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Abstract 

Steamtlooding is a tertiary oil recovery mechanism with proven 

economic potential. Reliable numerical simulations ot candidate 

injection schemes can aid in the optimization of process parameters. 

State-of-tne-art numerical models exhibit varying degrees of grid 

effects which affect their reliability with respect to the modeling of 

pattern floods. This paper presents a numerical steamflood model which 

does not exhibit a significant amount of grid orientation. This model 

utiLizes a numerical discretization technique which is an admixture of 

finite difference and finite element methods. Fluid properties are 

determineo as a function of primary variables in a manner that allows a 

straight forward implementation of Newton's method for solving the 

nonlinear system ot discretized equations. Fractional flows are defined 

using mass rather than volumetric mobilities. and are used to upwind the 

convective tlow terms. 



1. Introduction 

Tertiary oil recovery by thermal recovery mechanisms is already a 

proven enhanced recovery tool. Thermal recovery by steamflooding is 

expected to become even more economically successful in years to come. 

Oil recovery by steam injection is projected to increase to about one 

million barrels per day by 1990 Ll]. Numerical simulation studies which 

attempt to optimize parameters such as injection pressure, sandface 

steam quality, choice of pattern, crossflooding schemes, and wellbore 

completions have the potential of increasing ultimate oil recovery on a 

field by field basis. 

Five point finite difference reservoir models exhibit the grid 

orientation effect, as first reported by Hirasaki, O'Dell, and Todd [2], 

ana later reported for a steamflood model by Chu, Coats, George, and 

Marcum [3]. State-of-the-art steamflood models exhibit varying amounts 

of grid orientation, which could 11.Init their effectiyeness in an 

optimization process. Models which utilize a five point tinite 

difference scheme on rectangular grids, as already noted, exhibit an 

unacceptable grid effect [3]. A curvilinear coordinate system 

significantly reduces the effect, as reported by Robertson and Woo [4]. 

Methods utilizing curvilinear coordinates, however, depend upon the 

inicial. estimate of the fluid streamlines, and the transmiscibility 

modifications associated with this method can be quite burdensome. Nine 

point finite difference techniques, such as that proposed by Yanosik and 

McCracken [5], eliminate a significant portion of the grid effects 

present in the five point schemes. As reported by Coats and Ramesh [6], 

however, there is a significant amount of grid orientation when 



simulating an inverted seven spot pattern using this nine point finite 

difference discretization technique. 

There is a tremendous amount of literature dealing with the 

reduction of grid effects when modeling a simplified system at high 

mobility ratios. Finite element methods are successful in eliminating 

the grid orientation in the single phase miscible displacement problem, 

provided real or artificial diffusion terms are present in the 

discretized model to regularize the nearly hyperboli~ continuity 

equations. Examples of such work include Dupont, Price, and Settari 

[i], Douglas [8], Young [9], and Darlow, Douglas, Kendall, Wheeler [10], 

Russell [11], and Ewing, Russell, and Wheeler [12]. Regularization is 

accomplished in five point finite difference procedures through 

upw1nc1ing, which is related to mesh dependent diffusion by Dar low, 

Douglas, Kendall, and Wheeler [13). 

Pocempa [14] presents a procedure which reduces to a finite element 

method for the pressure equation and an upwinded nine point finite 

difference scheme for the continuity equations. The method presented in 

[14) favorably compares with the mixed finite element and penalty 

Galerkin moael of single -phase miscible flow of Darlow, Ewing and 

Wheeler [15]. Bell, Shubin, and Wheeler [16] show convergence and 

establish a maximum principle for the procedure of Potempa for the 

incompressible miscible displacement problem under smoothness 

assumptions on the source terms. This new procedure is compatible with 

standard nine point finite difference methods in the sense that the only 

major modification required in an implementation of this method occurs 

in the calculation of the approximate mass transfer rates between 
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computational molecules. 

This investigation is concerned with simulation of reservoirs 

containing only dead oil. Inclusion of the solution gas and 

distulation etfects is interesting from the standpoint of reservoir 

evaluation. but not in relation to the grid effects. In systems 

containing only dead oil. capillarity is usually unimportant. and this 

effect is not treated. The computer model described below is hence 

valid for heavy oil sands. like those found in California and Alberta. 

where the primary recovery mechanism is the temperature related effects 

on oil viscosity and relative permeability [l/]. These effects 

favorably affect the oleic fractional flow curve. The model is not valid 

for floods where distillation and free gas account for a significant 

percentage of the recovery. 

The procedure of Potempa presented in [14] is used in this 

steam.flood model. The set of primary unknowns is described. Total 

component densities and the pressure are used as primary unknowns. 

although in theory any consistent set of primary unknowns can be 

uti.1.ized. The temperature. fluid properties. and. saturations are 

determined directly as functions of the primary unknowns. The 

differential system governing dead oil systems is stated and simplified. 

The equations are reduced to a form consistent with the equation studied 

in [14]. The numerical procedure is presented. and a symbolic 

representation of the discretized system of nonlinear algebraic 

equations is stated. The solution of the system of nonlinear equations 

is briefly described. Lastly. comparisons with computational results of 

Coats and Ramesh using a nine point finite difference simulator [6J are 
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presented. 

2. Pri•ary Unknowns. ~e•perature. and Fluid Properties 

Previous thermal models. such as those of Coats et. al. [3]. and 

Weinstein. Wheeler. and Woods [18]. utilize pressure. temperature. and 

saturations as primary unknowns. There is no difficulty in applying the 

discretization procedure that is described below utilizing this 

particular set of primary unknowns. The disadvantage of the pressure -

temperature - saturation representation is that the nonlinear system of 

equations associated with the discretization is overdetermined and hence 

requires constraints. In particular. the vapor saturation is 

constrained to be zero if steam is not present. and the temperature is 

constrained by the pressure if steam is present. Computational 

complexities arise when solving a constrained system of nonlinear 

equations tnat are not present when solving an unconstrained system. and 

methods for solving uncon_strained nonlinear equations are both better 

understood and easier to formulate than methods for solving constrained 

systems. 

The need to solve a constrained system of equations is circumvented 

by using the set of primary unknowns discussed below. This set of 

unknowns are a natural set to use with balances on each component. while 

saturations are a natural set to use with balances on each phase. as are 

usea in [1~]. Utilizing primary unknowns associated with component 

rather than phase balances has previously been used by Toronyi and 

Farouq Ali in a geothermal simulator [19]. 
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As stated in the introduction. the systems modeled here are assumed 

to contain a dead oil component present in only in an oleic phase. and 

an aqueous component present in a liquid and possibly a vapor phase. 

