4 Boundary Conditions

Equations (2.50) and (2.51) are satisfied by the use of reflection

principle.
Pi - Pi-n =0 Vi3 hi-n =0 (3.48)
P, =Py =0 Vi h; 4 = 0 (3.49)
i+1 - Py = 0 Yigh,,, =0 (3.50)
p1'+n - Pi =0 \7'1'ah,H_n =0 (3.51)

It is noticeable that these terms are associated with certain flow
coefficients all the time. Equations (3.48) through (3.51) can be

replaced by

(M), =0 ¥i2 h_ =0 (3.52)
(M), =0 ¥idh,_ =0 (3.53)
(Mg, =0 Vi 3hiy =0 (3.54)
(M) gy =0 Vi hy =0 (3.55)

where j = 0,W,g.



CHAPTER IV

ITERATIVE METHODS
The iterative methods are based on solving the system of
equations by successive approximations until the procedure converges to
a pre-defined tolerance or an action due to the failure of convergence
is taken.
The most popular and effective iterative methods used in
petroleum reservoir simulation are
1. Successive Overrelaxation
2. Alternating Direction Implicit
3. Strongly Implicit
These iterative methods will be used to solve the system of linearized

equations whose general form is

In this study, the maximum absolute relative error of successive
iterations is used as the convergence criterion. The maximum absolute

relative error Fmayx Must be within the pre-defined tolerance ¢ as

ax
follows:

Pmax <= € (4.2)

33
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where
ro = max Iri | i hy #0 (4.3)
and
P§ - P§'1
Y‘_i = '—P'k———— (4.4)

4.1 Successive Qverrelaxation

The most popular versions of successive overrelaxation methods
used in two dimensional petroleum reservoir simulation are the point
and Tine relaxation.

Point Successive Overrelaxation (PSOR)

The PSOR method is an iterative technique in which improved

estimate is computed by applying the following formula at each cell:

! k+1 k

-1 _ k+l _ _ ) k
i T (d; e&Pi = aPisy - SPiar - TiPian ) (4.5)
After each point, the value of P§+l is relaxed
P R (T o) (4.6)

The factor w is called the relaxation parameter, and its presence
accelerates the convergence process. The PSOR flow chart is given in

Figure 4.1.
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k=k+1
P

max 0

I

-—---<<: Do over all active cells j\\z
/‘

Calculate Pi using equation 4.5
Relax Pi using equation 4.6
Calculate rs using equation 4.4

Yes r
 max

No

A

| Convergence
Return

No Convergence
Return

Figure 4.1 - PSOR flow chart
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Line Successive Overrelaxation (LSOR)

This technique resolves the two-dimensional problem to a
succession of temporary one-dimensional problems which can be solved

rather efficiently. Equation (4.1) is written for a general row as

pk+l ok+1 ok¥l _ .
where
L ok¥l ok

This equation forms a close-band tridiagonal matrix which can be

solved by the close-band Thomas algorithm outlined in the next section.
The values of Pi obtained for each row at a time are relaxed

k+l _ Pk k+1 PK)

i to (PyT - Py

P'I 1

(4.9)
where i is for all the elements in that given row. The LSOR flow chart
is given in Figure 4.2.

Relaxation Parameter

An 6ptimum relaxation parameter w is necessary for maximum
efficiency of overrelaxation methods. The selection of this optimum
value requires the development of the relationship between the number
of iterations required for convergence against a constant tolerance
and the relaxation parameter. Several abbreviated simulation runs are

usually made with various relaxion parameters. This data is plotted



k=k+1
r

max 0

de_

</ Do over all active rows
v

N\
/\
Do over all active _
cells in row j
il

Calculate d'} using equation 4.8

Solve for P. in row j using
—  close-band Thomas algorithm

1)

Do over all active
cells in row j

Relax Pi using equation 4.9
Calculate r; using equation 4.4

N

Yes

No

N\

Convergence
| Return

No Convergence
Return

Figure 4.2 - LSOR flow chart
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graphically as shown in Figure 4.3. The curve has a characteristic
shape, and the best value of w is the lTowest point on the curve.
Generally, the more homogeneous the system is, the closer the value
of w to 1.0, while the value of w approaches 2.0 as the degree of
anisotropy of the system increases.

The slope of w curve is close to linear beyond the optimum w.
This implies that it is generally better to overestimate w than to

underestimate it.

4.2 Alternating Direction Implicit (ADI)

In the ADI'! method, each iteration step is divided into
two equal substeps. "During the first substep the cells are swept in
the x-direction one row at a time solving for the unknown pressures. In
the second substep the system is swept in the y-direction one column at
a time solving for the unknown pressures."® The ADI flow chart is given
in Figure 4.6.

X-Direction Sweep

P
t 9Xx

be assumed unknowns. Hence at the k'th iteration, the general equation

aP

Here only those terms contributed by %;- (hx ) and 3T will

for the x-direction sweep is

k+; k+s k+s
;P lT + b PYE P E = dx, (4.10)
where

bx; = -(a; + c; + 11.57407408 By;/At + v.B)
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or

bx

= by tey H -8 (4.11)

- k - \ k k
dx; = dg - ePy ¥ (e; + f5 - v;B) Py - f.P

iPian (4.12)

and g 1is an acceleration parameter added to speed up convergence, Y;
is the normalizing factor to account for possible differences in areal
size of the cell and for reservoir heterogeneity. The normalizing

factor is defined in this study as

(hk)

ava
Yi = I iy (4.13)
i i
where
1 N
(k) ayg = & §=1 h, kxikyi (4.14)

Equation (4.10) forms a close-band tridiagonal matrix which can be
solved by close-band Thomas algorithm.

Close-Band Thomas Algorithm

The equations are

iPi-1 T byt ePi 5

for 1 <1 <N with a; = ay = 0 (4.15)
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The algorithm is as follows:

First, for 1 < i < N, compute

_ _ -1 : -
and
d. - a.&. d
- _1 i’i-1 . -1
51 = 3 with & 1 . (4.17)

The values of the unknowns (P“s) are then computed from

e, and =g, - it

for i = N-1, N-2,...,1 (4.18)

the flow chart for close-band Thomas algorithm is given in Figure 4.4.

y-Direction Sweep

Here only those terms contributed by %y-( d gB—w11]

t By) an
be assumed unknowns. Hence at the k'th iteration, the general equation

for the y-direction sweep is

k+l |

k+l k+1
eiPi_

1 1.& =dyi

by,Py™" + f,P (4.19)

where

by; = -(e; + f; + 11.57407408 B,./At + v,B)
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v
N

Do over all active cells :>X—-—

Calculate Z; using equation 4.16
Calculate gi using equation 4.17

/// Do over all aétive cells
\\\ in reverse order

Calculate Pi using equation 4.18

Return \\

Figure 4.4 - Flow Chart for Close -Band Thomas Algorithm



43

ar

by; = by +a; +c, -v;8 (4.20)
- k+is k+s ks

Equation (4.19) forms a wide-band tridiagonal matrix which can be solved
by wide-band Thomas Algorithm.

Wide-Band Thomas Algorithm

The equations are

for 1<i<N withe; =fy..=0 forlz<ic<n (4.22)

The algorithm is as follows:

First for 1 < i < N, compute

e.f.
r;,i=b1.-—1—ﬁ with gz, = b, forl<i<n (4.23)
Ci‘n i i - =
and
d. - e:f:_ d.
£ = 1—"§LLH with £, = -5:— for 1<i< n (4.24)

The values of the unknowns are then computed from

Pi = gi for i=N, N-1,..., N-n +1
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and

for i=N-n , N-n-1,...,1 (4.25)

The flow chart for wide-band Thomas algorithm is given in Figure 4.5.

ADI Acceleration Parameters

To achieve a faster rate of convergence a series of parameters
used in sequence is employed. Crichlow® outlined the procedure of
Peaceman and Rachford!! to determine the upper and lower limits of the
parameter range from the reservoir data.

Four parameters are defined as functions of the x- and y-direction
interblock transmissibilities (Tx and Ty) and the number of cells in the

x- and y-direction (NX and Ny) in the following manner

ZTX Tr2 ( )
M, = 4.26
1 Tx + T_y 4N2
X
2TX ( )
M, = =—— 4.27
2 TX + ?y
2T
- N4 i
M. = (4.28)
3 Tx + Ty 4N2
2T
X Yy
where
N
§=1 kxi Ay;/Ax,
TX = v (4.30)
N
A
§=1 kyi Ax /2y
Ty = N (4.31)
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Return \\\\\\

Figure 4.5 - Flow Chart for Wide-Band Thomas Algorithm
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Figure 4.6 - ADI flow chart
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The lower 1imit of the acceleration parameter is calculated from

B = min(Ml,M3) (4.32)

min
and the upper limit is calculated from

B8 = maX(Mz,M4) (4.33)

max

Several authors'®®!7 have pointed out that the acceleration parameters

should be in a geometric series such that

Brer = T8y (4.34)
where r is the constant multiplier defined by

r=(8_./8:)ml - (4.35)

where m is the number of acceleration parameters in the system.
These equations are only a guide and the user must experiment in
order to obtain an adequate lower value for R. Since the convergence

is very sensitive to Bmin.

4.3 Strongly Implicit Procedure (SIP)

The strongly implicit procedure is an iterative technique developed
by Stone!®*. SIP involves the solution of the system of simultaneous
linear equations by an elimination process working on a modified version

of the original matrix system. The original pentadiagonal matrix & is
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transformed to a heptadiagonal matrix B which is more easily factorable
into an LU product. The L and U matrices have only three nonzero elements
in each row in contrary to the factorization of matrix K. A1l SIP associated
matrices are shown in Figure 4.8 through 4.12. The SIP flow chart is
given in Fiqure 4.13.
The elements of L and U cannot be selected in such a way that the
original X matrix is identical with matrix B. Two matrices are equal
if their corresponding elements are equal. This would lead to the

following set of relations for each cell point i:

eg = e (4.36)
g% =0 (4.37)
a; = a, (4.38)
b; = b_i (4.39)
c; = ¢y (4.40)
h% =0 (4.41)
f; = fi (4.42)

The elements of B are defined in Figure (4.10) and (4.12). The above
seven relationships (equation 4.36 through 4.42) cannot all be satisfied.
Hence, the transformation of & to B involves the additional of two

new elements in equation (4.1). These two elements are associated with
the cells (i-nt+ 1) and (i+n-1)whose coefficients we shall call g; and

hi respectively. These associated cells are shown in Figure 4.7.

i-n j-n+l

i-1 | i i+1

i+n-1| i+n

Figure 4.7 - Cell Arrangement
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The new coefficients are multiplied by €4 and €y s which are obtained by

Taylor's series expansions.

(4.43)

€1 = Pyoper (P4 + Py Pi)

p +P.. ) (4.44)

malPy Py g+ P

€2 j+n-1

where a is the iteration parameter which accelerates the convergence
process. The influence of the new coefficients is minimal since ¢ 1 and
€, are very small.

The addition of the new elements to équation (4.1) results in

8iPin * 3iPioy F BPy P T TPy

F95 Pype - alPy + Py # Py )

+ h. {P

i a{-Py # Py +P

j+n-1 ~ -H.n)} = d‘i (4.45)

or

(e - 0gy) Py *+ 93Py * (35 - ahy) Py

-n

* by +agy +ahy) Py+ (cy - agy) Pyyy
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The modified coefficient matrix A is shown in Figure 4.8.

The strongly implicit procedure consists of an algorithm for
odd-numbered iterations and another for even-numbered iterations. Suarez
and Farouq Ali!® have presented a comparison among the three
versions of SIP method. They concluded that the two equations of
SIP (odd and even) when used give the best results. Hence, a combination
of odd and even algorithms will be used in this study.

0dd-Numbered Iteration Algorithm

In odd-numbered iterations, the L and U matrices are chosen as
shown in Figure 4.9. With this choice, the coefficients of matrix
B(=LU) would be as shown in Figure 4.10. Furthermore, the modified
heptadiagonal & matrix is identical to B. This is done by the following

relations for each cell i:

E; = e; - ag; (4.47)
ECion = 95 (4.48)
A; = a; - ah; (4.49)
B, + E; Fy_ +Aj Cj_y = by +og, +ah, (4.50)
B; C; = c. - ag; (4.51)
Ay Fiy = b (4.52)
B.F. = f. - ah. (4.53)



..............
ththththth

AN




P —
Bi
Ay
B.
1
L - Matrix

U - Matrix

Figure 4.9 - L and U matrices for odd-numbered iterations
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-l

Figure 4.10 - B matrix for odd-numbered iterations
(Coefficients in terms of L and U elements)
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The algorithm of the odd-numbered iterations is as follows:

Given

BP =D (4.54)
where

B =LU (4.55)
Therefore

LUP =D (4.56)
Letting

UP =y (4.57)
Then

Ly = D (4.58)

Solving equations (4.58) and (4.57) successively for y and P respectively:

y=tp (4.59)

and
p=uly (4.60)

Equations (4.47) through (4.53) can be used to compute the

elements of L and U matrices recursively for i=1,2,...,N as follows:

. Si%ien (4.61)
9 % &C. _+1 .
1-n
a.F.
o A d-1 -
"i T Al (4.62)
Ei = e. - ag; (4.63)
A. = a, - ch, (4.64)

1 1 1
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C; = (¢ - ag;)/B; (4.66)
Fi = (fi - ahi)/Bi (4.67)

The intermediate vector y is computed by forward substitution.
¥; = (di - Ei yi_n - Ai yi-l)/Bi s 1= 1,2,...,N (4.68)
The pressure vector is calculated by backward substitution.

P. =y. -C.P

; F. P. , T =N, N-1,...,1 (4.69)

i T+l T T T

Even-Numbered Iteration Algorithm

In even-numbered iterations, the L and U matrices are chosen
as shown in Figure 4.11. Whith this choice, the coefficients of matrix
B(=UL) would be as shown in Figure 4.12. Furthermore, the modified
A matrix is identical to B. This is done by the following relations

for each cell 1i:

C; Eiyy = 0; (4.71)
A.B. = a. - ah. (4.72)
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L - Matrix
P,
i
Ci
B
i
U - Matrix

Figure 4,11 - L and U matrices for even-numbered iterations



9

&y

e j = Ei

g’y = ¢; E
a ;= Ai Bi
b'y =B, +C
¢’y =G
h's = F;
f1.=F

i+n

Figure 4.12 - B matrix for even-numbered iterations

(Coefficients in terms of L and U elements)
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B: + C, Ajyy * F; Ei+n = b + ag; + ah, (4.73)
Ci = C_i - Clg.i (4-74)
Fi Ai+n = hi (4.75)
The algorithm of the even-numbered iterations is as follows:
Given
BP =D (4.77)
Where
B = UL (4.78)
Therefore
ULP = D (4.79)
Letting
LP =y (4.80)
Then
Uy =D (4.81)

Solving equations (4.81) and (4.80) successively for y and P respectively:

y=umD (4.82)

and

P=1L"y (4.83)
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Equations (4.70) through (4.76) can be used to compute the elements

of L and U matrices recursively for i=N, N-1,...,1 as follows:

g; = ;E—E-};T— (4.84)

F; = fi - ah; (4.86)

C; = C; - ag; (4.87)

Bi = b‘i + ag; + oLh_i - C‘i A'i+1 - Fi Ei+n (4.88)

Ay = (ai - ahi)/Bi (4.89)

Ei = (ei - “gi)/Bi (4.90)
The intermediate vector y is computed by backward substitution.

Y; = (di = Ci Y541 - Fy Yi4n )/Bi , i=N,N-1,...,1 (4.91)
The pressure vector is calculated by forward substitution.

Py =y; - E; Picn = Ay Pi g ,» 1 =1,2,..,N (4.92)
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Iteration Parameter o

The minimum parameter used is zero and the maximum(amax)is
determined by2°
N 2 2
1 . T T
o .., =1-% 7 min ’ (4.93)
max N fa1 2 (1+ ) 2N§ (1 + 1/z)
where
2
k. Ax
r = J
2
kx Ay

Stone !* concluded that a minimum of four parameters is desirable
and each parameter is to be used twice in succession for odd and even
numbered iterations respectively. Also, the individual parameters should

be geometrically spaced as follows:

i-1

a; =1 -(1-a_.)ml , 1 =1,2,....m (4.94)

1 max

where m is the number of parameters in the system.
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~
n u
o

Calculate the coefficients of L and U
for odd - numbered iteration using
equation 4.61 through 4.67

N2

1,2,...,N(equation 4.68)
N, N-1,...,1 (equation 4.69)

Solve for Yi» i
Solve for Pi’ i

v

Calculate the coefficient of L and U
for even-numbered iteration using
equations 4.84 through 4.90

N
Solve for y.,i =N, N-1,...,1 (equation 4.91)

Solve for P., i =1,2,..., N (equation 4.92)

R
</ Do over all active cells P
b
Calculate r. using equation 4.4
Yes r =r
max i
No

Convergence \\\\
Return

No convergencg\\\
Return

Figure 4.13 - SIP flow chart



CHAPTER V

DIRECT METHODS
Direct methods are those in which the solution to the system
of equations is obtained upon the completion of a finite number of
arithmetic operations. A1l direct methods require the same number of
arithmetic operations?!, but the most popular direct method used in
reservoir simulation is the LU factorization. The LU factorization
method will be outlined to solve the following system of equations

(see Figure 5.1):

EP=d (5.1)

Thereafter, the band and sparsity matrix techniques will be reviewed.

5.1 LU Factorization

This algorithm has been developed by Crout? and it involves
the decomposition of the coefficient matrix into a lower triangular matrix
and an upper triangular matrix. This decomposition is followed by two
consecutive substitution steps to compute the answer. The scheme of
this technique is as follows:

Given

EP

n
o

then

i
o
il

LU (5.2)

62
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13 . . 3 . s . alN P1
23 . 0 . . . . aZN Pz

Figure 5.1 - AP =d System of Equations
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The L and U matrices are given in Figure 5.2.

Therefore

LUP = d (5.3)
Letting

WP =y (5.4)
Then

Ly =d (5.5)

Solving equations (5.5) and (5.4) successively for y and P respectively:

d (5.6)

and

170
(]

Cl
~<

(5.7)

Hence, the LU factorization technique consists of two major steps,

the computation of L and U and the back substitution.

Computation of L and U

]ij =0 if i< (5.8)
Ujj = 0 if i=3 (5.9)
Us5 = 0 if i> 3 (5.10)

for i =1,2,..., Nand j = 1,2,..., N

Ti1 =235 s 1

1,2,...,N  (5.11)

2,3,...,N  (5.12)

.
n"

Ups = ag5/1y ;



1

11

12

Figure 5.2 - L U Factorization of A
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L - Matrix

13
23

U - Matrix

iN
2N

3N

[ el
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The rest of the elements are calculated for m = 2,3,...,N as follows:

m=-1
Vim = 2im = £, Lk , 1 =mml,... N (5.13)
Then compute successively

m-1

1
— (a . _Z ] u .) .
lmm mi e mk“kj

= m+l,m+2,...,N (5.14)

Ca.