Superheated steam is not considered. This approach assumes that 

densities are decreasing functions of temperature. Although this is not 

universally true - for example, the density of water is increasing with 

temperature near the freezing point - this assumption is generally valid 

for high temperature systems. 

Before describing tbe primary unknowns and the determination of tbe 

temperature and fluid properties, functions such as relative 

permeability. porosity. and viscosity are discussed briefly. Tabulated 

two phase relative permeabilities are entered as input data. Three 

phase relative permeabilities are calculated from the two phase data 

using the method of Stone [20]. Temperature dependencies in relative 

permeability [17J are modeled through modification of the ~ndpoint data. 

Liquid and vapor viscosities are tabulated as a function of temperature 

internally• and a table of oil vi.scosity is entered as a temperature 

dependent function. Exponential interpolation is used between entries in 

the viscosity tables. Porosity is assumed to vary linearly with 

pressure as 

,CP) = ,J. [ 1 + ar (P-P.) ] 
i i 

• • (1) 

The functional ·form of the fluid densities and internal energies is 

discussed below. Liquid and vapor internal energies. following Toronyi 

and Farouq Ali [19], are used in this model rather than enthalpies. 

Steam and saturated liquid properties are tabulated as cubic spline 
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functions basea upon standard steam tables [21]. 

temperature as a function of pressure is denoted by 

T(P) = T (P) 
s 

The saturation 

( 2) 

Internal energies and densities of both the saturated liquid and the 

vapor are tabulated with respect to the temperature. The saturated 

liquid density is modified for the purposes of this tabulation. The 

reason for tnis modification is discussed below. Let 

L(T) 
L Ps p ( T) = __ __,;;;.. __ _ 

1 + a1 [P (T)-P.] 

= Uv(T) 
s 

s i 

• 

(3) 

( 4) 

( 5) 

• • (6) 

Vapor density and internal energy are calculated directly from (4) and 

( 6). respectively. Liquid properties as a function of pressure and 

temperature are calculated from 

The 

L 
p (T.P) = 

U1(T.P) = 

-L L 
p (T) [ l + a (P-P.) ] 

i 

u1(T) 

definition of -L given by (3) p assures 
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that liquid density at the 



saturation temperature calculated by (7) is consistent with the 

tabulated liquid density at that temperature. Oil properties are modeled 

as 

u0 (T,P) = 

p~ [ 1 + a0 (P-P.) - ~o (T-T.)J 
1. 1. l. 

c0 (T-T.) 
1. 

( 9) 

• ( 10) 

The functional dependencies of the fluid properties are omitted in much 

ot the following discussion. 

The primary unknowns used in this investigation are the total water 

density, total oil density, and the pressure. The total water density 

is def inea as 

• ( 11) 

The total oil density is defined as 

~o = 5opo 

• (12) 

Temperature and saturations are determined from these primary 

variables in the following manner. Let 

"'o ¾ 
E(T) = _.._p __ + p - 1 

p0 (T,P) p1 (T,P) 

• • ( 13) 

This function is a statement of the condition that the sum of the 

saturations is unity. Given the pressure, the saturation temperature T 

at that pressure 1.s determined from (2). The function E(T) is evaluated. 
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If this function is less than zero. steam is present, and the 

temperature Tis set equal to T. The saturations are determined from 

so= 
"o 
p 

"w O -v 
SL = p - [1-S ] p (T) 

pL(T.P) - pv (T) 

• (14) 

• Cl!>) 

• (16) 

If the function Eis greater than zero, no vapor is present in the 

system. The following iterative scheme is applied to determine the 

temperature. 0 Setting T equal to T, a l sequence T , ... T
n . 

• l.S 

computed until E(Tn) is sufficiently close to zero. Tn+l is determined 

n from T by Newton's method as 

dE(Tn-)-1 
= Tn - E(Tn) 

dT 

• (11) 

A tolerance of 10-6 is sufficient to insure that simulated isothermal 

systems do not computatio"nally vary in temperature to five decimal 

digits. The sequence generated by (11) converges to a unique root if 

fluid densities are monotonically decreasing with temperature. The 

vapor saturation is set to zero. Liquid and oil saturations are 

calculated directly from the definition of the total density. 

Exact derivatives of the fluid properties with respect to the 

primary variables are obtained with very little additional computation. 

Implicit differentiation is necessary to determine derivative 
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information if water is present only in the aqueous phase. Derivative 

information required for implicit functions is contained in the 

derivative of E(T) used in the Newton step. Using exact derivatives of 

the fluid properties with respect to the primary variables in the model 

is experimentally more computationally efficient than a finite 

difference approach to obtain these derivatives. 

3. Differential Equations and Ieduction 

The differential equations used 1.n this investigation to model 

thermal. recovery in dead oil. systems are stated below. The system of 

equations is 

kro 
= V K • - po [ VP - po g VD ] + 

0 
µ 

2 q! 6(~-x) 6(yK-y) , 

K 

a[~SLpL + ~8v pv] 
at 

krL L L 
= V K• L p [ VP - p gVD] + 

µ 

rv , 
k V [ V ] V K• - p VP - p gVD + 

V 
µ 

L ~ 6(xK-x) 6(yK-y) , 

K 
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a[ iHSopoUo + SLp½.JL + SvpvUv} + {1-,}prCr(T-T.) J 
____________________ ...;:l.;;...__ = 

at 

ro 
k O O [ 0 V K• - p U VP - p gVD] + 

0 
µ 

rv 
k vv[ v ] V K • - p U VP - p g VD + 

V 
µ 

K 

• (18) 

The well terms are positive at the injection wells. These equations are 

now reduced to a form compatible with that studied by Potempa [14]. 

The rock density is assumed to be inversely proportional to the 

rock volume. that is 

. . • (19) 

In this manner. the pressure dependence in the rock energy accumulation 

term can be eliminated. The total rock energy density is defined as 

• • • ( 20) 

The total fluid energy density is defined as 

• • • ( 21) 
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This investigation uses mass mobilities to define individual phase 

fractional flows rather than volumetric mobilities. When the numerical 

discretization procedure used in this investigation is implemented 

utilizing fractional flows defined using volumetric mobilities, the 

procedure does not work in the sense that the computed pressure solution 

does not obey a maximum principle. Although fractional flows based upon 

volumetric quantities arise naturally in an incompressible system where 

the volumetric flux is conserved, the mass flux is a considerably 

smoother tunction than the volumetric flux in steamflood processes. The 

numerical discretization procedure utilizes a continuous approximation 

to the pressure solution, anc1 it is important that the coefficient 

functions appearing in the discretized equations are as smooth as 

possible. 

Let the mass mobility for any phases be defined as 

krs s 
p 

s 
µ 

• ( 22) 

The total mass mobility is defined as the sum of the individual mass 

mobilities. Let 

2 
s=o,L,v 

• (23) 

The fractional flow of a phases based upon mass mobilities is defined 

as 
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• ( 24) 

An additional reduction is performed by defining a mass flux 

vector. Although Darcy's Law is usually written for the volumetric flux, 

i.e., the velocity, the mass flux is a much smoother function in a 

steamflood. For each phases, the mass flux is defined with the aid of 

Darcy's Law by 

• (25) 

The absolute permeability appearing in (25) is allowed to be 

anisotropic. The quantity defined by (25) is used to symbolically reduce 

the differential system to an equivalent simplified form. 

The well terms are simplified. The delta functions appearing in 

the injection terms for each component, including energy, are eliminated 

by defining for each component c the quantity 

QK = qK o{x-x..) o(y-y ) 
C C .1' K 

• (2o) 

The total mass flow rate is specified at the injection wells, and the 

injected fluid is allocated to different simulated layers of the 

reservoir from mobility considerations. Following Coats et. al. [3], the 

inaividual component injection rates are allocated using fractional 

flows at the production wells. Let 

.• (27) 
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• ( 28) 

• ( 29) 

The fractional flow and energy terms appearing in (27). (28). and (29) 

are written with a tilde in the differential system to indicate that the 

values of these quantities are specified at the injection wells. 

Given these dei: initions, (18) is reduced to the· equivalent 

differential form 

"o 
~ + V o o \ --o QK 0 at • m u - L m = • 

K 

"w ar/Jn L L v V 't"' 
.;;..:;.z:;._+V•m u +V•m u - ' 

at L 
K 

[ --L --v J K m +m Q = 0 , 

a [ ,rn f + ( 1-rl>. ) ur J ½JL L 
i . 0 0 0 

-----a-t----+ V• m U u + V• m u + 

V V V 
V• m U u - V K • VT -

T 

2 [ uom° + u¼nL + Uvmv ] QK = 0 
K 

• (30) 

Under the assumptions stated above governing the well terms, (30) is 

completely equivalent to (18). The form of (30) is consistent witn tne 

system studied by Potempa [14], and lends itself to a similar analysis. 
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I. Discretization Procedure 

The discretization procedure is described in this section. 

Assuming that the thermal conductivity is isotropic. each continuity 

equation appearing in (30) is readily written in the form 

2.£ + \ s s 2 \ K-s - AT} 0 at L V• r u - L Q r = 

s s K 

. ( 31) 

The terms e. r and Tj represent the nonlinear coefficient functions 

appearing in (30). The domain of interest O is assumed to be 

rectangular. and the system is assumed to obey boundary conditions of 

the torm 

s 
u • N = 0 on ao • 

VTJ • N = E on ao 

. . • (32) 

The discretization is presented below as a mass or energy balance 

on a component for which convective transfer occurs in a single phase. 

such as the oil component. Extending the procedure as a model of 

multiple phase convective mass or energy transfer• as occurs for the 

aqueous and energy components. is a relatively straight forward matter. 

This simplification is made because the indexing becomes quite 

burdensome if multiple phase convective transport is included in the 

discussion of the discretized balances. From this point on. all indices 

indicating phase are dropped. 

The conductive energy transport term is omitted from the discussion 

of the simplified equation. Since energy conduction adds an elliptic 
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term to tne differential equation. the approximate solution is quite 

insensitive to the numerical procedure used to model this effect. 

Upstream weighting. which is used in modeling the convective mass and 

energy transport terms in this procedure. adds mesh dependent diffusion 

(13]. and it is best to ignore the areal energy conduction effects 

within the reservoir at practical discretization sizes. A similar 

conclusion has been reached by Coats et. al. [3J regarding areal energy 

conduction effects in the overburden. The energy conduction term. 

however. is needed to insure asympcotic convergence of the method (16]. 

The simplified equation is written as 

oe 't" K .... at + v • ru - L Q r = o 
K 

• • (33) 

For the simplified form of the continuity equation given by (33), 

Darcy's Law for the mass flux (25) is written in the form 

u = - K • ~ [ VP - pg VD ] 

• (34) 

The simplified system obeys boundary conditions of the form 

u • N = 0 on oD 

• • (3!>) 

The x. y, and z coordinate axis are partitioned. Two additional 

points are specified for the partitions corresponding to both the x and 

y coordinate axis. These points are used to impose the boundary 

conditions in tne discretization procedure. Assume for convenience that 

the domain O is the unit cube. The partitions take the form 

- 16 -



O=x_1 =x0 <x1 <x2 < ••• <xn =xn +l =l 
X X 

• (36) 

O=y-1 =yo<yl <y2< ••• <yn =yn +l =l 
y y 

. . • (37) 

• (38) 

Functions of a single space variable are defined using these 

partitions. The functions associated with the partitions of the x and y 

coordinate axis are defined by 

X. (x) = 
1 

Y.(y) = 
J 

X - X. l i-

x. - x. l 
i i -

Xi+l - X 

xi+l - xi 

0 

y - y j-1 

y j - y j-1 

y j+l - y 

y j+l - y j 

0 

xi-l < x < xi and i > O 

x < x. 
1 

or x > x. 
1 1.- i+ 

• (39) 

y j-l < y < y j and j > 0 

y j < y < y j+l and j < ny 

y < y j-1 or y > y j+l 

• (40) 

A different functional form is used to define the functions associated 

with the partition ot the z coordinate axis. Let 

1 

0 

zk-1/2. < z < zk+¾ 

z < zk-¾ or z > zk+¾ 
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The term grid block is used in the following discussion. A grid 

block is defined as a spatial region of the form 

(xi.xi+l)x(yj"yj+l)x(~_1/
2

.zk+1/2.). A grid block is also known as an 

element ot the triangulation associated with the approximating space 

that is described below. 

An approximating space is generated by the functions defined by 

(39). (40). and (41). This approximating space. which is known as the 

tensor product of bilinear splines and discontinuous const_ants, bas a 

set basis functions given by 

W .. k(x,y,z) = X.(x) Y .(y) Zk(z) 
l. J l J 

• (42) 

These basis functions have small support. Approximate distributions of 

tne primary unknowns are represented as functions in this space as 

n n n 
X y z 

p 2 \ \ P. kW .. k(x,y,z) L L l J l J 
i=O j=O k=l 

• . . ( 43) 

n n n 
X y z 

"o 2 2 2 "o 
p p .. kW .. k(x,y.z) 

l. J l J 
i=O j=O k=l 

• • . (44) 

n n n 
X y z 

"w \ 2 \ "w 
p - L L p. kW .. k(x,y.z) 

l J l. J 
i=O j=O k=l 

. . . (45) 

Pointwise values of the nonlinear coefficient functions required by the 

discretization procedure are evaluated from the values of the primary 

unknowns calculated by (43), (44). and (45) at the desired point. 
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Associated with each basis function W. 'k is a computational 
lJ 

molecule Oijk" A discretized balance corresponding to (33) is written 

for each computational molecule as 

v .. k[ dt +l). "k-&(t ). "k] + 
lJ n lJ n lJ 

g=i+l h= j+l 

At \ L r~h\ L l J 
g=i-1 h= j-1 

f=k+l 

At \ ri j f i j t 
L ijk 'Yi jk 

f=k-1 

At \ Q~ . k 'Y • • k = 0 • L i J i J 
K 

ghk + 
'Yi jk 

-

• (46) 

The form of this mass balance is equivalent to that used in nine point 

finite difference techniques. 