Umj

The matrices L and U can be designated by a composite matrix G such

that G = L\U meaning

C1j=11-j, 1iJ 5 cij=“ij’ i< (5-15)

Back Substitution

yl = d1/111 (5.16)
y. = -1 (d. - i-l 1.0v.) L= 2,3,..0N (5.17)
LI P T gop 1Kk
PN = Yy (5.18)
N
Py =y; - E=i+1 us i P , 1= N-1,N-2,...,1 (5.19)

5.2 Ordering Schemes

In reservoir simulators using implicit pressure explicit saturation
technique, the coefficient matrix (matrix K in equation 3.24) is a sparse
matrix. The order of the unknowns of such a sparse system of linear
algebric equations drastically affects the amount of computation and
storage requirements.

Price and Coats'? presented four different ordering schemes
based on optimal ordering. The work and storage involved are given

as functions of the size of coefficient matrix. These ordering
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schemes are standard, diagonal, alternating point, and alternating
diagonal. McDonald and Trimble® presented a fifth ordering scheme
that we will call alternating line. The work requirement for this
scheme is also presented.

1. Standard Ordering: In this scheme, the cells are numbered

consecutively along the rows or columns starting with the shortest
direction to reduce the numerical computation. Figure 5.3 depicts
such an ordering scheme in two dimensions.

The resulting coefficient matrix corresponding to standard
ordering is of a pentadiagonal form as shown in Figure 5.5,

2. Diagonal Ordering: In this ordering, the cells are

numbered consecutively along the diagonals starting with the
shortest direction. This ordering scheme is shown in Figure 5.4.

The resulting coefficient matrix corresponding to diagonal
ordering is shown in Figure 5.6.

3. Alternating Point Ordering: In this ordering, the cells

are numbered such that each point is separated from its adjacent
number by at least one other point.

The resulting coefficient matrix corresponding to alternating
point ordering scheme of Figure 5.7 is shown in Figure 5.9.

4. Alternating Diagonal Ordering: In this scheme, the cells

are numbered consecutively along alternating diagonals. This
ordering scheme is shown in Figure 5.8.
Figure 5.10 shows the resulting coefficient matrix corresponding

to alternating diagonal ordering scheme.
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1 2 3 4 5 6
1 é 11 16 21 26
2 7 12 17 22 27
3 8 13 18 23 28
L 9 L3 19 24 29
5 10 15 20 25 30
Pigure 5.3 - Standard Ordering
1 2 3 & 5 6
1 t 3 é 10 15 20
2 5 9 14 19 2k
b 8 13 18 23 27
7 12 17 22 26 29
11 16 21 25 28 30

Figure 5.4 -~ Diagonal Ordering
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anc f 7]

e abec f
e abec f
e ab f

e abc f
e abec f
e abec f
e ab f

e abc f
e abec f
e abec f
e ab f

e abc f
e abec f
e abec f
e ab f

e abec

e abec
e ab

Figure 5.5-Matrix A Corresponding to Standard Ordering
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b cf
b ¢ f
a b cf
e a b c f
e b cf

ea b c f
e a b cf
e a b c f

e a b c f
e a b c f

e a b c f
e a b c f

Figure 5.6-Matrix A Corresponding to Diagonal Ordering
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1 2 3 L 5 6
1 1 16 2 17 3 18
2 19 b 20 5 21 6
3 7 22 8 23 9 24
L 25 10 26 11 27 12
5 13 28 14 29 15 30

Pigure 5.7 - Alternating Point Ordering

1 2 3 L 5 6
1 1 17 L 21 9 26
2 16 3 20 8 25 13
3 2 19 7 2 12 29
L 18 6 23 11 28 15
5 5 2z- | 10 27 14 30

Figure 5.8 - Alternating Diagonal Ordering
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Figure 5.9-Matrix X Corresponding to Alternating Point Ordering
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o

b ea T
b eac
acf b
e c¢cf b

o
o
lo

Figure 5.10-Matrix £ Corresponding to Alternating Diagonal Ordering
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5. Alternating Line Ordering: In this ordering, the cells

are numbered consecutively along the shortest rows or colums, in an
alternating pattern. Figure 5.11 depicts such an ordering scheme.

Figure 5.12 shows the resulting coefficient matrix corresponding
to alternating line ordering scheme.

Here a summary of the work and storage requirements of an I x J
two-dimensional mesh is presented with large I and J such that J < I.
The work is defined as the number of multiplications and divisions
necessary to solve for the unknowns without operating on zero elements.

The storage is required only for nonzero elements.

Ordering Scheme Work Storage
Standard 1J3 102
. J“ Ja
3 v 2 _ Y9
Diagonal 1J° - 5 IJ 3
3 2
Alternating Point —l%- Ig
. . I1J3
Alternating Line 5
: : 1J3 J" 1J2 3
Alternating Diagonal — - T -

Table 5.1 - Work and Storage Requirements for Ordering Schemes
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1 2 3 4 5 6
1 16 6 21 11 26
2 17 7 22 12 27
3 18 8 23 13 28
b 19 9 2l 14 29
5 20 10 25 15 30

Figure 5.11 - Alternating Line Ordering
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abec f
abec f
abec f

ab f
bc e f

abec e f
abec e f
ab e f
bc e f
abec e f
abec e f
abec e f

abec

(1]
-h

e f abec

e f abec

e f abec

e f abec

e abec

e abec
e abec

Figure 5.12-Matrix A Corresponding to Alternating Line Ordering
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5.3 Generate - and - Solve Algorithms

The optimal ordering technique can be improved by the use of
processes which are geared specifically to the direct solution. One
method is the generate - and - solve algorithms used by Woo,et al?!
in reservoir simulation. Their method makes use of the computer architecture
in developing the algorithm. The basis of the method is summarized by
Crichlow® as follows:

1. In a given matrix there is a fixed number of nontrivial
operations required to solve the system by some given direct
scheme.

2. The solution process produces some nonzero elements which
will always be present at a given (i,j) Tocation in the
matrix.

3. If the location of all nonzero quantities is fixed a priori
both in the matrix and in its solution, then a straight-
forward, nonbranching, nonlooping computer code can be
developed to solve this system very efficiently.

The major drawback of this technique is the fact that it requires

large storage and overhead work to store and generate the nonlooping
computer code.

5.4 Band Matrix Technique

~ Direct processes, although they are conceptually easy, are
rarely used without extensive modification to solve the pressure system
in simulation because these processes usually require large computer
storage space and long computation times, unless special techniques

such as band matrix or sparsity are employed.
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The treatment of zeros within the bands as non-zeros is called
band matrix technique. The band matrix algorithm will be applied

on standard ordering which we will call STBAND.

STBAND
For band matrix techniqué applied on standard ordering, all
elements between F-vector and E-vector in Figure 5.5 are assumed to

be nonzero.

By Tletting
Gn,j = ey (5.20)
Gl,j = a; (5.21)
Hl,j = cy (5.22)
Hn,j = fj (5.23)

the general equation of STBAND would be

P, o+ P. . P P.

81,3P5en ¥ 82,3P5ome1 ¥ -0 ¥ G 3Pyg ¥ byP

FHOGPag 0t Pes* .. FH P =4,

H,3P50 Ho-1,3F 542 Hy,3P5en = 4
1<i<N, N>n (5.24)

The algorithm used is as follows®®:

o 5 = Gi,j =0 for 1 > j (5.25)
He . =0 for > N+ 1 - (5.26)



Forward

79

Sotution (j = 1,2,...,N)

k=n
T80 T by, YiVkeigek T Tmncl1(5.27)
bJ E-z %k, 37k, -k (5.28)
L (H M } i =1,2 (5.29)
==i1h . = Qs Yy ipas ,i =1,2,...,0n (5.
By 1sd k=i+1 k-1,37k,j-k+i
L d iY(:n } (5.30)
Y; == {d: =) o sYs_ .
By J =1 KWJUIK
Backward Solution (j = N, N-1,..., 1)
=n
Y5 7L Yy, iPek (5.31)



CHAPTER VI

A NEW APPROACH TO THE APPLICATION
OF DIRECT METHODS IN PETROLEUM RESERVOIR SIMULATION

The yet known systematic optimal ordering in petroleum reservoir
simulation is alternating diagonal as shown in Table 5.1. However,
there is a major drawback to this ordering scheme. In alternating
diagonal scheme, the elements in the upper right and lower left corners
of matrix K do not form a perfect secondary diagonals as shown in Figure
5.10. This problem forced us to use band algorithm which treats the
zeros within the band as nonzeros. The band algorithm was discussed
in the preceding chapter. The treatment of the zeros as nonzeros
makes the band matrix technique require a larger storage space and

more computational labor.

6.1 Restricted Alternating Diagonal Ordering

Here a modification to the alternating diagonal ordering that
produces perfect secondary diagonals in the orginal A matrix is proposed.
This ordering will be called restricted alternating diagonal (RAD).
Figures 6.1 and 6.2 depict the RAD ordering. Figures 6.3 and 6.4
show the resulting coefficient matrix corresponding to RAD ordering
scheme.

The numbering of this scheme must go along the shortest diagonal

to reduce the band width of the new nonzero elements that will be

80
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ol
—h

b af
b a f
b f )
b ec f
b ec af
b f
b ec f
b ec af
b o f
b ec f
b ec af
b o f
b ec af
b ec af
ec af boooo
ec af oboooo
e a ooboooo
ec af ocooboooo
ec af 0coooboooo
e a ooooboooo
ec af cooo0oo0boooo
ec af ocoooboooo
e a ocoooboooo
ec af ooo0oo0oboooo
ec ai ooooboooo
e a ocoooobooo
ec ooooboo
e ooo0o0bo
L e 0000b

Figure 6.3-Matrix K Corresponding to RAD Along the Shortest Diagonal
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ol

Figure 6.4 - Matrix & Corresponding to RAD Along the Longest Diagonal

£
b a f
b af
b f
b af
b o f
b e c af
b ec f
b ec af
b o af
b (o f
b ec a f
b o af
b ec af

b ec af

ec af b o 000

e c af obo oo0oo0o0
ec af oboooooo
ec a f oboooooo
e a ooo0oo0boooooo
ec af oooooboooo0oo0oO
e c a f ooooooboooooo
ec af oooo0ooo0oboocooooO

ec oooooobooooooO
oooo0o0o0booooo
ec coooooboooo
ec coooocobooo
e 0o0oo0000booO
oo0oo0oo0o00bo
| 000000 b
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generated later in the process of factorization. This will be

obvious when we compare Figures 6.3 and 6.4.

6.2 LU Factorization Applied to RAD

In the process of LU factorization, no new elements will be
generated except for the elements in the lower right corner of the
matrix as shown in Figures 6.3 and 6.4 where the new elements are
entered as small circles. The new elements form a band of width
equals (2m-1), where m is the semi-bandwidth of matrix K.

The semi-bandwidth m for RAD scheme is defined as follows:

m=Ly+2 (6.1)
where Ld is the length of the diagonal along which numbering is
applied.

The upper section of matrix K and G has a length of N, while
the Tength of the lower section of A and G is Ny. These terms are

defined as follows:

Nu = N/2 , if Nd is even
} (6.2)
Nu = (N-m)/2 + m , if Nd is odd
and Ny =N-N (6.3)

u

where Nd is the number of diagonals in the system.
The work requirement, when LU factorization is applied to RAD

to solve the pressure equations is

W= 2N+ SN+ (16 + mz)N1 (6.4)
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and the storage requirement is
S < 5N + (2m-2)N1 (6.5)

The application of LU factorization to the RAD of Figure 6.5
results in the composite matrix G of Figure 6.6. The RAD scheme
consists of the computation of G and the back substitution. These

two steps are outlined next.

Computation of the Composite Matrix G(=L\U)

The elements in the left half of matrix G are the same as
those of matrix A.

In the process of factorization, there are no new elements

introduced in the upper right corner of matrix @, but the existing

elements are modified for j 1,2,...,Nu as follows:

a5 = aj/bj (6.6)
c5 = Cj/bj (6.7)
es = ej/bj (6.8)
f: = fj/bj (6.9)

There are 2m-2 new vectors introduced in the lower right
quarter of matrix G in the process of factorization as shown in Figure
6.6. These vectors and the principal diagonal vector are calculated
into two steps. The first step is the computation of the contribution
of the mutual product of vectors A,C,E and F. There are 8 vectors out
of the 2m-2 vectors which receive such contribution. This contribution

is computed for j =1,2,...,N1 by the following equations:
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Figure 6.5 - General form of Matrix A of RAD
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Figure 6.6 - The Composite Matrix G of RAD
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Gi,j =-ej+Nu e3 | (6.10)
Gé,j = -e:§+Nu cg -gj+Nu e3+1 (6.11)
Gé,j = -cj+Nu c3+1 (6.12)
G;,j =0 » 1 =4,5,...,m-2 (6.13)
GZ = p (6.14)

m-1,3 © TGN 83 TN, Sjem-2

G- . = b, -e. fI ~C. as,, =da. c: -f. e’
m,J J+Nu J+Nu J J+Nu J+l J+Nu j+m-2 J+Nu J+m-1
(6.15)
HY 5 = -f3+m_1 fj+Nu (6.16)
13,5 = “Fiem-2 2jen, “25m-1 Ty, (6.17)
H3,j = -aj+m_2 aj+Nu (6.18)
Hi,j = (Q , 1 =4,5,...,m-2 (6.19)
Ho-1,5 = a1 S, ~Cjem-1 fjmu (6.20)

In the second step, all the computation is within the Tower
right quarter of matrix §. In this step the elements are subdivided
into three groups as shown in Figure 6.7. These groups are chosen in

such a way that the indices can be precalculated and easiiy programmed.
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11 111 ]
011 1111
01 - 1111 "
11 1111°°11
011 1111°°111
0111111 1111
011111°°11111
011°°11112222°°222222
011°°11112222"°2222222
011°°11112222°°22222222
01°°11112222°°222222222
D e
11112222°°222222222°*2
01112222 °222222222° 22
0112222 °222222222" 222
012222 222222222 °2222
02222 2222222222222
0222 222222222 °2222
022°°222222222" 2222
2222222222222
2222222222222
0222222222222
022222222222
02222222222
022222° 2222

Figure 6.7 - The lower right quarter of matrix ¢ of semi-bandwidth m
(The number indicates the group of the element)



90

Furthermore, this choice provides a programming procedure for this
complex problem without using any if statement which results in a
reduction of computer time. The computations within these groups
are outlined next.

Group 0

No more computation is needed

Group 1
For i = 1,2,3,....,m calculate

Hi,1 " Hi,1/ Gt (6.21)

Then calculate for j = 2,3,...,m=3

G5 " %5 " Gn-1,j Mm-1.5-1 (6.22)
1 . .

Hi,J‘ h ij (Hi,j - Hi-l,j-l Gm-l,j) s 122,3,..,3+2 (6.23)

Hn-1,5 = Hn-1,5 7/ Bn, (6.24)

For j = m-2,m-1,...,N; - 1 calculate

i-1
G. . o= »

i, Ui Z 1 Sik,j Mmok,jokemei @ 152:3,...m (6.25)
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M1, = FL5 7 g
i-1
1 . ; G . )
He . = —— (H? . ¥ H. , . m=-K ,J
i, Gm,j 1, k=1 i-k,j-k
Then calculate
m-1
Gy = Gy ” £=1 Bk Ny ek, Ny -k
Back Substitution
yj = dj/bj , J =1,2, ,Nu
Vi =@ 1 (d, - e.y. NT YN
TG, 9 TN TN
4 §-1 .
-f.y. 9 - G, Y Y s
J J+Nu+m 1 k=1 k,J—Nu Jj-m+k
PN = N
m-1 .
P37 Y5 E=1 ",aeN, Pimek o o 3N
u u u
3 j = N 3

(6.26)

9 i=233’o -sm'l (6-27)

(6.28)

(6.29)

_a,y,- L
373 Nu tm-2

= N,L....N (6.30)
(6.31)
-1,N-2,...,Nu+1 (6.32)

- &Py ~m LN,
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6.3 Implementation of RAD Scheme into the Simulation Package

To implement the restricted alternating diagonal ordering scheme

into the simulation package, the following steps are performed:

1.

The standard ordering is reordered to RAD scheme. This
step is executed once in the entire simulation. This
reordering can be accomplished by finding a RAD scheme
that will enclose the standard ordering under consideration
as shown in Figure 6.8.

The coefficient matrix is transformed into RAD scheme.

Then the pressure equations are solved. Thereafter, the
pressure vector obtained is reordered into standard
ordering to go along with the rest of the simulation

package.
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b6 |22 |42 118 |38 |14 | » |10 | 30
16 7 |18 J19 | 20

b7 |23 |43 |19 | 39 15 | 35

26 27 28 29 30
49 25 | 45

Figure 6.8 - RAD Ordering Enclosing Standard Ordering



CHAPTER VII

SIMULATION PACKAGE

This simulation package is a complex collection of computer
subroutines tied together by the simulator mainline. The flow chart
for the simulator mainline is given in Figure 7.1. These subroutines
are developed either out of necessity or simply for the convenience
of the engineer.

In this simulation package, a new feature is introduced to
save CPU execution time. A chain of imaginary cells is introduced
around the active cells. For sealed reservoirs, this new feature
allows the execution of active cells only without checking for
boundary cells.

There are nine sections in this simulation package. Every
section consists of closely related subroutines. Each of these

sections will be discussed in detail.

7.1 Input Section

This section of the simulation package consists of the
following subroutines:

1. INPUT

2. READ

and requires the PRINT subroutine.
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. Subroutine Subroutines
Read in data INPUT - READ & PRINT
L
Perform all the one- Subroutine Subroutines
time calculation needed ONCE MODEL , CUPLNG
for simulation COEFF,SLUBTY
DENSTY, VISCTY, &
C} RPRM
NTRIAL = 0
NTRIAL = NTRIAL + 1 Subroutine Subroutines
I - ubroutin VISCTY, PROCTN,
Choose At > TIME CAPLRY & OLDTIM
X
Calculate coefficients Subroutine Subroutines
for pressure equations COEFF HLAMDA & SLUBTY
b _ 11
Solve pressure equations nggrotgaae subroutines
> ’ RPRM & IBRPRM
ADI , SIP,
STBAND or RADP
: subroutine subroutine
Calculate wa saturations[_ SATRN < DENSTY
Calculate material subroutine
balance errors MASERR

| -

subroutine
PRINT

1 b

subroutine
OUTPUT

14

Print out
results Yes

NTRIAL
> NTRMAX

/

End of simu]atid;\\\\

Figure 7.1 - Flow Chart of Simulator Mainline
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This section provides a means of reading all input data required
in simulation. For input data entered as matrices or vectors, this
section will check that the value assigned for each cell is within the
range specified for all the matrix or vector values. In addition the
~entire matrix or vector can be multiplied by a given constant. Also a
given constant can be algebrically added to each element of the matrix
or vector. If all the elements of the matrix are the same, then the
matrix can be entered as a single value. These possible modifications
of the elements are very important for history matching. A1l input
data are printed out. Furthermore, the values which Tie outside the
range specified for the system are printed out along with its cell
number and its matrix or vector title so that it can be corrected.