The coefficients appearing in (46) are defined' below. The 

differences from nine point finite difference procedures are indicated. 

An implicit pressure and explicit coefficient scheme is used in this 

model since this study is investigative rather than practical in nature. 

Any time discretization scheme can be utilized in practice. 

The volume of the computational molecule O. 'k is defined as 
l.J 

J
x. +l Jy ·+1 Jzk+:1/, V. k = i J 2 W .. k(x.y.z)dzdydx 

lJ xi-1 y j-1 zk-¾ lJ 

• (47) 

The upstream density is determined as a function of the sign of the 

approximate mass transfer rates between two computational molecules and 

is evaluated explicitly. Let 
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gh f = 
'Yi jk y(t ). 'k 

n 1 J 

y(tn\h f 

l'! ~gh f > O 
.1. i jk 

if r~h t < o 
lJk 

• ( 48) 

The coefficients appearing as r in (46) represent a mass transfer 

rate between two adjacent computational molecules. The approximation to 

the mass transfer rates depends upon the mass flux distribution, which 

is related to the pressure by (34). The piecewise linear approximation 

to the pressure distribution is differentiable with respect to the areal 

coordinates, and tne x and y components of the mass flux distribution 

are obtained through direct substitution of (43) into (34). Mass 

mobi!lty, absolute permeapi11ty, and density coefficients 

approximated as piecewise constants over each grid block as 

tcx.y.z) = ~(t ) ·+u ·+u k t n 1. 7z., J 7:z., 

x. <x<x. 
1

, 
l. 1+ 

y.<y<y. l t 
J J+ 

-x ) X 
k (x.y,z = ki+1/z., j+¾,k • 

x. <x<x. 
1

, 
l. l. + 

y.<y<y. l t 
J J+ 
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--ky ( ) = x,y,z 

x. <x<x. 
1

, 
l. i+ 

y.<y<y. l. 
J J+ 

p(x,y,z) = p(t ) ·+ 11 ·+v k , n i -,2 , J -,2 , 

x. <x<x. 
1

, 
l. 1.+ 

y.<y<y.l. 
J J+ 

The approximation of these terms is performed explicitly in time. 

• ( 51) 

• (52) 

Using (34), (43), (49), (50), (51), and (52), the approximations to 

the x and y components of the mass flux are written as 

~ (x,y,z) 
X 

u (x,y,z) 
y 

--y ,_ aP(tn+l) ... aD 
= k t [ ay + P g ay J 

• ( 5j) 

• (54) 

The pressure distribution is evaluated implicitly in time in ( 53) and 

(54). From tnis representation ot the areal components ot tne mass 

tlux, an approximation to the mass transfer rate between two 

computational molecules located in the same areal plane is computed from 
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aw .. k 
+ I j-b I u i 1 X } dz dy dx 

Y ay g 

• ( 55) 

Although the evaluation of (55) appears formidable, only the 

functions X., Y., W .. k and D remain under the integral sign if (55) is 
i J iJ 

expanaea through the definitions given above. These integrations are 

performed separately on each grid block. Recall that· coefficient 

functions such as the total mass mobility are approximated as constants 

over each grid block and are thus removed from under the integral sign. 

1·be remaining functions appearing in the integrals are constant witn 

respect to time and are polynomials in space. The simplified integrals 

are evaluated exactly for every grid block only once by using an 

appropriate master grid block and a mapping. Mass transfer rates 

between computational molecules in the same areal layer are thus written 

as easy to compute linear combinations of either four or six nodal 

values ot the pressure. The boundary conditions of (35) are imposed in 

(55). The mass transfer rates associated with computational molecules 

outside the dom~in are set to zero. due to the the definition ot the 

extra boundary nodes in (36) and (37). 

In finite difference procedures, the approximate mass transfer 

rates are directly proportional to the pressure difference. In contrast. 

the procedure described above determines approximate mass transfer rates 

by the integration of a mass flux vector which is the weighted gradient 

ot a piecewise differentiable representation of the pressure 

distribution. By using an appropriate numerical quadrature s·cheme, 
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these integrals are evaluated as a linear combination of nodal values of 

the pressure. 

Otner approximations to the mass transfer rates can be obtained by 

using different quadrature rules. If the mass flux vector is assumed 

constant over each grid block. permeabilities in the x anct y directions 

are constant and equal over each grid block, and every grid block is 

square, the formula of Yanosik anct McCracken [5] can be obtained from 

(55). Evaluation of (55) using the Lobatto points, as in Young [9], 

results in a five point finite difference formulation. If the 

components of the mass flux u and u are known exactly, these values 
X y 

can be used in (55). Numerical experiments of Potempa [14] indicate 

that use of a higher order approximation to the mass flux in (55) 

further reduces the amount of grid orientation. The approximation of 

tne total mass mobility by (49) results in midpoint mobility weighting. 

The mobility weighting scheme can be altered through modification of 

(49). 

In the introduction, this procedure is described as an admixture of 

finite element and finite difference procedures. The component balance 

is tne same as is usect in nine point finite differences. The procedure 

is related to finite element methods in the following manner. Given an 

exact mass flux distribution, a summation of the areal mass trans£ er 

rates defined by (55) yields 
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1 

l 
g=-1 

1 
\ 
L 

h=-1 

= _ ri+l rY j+l rzk+1/.2. 
J Xi -1 J y j -1 J Zk - ¾, 

{ u 
X 

aw .. k aw .. k 
i 1 + u i 1 } dz dy dx 

<1X y ay 

• ( 56) 

The right band side of (56) arises naturally in the variational form of 

differential equations containing convective terms. Both this 

observation and the use of a continuous approximation to the pressure 

discribution by bilinear splines in the areal plane relate the method to 

the finite element method. 