The input data are grouped as follgows:

1. Single entries

Number.of cells (Nx,Ny)
Compressibilities (CO,CW,Cr)
Irreducible saturations (ch’sor’sgc)
Densities at standard conditions (pg, pa, p;)
Bubble point pressure (pBP)
Time control parameters (ti,tf, DTMIN, DTMAX, DPLIM, DSLIM)
Crank-Nicholson parameter (8)
Print out interval (OUTMOD)

Material balance control parameters (sm, NTRMAX)

Pressure control parameters (s,kmax,m,w)
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2. Production-Injection data

Flowing bottom hole pressure (ow)

Radius of wells (rw)

Location of wells and their flow rates

According to the values of the flow rates read, the type of well is

determined as shown in Figure 7.2. The vector identifier IQ defines

the various types of wells. IQ is defined as follows:

IQ = -2
IQ = -1
Q=0
Q=1
Q= 2
IQ= 3

3. Capillary pressure data (P

3

E]

3

2

b

if the well is water injection at constant rate
if the well is gas injection at constant rate
if the cell is not a source or sink

if the well produces gas at constant rate

if the well produces o0il at constant rate

if the well produces o0il at constant pressure

)

cw’ch

4. Reservoir geometry

Dimensions (Axi,Ayi)

Thickness (hi)

Depth (Di)

5. Rock properties

Porosity (¢i)

Permeability (kxi’k

yi!

6. Initial conditions

Initial oil pressure (Po.)

i

Initial oil saturation (S0 )

1

Initial water saturation(sw.)

j



Gas injection at
constant rate

IQ = -1

Water injection
at constant
rate

IQ =-2

011 production
at constant
rate

IQ = 2

Figure 7.2 - Type of Well Vector Identifier
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<0

Gas production at
constant rate

I0 =1

0i1 production
at constant
pressure

1Q = 3
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7.2 One-Time Calculations Section

This section of the simulation package consists of the

following subroutines:

1. ONCE
2. MODEL
3. CUPLNG

and requires the following subroutines:

1. SLUBTY
2. DENSTY
3. VISCTY
4. COEFF
5. PRINT

The subroutine ONCE performs the following one-time calculations:

a - Identification of the active cells

b - Initial oil, water, and gas in place

¢ - Initial bulk volume for each active cell

d - Weighted dimensions

e - Calculation of normalizing factor and iteration parameters

for ADI and SIP

The subroutine CUPLNG calculates the couplings among cells using
equations (3.39,3.40, and 3.41) for horizontal coupling and similar
equations for vertical coupling.

The subroutine MODEL produces a sketch, similar to that presented
in Figure 7.3. When a reservoir is discretized for simulation, as was
discussed in chapter 1II, often some of the cells are not active. In

addition, the cells in the sketch are numbered as they are identified
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by the simulator. The x-direction of the cells is shown across the top
of the sketch and the y-direction of the cells is shown down the left
side. In case the number of cells in the x-direction exceeds 10, then
the sketch will be slashed after 10 cells and completed afterwards.

This routine serves as a check for the shape of the reservoir simulated.
Information required for this routine is the number of cells in the x
and y directions, their dimensions, and the thickness of each cell

as a check for inactive cells.

7.3 Time Control Section

This section of the simulation package consists of the
following subroutines:

1. TIME

2. OLDTIM

and requires the following subroutines:

1. VISCTY
2. PRDCTN
3. CAPLRY

This section updates the time and chooses an appropriate time
step (At) for time level n+l. The choice of At is based on the desire
to use the maximum At possible provided that there is no single cell
overdepleted and the truncation and round-off errors are within
acceptable tolerance. The following criteria are applied in determining
At:
1. Select a time step such that the producing cell is not
overdepleted®. This can be accomplished by selecting a
time step such that there is Tless than 15% change in the fluid

saturation in the cell containing the well.
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At = min (fi) YiI10>0 (7.1)

where

—h
L]

p*)

oPels for 0il producing wells (7.2)

0.15(V50p0/q

. . *);
;= 0.15 (VS_p /q 0%,

thus, the maximum time increment is less than the time

for gas producing wells (7.3)

required to produce 15% of a pore volume of the smallest cell
containing a well.

2. Todd,at al'® suggested the following method to control the
truncation error. They suggested to limit the saturation and
pressure changes per time step. This can be accomplished if
At does not exceed Atmax defined by

n+l n DPLIM

L\.tmax = At HP———X (7.4)

n+l n DSLIM

Mhax = AT BSWAX (7.5)
where
DPLIM = maximum pressure change desired
DSLIM = maximum saturation change desired

for the three phase model

DPMAX = max ]p?*l - P?‘ Yid h#o0 (7.6)
DSMAX = max (s"1 s'?)]., Yidh#o0 (7.7)
L oag | i
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3. To make the input of the engineer more substantial, the

range of At is specified

DTMIN < At < DTMAX (7.8)

4. To avoid the round-off error, the chosen At is truncated
to two decimals.
The subroutine OLDTIM calculates the production, capillary
pressure, and gravity terms using equations (3.20) through (3.22) based

on the last time step.

7.4 Coefficient Matrix Calculation Section

This section of the simulation package consists of the following

subroutines:
1. COEFF
2. HLAMDA
3. IBRPRM

and requires the following subroutines:

1. RPRM

2. SLUBTY
The subroutine COEFF calculates the coefficient matrix using equations
(3.7) through (3.12).

The HLAMDA and IBRPRM subroutines calculate the interblock flow
coefficient (hA) for all active cells and for the three phases. The
equations and procedures outlined in section 3.3 are incorporated in
these subroutines.

The boundary conditions is incorporated into the coefficient

matrix through HLAMDA subroutine.
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7.5 Pressure Solutjon Section

This section can be any of the subroutines that performs
iterative or direct methods discussed in chapters IV, V, and VI to solve
the pressure equations, namely PSOR, LSOR, ADI, SIP of chapter IV,
STBAND of chapter V, and RADP of chapter VI.

7.6 Saturation Calculation Section

This section of the simulation package consists of one subroutine
called SATRN and it requires the DENSTY subroutine.

This section calculates the new 0il, water, and gas saturations
using the equations developed in section 3.2.

The calculated saturations are subjected to the logical

constraints.

Sye £5, 21 (7.9)

Sop £S5 21 -8, (7.10)

The porosity is updated in this section as follows:

A SR NN (A O) (7.11)

7.7 Material Balance Section

This section of the simulation package consists of one subroutine
called MASERR and it does not require any other subroutine.
This section calculates the oil, water, gas, and total mass

balance relative errors.
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s M%ﬁg- (M = MIP) , § = 0,usg (7.12)

ro= o (M + M g - TH) (7.13)
where

Mj = §=l {ijsj - pg (qjc + qut)}i » Jj = o,w,é (7.14)

TM = MIP, + MIP + MIP_ (7.15)

In order for a model to maintain stability, it should conserve

mass at all time®. 1In this study, (r is used as a convergence

mb)max
criterion on mass.

("mpImax = max I rjl 3 = 0,u,g,t (7.16)

This material balance error must be within the predefined tolerance
€q s follows:

This check is done in the mainline of the simulator as shown in
Figure 7.1.
When the mass balance converges or the number of trials exceeds

the maximum allowed, then the cumulative production is updated as

foliows:
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+
ntl _ n

n+l, . n+l ny
e = 9c TG (BT -t (7.18)

n+l_ n n+tl .. n+l n

= + - .
g = dgc * 9g (T t") (7.19)
ntl _ n n+l ntl _.n
we TG ta 0 (T -t (7.20)

Also the maximum and minimum At used since the last print out time is

updated.

7.8 Output Section

This section of the simulation package consists of the following

subroutines:
1. OUTPUT
2. PRINT

and requires no other subroutine.

This section prints out the results accumulated since the last
print out time.

The subroutine PRINT prints out a given matrix along with its
title. The x-direction of the cells is numbered across the top of the
matrix and the y-direction of the cells is numbered down the left side.
In case the number of cells in the x-direction exceeds 10, the matrix

will be slashed after 10 cells and completed afterwards.

7.9 Auxiliary Section

This section of the simulation package consists of the

following subroutines:
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RPRM

DENSTY
VISCTY
SLUBTY
CAPLRY
PRDCTN

and requires no other subroutine.

This section calculates the fluid properties and the production-

injection

tables or

flow rates. The data for this section can be entered as

empirical relationships developed from the reduction of

field data.

The
The

The

subroutine RPRM calculates the realtive permeabilities.
subroutine DENSTY calculates the o0il, water, and gas densities.
subroutine VISCTY calculates the oil, water, and gas viscosities.
subroutine CAPLRY calculates the capillary pressure Pew and ch.
subroutine SLUBTY calculates the gas-oil ratios and gas-water ratios.

subroutine PRDCTN determines the flow rate at source or sink

cells. The two popular types of flow are considered.

1.
2.

Constant flow rate

Flow rate at constant pressure at the wellbore.

This simulation package is designed to utilize the explicit production

procedure which requires that the 0il, gas and water flow rates be

evaluated

at last time level. The flow rates are evaulated according

to the well type designated by IQ vector defined in section 7.1.



108

1. Water injection well (IQ = -2)

q, = 0 (7.21)
= Q 7.2

9 (7.22)

q, =+ const. (7.23)

2. Gas injection well (IQ = -1)

Gy = @ (7.24)
qg = + const. (7.25)
q, = 0 (7.26)

3. Gas producing well at constant rate (IQ = 1)

dy = 0 (7.27)
9 = - const. (7.28)

krwpw ugog ( )
q = q 7 .29
LTI krgpg g

4. 0i1 producing well at constant rate (IQ = 2)

g, = - const. (7.30)
K.P, H.O¥
rww “0°0
q, = q (7.31)
Woouen Kegfy O
K. 0, L 0¥
=-r9 g 00 + Lk R +o*q R 7.32
qg ugpa kropo qo pg (poqo so P sw) ( )
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5. 011 producing well at constant pressure at the wellbore

(IQ = 3)

-o.osswkxky keoPo (P = Pog)
9% = 3
0 H.P5 {1n(%-¢—lA§A -3
W

*
kPWPW “opo

q, © * q
w uwpw kropo °

k..o u p*
rg g 00 1_ % %
g ugog Koo, 9 * o (03d5Rso" PhaRsw)

0
n

(7.33)

(7.34)

(7.35)



CHAPTER VIII

COMPARATIVE EVALUATION
The simulator outlined in chapter VII was developed and used to
simulate Little Axe Unit cf S.E. Denver Pool of Cleveland County in
Oklahoma with two sets of permeabilities:
a) Constant permeability for homogeneous case
b) Variable permeability for heterogeneous case
The geometry and properties of this reservoir are given in Appendix D.
The pressure equations are solved with six different numberical
procedures, namely PSOR, LSOR, ADI, SIP of chapter IV, STBAND of
chapter V, and the new method (RADP) of chapter VI. The computer
listing of these numerical procedures is given in Appendix E. A
sample of computer simulation output is given in Appendix F.
The comparative evaluation of these numerical procedures includes
difficulties of iterative methods, storage requirements, CPU time,

mass balance errors, and average reservoir pressure.

8.1 Difficulties of Iterative Methods

Iterative methods have a number of difficulties not present in
direct methods. Some of these difficulties are:
1 - Nonreliability: It is well known that the iterative methods
do not work for every system of equations. Sometimes direct methods do

not converge and sometimes they converge, but not to the right answer.

110
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The last three months of the simulation for homogeneous case, the
strongly implicit procedure did not converge within the pre-defined
tolerance with the maximum number of iterations allowed. However,
we obtained all needed results with higher pressure errors.

2 - Iteration parameters: The estimation of iteration
parameters is a serious problem that experience and experimental
runs are needed to get a suitable parameter.

3 - Convergence criterion: The relative error of successive
approximations are used as convergence criterion. Such a criterion
gives no indication of how well the computed solution actually
satisfies the original eguation. Consequently, the above criterion

can be misleading.

8.2 - Storage Requirements

The computer storage requirements of the numerical procedures

are given in Table 8.1.

Numerical Computer Computer Computer

Procedure Storage Storage for Storage

(Bytes) one cell Relative

(Bytes) to PSOR
PSOR 13632 39.50 1.00
LSOR 18714 54.24 1.37
ADI 34132 98.93 2.50
SIP 34404 99.72 2.52
STBAND 55778 161.68 4.09
RADP 50894 147 .52 3.73

Table 8.1 - Computer Storage Requirements
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The direct methods require larger computer storage than iterative
methods. However, in direct methods, RADP requires 91% of the computer

storage required for STBAND.

8.3 - CPU Time Comparison

The CPU time consumed in simulating the reservoir model as a
function of real time is given in Tables 8.2 and 8.3. These two
tables are plotted on Figure 8.1 and 8.2 for visual comparison.

From Figures 8.1 and 8.2, it is obvious that iterative methods
are faster than direct methods.

In direct methods, the new method (RADP) is substantially faster
than the band matrix algorithm applied to standard ordering (STBAND).
In a 600 days simulation and 345 cell system, RADP requires 65.5% of
the computer time required for STBAND to perform the same simulation.

Among the iterative methods used, the PSOR is faster than LSOR,
ADI, and SIP. The ADI is slightly better for homogeneous case while
SIP is considerably better for heterogeneous run.

It is noticeable that the CPU time curve is linear for direct
methods and concaved upward for iterative methods. Therefore, the
CPU time for direct methods is predictable in contrary to iterative
methods. This feature is due to the nature of direct methods in
which the solution to the system of equations is obtained upon the

completion of a finite number of arithmetic operations.

8.4 - Mass Balance Errors

Four types of mass balance relative errors for homogeneous and
heterogeneous cases are presented in Tables 8.4 through 8.11. The
differences among all types of errors for all six methods are too

small to draw any general conclusions.
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NUMERICAL PROCEDURE

—
REAL TIME

PSOR LSOR ADI SIP STBAND RADP

DAYS
30 0.97 1.57 2.23 2.50 5.13 3.38
60 1.91 3.17 4.71 5.00 10.17 6.78
90 2.87 4.68 7.18 7.51 15.26 10.14
120 3.81 6.27 9.60 10.01 20.56 13.53
150 4.71 7.91 11.93 12.51 25.89 16.92
180 5.62 9.54 14.27 15.02 31.27 20.30
210 6.52 11.21 16.68 17.52 36.64 23.78
240 7.44 12.94 19.18 20.00 41.87 27.20
270 8.41 14.75 21.73 22.53 47.09% 30.58
300 9.43 16.58 24.29 25.03 52.28 33.99
330 10.48 18.51 26.85 27.52 57 .45 37.39
360 11.54 20.50 29.39 30.02 62.62 40.82
390 12.65 | 22.54 31.95 32.49 67.78 44.29
420 13.82 24.66 34.60 34.99 72.94 47.76
450 15.11 26.79 37.37 37.48 78.11 51.20
480 16.46 28.91 40.11 39.98 83.29 54.62
- 510 17.82 31.07 43.00 43.52 88.59 58.07
540 19.22 33.28 45.81 46.50 93.78 61.57
570 20.80 35.66 49.60 50.42 28.97 65.04
600 22.82 38.25 53.51 56.00f 104.14 68.52

TABLE 8.2 - CPU TIME FOR HOMOGENEOUS CASE IN SECONDS
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NUMERICAL PROCEDURE

43.

REAL TIME| PSOR LSOR ADI SIP STBAND RADP
DAYS
30 0.94 1.58 2.52 2.11 5.44 3.39
60 1.90 3.17 5.10 4.22 10.80 6.79
90 2.85 4.78 7.76 6.34 16.17 10.23
120 3.79 6.33 10.33 8.32 21.55 13.65
150 4.71 7.85 12.76 10.54 26.92 17.05
180 5.60 9.42 15.25 12.59 32.25 20.44
210 6.55 11.01 17.74 14.72 37.57 23.89
240 7.49 12.65 20.17 16.72 42.83 27.38
270 8.42 14.38 22.72 19.01 48.09 30.88
300 9.41 16.17 25.14 21.00 53.52 34.28
330 10.43 18.06 27.70 23.22 58.82 37.869
360 11.45 20.04 30.27 25.29 64.00 41.13
390 12.63 22.038 33.00 27.42 69.12 44 .54
420 13.83 24.09 35.65 29.50 74.22 47.96
450 15.04 26.12 38.27 31.70 79.53 51.37
480 16.39 23.24 40.92 33.75 84.84 54.78
- 510 17.74 30.38 43.83 35.80 90.05 58.20
540 19.06 32.69 47.37 38.02 95.18 61.64
570 20.58 35.10 51.29 40.10{ 100.42 65.10
600 22.19 37.62 57.56 01 105.59 68.49

TABLE 8.3 - CPU TIME FOR HETEROGENEOUS CASE IN SECONDS
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NUMERICAL PROCEDURE

—
REAL TIME

PSOR LSOR ADI SIP STBAND RADP

DAYS

30 0.0009 {0.0010 0.0010 | 0.0008 0.0010 0.0010
60 0.0018 {0.0018 0.0019 {0.0026 0.0019 0.0019
90 0.0026 {0.0027 0.0027 {0.0033 0.0027 0.0027
120 0.0034 [ 0.0035 0.0035 | 0.0041 0.0035 0.0035
150 0.0042 [ 0.0042 0.0042 {0.0047 0.0042 0.0042
180 0.0049 | 0.0048 0.0049 | 0.0045 0.0050 0.0043
210 0.0055 | 0.0055 0.9056 | 0.0051 0.0056 0.0056
240 0.0062 | 0.0062 0.0064 | 0.0061 0.0063 0.0062
2790 0.0068 | 0.0068 0.0071 | 0.0068 0.0069 0.0068
300 0.0075 | 0.0075 0.0082 | 0.0074 0.0076 0.0075
330 0.0081 | 0.0081 0.0090 | 0.0078 0.0082 0.0081
360 0.00%0 { 0.0090 0.0102 | 0.0084 0.0091 0.0090
390 0.0098 | 0.0098 0.0113 ] 0.0086 0.0099 0.0098
420 0.0111 ] 0.0111 0.0129 | 0.0092 0.0112 0.0111
450 0.0122 | 0.0122 0.0142 | 0.0099 0.0123 0.0122
480 0.0144 | 0.0143 0.0163 | 0.0105 0.0145 0.0144
510 0.0164 | 0.0163 0.0178 1 0.010¢ 0.0164 0.0164
540 0.0191} 0.0182 0.02014 0.0111 0.0185 0.0177
570 0.0216 | 0.0201 0.0230) 0.0115 0.0210 0.0213
600 0.0027 |-0.0056 0.0267| 0.0116 0.0083 0.0054

TABLE 8.4 - TOTAL MASS BALANCE RELATIVE ERROR FOR HOMOGENEQUS CASE
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NUMERICAL PROCEDURE

rhEAL TIME| PSOR LSOR ADI SIP STBAND RADP
DAYS
30 0.0010 |0.0010 0.0010 0.0009} 0.0010 0.0010
60 0.0019 (0.0019 0.0019 0.0020| 0.0019 0.0019
90 0.0027 |(0.0027 0.0027 0.0026} 0.0028 0.0027
120 0.0035 |0.0035 0.0035 0.0034 ¢ 0.0036 0.0036
150 0.0043 {0.0043 0.0043 0.0031¢ 0.0043 0.0043
180 0.0050 [0.0050 0.0051 0.0049) 0.0051 0.0050
210 0.0057 |0.0057 0.0058 0.0055} 0.0058 0.0058
240 0.0065 (0.0064 0.0067 0.0064] 0.0066 0.0065
270 0.0072 (0.0071 0.0075 0.0070} 0.0072 0.0072
300 0.0080 {0.0079 0.0087 0.0077] 0.0081 0.0080
330 0.0086 {0.0086 0.0097 0.0078| 0.0087 0.0087
360 0.0096 {0.0095 0.0112 0.0082} 0.0097 0.0096
390 0.0103 {0.0103 0.0124 0.0090| 0.0104 0.0103
420 0.0114 |0.0114 0.0144 | 0.0094} 0.0116 0.0115
450 0.0126 (0.0126 0.0158 0.0099} 0.0128 0.0127
480 0.0146 {0.0145 0.0178 0.0100}{ 0.0147 n.0147
- 510 0.0163 ({0.0163 0.0199 0.0102] 0.0167 0.0167
540 0.0188 [ 0.0186 0.0231 0.0102] 0.0191 0.0191
570 0.0216 |3.0213 0.0274 0.0110} 0.021¢ 0.0219
600 0.0184 | 0.0170 0.0293 0.0113| 0.0178 0.0174

TABLE 8.5 - TOTAL MASS

BALANCE RELATIVE ERROR FOR HETEROGENEQUS CASE
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NUMERICAL PROCEDURE

| REAL TIME

PSOR LSOR ADI SIP STBAND RADP

DAYS

30 0.0015 [ 0.0015 0.0015 0.0013| 0.0015 0.0015

60 0.0030 }0.0031 0.0031 0.0043] 0.0031 0.0031

90 0.0045 [ 0.0045 0.0045 0.0056| 0.0046 0.0045
120 0.0058 {0.0059 0.0059 0.0069| 0.0060 0.0059
150 0.0071 {0.0072 0.0072 0.0079}{ 0.0073 0.0072
180 0.0083 {0.0084 0.0083 0.0075] 0.0085 0.0084
210 0.0094 | 0.0094 0.0094 0.0084] 0.006S6 0.0095
240 0.0105 { 0.0104 0.0101 0.0100] 0.0106 0.0105
270 0.0113 }0.0113 0.0107 0.0113] 0.0115 0.0114
300 0.0121 [ 0.0120 0.0107 0.0124} 0.0122 0.0121
330 0.0126 {0.0125 0.0109 0.0131} 0.0128 0.0126
360 0.0128 | 0.0127 0.0100 | 0.0139} 0.0130 0.0129
390 0.0126 | 0.0125 0.0095 0.0142} 0.0128 0.0126
420 0.0121 ] 0.0120 0.0076 0.0152] 0.0123 0.0121
450 0.0107 | 0.0105 0.0061 0.0164; 0.0108 0.0107
480 0.0094 | 0.0094 0.0031 ¢.0173] 0.0094 0.0093
510 0.0053 | 0.0055 0.0012 0.0180] 0.0055 0.0054
540 0.0017 1 0.0011{ -0.0022 0.0187; 0.0015 } -0.0004
570 -0.0041 |-0.0045} -0.0068 0.0197| -0.0035 | -0.0037
600 -0.0477 |-0.0615| -0.0127 0.0206{ -0.0353 | -0.0412

TABLE 8.6 - OIL MASS BALANCE RELATIVE ERROR FOR HOMOGENEOUS CASE
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NUMERICAL PROCEDURE

| REAL TIME

PSOR LSOR ADI SIP STBAND RADP

DAYS

30 0.0015 { 0.0016 0.0016 0.0015} 0.0016 0.0016
60 0.0031 | 0.0031 0.0032 0.0032; 0.0032 0.0032
90 0.0046 | 0.0046 0.0046 0.0043| 0.0047 0.0047
120 0.0060 | 0.0060 0.0060 0.0057| 0.0061 0.0061
150 0.0073 { 0.0073 0.0073 0.0052| 0.0074 0.0074
180 0.0085 | 0.0085 0.0085 0.0081; 0.0086 0.0086
210 0.0097 | 0.0096 0.0095 0.0092} 0.0098 0.0097
240 0.01G5 | 0.0104 0.0100 0.0108] 0.0106 0.0105
270 0.0113 | 0.0112 0.0106 0.0117, 0.0114 0.0113
300 0.0118 | 0.0116 0.0102 0.0125 0.9119 0.0118
330 0.0122 | 0.0120 0.0102 0.0126{ 0.0124 0.0122
360 0.0124 7 0.0121 0.0087 0.0132] 0.0125 0.0124
390 0.0124{ 0.0120 0.0078 0.0145 0.0125 0.0123
420 0.0120} 0.0116 0.0051 0.01520 0.0120 0.0118
450 0.0107} 0.0103 0.0037 0.0160] 0.0107 0.0104
480 0.0095} 0.0092 0.0006 0.0158 0.0094 0.0092
510 0.0058| 0.0052| -0.0026 0.0158§ 0.0052 0.0049
540 0.0061| 0.0061} -0.0081 0.0159 0.0056 0.0054
570 -0.0006| 0.0001} -0.0159 0.0177 -0.0012} -0.9016
600 -0.0145(-0.0155] -0.0172 0.0174 -0.0166| -0.0175

TABLE 8.7 - OIL MASS

BALANCE RELATIVE ERROR FOR HETEROGENEOUS CASE
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NUMERICAL PROCEDURE

FEEAL TIME| PSOR LSOR ADI SIP STBAND RADP

DAYS

30 0.0002 (0.0002 0.0002 0.0002] 0.0002 0.0002
60 0.0002 |0.0002 0.0002 0.0004| Cc.co002 0.0002
90 0.0002 j0.0003 0.0002 0.0004] 0.0003 0.0003
120 0.0003 {0.0003 0.0003 0.0003| 0.0003 0.0003
150 0.0003 {0.0003 0.0003 0.0004) 0.0003 0.0003
180 0.0003 {0.0004 0.0005 0.0006{ 0.0004 0.0004
210 0.0004 |0.0004 0.0007 0.0006] 0.0004 G.0004
240 0.0006 |0.0007 0.0016 0.0009| 0.0006 0.0006
270 0.0008 |0.0009 0.0024 0.0009| 0.0009 0.0009
300 0.0015 {0.0016 0.0048 0.000¢| 0.0015 0.0015
330 0.0022 {0.0023 0.0065 0.0010} 0.0027 0.0022
360 0.0040 | 0.0041 0.0105 0.C011{ 0.0040 0.0040
390 0.0061 | 0.0062 0.0136 0.0012) 0.0061 0.0061
420 0.0100 [ 0.0102 0.0198 0.0013} 0.0100 0.0100
450 0.0142 | 0.0145 0.0250 0.0014f 0.0143 0.0143
480 0.0220 | 0.0218 0.0336 0.0017f 0.0220 0.0220
510 0.0314 { 0.0309 0.0397 0.0017| 0.0310 0.0311
540 0.0441 | 0.0426 0.0497 0.0012| 0.0423 0.0427
570 0.0571 | 0.0540 0.0625 0.0008] 0.0563 0.0562
600 0.0644 | 0.0603 0.0792 | -0.0002f 0.0639 0.0634

TABLE 8.8 -

WATER MASS BALANCE RELATIVE ERROR FOR HOMOGENEQUS CASE
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NUMERICAL PROCEDURE

[REAL TIME

PSOR LSOR ADI SIP STBAND RADP

DAYS

30 0.0002 {0.0002 0.0002 0.0002} 0.0002 0.0002
60 0.0002 |0.0002 0.0002 0.0003} 0.0002 0.0002
90 0.0002 | 0.0002 0.0002 0.0003} 0.0002 0.0002
120 0.0003 | 0.0003 0.0003 0.0004| 0.0003 0.0003
150 0.0003 |{0.0003 0.0003 0.0005]| 9.0003 0.0003
180 0.0004 {0.0004 0.0006 0.0006{ 0.0004 0.0004
210 0.0006 | 0.0006 0.0010 0.0008] 0.0006 0.0006
240 0.0012 {0.0013 0.0024 0.0008{ 0.0013 0.0013
270 0.0017 {0.0013 0.0035 0.0008{ 0.0017 0.0017
300 0.0030 | 0.0030 0.0066 0.0013} 0.0030 0.0030
330 0.0039 | 0.0041 0.0090 0.0016] 0.0040 0.0040
360 0.0059 | 0.0062 0.0145 0.0017| 0.0060 0.0060
390 0.0076 | 0.0079 0.0185 0.0018{ 0.0077 0.0077
420 0.0109 | 0.0113 0.0267 0.0019{ 0.0111 0.0112
450 0.0151 { 0.0156 0.0316 0.0020f 0.0156 0.0157
480 0.0219 { 0.0221 0.0404 0.0024; 0.0224 0.0226
510 0.0303 { 0.0310 0.0495 0.0029( 0.0318 0.0322
540 0.0374 [ 0.0369 0.0642 0.0027] 0.0385 0.0390
570 0.0517 { 0.0504 0.0846 0.0023] 0.0532 0.0540
600 0.0630| 0.0607 0.0913 0.0032] 0.0639 0.0645

TABLE 8.9 - WATER MASS BALANCE RELATIVE ERROR FOR HETEROGENEOUS CASE
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NUMERICAL PROCEDURE

rEE/\L TIME| PSOR LSOR ADI SIP STBAND RADP
DAYS
30 0.0015 {0.0015 0.0015 0.0013} 0.90015 0.0015
60 0.0030 {0.0031 0.0031 0.0043] 0.0031 0.0031
90 0.0045 [0.0045 0.0045 | 0.0056| 0.0046 0.0045
120 0.0058 |0.0059 0.0059 0.0069| 0.0060 0.0059
150 0.0071 }0.0072 0.0072 0.0079} 0.0073 0.0072
180 0.0083 [0.0084 0.0083 0.0070( 0.0085 0.0084
210 0.0094 }0.0094 0.0094 0.0084) 0.0096 0.0095
240 0.0105 }0.0105 0.0101 0.0100} 0.0106 0.0105
270 0.0113 }0.0113 0.0107 0.0113} 0.0115 0.0114
300 0.0120 |0.0120 0.0107 0.0124} 0.0122 0.0121
330 0.0126 {0.0125 0.0109 0.0131} 0.C128 £.0126
360 0.0125 {0.0123 0.0100 0.0139| 0.90127 0.0125
390 0.0125 {0.0125 0.0095 |. 0.0142} 0.01283 0.0126
420 0.0105 1 0.0103 0.0075 0.0152| 0.0109 0.0106
450 0.0103 | 0.0102 0.0061 0.0164) 0.0106 0.0104
480 0.0042 {0.0041 0.0028 0.0173} 0.0047 0.0043
510 0.0030 | 0.0032 0.0009 0.0180] 0.0038 0.0033
540 +0.0100 |-0.0090{ -0.0035 0.0187|-0.0066 | -0.0069
570 -0.0137 |-0.0122 | -0.0089 0.0197)-0.0124 | -0.0145
600 -0.0247 |-0.0231| -0.0173 0.0206f-0.0219 | -0.0249

TABLE 8.10 - GAS MASS BALANCE RELATIVE ERROR FOR HOMOGENEOUS CASE
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NUMERICAL PROCEDURE

| REAL TIME

PSOR LSOR ADI SIP STBAND RADP
DAYS
30 0.0015 | 0.0016 0.0016 0.0015( 0.0016 0.0016
60 0.0031 {0.0031 0.0032 0.0032} 0.0032 0.0032
90 0.0046 {0.0046 0.0046 0.0043} 0.0047 0.0047
120 0.0060 {0.0060 0.0060 0.0057{ 0.0061 0.0061
150 0.0074 {0.0073 0.0073 0.0052} 0.0074 0.0074
180 0.0085 |1 0.0085 0.0085 0.0081; 0.0086 0.0086
210 0.0097 {0.0096 0.0095 0.0092! 0.0098 0.0097
240 0.0105 [ 0.0104 0.0100 0.0103} 0.0106 0.0105
270 0.0113 {0.0112 0.0106 0.0117{ 0.0114 0.0113
300 0.0118 ;0.0116 0.0102 0.0125) 0.0119 0.0118
330 0.0122 { 0.0120 0.0102 0.0125} 0.0124 0.0122
360 0.0124 {0.9121 0.0087 0.0132}] 0.0125 0.0123
3380 0.0124 {0.0129 0.0078 0.0145} 0.0125 0.0123
420 0.0113 | 0.0108 0.0051 0.0152] 0.0115 0.0112
450 0.0106 | 0.0102 0.0C37 0.0160f 0.0106 0.0104
480 0.0061 ) 0.0055 0.0005 0.0155] 0.0062 0.0058
510 0.0051 ] 0.0044} -0.0023 0.0156} 0.0047 0.0043
540 -0.0040 [-0.0047 | -0.0089 0.0159| -0.0041 | -0.0048
570 -0.0062 |-0.0069} -0.0177 0.0177} -0.0066 | -0.0075
600 ~-0.0220 (-0.0218| -0.0223 0.0174{-0.0222 | -0.0239
TABLE 8.11 - GAS MASS BALANCE RELATIYE ERROR FOR HETEROGENEOUS CASE
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8.5 - Average Reservoir Pressure

The average reservoir pressure is given in Tables 8.12 and 8.13.
For a given time, the differences of pressures are relatively small

to draw any conclusions.
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NUMERICAL PROCEDURE
|REAL TIME| PSOR LSOR ADI SIP STBAND RADP
DAYS
30 15617 | 15624 | 15625 | 15577 | 15628 | 15626
60 15535 | 15594 | 15596 | 15807 | 15602 | 15597
90 15587 | 15593 | 15595 | 15762 | 15605 | 15598
120 15554 | 15561 | 15564 | 15739 | 15576 | 15567
150 15548 | 15554 | 15558 | 15678 | 15571 | 15560
180 15521 | 15526 | 15530 | 15420 | 15546 | 15534
210 15509 | 15514 | 15521 | 15374 | 15537 | 15522
240 15487 | 15488 | 15494 | 15441 | 15515 | 15498
270 15474 | 15475 | 15483 | 15481 | 15504 | 15485
300 15451 | 15450 | 15459 | 15465 | 15482 | 15462
330 15441 | 15439 | 15450 | 15416 | 15473 | 15452
360 15419 | 15414 | 15429 | 15413 | 15452 | 15429
390 15414 | 15400 | 15420 | 15336 | 15449 | 15424
420 15389 | 15382 | 15401 | 15353 | 15424 | 15398
450 15397 | 15389 | 15391 | 15419 | 15433 | 15406
480 15373 | 15362 | 15377 | 15448 | 15409 | 15380
510 15409 | 15397 | 15369 | 15456 | 15443 | 15415
540 15287 | 15271| 15361 | 15424 | 15424 | 15394
570 15263 | 15203 | 15358 | 15447 | 15216 | 15093
600 14549 | 14302 | 15360 | 15437 | 14919 | 14755

TABLE 8.12 - AVERAGE RESERVOIR PRESSURE FOR HOMOGENEOUS CASE
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NUMERICAL PROCEDURE
rEEAL TIME{ PSOR LSQR ADI SIP STBAND RADP
DAYS
30 15624 15627 | 15628 15613 15631 15628
60 15595 15600 15604 15633 15609 15605
90 15604 15602 15607 15554 15616 15610
120 15573 15573 15579 15547 15591 15583
150 15577 15569 15578 15306 15591 15581
180 15552 15543 15553 15508 15570 15558
210 15550 15536 15549 15488 15566 15553
240 15528 15512 15525 15527 15547 15532
270 15522 15502 15521 15508 15542 15525
300 15502 15480 15500 15511 15525 15506
330 15498 15472 15497 15378 15521 15500
360 15477 15449 15477 15356 15502 15480
390 15477 15445 15476 15405 15502 15478
420 15454 15421 15458 15383 15483 15457
450 15464 15428 15459 15394 15492 15465
480 15441 15401 15442 15279 15469 15440
510 15482 15435 15445 15203 15505 15475
540 15468 15406 15434 15120 15480 15448
570 15526 15479 15443 15232 15537 15501
600 15378 15334 15445 15156 15311 15251

TABLE 8.13 - AVERAGE RESERVOIR PRESSURE FOR HETEROGENEOUS CASE



CHAPTER IX

CONCLUSIONS

Based on the numerical simulation results observed in this

study, it is possible to draw the following conclusions:

1.

Direct methods are more reliable than iterative ones.
Some iterative methods fail to converge at certain times
and under certain conditions. The error will propagate
from this point on.

The search for optimum iteration parameters in iterative
methods is a serious problem especially for SIP.

The ADI and SIP methods are sensitive to the type

of reservoir models while direct methods are not. This
observation is implied by the CPU time requirements.

The ADI is slightly better for homogeneous case while
SIP is considerably better for heterogeneous run.
Iterative methods require less computer storage than
direct methods no matter how efficient the direct method
is.

The iterative methods are faster than direct methods

for the 345 cell model simulated in this study.

Among the iterative methods used, the PSOR is faster

than LSOR, ADI, and SIP.
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RADP requires about 65.5% of the CPU time consumed by
STBAND. RADP requires about 91% of the computer storage
required for STBAND. These improvements are due to the
fact that RADP generates 1ess new non-zero elements in
the direct solution process. Therefore, RADP is

more competitive to the iterative methods than STBAND

direct method.



NOMENCLATURE

.8 coefficient matrix

A cross-sectional area to flow
Ai’Bi’Ci’Fi’Ei SIP coefficient vectors
ai’bi’ci’ei’fi coefficients of the general pressure equation
ADI Alternating Diagonal Implicit

B1 PVT term

B2 production term

83 capillary pressure term

B4 gravity term

B5 second degree derivative term

a composite matrix (=L\U)

C compressibility

D subsea level, positive downward
DPLIM maximum pressure change desired
DPMAX maximum pressure change calculated
DSLIM maximum saturation change desired
DSMAX maximum saturation change calculated
DTMAX maximum time step ailowed

DTMIN minimum time step allowed

d day

d right-hand side vector of pressure equations
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d; an element of d

f an arbitrary function

ft foot

Gij’HiJ vectors in RADP

g acceleration due to gravity

gi’hi the new coefficients introduced for SIP

h formation thickness

I the largest of NX and Ny

J the smallest of N, and Ny

K Kelvin absolute temperature

k absolute permeability

kg kilogram

kPa kilo-Pascal

kmax maximum number of iterations on pressure

K. ' relative permeability

L Tower triangular matrix

LSOR Line Successive Overrelaxation

Lq Tength of the diagonal along which
numbering is applied

1 an element of L

1bm pound mass

M mass

MIP mass in place

m meter

m semi-bandwidth

m number of iteration parameters in the system

N number of active celis



NTRMAX
OUTMOD
P

Pa

Psi

ref

wf
PSOR

P*

RAD
RADP

SO

SwW

132

number of diagonals in the system

number of rows in the lower half of matrix &
number of rows in the upper half of matrix X
number of cells in the x-direction

number of cells in the y-direction

maximum number of trials on material balance
print out interval

pressure vector

Pascal |

pound per square inch

bubble point pressure

capillary pressure to gas

capillary pressure to water

an element of P

pseudo critical pressure

reference pressure

flowing bottom hole pressure of the well
Point Successive Overrelaxation

pressure at standard condition

flow rate, positive rates denote injection,
negative rates denote production

Rankine absolute temperature
Restricted Alternating Diagonal
RAD Procedure

solubility of gas into oil
solubility of gas into water

constant multiplier
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ri,rj relative error

Cu well radius

Fmax maximum absolute relative error

(r'mb)max mass balance maximum absolute relative error

S saturation

S storage

Sgc equilibrium gas saturation

sor irreducible 0il saturation

St. Standard

Swe connate water saturation

SCF Standard Cubic Feet

SIP Strongly Implicit Procedure

SOR Successive Overrelaxation

STB Stock tank barrel

STBAND band matrix algorithm applied on standard
ordering

S second

T temperature

T transmissibility

Tpc pseudo critical temperature

™ total mass

TPRINT print out time

T* temperature at standard conditions

t time

] upper triangular matrix

u an element of U

V. pore volume of cell i
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W work

z gas compressibility factor

z* gas compressibility factor at standard
conditions

Greek Letters

o iteration parameter for SIP
R iteration parameter for ADI
Y5 normalizing factor for g

At time increment

AXsAY distance increments

€ pressure tolerance

€m mass balance tolerance

n N,

8 Crank-Nicholson parameter

A : mobility

u viscosity

um micro-meter

o density

o* density at standard conditions
o) potential

0 porosity

w iteration parameter for SOR

Subscripts and Superscripts

f final

g gas phase

i cell number
i initial

J phase identifier (0il,water,or gas)
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jc cumulative of phase j
k iteration counter

m mass

n time level

0 0il phase

r rock

t total

W water phase

X x-direction

N y-direction
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APPENDIX A

UNITS AND CONVERSION FACTORS

Symbo1 Definition SI Units Practical English  Conversion
Units Units factor *

A Area m° m? £t2 0.09290

C Compressibility Pa'1 kPa'1 Ps1"1 0.14504

D Depth m m ft 0.30480

g Gravity m/s2 m/s2 ft/s2 0.30480

h Thickness m m ft 0.30480

k Permeability m2 um darcy 0.98690

P Pressure Pa kPa Psi 6.89476

% w k;ggid Flow St.mz/s St.mz/d STB/d 0.15899

qg Gas Flow Rate St.m™/s St.m”/d SCF/d 0.02832

st Solubility kg/kg kg/kg SCF/STB  0.17811 pg /pg

st Solubility kg/kg ka/kg SCF/SCF QS /03

T Temperature K K R 5/@

t Time S d d 1

i Viscosity Pa-s mPa-s cp 1

o Density kg/m> kg/m> T /e3  16.0185

*To obtain the practical unit, multiply the English unit by the

corresponding conversicn factor.
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APPENDIX B

FLOW CHART CONVENTION
The following boxes, each of characteristic shape, are used for

constructing the flow charts in this study.