Vertical mass transfer is modeled using a mass flux component 

computed through finite differences. The vertical component of the mass 

flux is approximated at each point (xi •Y j • zk+¾). Harmonic mobility 

weighting is utilized. The mass mobility. directional permeability, and 

density coefficients are approximated at each point (xi.yj,zk+¾) as 

-z -
k. • k ~ ~. . k V 

i • J • + 72, i. J • + 72, 
= 2 [ 1 + 

k7 · k+l~(t ) - · k+l i•J• ni,J, 

______ l ____ J-1 

k7 . k ~ct ) . . k. i,J,. ni,J, 

= • 5 [ p ( t ) . . k+l + p ( t ) . . k J ni,J, ni,J, 

• • ( 57 J 

• ( 51':S) 

The total mass mobility and the density are evaluated explicitly in 

time. 

The vertical component ot the mass flux is approximated at the 
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~i, j. k+¾ = 
z 

-z 
k. . k ~ ~. . ~ * 
i. J t +7,. i, J .k+72 

P(t +l) .. k-P(t +l) .. k 1 { n l. J n i.. J, + 

P· . k ~ g 
it J t +72 

zk+l - zk 

D .. k-D. 'kl 
l.J i,1,+} 

zk+l - zk 

. . • ( 59) 

Boundary conditions are imposed by reflection. The mass transfer rates 

between two vertically adjacent computational molecules are approximated 

as 

.. f r. ~k = 
l. J 

25 [ J L J -i, j,k+½ 
• X. +l - X. 1 y • 1 - y . 1 U 

l. 1.- J+ J- z 

A pointwise approximation of the mass flux is used in (60). 

• (60) 

If a 

higher order approximation to the vertical component of tne mass flux is 

desired, the procedure described below can be used. A piecewise linear 

approximation to tne verticai component of the mass flux is defined for 

each plane z=zk+% by a modification of (59). An equation similar to 

(oO) which contains integrals can tnen be used for calculating tne mass 

transfer rates. An integral approximation of the mass trans£ er rates 

results in a twenty-seven point operator, compared to tne eleven point 

operator which is actually used. Implementation of the higher order 

approximation to the vertical mass transfer rates bas an insigniticant 

computational effect, since the vertical component of the pressure 

gradient varies relatively slowly. 

A well moael is used for calculating the injection rates at the 

production wells. Assume that uniform, square grid blocks are used in 
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tne areal coordinates. The form ot the well model is tbat used by 

Peaceman [22]. The constant is calculated directly from the simulator in 

tne manner described by Peaceman [22] and Coats and Ramesh [6]. For tne 

K'th production well, the injection rate with respect to a computational 

molecule o. 'k is given by 
iJ 

• (61) 

All coefficients appearing in (61), except the local reservoir pressure, 

are evaluated explicitly in time. The bottom hole pressure is specified 

at the top of the formation, and is a function of time for each 

simulated layer ot tne reservoir due to tbe gravitational head of tne 

wellbore fluid. This definition is modified in the manner described by 

Peliceman [22] it the grid is not uniform. 

The summations involving mass transfer rates appearing in (46) are 

pertormea for each phase when modeling multiple phase transport. The 

mass transfer rates used ii:i (46) vary from phase to phase due to the 

gravicationaJ. etfects. Energy conduction is handled in a manner similar 

to the mass and energy convection, and is approximated explicitly within 

tne reservoir. The energy flux from the reservoir to the surroundings 

is calculated explicitly in the model. The overburden and underburden 

temperature distributions are modeled on a geometric grid, similar to 

that described by Coats et. al. [3]. The temperature distributions 

wit.uin tne overburden and the underburden are calculated impl_icitly 
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using a finite element methoC1 and the explicit approximation to tne 

energy flux from the reservoir. Following Coats et. al. [3], the areal 

component of energy transfer in the overburden is ignored. Areal energy 

transfer within the reservoir should be ignored due to numerical 

diffusion, altnough this effect is treated in the moC1el for purposes of 

comparison. 

Time step length is determined in the following manner. Through a 

consideration of the computational molecules containing production or 

injection wells. the time step length is adjusted so that the total mass 

injected or produced over the next time step does not exceed half the 

amount o:t: mass originally present in these molecules. Further 

constraints with respect to the change of total density of a component 

wiLuin every computational molecule are introduced in a manner similar 

to that described by Coats et. al. [3]. For a SxSxl grid, about a five 

hune1rea time steps are generally required to reach simulated steam 

breakthrough. 

1. The Discretized Systea 0£ Wonlinear Equa~ions 

Symbolic forms of the.three component balances which are enforced 

for each computational molecule o .. k are 
iJ 

"o -+ 
Q • • k( p • • k I P ) : 0 

i J 1. J 

• (62) 

A .. k( ~ 'k • p) = 0 
1.J iJ 

• (63) 

"o "w -+ 
E . . k( p . . k • p. . k • p ) = O 
iJ iJ iJ 

• (64) 
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These equations explicitly inaicate all primary variables which must be 

-+ 
determined at the new time level. The vector P indicates that each 

balance depends upon the value of the pressure at the new time level in 

not only the computational molecule 0. 'k but also in the ten surrounding 
iJ 

molecules. The component balances represented by (62), (63), and (64) 

are sol vea simultaneously for tne oiJ. and water densities and tne 

pressure in every computational molecule. 

The system of nonlinear equations is solvea in t~e following 

fashion. The initial guess for the pressure distribution at the new time 

level is tne pressure distribution at tbe old time level. Newton's 

method is applied for determining a new pressure distribution. Given 

tne n'th pressure iterate, the oil and water component balances 

represented by (62) and (63) are readily solved for the n'th iterates of 

"o "w 
p. 'k and p. 'k' since tnese equations are linear in the density terms. 

:LJ :LJ 

The fluid properties, temperature, and saturations are determined from 

the n'th iterate of the primary variables. The n'th residual of the 

energy balance 

properties, and 

n 
E. 'k :LJ 
(64). 

is computed from the primary variables, fJ.uid 

n The norm of E. 'k is computed in units of energy 
:LJ 

density. If the norm of -the residual is not less than a specified 

tolerance, a new pressure iterate is obtained using Newton's method. 

The Newton step is calculated by requiring that the differential of 

tne energy balance with respect to tne finite pressure distribution for 

all computational molecules 0. 'k be equal to the negative of the 
:LJ 

residual. in tne energy balance. The elements in tne associated Jacobian 

matrix are given by 

- 28 -



aE. "k 
l. 1 

aP gh f 

aE .. k ao .. k-1 ao .. k 
+ l.] l.] l.] 

Ao Ao 
ap .. kap. "k oP hf 

l.J l.J g 

aE .. k aA .. k-1 aA .. k 
~~ l.J 
ap .. kap. "k aP hf 

l.J l.J g 

The Newton step satisfies 

n 
z n 

X 
n 

y 

2 
f=l g=O h=O 

J~~fk (Pn+l _ pn ) = 
l.J gh f gh t 

+ 

n 
- E. k 

i J 

• (65) 

• (66) 

Application of (66) to every computational molecule generates a banded 

system ot linear equations. 