\\\\\\\v//,///, Commencement
Computation
<f‘ :> Do loop

If statment

y

Input (read)

Output (print or punch)

~— ™
~—

Conclusion

’//,/
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APPENDIX C

CONSTANT VALUES USED IN THIS STUDY

DPLIM = 1000 kPa

DSLIM = 0.15

DTMAX =10d

DTMIN = 10 d (0.01 d for SIP)

g = 9.81 m/s?
kmax = 55
m = 10
NTRMAX = 20
NX = 15

=2
Ny 3
QUTMOD = 30 d
p* = 100 kPa
ow = 4500 kPa
ry =0.1m
T* = 273.16 K
tf = 600 d
ti =0 d
z* = 1.0
AX = 100 m
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100 m

0.0005

0.10

0.5

0.9 kg/m?
825 kg/m?3
1160 kg/m3
1.6



APPENDIX D

Geometry and Properties of the Reservoir Model

Constant Properties of the Reservoir Model
Relative Permeabilities

Viscosities

Solubilities

Densities

Capillary Pressure Data

Reservoir Figures
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E.1 Constant Properties of the Reservoir Model
C0 = 2.90 x 10-6 kPa"1

C, =0.43x 10'6 KPa™

Cr = 0.58 x 10-6 kPa-1

k, =0.05 um?  (homogeneous case)

ky = 0.05 um?  (homogeneous case)

Pgp = 14000 kPa

Pyi = 15500 kPa at 1450 m below sea level
Ppc = 5270 kPa

SgC = 0.05

Sor = 0.3

Sye = 0.3

T = 325 K

Tpc = 218 K

o) = 0.161 at 15500 kPa

E.2 Relative Permeabilities

krw B (Sw - ch)2 / (-1"swc)2

kro ) (So - Sor)2 / (l‘sor - ch)2
krg = (Sg - Sgc)sl (1 - SgC - ch
k. >0

(E.1)

(E.2)

(E.3)

(E.4)
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E.3 Viscosities

u, = 0.395 (E.
ug = 0.0096 + 6.43967 107 , p. (E.
by = 0.459 - 6.6 x 100 P, P < Py (E.
b, = 0.459 - 6.6 x 107° Pgp  » P> Pgo (E.
E.4 Solubilities
Rgo = 0.09457 + 5.5 x 107° , P, P < Py, (E.
Rg, = 0.17157 , P> Py (E.
Ry, = 0 (E.
E.5 Densities
- C_(P-100)
oy = P5 (1 - R ) e + Rygpq - 85 (E.
_ C.(P-100)
Oy = p; e’r (E.
p* T* Z* p
pg TTPET 2 (E.
The compressibility factor (z) is calculated from the following
equations®:
z = P(0.1391T - 0.2988) + 0.0007T, + 0.9969 P, < 1.2 (E
z = P_(0.0984T_ - 0.2053) + 0.0621T_ + 0.8580 ,1.2<P.<2.8  (E.
r r r r—
z = P (-0.0284T  + 0.0625) + 0.4714T_ - 0.0011 ,P > 2.8 (E.
p
P. =5 (E.
r Ppc
-1
T == (E.

10)
11)

12)

13)

.15)

16)
17)
18)
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E.6 Capillary pressure data!®

CcwW 0 cg
0.1 28.344 0.1 31.144
0.2 0.655 0.2 0.462
0.3 0.496 0.3 0.290
0.4 0.421 0.4 0.138
0.5 0.352 0.5 -0.007
0.6 0.283 0.6 -0.152
0.7 0.214 0.7 -0.296
0.8 0.145 0.8 -0.441
0.86 0.076 0.89 -0.586

E.7 Reservoir Figures

Figure

E.

E
E.
E

m m m

1

Discretized Reservoir System

Reservoir Thickness

Digitized Reservoir Thickness

Top of the Reservoir Depth

Digitized Middle of the Reservoir Depth
Digitized Reservoir Initial Pressure

Reservoir Heterogeneous Permeability

Digitizied Reservoir Heterogeneous Permeability
Configuration of Wells

Production - Injection Flow Rates
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Figure E.1 - Discretized Reservoir System
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CI = 3 meters

Figure E.2 - Reservoir Thickness(meters)
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Figure E.3 - Digitized Reservoir Thickness (meters)
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Figure E.4 - Top of the Reservoir Depth (meters below sea level)

CI = 3 meters
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Middle of the Reservoir Depth{meters)
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0 15700 15700 15700 15687 15661 15635 15603 15584 15571 O 0 0
15700 15700 15687 15680 15667 15648 15616 15603 15550 15571 15545 0O 0
15680 15674 15667 15654 15635 15622 15616 15603 15584 15564 15539 O 0
15680 15674 15661 15661 15642 15629 15616 15597 15577 15558 15539 © 0
15680 15674 15667 15667 15654 15635 15616 15590 15571 15558 15539 O 0
15687 15687 15674 15674 15661 15654 15635 15603 15584 15564 15545 15519 O
15693 15687 15680 15680 1566? 15654 15648 15629 15603 15584 15558 15551 15513

0 15706 15693 15674 15667 15661 15642 15629 15622 15597 15571 15551 15513

0 15693 15693 15680 135667 15654 156L42 15629 15622 15597 15577 15551 15513

0 15700 15700 15687 15661 15648 15642 15622 15609 15590 15571 15545 O

0 0 15700 15693 15667 15642 15622 15616 15597 15584 15564 15513 O

0 0 15706 15706 15687 15654 15629 15609 15590 15584 15558 15526 0

0 0 15712 15712 15700 15680 15642 15622 15597 15584 15558 15539 0

0 0 15712 15712 15706 15700 15667 15642 15616 15590 15571 15551 0

0 0 15706 15706 15700 15693 15667 15648 15629 15616 15584 15571 15551

0 0 15706 15700 15700 15687 15667 15648 15635 15616 15603 15584 15558

0 15706 15706 15700 15693 15680 15667 15654 15635 15629 15609 15590 15571

0 0 15700 15700 15687 1567k 15667 15654 15648 15629 15616 15590 0

0 0 15687 15687 15680 15667 15661 15654 15648 156L2 15622 15603 0

0 0 0 15687 15687 15674 15661 15654 15648 15635 15622 0 0

0 0 0 0 0 15667 15654 15642 15635 0 0 0 0

Figure E.6 - Digitized Reservoir Initial Pressure(kilo-Pascal)
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Figure E.7 - Reservoir Heterogeneous Permeability(micro-meterz)
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o .10 .09 .08 .07 .06 .06 .05 .04 ,03 0 0 0
.10 .10 .09 .08 .07 .06 .06 .05 .04 .03 .02 0 0
.10 .10 .09 .08 ,07 .06 .06 .05 .04 .03 .02 0 0
.10 .10 .09 .08 .07 .06 .06 .05 .04 ,03 .02 0 0
.10 .10 .09 .08 .08 .07 .06 ,05 .04 .03 .02 0 0
.10 .10 .09 .08 ,08 .07 .06 .05 .04 .04 ,03 .02 0
.10 .10 .10 .09 .08 .07 .06 .05 .04 ,04 .03 .02 .02

o .10 .10 .09 .08 .07 .06 .06 .05 .O4 ,03 .02 .02

o .10 .10 .09 .08 .07 .06 .06 .05 .O4 .04 .03 .02

o .10 .10 .09 .08 .07 .06 .06 .05 .O4 .04 .03 0

0 o .10 .09 ,08 .08 ,07 .06 .06 .05 .04 .03 0

0 o .10 .10 .09 .08 .07 .C6 .06 .05 .O4 .OL 0

-0 o .10 .t0 ,09 .08 .07 .06 .06 .05 .04 .O4 0

0 o .10 .10 .09 .08 .08 .07 .06 .05 .04 .04 0

0 o .1t .10 .09 ,08 .08 .07 .06 .06 .05 .04 .O4

0 o .11 .10 .10 .09 .08 .07 .06 .06 .05 .04 .O4

o .12 .11 .10 .10 .09 .08 ,07 .06 .06 .05 .04 .04

0 0o .1 .41 .10 .09 .08 .08 .07 .06 .06 .05 0

0 o .1 .11 .10 .10 .09 .08 ,07 .06 .06 .05 0

0 0 o .11 .10 .10 .09 .08 .08 .07 .06 0 0

0 0 0 0 6 .10 .10 .09 .08 0 0 0 0

Figure E.8 - Digitized Reservoir Heterogeneous Permeability(micro-meterz)
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Figure E.9 ~ Configuration of Wells




Flow Rate (Standard Cubic Meters)
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Figure E.10 - Production-Injection Flow Rates
(Well numbers are between parenthesis)



APPENDIX E

COMPUTER LISTING OF THE NUMERICAL PROCEDURES



FORTRAN IV G LFVEY

0001

Jr02
0003
2)J4
0005
0006
3327
coos
0009
00190
ootl

o012

3313
0014

0015
0016
17
o018
o019
0020
a0zl

0022
3223
0024

ONYOHOHONO O

A
LCCATION:
DEPARTMENT
COMPUTER?
AUTHOR:
ADVISOR:
DATES

MA T NDAYSE - T7annr,

........... B T O SO SIS  Y 7Y -3

SUBJECT: TWO-DIMENSIONAL THREL -PHASE PETROLFEUM RESFRVNIR SIMULATORMAR

COMPUTER STUDY YO SUPPLEMENT A PHe.De DISSERTATION.
UNIVERSITY OF OKLAHQOMA, NORMAN, OKLAHDMA: UeSeAe
PETROLEUM ¢ GEOLOGICAL ENGINEERING
18M 360
MUHAMMAD ALI AL~-MARHOUN
He Be CRICHLOW
SPRING 1973

MAR

MAR
MAR
MAR
MAR
MAP
MAR

e a1 e e e e e o e e i o e e o o e P S s 7 P ]

BLOCK DATA

PURPOSE OF
INITIALL

MAPR

——————————— e e e o e e e e e o e e e o (A P

SUBROUTINE
ZATION

MAR
MAR

o Ty e ————————————— ——————— B LT TEPEPENPRRI PSS R ——— Y Y ]

COMMON/COL/
coMMOM/COT/
COMMON/CI/
COMMON/CL10/
COMMON/CH LY/
COMMON/CL 2/
COMMON/C13/
COMMON/CL&/
COMMON/CL S/
COMMON/CL G/
H
COMMON/C19/
0
CO¥MON/C20/
coMvoNsC21/
0
COMMON/C22/
CNMMOM/C24/
COMMON/C2T/
COMMDN/C28/
COMMON/C29/
DATA

DATA

» WN-

DATA
DATA
END

EC(345) +A(345)eB(345)+C(345)F(345)eP(345),D(345)

. 1Q(335) ,Q0(345),0w(345) s QG(IFS5) ¢ NW INDW(100) o PWF +RW
PRMX(345) yPRMY (345)
HKX(345)yHKY (345)

S QDC(345)+QUCI345),0GC(345) 4RT ROC,RUCHRGCNWNE10D)
POR(345)VAL(345) ,COCWCR.TVOL
RPRMD(349) NPRMWI345) ¢ RPRMG(345)
S0(345),SW(345),5G(345).SwC+1SORSGC PEP
VIS0(345)+VISW(345)VISG(34a5)
HUAMTY (345 ) s HLAMT X (3457 s HLAMOX(335) ¢HLAMOY(345),
HLAMWX(345) HLAMWY(345) s HLAMGX (345) sHLAMGY( 345)
DENQ(33S)+DENW(345)DENG(I45) DENOSCeDENWSC + DENGSC
«CPH{348)
PCW(34S5)+PCG({IAS5)+FCWS(10)+SWS(10)ePCGS(10)+505(10)
PSAVE(345),S0SAVE(345),SWSAVE(345),SGSAVE(345)
20OT(345),BN0(345).BwW(345)
THETA DT+ AMAXDT oANMINDT
QNCS(345) ¢QWCS(34%),QGCS(345)
JSA(345),IAS(345) ,MLeNT oNBLsAA(16:175)eCCL164175)
IPS(390)eML oM2,ISS,AR(410)+CB(A10).EEC(AL0),FF(810)
GU174195) HH(164195),Y(41))
AR CB o ZEWFF o¥e GoeHHIAACC/14085%0.0/
EsAsBiCosFsDeQD QW s0G sHK X sHKY o VDL 4 QDECS,QWCS,QGCS

MAR
MAR
MAR
MAP
MAD
MAR
MAR
MR
MAR
MAR
MAP
MAR
MAR
MAP
MAR
VAR
MAR
MAR
MAR
MAR
MAR
MAR
MAP

HLAMTY s HLAMT X s HLAMOX ¢ HLAMOY o HLAMWX ¢ HL AMWY o FLAMGX s HLAMNGYMAR

s PSAVE + DEND ¢ DENW s DENG ¢ PCW o PCG s SOSAVEsSWSAVE ¢ SGSAVF
QOC+QWC +QGC s RARMO » RPRMW s RPRMG 4 VISO, VISW,:VISGeSGe10
/34490%0,0,345%0/

DPHPORPRNXsPRMY ¢ PeSO¢SW/2415%0,0/

AMAXOT s AMINDTY ¢DT/ Jeds1JE 10112/

MAR
MAR
MAR
MAR
MAR
MAR

10

2)

30

40

50

60

T

80

Q0
1t
110
120
130
140
152
160
170
180
190
2))
210
220
23)
240
250
260
270
280
290
300
310
320
339
340
350
360
370
380
3%0
400
410
420
430
440
450

661



FORTRAN IV G LEVEL

0001
0002
0003
00049
0005
0006
0007
0008
0009
0010
0011
0012
0013
vola
0015
0016

0017
o018
0019

*0020
0021

0022
0023
no2s
0025
0026
5027
0028
0029
0030
0031

0032
0033
0034
0035
0036
o037
0038
0039
0040
0041
0042

21 MAIN DATE = 78116 20747721
o e e v e e e —————————— ——————— —— e — e ——— e = = MAR
(o SIMULATOR MAINLINE MAR
Qoo e o e e e e e —————— -— ~MAR
COMMAN/COLl/ E(345)4Al32S)sU(345)+sC(345),F(345).P(345)+D(345) MAR
COMMON/ZCO2/ NXeNYsNXY N2 IND(345)+NXHM] ¢ NYI4L MAR
COMMOM/ZCO3 7 EPSiKeKMAX I RMAX MeWsICNVRGBETA(90) »GAMA(345) +NNR{30)MAR
COMMON/ZCOA/ TIMsTFINAL»DTMINGDIMAX +OPLIMJDSLIM, QUTMOD+TPRINT MAR
CUMMON/COS/ EPSMoRMEBMAX sNTRIAL SNTRMAX  AMIPOAMIPWsAMIPG,TIMCPUTMMAR
COMMON/COG/ OX{20),DY(25)DXM(20)DYM{25) MAR
COMMON/CO7/ 10(3495),00(345),QW(345)+sQG(33S)eNWyINDW(100)PUFsRW MAR
COMMON/COB/ PRMX({345) +PRMY (345) MAR
COMMON/CO9/ H(345) MAR
COMMON/ZCI1O0/ HKX({345)HKY{(345) MAR
COMMON/CLY/ QOC{345)90WCI345)s0QGC{345)RT>ROC,RWCIRGCoNWN({100) MAR
COMMDNM/C12/ PUOR(345)¢VOL(345) +COsCWHCRSTVOL MAR
COMMON/C13/ RPRMOD(345)RPRMI{ 245) sRPRMG(345) MAR
COMMON/C14a/ SO(365) +SWI{345)aSGI345)+SWC,SORSGC PBP MAR
COMMOUON/ZCLIS/ VISO(345)+VISW(345).VISG(345) MAR
COMMON/CLE/ HLAMTY(345) HLAMT X (345) y HLAMOX (345) «HLAMOY(345), MAR
H HLAMWX({345) s HLAMWY (345) s HLAMGX {345) ¢ HLAMGY(345) MAR
COMMON/CIT7/ DXSUM ,DYSUM ,DXDX(20),DYDY(25) MAR
COMMON/CL18/ ODENO(345)00ENW(345) «0POR(345) MAR
COMMON/CL19/ DENV(345) OENW(345)DENG(345) e DENOSCoDENWSC+DENGSC MAR
[»] +DPH( 345} MAR
CCMMON/C20/ PCW({345)PCG(3A5),PCWS(10),SWS{10),PCGS{10)+SOS(10) MAR
COMMON/C21/ PSAVE({345)+SOSAVE (345)«SWSAVE(345) ¢ SGSAVE(345) MAR
o] 207(345),00(335),0%W(345) MAR
COMMON/C22/ THETADT+AMAXDT,AMINDT MAR
COMMUN/C237 NUDIJNUDXCL7S) s NLD+sN.DX{175) s NU,NUDP 1, NLDP1 s MM MAR
COMMON/C24/ QOCS(345)+QWCS(345)+QGCS(345) MAR
COMMON/C2S/7 RSO(335)+RSW(345) MAR
COMMON/ZC2T/ 1SA(345)eTAS{345) oMLINEINBLJAA(164175)eCC(16+175) MAR
COMMON/C287 IRS(390)sMLsM2415S,AR(4210),CB(410),EE(A410)+FF(410) MAR
COMMON/C297 G(1T4195)eHH(164195)eY(410) MAR
COMMON/C3Q/ ALPHA(10) MAR
CALL [NPUTY ) MAR
CAL.L ONCE MAR
s i o e e e e ot o e e o e 0 - -~MAR
C ATTENTION ¢ CALL RS FOR RADP ONLY MAR
Commre et e ——— -MAR
CALL RS HAR
PRINTY 300 MAR
NLEVEL = 0 MAR
TIMCPU = 0.0 MAR
10 NTR1 AL =0 MAR
MLEVEL = NLEVEL ¢ 1 MAR
PRINY 100y NLEVEL MAR
20 NTRIAL = NTRIAL + 1 MAR
CALL TIME MAR
CALL COEFF MAR
CALL CPUTIM MAR
C—-- - -~ - - - MAR

460
A70
380
490
€00
510
520
530
540
550
560
870
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
7€0
790
79S8
800
810
820
830
840
860
870
880
890
900
910
9z0
930
Q40
850
960
970

PAGE 0001

091



FORTRAN 1V G LEVEL

0043
0044
0045
0046
0347
0048
0049
00S0
0051
00s2
0053
0054
0054
0056
0057
0058
0059
0060
0061
0062
0063

39
30
100

200
300

21 MAIN DATE = 78116 20747721
CALL ONE OF THE FOLLOWING SIX DIFFERENT METHODS MAR
————— 1 = e € 2t o t s 4 0 et s o o ~MAR
CALL PSOR MAR
CALL LSOR MAR
CALL ADIP MAR
CALL SIP MAR
CALL STBANDCIND(1)s IND(N)) MAR
CALL RADP MAR
CALL CPUTIM{TINC) MAR
TIMCPU = TIMCPU + TINC MAR
CALL SATRN HAR
CALL MASERR MAR
PRINT 200s NTRIALWOT+TIMIRT sRCCeRWCIRGCKRMAX S ICNVRG MAR
IF({RMBMAX oLE. EPSM ) GO TO 30 MAR
IF{ NTRIAL .LT. NTRMAX) GO TO 20 MAR
IF({TPRINT=TIM) .GTe 0.0001%DTNIN ) GO TO 40 MAR
CALL auTPuUT MAR
IF({TFINAL=~TIM) .GTe. 0.0001%#DTMIN ) GO YO 10 MAR
SYap MAR
FORMAT(10Xs *NLEVEL =*,1I5 ) MAR
FORMAT( 2BXs11002F106e204F104491109 F10a4s I30) c e HAR
FORMAT (1H1) | : MAR
END HAR

980

990
1000
1010
1020
1030
1040
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
11480
1190
1200
1210

PAGE 0002

191



FORTRAN IV G LEVEL 21

921

0002
0003
3334
0005
0006
007
0003

2339
o010
001t
o012

3913
0014
0015
0216

0017
3318
0019
- 0020
0021
0022

MAIN DATE = 78086 20746733

L et —————— e cm e e — e e m—— == = MAR
SUBROUTINE  PSOR MAR
Cmmmmmm U S ———— _— Y.
c PURPOSE OF SUBROUTINE MAR
c TO PCRFORM POINT SUCCESSIVE COVERRELAXATION METHOD MAR
c .TO SOLVE THE PRLSSURE FQUATIONS MAFR
Covwmm—m—- ——— e e 8 e = - - s e 08 Tt > 0 e o i o ko 0 e o o we e M, D
COMMON/COL/ E(345)4A(345)+B(345)1CI345)F(345),P(345).0(345) MAR
COMMON/CO2/7 NX NYsNXYsNoINDE345)sNXMEsNYMI MAR
COMMON/CI3/ EPS.KeKMAX,RMAX s MWy ICNVRG, BETALI0) ¢ GAMAC 3453 oNNR( 30 )MAR

K =0 MAR

ICNVRG =0 MAR

10 K =K ¢+ 1 MAR
RMAX = 0.0 _ MAR
Comm e e e —————— —— -——MAR
c COMPUTATION OF OVER-RELAXED PRESSURES ’ MAR
Commmm e c - - e e e e e —— -==MAF
PO 23 Jd =1, N ) MAR

1 = IND(J) MAR

Ps = P(I) .MAR

P(I) =(DE(I)~ E(I)*PCI-NX )= A(I)®P(I-1 ) MAR

* - C{1)=P(T+] )= F(IISPLI4NX ))/B(I) MAR

PLI1) =PS +w * (P(1) - PS) MAF

R = ABS((P(TI)~PS)/P(I)) NMAR

IF{ R .GT. RMAX) RMAX = R " MAR

29 CONTINUE Y
Commevrr e e e —ac e — . e a e ——— - - - ~——MAR
c CHECK FOR CONVERGENCE . MAP
€ e e e e ——————— e S e - ~MAR
IFU RMAX JLE. EPS) GO TO 30 MAR

1F(K +GEe KMAX ) GO TO 40 " MAR

GO TO 10 MAR

30 1CNVRG = 1 MAR

40 RETURN MAR
END MAR

1220
1230
1240
12%5)
1260
1270
128)
1290
1300
1310
1320
1332
1340
1350
1360
1370
138)
1390
1400
141)
1420
1430
1440
1450
146
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
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FIRTRAN IV G LEVEL

0001

J0l2
0003
0004
0005
0006
3207
0008
0009
0J10

0011
0J12
0013
0014
215
0016
o017
0018
0019
3329
0021
0022
0323
0024
0025

0026
0027
JJ)28
0029
0030
0031

21 LSNAR DATE = TB0S6 20746733
SUBROUT INF LSOR MADB

C oo s i o o e e e e s e s i e e e T e e T P S e e e e > B = - = - — =~ o - o = MAF
C PURPOSE OF SUBROUTINE MAPR
(o4 TO PERFORM LINE SUCCESSIVE OVERRELAXATION ME THOD MAR
C TO SOLVE THE PRESSURE ESQUATIONS MAR
Commmmm e e m e e——ceec——— e ettt - - —— ——==-=MAR
COMMON/CO17 FE(345),A0345),B8(345),C1345),F(345)P(345)+D(345) MAR
COMMONZCO02/ NXeNYNXYN+IND(34S) NXMLI o NYML MAR
COMMON/C03/ EPSKsKMAXRMAX MWy, ICNVRG.,BETA(9)) sGAMA(IAS) NNR(30)MAP

DIME NSION PSAVE(345) +DX(345) MAR

DATA DX/345%0.0/ MAR
I1CNVRG =0 MAR

K = 0 MAR

10 K = K ¢+ 1 MAR
RMAX = 0ed MAR

o e e e e e S S e et e e e e - e e S — e A e - ———— -MAR
[od COMPUTATION OF OVER-RELAXED PRESSURES MAR
Cm—mem e c e e e ———— . ————————— 3 ~MAR
JE =0 . MAR

00 39 KK = 2+ NYM) - MAFR

Js = JE + 1 ' MAR

JE 3 JE ¢ NNR{KK) MAR

00 23 J = JS » JE MAR

1 = IND(J) MAR

PSAVE(L) = P(1) MAR

20 OX(1) = DII)-E(I)4PLYI-NX )-F(I)*P(IeNX ) VAR
CALL THOMSHL S s JEDX) © MAR

00 30 J = JS o JE MAR

4 = IND(J) ] MAR

P(I1) = PSAVE(I)+wW#(P(1)-PSAVE(I)) MAR

R = ABS((PLI)=-PSAVE(I)I/P(1)) MAR

IF{ R «GT. RMAX) RMAX = R . MAR

30 CONTINUE MAFR
Cmmmmer—re—r e cen - e ——— - - - -MAR
c CHECK FOR CONVSRGENCE MAR
Cre—dmmmam - o 8 ot e et o e e e ——- - - -MAP
IF( RMAX +LE. EPS) GO TO a0 MA P

1F(K «GEe KMAX ) GO TO 50 MAR

GO TO 10 MAFR

40 TCNVRG = 1 MAR

50 RETURN MAP
END MAR

1570
1580
1590
1€3)
1610
1620
1630
1640
1€5)
1660
1€70
1€80
1650
172
1710
1720
1732
1740
1750
17€0
1770
1780
1790
1800
1812
1820
1830
1840
1850
1862
1870
1880
189)
1000
1910
1920
1930
194)
1950
1960
1970
1980

PAGE 0001
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FIRTRAN tv G LEVEL

00014

32
0003
0004
000S
0006
3237
0008
0009
0010
0011
Jor2
0013
0014
23138
0016
0017
0018
0019
032)
0021
ooz22

c

~

2)

3

21 THOMSH DATE = 780866 23746733
SUBROUTINE THOMSH (JS o+ JEWR) MAR
Commrm e e e m e r e e a e —————— - - ~MAR
PURPOSE OF SUBROUTINE MAP
TQ PERFORM THZ THOMAS ALGORITHM ON A CLOSED BAND MATRIX MAP
Cmmmrmm e c e m— e ——— B T s T RS RN )Y -
COMMON/COL/ E(345).A(3451¢B(345)4C(345)1:F(345)¢P(345):D(345) MAR
COMMON/C027 NXsNY.NXY eMoINDI345) ¢ NXM1 ¢ NYML MAR
DIMENSION RINXY) s BETA(345) MAR
DATA BETA/345%1 ,0/ MAR
JEPL = JZ+J4S VAR
1 = IND(JS) MAR
BETA(I) = B(1) MAP
RPL1) = R{1)/B(1) MAP
Jsp1 = JS + 1§ MAR
()]s} 20 J = JSP1,,JE MAR
1 = IND(J) MAR
T = 1-1 . MAP
BETAL(I) = BLI)=A(I)®C(IM1 )/BETALIML) MAR
R(I1) = (R(ID~A{1I)*R(IML)II/BETA(L) rAR
1 = IND(JE) MAR
PCY) = R{I1) MAR
(o]s] 30 = JSP} . JE MAR
1 = INDIJEPY ~ J) MAR
e(r) = R(I) - CLI)eP(I4+1)/BETA(I) MAR
RETURN MAR
END MAR

1990
2000
2010
2020
2330
2040
2050
206)
2070
2080
2060
2100
2110
2129
2120
2140
2150
21€¢)
2170
2180
2190
2200
2210
2220
2230
2240

PAGE 03}
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FORTRAN IV G LEVAL 21 ADIP DATE = 78086 23746733
)3t U NYUT I NE ADI MA R
€ m o e m e e e e e e e e e m———— MAF
c PUSPOSE OF SUBRJUTING MAP
c TO PERFORM THE ALTZRNATING CIRECTION IMPICIT FROCEOURE MAF
C TO SOLVE THE PRISSURS CQUATIANS MAR
Cormmncr e em - o o 4 e e e R et - £ T e e e e e - o o o omom e M A R
0002 CNMMON/CO1/ E(345)4,A0345):08(345),C(345),F(345)PL345),0(345) MAR
0003 COMMON/CO27 NXsNYJNXY sNoIND{345),NXMLoNYML MAR
0004 COMMON/CO03/ EPSIKsKMAXsRMAXsMsWeICNVRGoBETA(I0) ¢ GAMA(345) NNR{ 30 )MAR
0005 COMMON/CO067 DX{20)+DY(25)¢DXM(20),DYM(25) MAR
26 COMMON/C15/ HLAMTY(345) yHLAMT X{345) s HLAMOX (345) ¢ HLAMCY( 345), MAP
H HLAMWX( 345) s HLAMWY(345) s HLAMGX ( 345) +HLANGY( 345) MER
0007 DIMENSICN BEI(345),0D{345)sPSAVE(345) MAR
338 DATA 00/345%0.0/ ' MAR
0009 Do 10 I = 1.NXY MAP
0010 BB(1) = Do) MAR
ool 10 DD(Y) = 0.0 . MAP
oo12 K = 0 MAR
3013 KB =) MAP
0014 ICNVRG =0 MA P
0015 30 K 3 K+ 1 MAR
3016 q:) = KB ¢ 1 ’ MAR
0017 RMAX = 040 MAR
0318 D0 35 J =1, N : VAF
0019 .1 = IND(J) . MAR
0020 as PSAVE(I) = P(I) MAR
Crmmmmn———— B ————————— e e —————— e —e = MAR
c SELECTINN OF ACCELERATION PARAMETER MAP
Comemmmc e cm e o, —————— - ————— - m e m e —— - ———— —— e e c———————— = MAR
0021 IF(KB +EQe (M#+1) ) KB = 1} ’ VAF
0022 BET = BETA(KB) MAE
o e D e e — e ettt e ——— AP
c X~-DIRECTION SWEEP MAR
Crmm—mmm - ———— e e —————————— ————————— B e T R VY ¥
2323 DO 40 J = 1,N MAR
0024 1 = IND(J) . MAR
0025 8e(l) = B(1) + BE(1) ¢ F(I) ~ GAMA{I)wBET MAR
0026 40 DO(I) = DUI)=E(I)®PLI-NXI+(E(I)eF(I)~GAMA(TII®BET)*P(1) MAF
[A ~FL1)*P (L +NX) VAR
3327 CALL TRIHOR(A,B3,C,0D,P) MAR
Cormmmc e e ————— ———————————— ———— e e ee e — e e e e e = MAR
c Y-DIRFCTION SWEEP MAP
Crr— e e = = P P ¥ Y > T S L O e D W -~ -NMAPR
0028 DO SO J = 14N MAR
0329 1 = IND(J) MAR
0030 BB(1) = BOIJ+A(1) + C(I) — GAMA(I)*BEY MAR
0031 50 po(1) = DIT)-ALT)*P{I-1) +(ACI)¢C(I)-GAMAL{I}*BET)I*P(I) MAR
[ ~CCI)¥P (] +1) MAR
0032 CALL TRIVER(E +BB+FsDDoP) MAR
Cmmmmmm e ———————— e e e e e —————— e m e e e o MAR
c CALCULATION OF RMAX MAR

Commmmmm———— o e ——— > e —— e ————— R VY'Y - |

QNNN
22¢0
227)
22R0
2290
2300
2310
2320
2330
2340
2350
2360
237)
2340
2390
24))
2410
2420
2430
2440
24%5)
2460
2470
2480
2490
259)
2510
2520
2532
2540
25%0
2560
2570
258)
2590
2¢00
261)
2620
2¢30
2640
2650
2¢6)
20679
2680
2€¢50
2700
2719
2720
2730
274)
2750
2760

PAGE 3331}
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FORTRAN IV G LEVEL

0033
0)34
003s
0036
0037
0C38

3239
00430
00431
0042
0043
3)4as

60

c

70
80

21 ADIP DATE = 78086 20746733

DD 60 J=1sN MAR

1 = IND(J) MAR

OIFF = P(1) - PSAVE(I) MAR

R = ABS(OIFF /P(1)) MAR

IF( R +GT. RMAX) RMAX = R MAR

CNNT INUF MAR

Commm e - e o o o e e e e e ———————————— ————————— - -MAR
CHECK FOR CONVERGENCE MAR

o i e T e e 1 Y]
IF{ RMAX .LE. EPS) GO TO 70 MAR

IF(K ¢eGEe KMAX ) GO TO 80 MAR

GO YO 30 HAR
ICNVRG = 1 ’ MAR

RF TURN MAR

ENO MAR

2779
2780
2790
260)
2810
2820
2830
2840
2R85)
28¢0
2870
288)
2890
2900
2910

PAGE 0002
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FORTRAN IV G LEVEL 21 TRIHOR DATE = 78086 20746/ 33 PAGE 0001

0001 SURROUTINE  TRIHOR(A,BsCyR,P) MAR 2920

C o e e e e -——— ———meee——-MAR 2930

c PURPOSE OF SUAROUTINE MAR 2040

c TO PERFORM THE THOMAS ALGORITHM ON A CLOSED BAND MATRIX MAF 295)

Cmmmmmm e —— - -— - ——————— - -MAR 2960
0002 COMMON/CD2/ NXsNYoNXY N9 INDE345) s NXML 4 NYML MAR 2970
2333 DIMENSION A(NXY D)o BONXY) s CENXYIoRINXY ) sP(NXY), BETALIAS) MAR 2980
0004 DATA BETA/345%140/ MAR 2990
0005 NP1 =N + 1 MAP 33))
0336 1 = IND( 1) - MAR 3010
0007 BETA(E) = B(I)} MAR 3020
0008 RET) = R(II/BLID MAP 333)
0009 oo 20 J = 24 N MAF 3040
0010 1 = INDLJ) MAF 3050
9311 M1 = 1-1 MAR 3060
0012 BETA(I) = B(I)-A(I)*C(IML)/BETA(IML) MAR 3070
0013 RII) = (RUI)=-ACI)®R(IM1))I/BETA(L) MAF 338)
2214 1 = IND(N) MAR 3090
0015 PLL) = R(I) MAR 3100
0016 oo 30 J = 2, N MAP 3112
0017 1 = IND{NPL =~ J) . MAR 3120
0018 PLT) = R{1) - CCI)SP(TI+1)/BETA(I) MAF 3130
0219 RETURN MAR 3140
oozo0 END MAR 3150

L91



FIRTRAN IV G LFVEL

0001

0002
33
0004
000S
0006
0007
3228
0009
0010 20
N
oo12
0013 40
0014
0015

21

SUQROUYT INE

TRIVER DATE =

TYRIVER(E BsFoR,P)

78086

20746/ 31

MAPR

...... e e e = = MA R

PUOROSE DOF SUBROUTINE
TO PERFORM THE THOMAS ALGORITHM ON A WIDE

COMMON/CO2/
D IMFNSION
DATA
NP1
D0 20
1
IMNX
BETA(I)
RCI)
DN &Y °
1
P(1)
RETURN
FND

NXsNY s NXY ¢N o IND(345) ¢ NXME o NYML
E(NXY) o BINXY) s FINXY)sRINXY ) oPINX
BETA/345%1.0/7

=N + 1

= 1N

=IND(J)

= J-=NX
=B(1)-E(1)*F(IMNX
S(RIII-E(I)*RIIMNX
= 1N

= INDINP] -~ J)
=R(l)-F(l)‘tP(!0Nx

V/BETA(CIMNX)
))/ OETA(L)

}/BETA(I)

BAND MATRIX

MAR
MR

Y)eBETA (345)

——m———MAQ
MAR
MAR
MAR
MA®
MAP
MAFR
MAR
MAR
MAR
MAR
MAR
MAR
MAP
MAR

316)
3170
3180
3190
3200
3210
3220
3230
324)
3250
3260
3270
3280
329)
3300
3310
3329
3330
3340

. PAGE 0001
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FORTRAN IV G LEVEL 21