Coats et. al. [3J report that the Jacobian matrix does not need to 

be computed at each step of the Newton iteration. For the model 

described above, the use of tbe Jacobian at the initial guess for each 

time step is likewise sufficient for convergence. However, if the 

reduction in tne nonlinear residua! from a Newton iteration is not less 

than a specified tolerance, the Jacobian is formed from (65) and hence 

'factorea in tnis implementation. There is a balance with respect to the 

CPU time which is spent calculating the residual function and with that 

which is spent forming and factoring the Jacobian, since the amount of 

computational etfort required to evaluate the nonlinear residual 

function is quite significant. In this model, an empirical tolerance for 

re-evaluating the Jacobian is experimentally 2.Sxlo-3 for a 5x5x2 grid. 

The value ot this tolerance increases if a finer discretization is 

employed. 
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An exact matrix solver is used to solve the linearized system. 

Investigation or conjugate gradient techniques for solving (66) is in 

progress [ 23] using the inexact Newton framework [24]. Generalized 

nonsymmetric techniques, such as GCR(S) [25], do not work witnout 

adequate preconditioning. The negative transmiscibilities first 

reported by Coats et. al. [3J give rise to a Jacobian matrix which is 

not positive real. Conjugate gradient algorithms can be successfully 

appliea to tne normal equations, but are computationally twice as slow 

as direct methods in this model [23]. 

2. Coaputational Kesults 

The computational results presented in this section utuize data 

that are used for similar computations by Coats and Ramesh [6]. Thermal 

data for tne rock matrix are not reported in [6]. Values which are 

typical for the type of formations which this data are modeled upon are 

use a in this investigation_. The rock, fluid, and well data are presented 

in Table 1. Individual well rates are reported on a full pattern basis. 

Two phase relative permeability data are presented in Tables 2 ane1 3. 

Simulations using this data are performed for five spot, inverted nine 

spot, and inverted seven spot patterns. 

Discretization information is presented for each pattern in Table 

4. Uniform partitions are used on every coordinate axis. Illustrations 

of the patterns used to model the five and nine spot patterns are found 

in Coats and Ramesh [6]. The pattern used to model the inverted seven 

spot pattern is illustrated in Figure 1. Since this model does not 

allow simulations of non-rectangular regions, it is not possible to 

separately simulate parallel and diagonal connections of the inverted 
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seven spot pattern. 

Table 5 illustrates the differences in steam breakthrough tLmes for 

simulations where the production well has either 

wells 

a diagonal 

for all 

or a 

parallel connect Lon WLth the injection three 

discretization techniques. Five and nine point finite difference 

results are taken from Coats and Ramesh [6]. The nine point formula 

performs noticeably inconsistent with respect to the five spot pattern, 

altnough the results are significantly better than those obtaLned from 

the five point formula. The nine point formulation is not a reliable 

mooel for the inverted seven spot pattern. 

The steam breakthrough times predicted by this model are within the 

range predicted Coats and Ramesh [6], wHh the exceptLon of tne far 

production wells of the inverted nine spot pattern. This insignificant 

difference is the result ot the midpoint, rather than upstream or 

harmonic, mobility weighting that is used in this procedure. Midpoint 

mobilLty weLghting, which is used by finite element methods in 

determining an approximation to the pressure distribution for 

incompressible flow, increases the tendency of the · injected steam to 

preferentially flow towar·d the near production wells after steam 

breakthrough at these wells. 

The computed steam breakthrough time for the inverted seven spot 

pattern is thought to be relatively free of grid effects for the reasons 

stated below. The predicted steam breakthrough time is close to that 

computed for a five spot pattern of equal area. The computational steam 

breaktnrough time is close to that reported by Coats and Ramesh [6J for 

a system where a limiting rate is prescribed at the production wells. 
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The contour plots of the simulated temperature distributions at 1200, 

1300 and 1400 days are illustrated in Figures 2, 3, and 4, respectively. 

The steam preferentially travels parallel to the grid in this example, 

altnough the calculated temperature profiles qualitatively appear 

correct. The grid effects are most pronounced after steam breakthrough, 

inaicating that the cause ot the grid orientation in this example is 

instability due to the high production rates. 

Figures 5 and 6 illustrate the calculated oil producti?n rates and 

cumulative recovery for the five spot pattern with the wells having 

eitner a parallel or a diagonal connection. The numeric value of tne 

rates near the steam breakthrough time is only approximate, as the 

proauction rates are recorded at ten day intervals. Figures 7 through 

10 show similar curves for both the near and far production wells of the 

inverted nine spot pattern. There are two curves are plotted on each of 

these figures, although they almost appear to be single curve. Figures 

11 and 12 present the calculated oil production rate and cumulative 

recovery for the inverted seven spot pattern. 

An asymptotic study is performed using the diagonal grid to 

SllDulate a repeated five spot pattern. This study utilizes 5x5xl, 

luxluxl, ano 20x20xl grids. Steam breakthrough times are presented in 

Table 6. Production rates and cumulative recovery are illustrated in 

Figures 13 and 14. The calculated ultimate oil recovery appears to 

converge quickly to its asymptotic value. 
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2. Conclusions 

The numerical discretization procedure outl1.ned in tnis paper is 

successful in minimizing the grid orientation effect in a steamflood 

moael. Although only dead oil is modeled in this study, the 

discretization procedure should reduce the grid effects in a more 

genera! setting, provided that a mass flux vector and corresponding mass 

fractional flow terms are used to upwind the convective transport terms. 

Fu cure work includes addition of solution gas effects and a study of 

linear and nonlinear solution methods that utilizes the current model as 

a nblack box." 
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4. Bo•enc1ature 

2 g Gravity constant, ft/ sec / 144. 

i<' Approximating function to absolute permeability in the x 

direction, .006336 * md. 

iY Approximating function to absolute permeability in the y 

direction, .006336 * md. 
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X 
k. "k iJ 

k~.k iJ 

z 
k. "k iJ 

-z 
k. "k iJ 

~.k 

ln 

L 
m 

--L 
m 

0 
m 

--o 
m 

s 
m 

Absolute permeability in 

( X. t y. t zk) t .006336 * md. 
i J 

Absolute permeability in 

( X. t y. • zk) t .006336 * md. 
i J 

Absolute permeability in 

(x .• y .• zk) •• 006336 * md. 
i J 

the X direction at the point 

the y direction at the point 

the z direction at the point 

Approximation to tne absolute permeability in tne z direction 

at tne point (x .• y .• zk) •• 006336 * md. 
i J 

Efrective absolute permeability at the K'tn well in layer k. 