0001

0002
0003
0003
0005

00606
0007
0008
0009
000
0011l

0012
0013
0014
0015
0016

00L7
0018
0019

0020

0021~

0022
0023
0024
0025
0026
o0o0z7
0028
0029
0030
0031
0032
0033
0034
0035
0036

sip DATE = 78116 20747721
SUBRQUY INE sIP MAR
(omm e e e o e e e e e e e e e o e —===MAR
C PURPOSE OF SUBRUUTINE MAR
C TO PERFURM STROMGLY IMPLICIT PRUCEDURE MAR
C TO SOLVE THE PRESSURE EQUATICNS MAR
Cmmmm e e e ———— e e ————————— e ————— ~MAR
COMMON/COL/ E(335) A(345).8(345),C{335)+F(345)+P(345),D(345) MAR
CUMMON/C02/7 NXsNY NXYoNoeIND(IA5) s NXM1 4, NYMI MAR
COMMON/CO3/ EPS«KeKMAXeRMACeM oWy ICNVRGIBETA(90) 4GAMAI345) sNNR(30)MAR
COMMUON/C21/ PSAVE(345),SUSAVE(345)»SWSAVE(345) ¢+ SGSAVE(345) MAR
o «OT(345)¢B0(345)48BWw(345) MAR
COMMON/C30/ ALPHA(10) MAR
DIMENSION EE(345)0AA(345)sCC(34S)FF{345).Y(345)DPSAVE(34S5) MAR
DATA EE)AAWCCFF4Y/172540.0/ MAR
DO S J = 14N MAR
4 = IND(J) MAR
S 0(1) =D(1}-E(I)*PSAVE{ I-NX)}=~A( 1) ¥PSAVE(I~1 )=-8(I)PSAVE(I)IMAR
1 ~Cl{I)*#PSAVE (1+1 )-F({I)*PSAVE( I+NX) MAIR
1 CNVRG = 0 MAR
K = 0 MAR
KZETA = 0 MAR
30 K = K ¢ 2 MAR
RMAX = 040 MAR
Cormm e e ———— e —-——— ~MAR
(d CALCULATION OF CURRENT ITERATION PARAMETER ALFA MAR
C ———— ————————— ——— : ——— -MAR
1F( MOD(KZETA +sM) +EQe 0) KZETA = O MAR
KZETA " = KZETA + 1 MAR
‘ ALFA = ALPHA(KZETA) MAR
oo e e ———————— -——— ———————— —————— ~MAR
C ODD-NUMBERED JTERATION MAR
Crommmmm—————— —————————— e et Lt et -MAR
DO 40 J =1, N MAR
I = IND{J) MAR
I MNX = [-NX MAR
DPSAVE(I) = P(I) . MAR
1ML = [-1 “MAR
ALFAG = ALFAKCCOIMNX)*®E( I)/(CC( IMNX)®ALFA + 1,0) MAR
ALF AH = ALFAXFF{IMY J*A(1)/(FF(IM1 J#ALFA ¢ 1.0) MAR
EE(]) = E(1)=ALFAG MAR
AALL) 3 A(I)-ALFAH MAR
(:1h] = B(I)+ALFAGHALFAH-EE( 1) *FF( IMNX)}=AA(I)*CC(IM1) MAR
cc(r) = (C(1)~ALFAG) /BB MAR
FF(1) = (F(l1)-ALFAH)/BB MAR
a0 Y(1) = (DUI)-EECI)*Y(IMNX)-AA(T)*Y{ IH1)) /BB ' MAR
NP1 =N + 1 MAR
DO 50 J = 1N MAR
1 = IND(NP1=-J) . ' MAR
S0 P(I) 2 Y(I)=CCLI)#P{I+1)-FF(1)*PI+HX) MAR
Commmmmmm e - ——————— -MAR
c EVEN-NUMBERED ITERAYION MAR

G e = o o m

———

~MAR

33%0
3360
3370
3380
3390
3400
3410
3420
3430
3450
34400
3465
3470
3490
3760
3770
3780
3790
3800
3810
3820
3830
3840
36850
3860
3870
3680
3690
3900
3910
3920
3930
3940
3950
3960
3970
3980
3990
4000
4010
4020
4030
4040
4050
4060
4070
4080
4090
4100
4110
4120
4330
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FORTRAN IV G LEVEL 21 sipP DATE = 78116 20747721
0037 DO 60 J =1« N MAR
0038 i = JNDINPL1=-J) MAR
0039 IPNX = 1 & NX MAR
0040 1Pl =1 +1 MAR
0041 ALFAG = ALFASEELIPL )$C(1)/7(EE(1IP) )SALFA + 1.0) MAR
0042 ALFAH = ALFA®AALLIPNX}#F (1)/CAA(IPNX)*ALFA + 1.0) MAR
0043 FFLT) = F(I)-ALFAH MAR
0044 cCc(I) = C(1)=-ALFAG MAR
0045 Ba = BUI)FALFAGH+ALFAH-CC(1)*AA(IP1)-FF{I)¢EE(IPNX) MAR
0046 AALL) = (A{1)-ALFAH)/BB HAR
0047 EEL(T) = (E{1)~-ALFAG)/88 MAR
0048 60 y(1) = (DOD)-CCUII*YLIPL)-FF(I)¥Y(IPNX)) /B8 MAR
0049 DO 70 J=1eN MAR
0050 1 = IND(J) MAR
0051 70 P(1) = Y(I)~EE(1)#P(I~NX)~AA(I)*P(1-1) MAR
Comm e m e w e - - —— o —MAR
CALCULATION OF RMAX MAR
————— - e e — -MAR
onsa 00 B0 J=1sN MAR
0053 I = IND(J) MAR
0054 DIFF = P(I) =DPSAVE(I]) MAR
00585 R = ADSIDIFF /(P(1)4PSAVE(1))) MAR
0056 IF{ R «GT. RMAX) RMAX = R MAR
0057 80 CONTINUE ©t MAR
C— —— -+ - =MAR
CHECK FOR CONVERGENCE MAR
————— e - —— ————— -MAR
0058 IF( RMAX oLE. EPS) GO TO 90 MAR
0059 IF(K «GEe KMAX ) GO TO 100 MAR
0060 GO T0 30 MAR
0061 90 1CNVRG =2 ] MAR
0062 100 DO 110 J = 1N MAR
D063 1 = IND(J) MAR
0064 110 P(I) = P(I) + PSAVE(L) MAR
006S RETURN - MAR
0066 END HAR

4140
4150
41€0
4170
4180
4190
4200
4210
4220
4230
4240
4250
4260
4270
4280
4290
4300
4310
4320
4330
4340
4350
4360
4370
4380
4390
4400
4410
4420
4430
4440
4450
4460
4470
4480
4490

PAGE 0002
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FARTRAN IV G

0001

0002
2333
0004
000S
0096
0007
3338
0909
0010
0011
0012
3213
00148
0015
06
0017
0018
0019
0020
2321
0022
0023
)24
002s
0026
0027
0028
3329
0030
0031
3332
0033
0034
0035
0036
3337
0039
0039
33490
004t
0042
0043
004N
2045
0046

LFVri

10

20

30

40
50

659

70

80

21 STRAND DATE = TRAOEA 2074673
SUBROUT INE STBANO(IS,IT) MAP
________ = 20 e s e 0 4 e 0 o O e 4 e o S o o o T o T O e o 0t o e o o == M P
PURPOSE OF SUBROUTINE MAR
YO PERFORM THE STBAND PROCEDURE MAR
YO SOLVE THF PRESSURE EQUATIONS. MAR
Cormmmm e s e~ ————— e e e ————— ——— ~-MAR
COMMAON/CO1/ E(345)3A(345)9B(345)sCI345)F(335):P(34%),0(343) MAR
COMMON/CO2/ HXoNYINXYeNs INDEIAS) sNXML ¢ NYN] MAR
DIMENSION GAMA(345) sALFA(15)+Gl15:,345) ,H{15,345) MAR
DATA GAMA/345%),0/ MAR
DO 10 J = 1 NXY MAPR
G(NXeJ) = E(J) VAR
Gl1l +J) = AtJ) MAR
H{l «J) = C(J) VAR
H{NXeJ) = FlJy) MAR
P(J) = 0.0 MAR
DO 10 1 = 2.NXM} ‘MAR
GllsJ) = Jed MAR
H(IeJ} = 040 MAR
DO 70 J = IS,1E MAR
IF(ABS{B(J)) <LE. L<3E~-10 ) GO TN TO MAR
ALFA(INX) = GINXsJ) MAR
00 20 1T = 1 NXM] MAR
-1 a NX - 11 MAR
ALFA(T) = G(led) MAR
IP) = [el MAR
DO 20 K 3 IP1+NX MAR
ALFA(Y) = ALFA(I)=ALFAIXK)®eHIK=T,4J-K) MAR
BETA = B(J) MAR
00 30 K = § 4NX MAR
BETA = BETA~ALFA(KI®H{ K J-K) MAF
no S0 I = 1 WNXML MAP,
JPl x= J+] MAP
191 = [t MAP
DD a0 K = IP1sNX MAR
H(TI.J) = H(LoJ)-ALFAIK=T1 )2H(K, JPI-K) MAF
H(leJ) = Hil,J)/BETA MAR
H{NXeJ) = HINX.J)/BETA MAR
D0 60 I = 1aNX MAR
GAMA(J) = D(J) MAF
DO 60 K = 1 oNX MAR
GAMA(Y) = GAMA( J)~ALFA(K)*GAMA(J-K) MAR
GAMALJD) = GAMA(J)/BETA MAR
CONT INUE MAR
02 BO JJ 3 IS,1E VAR
J = IZ+¢1S-JJ MAR
PLJ) = GAMALY) MAR
DO 80 K = ]} oNX MAR
PeJI) = PLJII=-HIK,J)®P( J+K) MAR
RETURN MAR
FND MAF

4500
4519
4520
4530
4540
4550
456)
4570
4580
4593
4600
4610
4620
4630
46493
4650
4660
4670
4680
4692
4700
aT10
472>
4730
4740
4750
4760
477>
4780
4750
48)3)
Ae10
4820
4830
4840
485)
4860
4870
agp)
YT
4900
4910
4920
493)
4940
4950
49¢)
4970
4980
4990
5000
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FORTRAN IV G LEVEL 21 RADP DATE = 78086 20746733
oool SUNDOUT IME nAD MAR
Cmmmmmme ——————— m————meeae R et Tt i L L

< PURPOSE OF SURROUTINE MAP

c TO PERFORM THE RAD PROCSDURE MAR

c TO SOLVE THE PRESSURE EQUAT{ONS. MAR

€ o e e e e e e e e mmmm—m e m e e— e ceeee =MAR

0002 COMMON/CO1/ E(345)+A(345),B(345),C(345),F(343),P(345),0(345) MAR
0233 COMMON/C23/ NUD,NUDXCITS)eNLDoNLDX(175) ¢NUsNUDP1¢NLDPL oM MAR
0004 COMMON/C28/ IRS(390)sM14M2eISSsAA(410)+CCLA10)4FE(410),FFI410) MAR
2338 COMMON/C29/ G(17:195)s H(16+195),Y(413) MAP
L ————mmm e e e e e e —= = MAR

c TRANSFER COEFFICIENT MATRIX FROM STANDARD ORDERING VO RAD MAR

c UPPER RIGHT QUARTER OF THE CCMPOSITE MATRIX MAR

L e et e - -MAF

0006 00 10 K = 1.NUD MAP
0007 J = NUDX(K) MAR
0008 1 = IRS(J) MaP
2339 AALY) = A(1)/BLI) MAR
0010 cct = C(1)/B(1) MAR
0011 EELJ) = E(L1)/B(1) . MAR
312 FF(J) = FI1)/8(1) MAR
0013 to Y(J) = 0(1)/B(1) . MAP
o014 DO 20 K = 1,NLD MAP
001S J = NLOX(K) , MAR
0016 1 = IRS(J) ) MAR
2317 AACD) = A(1) MAR
oo1s G(MsJ-NU) = B(I) MAR
0019 cciy) = C(1) MAR
2022 EE(J) = E(1) MAP
0021 FF(J) = F(1) , MAR
0022 20 Y = D(1) MAR
c—- e e L R P —————— et S Y V1

c CONTRIBUTION OF AACC.EE.FF VECTORS MAF

Commmmmm e e e e s —— -PAR

0022 D0 30 JJ = le NLD MAR
0024 K = NLDX(JJ4) ) MAR
3328 J = K - NU . MAP
0026 s =g ¢ 1 MAP
o027 Kt =9 + M1 MAR
0028 K2 = J & M2 MAR
0029 G( 1ed) = -ZE(K I®EZ(J ) MAP
233 Gl 244) = -EE(K }%CC(J )-CC(K D*ES(J1) MAR
0031 Gl 3.4) = =CC(K )*CC(IN) MAR
0032 GIMLWJ) = -EE(K )wAA(JS D-AA(K )*EE(KZ) MAR
3333 GIM 4J4) 3 GIM,J)-FE(K J4#FF(J 1-CCIK I*AA(JIL) MAP
1 ~AA(K )*CCIK2)-FFIK )®EE(K1) MAR

0034 H( 14J) = =FF(KI)SFF(K ) MAR
0035 HE 26d) = ~FFIK2)I®AAIK ) =AA(KI)®FF(K ) MAP
0036 HE 3,4) = =AA(K2)$AA(K ) MAP
3037 H(MLeJ) = =FF(J1)%CCIK )=CC(KI)*FF(K ) MAR
o038 00 30 1 = 4, M2 MAR
0039 G(I +4) = 0.0 MAR

72%0
7269
7270
7280
7290
7300
7310
T320
7330
7340
7350
73K)
7370
7380
7399
T400
74310
7420
7430
LLY]
7450
7460
T47Y
7480
7490
7500
7510
7520
7830
7540
7550
75€0
7570
7580
7590
T7€¢))
7610
7¢20
7632
T640
7650
7650
7670
768)
7690
7700
77192
7720
7730
T740
7750
7763
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FORTRAN IV G LEVEL 21 RADP DATE = 78086 20746733
0040 30 H{T +J) = 0ed MAR
Comrmc—- - - - - e - - - ar 8 > 4 e B e S = ——— - - e - MAD
‘ P CERIY LI N1 PO | L
Cmmm———— ——————— " e o T S e £ P e € a0 W et e S e e P e Gy s - —— > o — - = - MAF
0041 nDn 40 I = 143 MAR
0042 40 HEToISS) = HITIISSI/GIMH1ISS) VoD
3243 HIML1,ISS) = H(ML1,ISS)/GI(M, [SS) MAR
004a 00 60 JJ 3 2,3 MAR
00453 J = NLOX{JJ) - NU MAR
00458 JO = J -1 MAR
00a7 J2 = JJ ¢+ 2 MAP
3)48 G(My ) = GIMeJI)=GIML,J)eH(ML,J)) MAFR
0049 HU 1.4.J) =S H{ 1eJ)/G( MoJ) MAP
0050 DO 50 I = 2, J2 MAR
JI¥51 52 H(1es35) = (H(I o J)~H{I=14J0)2GIMLsJ) )/G( M) MR
0052 60 HIM10J) = HIMleJ)/GIM 4J) MAR
Cmmmmmcm = - o o s e e o e 0 > e O o e e s e - - e MAP
Cc GROUP NO., 2 MAR
Cmmt mrrmm e i m e e e e o e e e > 0 e o e = o e eceae—m e e ese e =MAR
)53 00 990 JJ = 4 +NLD MAR
0054 J = NLOX(J4)~-NU MAP
00SS M = ) - M Mg P
)56 on 70 1 = 2sM MAR
0057 JMI = JM + 1 MAR
0058 KE =1 -1 MAF
0059 oo 70 K = 1 +KE MAF
0060 70 G(1.s9 ) 2 G(led DI-G(l-KosJ DIFH{M~K,IMI-K) MAP
3)61 H( 1.J) = HE 14J)/G6( MyJ) MAR
00562 D0 90 I =2 o M1 MAP
0063 KE =1 -1 MAR
J)6s N0 89 K = 1,y KE MAR
0065 /80 H(TeJ) = HIT o J)-HII-KeJ-K)EG{M~KeJ) MAR
0066 90 H(1,9) = HIIWJI/G(MJ) MAR
Commm - v = e S e - - —-———— ———————pPAR
Cc BACK SUBSTITUTION MAP
Crmmmr e me e n e on e et e oo oo oo - ———— - - -MAP
0057 DO 110 K = 1 +NLD MAR
0068 J = NLOX(K) MAR
JIS9 JNU = J - Nu MAR
0070 JM = J - M .. MAR
0071 vY(J) = YIJI=-CECIISY (IUNUDI=-CCLIIsY(INUSL) MAR
1 ~AALJ)IOY(UNUSMR )~-FF(J)eY{ JNU ML) MAR
oQre 00 100 KK = 1. M} MAPR
2273 120 Y(J} = Y(JI-G(KK s INUIS®Y (UMEKK) MAR
0074 110 ¥(J) = Y(J)/G(MeINU) MAR
007s DO 120 JJ = 2+NLD MAF
)76 J = NLDX{NLODP1-4J) MAP
0077 JM x J ¢ M MAR
0078 JNU = J - NU MAF
0079 DD 120 K =1 o M MAR
0080 120 ¥(J) = Y(J) = HIKeJNU) = Y{OM - K) MAR
3281 00 139 K = 1sNUD : MAR

777

A0
r 10
7600
7810
T82)
7830
7840
7859
7860
7870
7880
7890
790)
7910
7920
7930
7940
7950
7960
7670
798)
7950
8000
8019
8020
8030
8040
8050
8)£)
8070
8080
80G3J
8100
8110
8120
8130
a8t14)
8150
8160
8179
8180
81950
8200
8210
822)
8230
8240
£25)
8260
8270
e280
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FORTRAN IV G LEVEL 21

Jo82
0033
0084

008aS
3286
0087
gosa
00939
0090
3391
0092

J
JNU
130 Y(J)
1
c ——— 0 ot i W P - san
c TRANSFORM
Comm o emam e e ma m  e  me
DO 140 K
3
140 P(IRS(JI))
DO 150 K
J
150 P(IRS(J))
RE TURN

END

RADP ) DATE = 78086 20746733
= NUDX{NUDP1-K) MAR
= J + NU MAR
= Y(J) = FFLJII® YOINUD=AA(J)® Y(JINU-1) MAR

-~ CCUII*» Y(INU-M2)-EE(JI)* Y(JINU-MI1) MAR
——————- ————m—e e —————————— e e e ———— ~MAR
PRESSURE TO STANDARD CORDERING MAR
e e m e ——————————— -— ~MAR
= 1,NUD MAR
= NUDX(K) MAR
= v(J) MAR
= 14NLD MAR
= NLDX{K) MAR
= V(J) : MAR

: MAR
MAR

8290
8300
831)
8320
8330
834)
8350
8360
8370
8380
8390
8400
8410
8420
8430
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FORTRAN IV G LEVFL 21 RS DATE = 78086 20746733

2301

)2
0003
0004s
3325
0006
0007
ooo08
0009
231
0011
0012
313
0014
0015
0016
0017
Jia18
0019
0a20
3321
0022
0023

0024
02325

SUBROUTINE RS MAR
e et e e e e - ——— e ——— e ecee e e e a e e -MAR
Cc PURPQSE OF SUBROUTINE MAR
Cc TC REORDFR THSE STANDARD ORDERING INTC RAD MARQ
Cmemmme e e e e r e e e e e e e e ~—— - - -—=MAG

COMMON/CI27 NXoNYoNXVNsIND(34S) s NXML,,NYML MAR

COMMON/C23/ NUDNUDX{1T7S) s NLD«NLDOX(175) e NUSNUDPLNLDPEI M MAR

COMMON/C28/ IRS(390)eM1 sM2,1SS.AAL410)sCCEAL0)4EE(A10)+FF(410) MA R

READ 329, NUD s NLD LD ND MAR

NR = LO*®ND MAR

M = L0 + 2 ’ MAP

NU = NR /2 MAR

IF{ MOD(NDes 2) «NEe 0 ) NUSNM/2¢M MAP

M1 =M -1 MAR

M2 = M - 2 - MAR

READ 300, (NUDX(J) s IRS(NUDX(J)D)eJdatsNUD) MAR
READ 3))» (NLDX(J) o IRS(NLDXCJ)P e Id=1sNLD) . VAR

30 PRINT 200 . MAP
DO 40 4 = 19NV MAR
JNU = J + NU MAR

40 PRINT 100, JoIRS(JD e INUIRS( JNU) MAR
18S = NLOX(1) - NV MAPR

NLOP} = NLD + 1 : MAPR

NUOP1L = NUD ¢+ 1 MAR

RE TURN MAR

100 FORMAT(20X+2110.10X+2110) MAR
200 FORMATULIHL «27X " RAD® e 55X 'GAUSS® 16X RAD®s 5Xe*GAUSS®4/, MAP
1 28X B30 ¢ St ATTIO (| EK9 ' x==T0 ¢ FKetEnETARS ) MAR
300 FORMAT(2014) MAR
END ' MAR

8440
8450
846)
e470
8410
8490
8500
as51)
8520
8530
B854
as5s50
8560
8570
8s80
8560
8600
8610
8e290
8630
acao
8€E0
8660
a67)
8680
690
8702
8710
8720
8730
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APPENDIX F

.. A SAMPLE OF COMPUTER SIMULATION OUTPUT



OIL IN PLACE
WATER IN PLACE
GAS IN PLACE(FREE ¢ OISSOLVED)

TOTAL FLUIDS IN PLACE

KILOGRAM

S§T. CUBIC MEYVER

IR SIS RS LRSS TS SRIITIXNEN

0.1260E 13
0.1125€ 10
0.2162E 09

0«2602E 1D

.0.1528% 07

0.9701F 06

002402 09

02427 0S

LL1



OUTPUT NO. 1
k3

ESEITVISTEIII=

TIME 33.029
CPU TIME 10.3230
MAXIMUM TIME STEP 13.0504
MINIMUM TIME STEP 0.0636
MAXe ABSe MASS BALANCE RELATIVE ERROR 0.1126E-02
TOTAL MASS BALANCF RELATIVE EPRPROR ~Je6J04E-23
oI1L MASS BALANCE PRELATIVE EPRROR -0<1126E-02
WATER MASS BALANCE RELATIVE ERROR 0.8827E-04
GAS MASS BALANCE RELATIVE FRROR -0.1123E-02
AVERAGE RESERVOIR PRESSURE 14814,

WELLS REPORT

NEGATIVE QUANTITY INDICATES PRODUCTION

—
POSITIVE QUANTITY INDICATES INJECTION Eg
ALL UNITS ARE IN STANDARD CUBIC MFTERS
SERe. wELL xX- A Sl alL GAS WATER GAS~OIL
NOe " NO. AXLIS AXIS DALILY CUMULATIVE DAILY CUMULATIVE DATLY CUMULATI VE RATIO
1 11 S 4 -51.87 -15£6.20 -A1658,23 -0.2AE 068 =-0.00 -0.00 157.27
2 52 4 6 =-73.41 -2202.17 -11544,68 =0.35% 06 ~0.00 -0.00 157.27
3 4 S 8 -6).68 -182).46 -9543.69 ~0.29E 06 -0.00 =0.00 157.27
A 51 -] a -51.87 ~1556.20 -8158.23 =0.24% 06 -0.00 -0.00 15727
5 a8l 4 10 —-60.68 ~1820.46 —-9543,60 =0.29% 06 =%.30 -3.2) . 15Te27
[} 71 S 12 -33.28 -998.32 -5233.58 ° -0.168 06 ~0.00 -0.00 157.27
7 82 8 12 -51.87 ~1556.20 -81%08.23 ~0.24% 06 . ~0.00 -0.00 157.27
8 112 7 14 -46.98 -1409.39 -73°8,¢%9 =0e22F 06 =020 -0.00 157.27
9 108 S 16 —~3%9.153 -1174.49 -6157.16 -0.18F 06 ~0.00 -0.00 157.27
10 11 7 16 -51.87 ~1556.20 -81%8. 23 -0«24F 06 -0.00 =-Je) 15727
11 141} 7 18 ~46.98 ~1409.39 -7388.59 ~0.22% 06 -0.00 ~0.00 157.27
12 131 S 20 =30.34 ~910.23 =4T7T1 479 -0e.14F 06 -0.00 -0.00 13727
13 143 8 20 -43.06 —1291.94% -6772.88 ~0e20% J6 -Je 2 =330 157.27
14 4 7 21 -29.36 -880.87 ~4617.86 =-0.148 06 -0.00 -0.00 157.27
15 21 8 4 0.0 0.0 0.0 0.0 86.62 293,70
16 61 19 ] Ve0 Ved D0 .0 86.87 2606.22
17 91 10 10 0.0 0.0 0.0 0.0 110.00 3300.00
18 121 10 14 0.0 0.0 0.0 0.2 113.00 33)0.3)
19 152 12 18 0.0 0.0 0.0 0.0 110.00 3300.00
20 3 10 21 0.0 0.0 0.0 0.0 103.73 3112.,03

~0e20E 0S5 -0e432C 07 0.18E 0S



COENOOSWN =

Oe
Oe
Oe
Oe
Je
Oe

de
Oe
Je
Oe
Oe
de
Oe
0.
Oe
Oe
a.
Oe
Oe
o.
Oe
O

13

Oe
15223.
15226.
15236.
15250.
15282«
15195.
15152,
15158.
15222.
15182,
15185.
15228.
18327
15279.
15256.
153)8.
15358,
1540t .
15445.
15612,

Oe

On

Oe
o.
14490,
14502.
14489,
14477,
14452,
14428,
Oe
Oe
Oe
Oe
Oe
Oe
Oe
Oe
o.
Qe
Oe
Oe
Oe
o.
Oe

12

Qe

Oe
15266,
15277
15290.
15279.
15248,
15222,
15219.
15230.
15234,
15249,
15287,
135333,
15334,
15343,
1536).
15407.
15439,
15482,
15552,

Oe

Qe

[+ 19
145190,
14495,
14506,
184495,
14A81,
14445,
14422,
14386,
14393,
14395,

Oe

de

Oe

Je

Os

Oe
14361.

O

[+ 1Y

Oe

O

Oe

13

Oe
Oe
Oe
[+ 28
Oe
Je
18283,
15242,
1525)2.
15261,
15274,
1532¢.
15337,
15358,
15371
15376.
15394,
15426,
15469,
15491
Oe
De
O.

OIL PRESSURE AT THE MIODDLE OF THE CELL

o.
14528,
145185,
144902,
145)8.
14489,
14451.
14394,
14389
14385.
14386.
14349,
14366.
14368,
14384,
14330.
14372,
14361
14386.
14354,

Oe

Oe

Je

14

Oe
[\ IY
Oe
Oe
O
Je
Oe
15294,

153)1..

15309.
Qe
Oe
o.
De
Oe
13409
15429,
15443,
Oe
Oe
Oe
Oe
O

[+ Y
14563,
14534,
14420.
14511 .
14498,
14442,
14316,
14397,
14301 .
14369.
14282,
14366
14381,
14361,
14254,
14389,
14390
14370.
14284,
14391 .

O

de

15

0.
Oe
Oe
Oe

[+ I
o.
Oe
Oe
Qe
Oe
O
[+ 19
Oe
Qe
Je
Oe
Qe
Oe
Oe
O
Oe

Oe
12¢¢€Y,
14669,
14645,
14615,
14543,
145186,
14882,
14462,
14432,
14452,
14427
14425,
14401,
14413,
14419,
14439,
14447,
14470,
1444,
14449,

Oe

[ I

O
14835,
14042,
14848,
18725,
14538,
1458).
14555,
14525,
1441t.
14521,
14529,
14527,
14404,
1AABA,
14427,
14534,
14482,
14585
14574,
14496,
14615,

Oe

Oe
15217
15058,
15204,
14620,
14799
1472).
14593,
14674,
14¢6S,
14658,
14574,
14693,
14710,
14717,
14722,
14759,
14764,
14774,
14681,
14791,
14885,

Oe

Oe
15128
15126.
15132
15059.
15015,
14928,
14846,
14873,
14900.
14879.
t485a,
14920,
149¢€8,
14946,
14948,
14985,
15027,
15038.

15349,

151 36.
18182,
[

(]

Oe
15190.
15181,
15189,
15210.
15513,
15117,
15043,
15065,
158375,
15094,
15372,
15157
15631
15187«
15144,
15235.
15306.
15361
16230,
15645,

O

6.1



VBNV S W=

N AN A = ow o 5o oo 0o b o8 o e
WN=QQOONOVIUWN=O

CONDRAIPUNSWG

Q0.0
0.0
0.0
Jed
0.0
0.0
°.°
0.0
0'0
0.0
0.0
0.0
0.0
3.0
C.0
0.0
2
0.0
°.°
0.0
0.0
2.9
0.0

3}

0.0

0.6998
046598
0.69993
. 6993
0.6993
0.6998
J.6998
0.6998
0.6996
0.6568
0.6998
J.6898
0.,6690
06598
3.6598
06598
0.6993
06598
0.6998
J.6568
0.0

0.0

Na)
0.0
0.6996
2.699%
06996
0.6996
06998
06998
)
0.0
0.0
0.0
0.0
[ Y |
0.0
0.0
J)
0.0
0.
0.0
°.°
b R ]
0.0

12

0.0

0.0

0.6998
0«699A
J.6998
0.6398
0.6939
de659919
069919
069943
0.6998
06999
J. 6998
0.6998
06993
d. 6998
0.6999
0.6998
0.5998
0.6998
J.69098
0.0

0.0

3

}e)
0.£996
0.6996
26976
0.6996
046996
06996
06996
06996
06996
0+6996
0.0
0.0
0.0
0e0
0.0
0.0
0.6996
ded
0eO
0.0
Oe¢d
0e¢0

13

0.0
049
0.0
0.0
Jed
°.°
0.6998
0.6998
0.69%98
).6998
06990
0.6998
0.6998
0.6998
0.6998
0.6998
06998
06998
0.6998
0.6998
s PR
0.0
0.0

QlL SATURATION

4

).)
Je5998
0.6996
Je 6990
06997
J 6996
06996
06996
)« 6996
0.6996
06996
0.6996
06936
J 6996
0.6956
06996 .
06996
0.6996
J. 6996
0.6996
0.0
Jed
0.0

| K

0.0
ded
0«0
0.0
deD
0.0
0.0
0.6998
0.6998
J«6998
0«0
0.0
Jed
0.0
0«0
J.6998
0.6998
J 6998
0«0
0.0
deO
0.0
0.0

S

Yo

0.6997
0.6997
0.6996
0.6997
J 6996
06996
0.6990
0.6996
0.6996
06996
06996
0.6996
06996
0.6996
06996
0.6996
0.6996
0.6996
06996
0.6996
0.0

0.0

15

0.0
0.
De0
0.0
0.0
0.0
°.°
°.°
°.°
0.9
0.0
0«0
Ded
0.0
0.0
C.0
0.0
Vo
0.0
0.0
%e¢)
0.0
0.0

6

1.
0.64997
0.6997
0.6937
06997
2.6667
0.6997
0.6996
06996
06696
Q+£98¢
06996
0.6G636
0.6966
0.6596
06996
0.€6996
0.€6996
0.£996
06996
06996
0.0
0.0

>

| S ]

06978
0.699A
0606794
06997
06997
0.6997
06997
06997
0.6996
6997
0.6997
0.6997
06996
0.6996
6996
06997
0.6996
<6997
06997
06996
06997
00

I ]

0.€4999
069948
0.,%*9%9
042995
0«.£999
0.€6997
06997
0.€997
06997
€997
0.6997
0£6997
0.£967
06997
0.E997
04€997
0.6997
0€997
06997
046997
0.€998
0.0

9

Q.0

0.06694
J.6698
0.6997
0.6%98
2.69A09
0.6698
Je«59%598
0.6598
0.6%590
d.6698
0.6598
0.6598
0.6982
0.6598
d.6698
06598
0.6989
0.6%98
06598
Je6951
0.6598
0.0

°.°

0.6998
J.6998
045998
0.6993
0.5244
0.6991
0.6998
0.6993
0.5451
J¢6994
0.6998
0-€986
0.5013
0.6988
J 6998
063292
0.5329
056993
066963
Celad2
06940
0.0

081



EZS

OO NORSWN =~

040
0.0
0.0
0.0
Je0
0.0
0.0
ded
0.0
J.2
0.0
0.0
2.0
0.0
0eO
0.0
0«0
J.0
Qa0
0.0
%0
0.0
0.0

3.)

0.3002
043002
Je3Jd2
0.3002
0.3007
03002
0.3002
J+3232
0.3004
0.3002
3.3302
0.3002
03010
0.3002
03002
03222
0.300%
043002
Je32J2
0.3032
0.0

0.0

2

0.0
0.0
0.3004
0.3008
3,304
03004
0.3004
0+ 3004
0.0
Je )
0.0
0.0
ded
0.0
0.0
0.0
0.0
d.D
0.0
0.0
0.0
040
Je

12

b %)

0.0

0.3002
Je3222
0.3002
0.3002
03002
0.3002
Je3JI2
03002
0.3002
Ja3))2
043002
0.3002
0.3002
0.3002
Je3322
0+.3002
0+.3002
2302
043002
0.0

O0e0

3

060
0324
03004
03004
03304
063004
03004
03004
043004
J32)4
03004
0.0
J.9
0.0
Qe¢0
0.0
040
03204
0.0
0.0
0.0
0«0
3.0

13

0.0
0.0
0.0
0.0
0.0
Je9
0.3002
0«3002
043022
03002
Q0«3002
0+3002
03002
Je3JI2
03002
03002
J«33J2
0.3002
043002
03002
0.0
00
00

WATER SATURATION

4

0.0

Je3)I4
0+3004
043008
3«32)3
03004
G+ 3004
0.30048
0.3004
Je 304
030048
0.3004
043004
043004
Je3J34
0.3004
03004
043004
0.3004
0.3004°
0«0

Ge0

de)d

ta

OO0 00O W
CWwOOoOOOW

0« 3002
3.3%)2
0.3002
0.0
0.0
°.°
b P ]
00
0.3002
)« 3022
0.3002
0.0
0.0
0.0
ded
0.0

5

0.0

063323
0.3003
0.3004
Je3323
0.3004
0+3904
03004
0.3004
0.3)04
0.30048
0.3004
0.3004
03004
043204
0.3004%
03004
[ B R T
0.3004
0.3004
0.3004
°"°

o.o

15

%¢)
0.0
0.0
0.0

"0 0

J.0
0.0
0.0
03
0.0
0.0
0.0
0.0
o O ]
0.0
0.0
Je¢9
0.0
0.0
0.0
0.0
Q.0
0.0

6

0.0

343223
03003
03003
03003
0.30031
33223
0.3004
03004
043304
0.3004
0.3004
03004
03004
0430904
043004
043004
923004
06,3004
23304
03004
0«0

00

0.0

Je30J2
0.3002
0.3006
0.39%03
0.3003
343303
0.3003
03003
043214
0.3003
0.3003
043003
043004
03324
0.3004
0.3003
0.3004
03003
33203
03004
03003
Ded

0.0

Je2ID2
0.3004
O.4141
0.3003
0.3002
0.32133
0.2003
0.2003
02003
0.2003
0.2023
0.3003
0+3003
3.2323
0432003
0.23003
03001
0.2003
0.3223
0.2003
0.3002
0«0

9

0.0

.32
0.3002
0.3003
0.3002
0.3011
2.3202
0.3002

0.3002

D.3010
0.3002
Je3J32
0.3002
0.3018
Je.3J12
0.3002
0.3002
0.3011
03002
J.3032
0.3049
0el3002
0.0

10

060

Je3002
0+300¢
06332
0.3001
0.875¢
33136
0.390:2
03007
Oe8S54¢
03006
0.3232
0.3014

. 08987

de3D12
03002
0.3)8
0.4671
0.3007
043237
055980
030640
0e0

181



VO N PWN =

J.0
°.°
°.°
.0
0.0
0.0
0.0
0.0
de)
0.0
0.0
0.0
0.0
U.o
0.0
0.0
0.0
040
0.0
0.0
0.0
.0
0.0

0.0
0.0
0.0
0.0
Jde O
0.0
0.0
ded
0.0
0.0
0.0
0.0
0.0
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DUTPUT NOe 2

BEIESTIRIRESI

T1ME 60.0000
CPU TIME 13.7285
MAXIMUM TIME STEP 18,4000
MINIMUM TIME STEP 11.6000
MAXe ABSe MASS BALANCE RELATIVE ERROR Je8186E~-I2
TOTAL MASS BALANCE RELATIVE ERROP -0+2003E~02
orL MASS BALANCE RELATIVE EPRDR -~ 03S502E~-02
WATER MASS BALANCE RELATIVE ERROR 049373F-04
GAS  MASS BALANCE RELATIVE ERROR ~0.4186E-02
AVERAGZ RESERVOIR PRESSURE 13761,
[
(9s]
WELLS REPORT w
EESRInTSSST==SSs
NCGATIVE QUANTITY INDICATES PRODUCTION
POSITIVE QUANTITY INDICATES INJECTION
ALL UNITS ARE IN STANDARD CUBIC METERS
SER,  WELL X- v- o1lL GAS WATER GAS-OIL
NQ, ° NO. AXIS  AXIS DAILY CUMULATIVE DAILY CUMULATIVE DAILY CUMULATI VE RAT10
1 11 s & -50.77 -3079.32 -7984.80 ~0s48E 26 -dedI ~J¢3) 15727
2 52 7 6 ~71.85 ~44357.52 ~11299,28 ~0.69E 06 -0.00 0400 157.27
3 41 S 8 ~59+39 -3602.22 ~9340.71 ~0.57E 06 -0.00 ~-0.00 157.27
. 51 8 8 ~-5).77 ~3079.32 -7984, 82 ~2.48E 26 -3429 -0.00 157.27
3 at 7 10 -59.39 ~3602.22 ~-9340.71 ~0.57% 06 ~0s 00 -0.00 . 19727
6 71 s 12 -32.57 -197%.41 -%5122. 22 «-0e31FK 06 -3« 3 -3.20 157.27
k4 82 a 12 -5)e 77 =-307%.32 ~-T79%4 .80 ~0.485 06 -0.00 -=0.00 15727
a 112 7 14 -35.98 ~-2788.81 ~7231.52 ~0.445 QF& ~0.00 -0.00 157.27
9 to1 5 16 ~38.32 ~2324401 -6)26,26 ~0.37% 26 -3.39 3.3 15727
10 111 k4 16 -50.77 -3079.32 -7984 .80 =0+08A8F 06 -0.00 -0.00 157.27
11 141 7 18 -45498 ~2788.81 ~T7231.52 ~0.447 06 -0.00 -0.00 157.27
12 131 5 29 -29.7) =1801e11 -A4€ET70e 35 ~0+.28E 06 -0.00 -0.00 157.27
13 143 8 20 ~Q82.15 ~2556.41 -6628.,89 ~0.40% 06 ~000 ~0.00 157.27
14 o ¥ 4 21 -28.74 -1743.01 -4%519.7) ~De278 I8 -3.3) =032 15727
15 21 8 Y 0.0 0.0 0.0 0.0 76.92. 4906.17
16 61 10 6 0.0 0.0 0.0 0.0 73.60 4874,20
17 01 12 13 de) 9.0 0.2 0.2 9659 6197.56
18 121 10 14 0.0 0.0 0.0 0.0 95.00 6150.13
19 182 10 18 0.0 0.0 0.0 0.0 9%, 27 6158012
20 3 1) 21 99 3.5 0.0 0.0 86426 5700.63
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