.006336 * md. 

Liquid relative permeability. 

Three phase oil relative permeability. 

Oil relative permeability with respect to liquid. 

Oil relative permeability with respect to vapor. 

Relative permeability of phases. 

Vapor relative permeability. 

Natural logarithm function. 

Liquid mass fractional tlow. 

Efrective liquid mass fractional tlow at a well. 

Oil mass fractional tlow. 

Efrective oil mass fractional flow at a well. 

Mass fractional flow tor phases. 
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V m Vapor mass fractional tlow. 

-v m Efrective vapor mass fractional tlow at a well. 

n Number of grid blocks in the x direction. 
X 

n Number ot grid blocks in they direction. 
y 

n Number ot grid blocks in the z direction. z 

K qc Injection rate of component cat the K'th well, lb/ day or btu 

/ day. 

K qh Heat injection rate at the K'th well, btu / day. 

K q
0 

Oil injection rate at the K'th well, lb/ day. 

K 4w Wacer injection rate at the K'th well, lb/ day. 

rK Wellbore radius of the K'th well, ft. w 

t Time, days. 

t Time at the n'th time step, days. n 

u Mass flux, lb/ sq ft/ day. 

L u Liquid mass flux, lb/ sq ft/ day. 

0 u Oil mass flux, lb/ sq ft/ day. 

s u Mass flux of phases, lb/ sq ft/ day. 

uv Vapor mass flux, lb/ sq ft/ day. 

u The x component of mass flux, lb/ sq ft/ day. 
X 

u Approximation to the x component of mass flux, lb / sq ft/ 
X 

day. 
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u Tne y component of mass flux, lb/ sq tt / day. 
y 

u Approximation to the y component of mass flux, lb / sq ft / 
y 

day. 

-ijk 
u 

z 
Approximation to the z component ot mass flux at the point 

(x.,y.,zk), lb/ sq ft/ day. 
l J 

x The x coordinate, ft. 

x. The i'th node in the x coordinate partition, ft. 
l 

~ Location ot tne K'th well in the x coordinate, ft. 

y They coordinate, ft. 

y. The j'th node in the· y coordinate partition, ft. 
J 

yK Location ot the K'th well in tne y coordinate, ft. 

z The z coordinate, ft. 

zk The k'th node in the z coordinate partition, ft. 

A .. k lJ 

co 

D 

E 

E 

Symbolic representation of 

computational molecule 0 .. k. 
l.J 

the water 

Oil specific heat, btu /lb/ °F. 

Rock specific heat, btu /lb/ °F. 

Depth tunction, ft. 

Depth function at the point (x. ,y.,zk), ft. 
l J 

Error in the sum of the saturations. 

balance on 

Heat tlux vector across the boundary of the reservoir. 
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E. 'k l.J 

ghf 
J "k l.J 

K 

N 

0. k l.J 

p 

p 

p 
l. 

P. 'k l.J 

n 
P. 'k l.J 

Symbolic representation of 

computational molecule 0. 'k" 
l.J 

the heat balance for the 

Error in the heat balance for the computational molecule 0. 'k 
l.J 

given the n'th iterate ot tne pressure during the current ti.me 

step. 

Element 1.n the Jacobian matrix for the pressure equation 

describing the interaction between the computational molecules 

Absolute permeability tensor •• 006336 * md. 

Thermal conductivity. btu /ft/ day/ °F. 

Outward normal to the boundary of the reservoir. 

Symbolic representation of the oil balance on the computational 

molecule 0. 'k" 
l.J 

Pressure, psi. 

Vector representation ot the nodal pressure values, psi. 

Bottom hole pressure in the k'th layer ot tne reservoir for the 

K'th well, psi. 

Reference pressure, 14.7 psi. 

Approximation of the pressure distribution in the computational 

molecule O. 'k' psi. 
iJ 

The n'th iterate ot the approximation of the pressure 

distribution in the computational molecule n. 'k during a time 
iJ 

step, psi. 
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Pressure in the k'th layer of the reservoir at the K'th well. 

psi. 

P Bubble point pressure, psi. 
s 

QK Total mass injection rate at K'th well, lb/ day. 

QK Injection rate of component c at K'th well, btu /day or lb / 
C 

day. 

QK 
h 

Heat injection rate at K'th well, btu / day. 

K 
Q. 'k iJ 

Efrective mass injection rate of K'tb well into computational 

molecule 0 .. k, lb/ day. 
iJ 

QK Oil mass injection rate at K'th well, lb/ day. 
0 

~ Water mass injection rate at K'th well, lb/ day. 

s1 Liqµid saturation. 

s0 Oi1 saturation. 

Sv Vapor saturation. 

T Temperature, °F. 

T Tabulated values ot tbe saturation temperature as a tunction of 

pressure, °F. 

Tn The n'tb iterate of the temperature in tne determination of tne 

fluid properties, °F. 

T. Reference temperature, 32° F. 
i 

T Saturation temperature, °F. 
s 

uf Tota! tluid energy density, btu / cu ft. 
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UL Liquid internal energy. btu / lb. 

-L U Liquid internal energy at wells. btu / lb. 

-L 
U Tabulated values of the saturated liquid internal energy as a 

function of temperature. btu / lb. 

u0 Oil internal energy. btu / lb. 

u0 
Oil internal energy at wells. btu / lb. 

Ur Tocal rock energy density. btu / cu ft. 

Uv Vapor internal energy. btu / lb. 

u'7 Vapor internal energy at wells. btu / lb. 

-v 
U Tabulated values ot steam internal energy as a function of 

temperature. btu / cu ft. 

UL Sacurated liquid internal energy as a function ot temperature. 
s 

btu / lb. 

Uv Sacurated vapor internal energy as a function ot temperature. 
s 

·Vijk 

w .. k iJ 

X. 
i 

Y. 
J 

btu / lb. 

Volume ot tne computational molecule O .. k. cu ft. . iJ 

The basis function associated with the computational molecule 

0 .. k. 
iJ 

The basis function associated with the node x. in the X 
i 

coordinate. 

The basis function associated with the node y. in the y 
J 

coordinate. 

- 39 -



Zk The basis function associated with the grid block zk in the z 

coordinate. 

L 
a 

0 
a 

r 
a 

~o 

y 

y 

-6 . -1 
Liquid isothermal compressibility, 3.43xlO psi. 

. -1 Oil isothermal compressibility. psi. 

Rock compressibility, psi.-l 

Oil coefficient of thermal expansion. °F.-l 

Nonlinear coefficient function in simplif ieci. 

equation. 

Nonlinear coefficient function at a well in 

continuity equation; 

continuity 

simplified 

s 
y Nonlinear coefficient function associated with tne phase s in 

the generalized continuity equation. 

-s 
y Nonlinear coefficient function for well terms associated witn 

'Y· "k iJ 

y .. k iJ 

ghf 
y. "k iJ 

the phases in the generalized continuity equation. 

Value or nonlinear coefficient function in computational 

molecule O .. k in the discretized generalized continuity 
iJ 

equation. 

Nonlinear coefficient function for well terms in computational 

molecule Oijk in tne discretized generalized continuity 

equation. 

Upstream value of nonlinear coefficient function for flow 

between computational molecules 0 .. k and 
iJ 

discretized general continuity equation. 
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Dirac delta function. 

Nonlinear coefficient function in generalized continuity 

equation. 

&ijk Nonlinear coefficient function for computational molecule Oijk 

in the discretized generalized continuity equation. 

Nonlinear coefficient function appear in the generalized 

continuity equation representing conductive energy transfer. 

L 
µ Liquid viscosity, cp. 

0 
µ Oi! viscosity, cp. 

s 
µ Viscosity of phases, cp. 

V 
µ Vapor viscosity, cp. 

p Density, lb/ cu ft. 

p Approximation function for density, lb/ cu ft. 

L 
p Liquid density, lb/ cu ft. 

-L 
p Modified saturated liquid density, 

0 
p 

"o 
p 

r 
p 

s 
p 

Oi! density, lb/ cu ft. 

Oil total density, lb I cu 

Rock density, lb I cu ft. 

Density of phase s, lb / cu 

V 
p Vapor density, lb/ cu ft. 

ft. 

ft. 

lb / cu ft. 

-v 
p Vapor density at saturation temperature, lb/ cu ft. 

- 41 -



Aw 
p 

0 p. 
i 

r 
p. 

i 

p. "k iJ 

pijk 

"o 
pijk 

Aw 
Pijk 

L 
PS 

Water total density. lb/ cu ft. 

Oi1 density at reference pressure and temperature. lb/ cu ft. 

Rock density at reference pressure. lb/ cu ft. 

Density at location (x.,y.,zk), lb/ cu ft. 
i J 

Approximation to density at location (x .• y .• zk). lb/ cu ft. 
i J 

Oi1 total density in computational molecule n .. k, lb/ cu ft. 
iJ 

Water total density in computational molecule n .. k. lb/ cu ft. 
iJ -

Saturated liquid density as a function ot temperature, lb/ cu 

ft. 

p: Saturated vapor density as a function of temperature, lb / cu 

ft. 

, Porosity. 

,. Porosity at reference pressure. 
i 

t Total mass mobility, lb/ cu ft/ cp. 

~ Approximation function for the total mass mobility. lb/ cu ft 

I cp. 

~s Mass mobility of phases. lb/ cu ft/ cp. 

~t Total mass mobility. lb/ cu ft/ cp. 

t- .k Total mass mobility at (x.,y .• zk). lb/ cu ft/ cp. 
iJ i J 

-~- "k Approximation to the total mass mobility at (x .• y .• zk). lb/ cu 
l.J i J 

ft: / cp. 
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At 

r~~tk 
iJ 

::.£hk 
.rijk 

.. f r.~k iJ 

Total mass mobility at K'th well, lb/ cu ft/ cp. 

Time step length. 

Discretization mesh size. 

Flow rate between computational molecules Oijk and Oghf• 

Approximation to the flow rate between computational molecules 

Approximation to the flow rate between computational molecules 

0. 'k and 0 .. f. 
iJ iJ 

The reservoir. 

ao Boundary of the reservoir. 

0 .. k A computational molecule. 
iJ 
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Table 1 

Reservoir, Fluid, and Well Data 

Pattern 

Size 
Height 

Thermal Expansion 
Compressibil.ity 
Density 
Specific Heat 
Viscosity@ 100° 
Viscosity@ 400° 

Permeability 
Porosity 
Compressibility 
Heat Capacity 
Couaucti.vity 

Pressure 
Temperature 
Oil Saturation 

Inject1.un Rate 
Steam Quality 
Temperature 
Wellbore Radius 

2.5 
50 

Oil. Properties 

.0004 

.00001 
60.3 
.35 
1380 
3 

Rock Properties 

2000 
.3 
.0005 
30 
30 

Initial Conditions 

100 
lUO 
• 73 

Well Data 

187 .s 
.8 
LiOO 
.5 

acres 
ft 

OF-1 
. -1 psi 

lb/ cu ft 
btu / lb 
cp 
cp 

md 

.-1 psi 
btu / °F / cu ft 
btu / °F /ft/ day 

psi 
OF 

bDls / day 

OF 
ft 



Table 2 

Gas/ Oil. Relative Permeability Data 

s K K 
V rv rog 

0.000 0.00000 1.00000 
0.070 0.00998 0. 71380 
0.140 0.03241 0.48965 
0.210 0.06458 0.31938 
0.280 0 .10531 0.19502 
0.350 0.15389 0.10882 
0.420 0.20981 0. 05328 
0.490 0.27267 0.02122 
0.560 0.34216 0.00580 
0.630 0 .41801 0.00063 
0.700 0.50000 0.00000 

Table 3 

Water I Oil. Relative Permeability Data 

SL KrL K roL 

0.250 0.00000 0.50000 
0.305 0.00028 0.39240 
0.360 0.00224 0.29928 
0.415 0 .007 56 0.22014 
0.470 0.01792 0.15443 
0.525 0.03500 0.10153 
0.580 o. 06048 0 .06077 
0.635 0.09604 0 .03136 
0.690 0.14336 0.01234 
0.745 0.20412 0.00251 
0.800 - 0.28000 0.00000 



Pactern 

5 Spot 

9 Spot 
Near Well 

9 Spot 
Far Well 

7 Spot 

Table 4 

Discretization Information 

Pattern Connection n n n 
X y z 

5 Spot Diagonal 5 5 1 
Parallel 7 7 1 

9 Spot Diagonal lU 10 1 
Parallel 14 14 1 

7 Spot Both 12 7 1 

Table 5 

Steam Breakthrough Times in Days 

Connection 5 Point 9 Point New Method 

Diagonal 2530 1490 
Parallel 750 1/00 

Diagonal 360 750 
Parallel loOO 1,0 

Diagonal >4400 4400 
Parallel 1100 4400 

Diagonal 3540 786 
Parallel 660 2tSl~ 

Both 

Table 6 

Asymptotic Steam.Breakthrough Times 

Grid 

5x5xl 
lOxlOxl 
2ox2ox1 

Breakthrough Time in Days 

1500 
1429 
1388 

1500 
l!:>7 5 

7 51 
7 '1.3 

4932 
4981. 

,1307 
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