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Abstract

This paper describes a numerical model for
simulating wet or dry, forward or reverse combustion
in one, two, or three dimensions. The formulation is
considerably more general than any reported to date.
The model allows any number and identities of
components. Any component may be distributed in
any or all of the four phases (water, oil, gas, and
solid or coke).

The formulation allows any number of chemical
reactions. Any reaction may have any number of
reactants, products, and stoichiometry, identified
through input data. The energy balance accounts for
heat loss and conduction, conversion, and radiation
within the reservoir.

The model uses no assumptions regarding degree
of oxygen consumption. The oxygen concentration is
calculated throughout the reservoir in accordance
with the calculated fluid flow pattern and reaction
kinetics. The model, therefore, simulates the effects
of oxygen bypassing caused by kinetic-limited
combustion or conformance factors.

We believe the implicit model formulation results
in maximum efficiency (lowest computing cost), and
required computing times are reported in the paper.

The paper includes comparisons of model results
with reported laboratory adiabatic-tube test results.
In addition, the paper includes example field-scale
cases, with a sensitivity study showing effects on oil
recovery of uncertainties in rock/fluid properties.

Introduction

Recent papers by Ali,! Crookston et al.,? and
Youngren3 provide a comprehensive review of earlier
work in numerical modeling of the in-situ com-
bustion process.
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The trend in this modeling has been toward more
rigorous treatment of the fluid flow and interphase
mass transfer; inclusion of more components, more
comprehensive reaction kinetics, and stoichiometry;
and more implicit treatment of the finite difference
model equations.

The purpose of this work was to extend the
generality of previous models while preserving or
reducing the associated computing-time requirement.
The most comprehensive or sophisticated com-
bustion models described to date appear to be those
of Crookston et al. and Youngren. Therefore, we
compare our model formulation and results here with
those models.

A common objective of different investigators’
efforts in modeling in-situ combustion is develop-
ment of more efficient formulations and methods of
solution. This is especially important in the com-
bustion case because of the large number of com-
ponents and equations involved. For a given number
of components and reactions, computing time per
grid block per time step will increase rapidly as the
formulation is rendered more implicit. However,
increasing implicitness tends to allow larger time
steps, which in turn reduces overall computing ex-
pense. To pursue the above objective, then, authors
should present as completely as possible the details of
their formulations and the associated computing-
time requirements.

The thermal model described here simulates wet or
dry, forward or reverse combustion in one, two, or
three dimensions. The formulation allows any
number and identities of components and any
number of chemical reactions, with reactants,
products, and stoichiometry specified through input
data. The transient, three-phase flow is represented
by Darcy’s law, incorporating temperature-
dependent relative permeabilities plus gravity,
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viscous, and capillary forces. Vaporization/con-
densation phenomena are handled with allowance for
any component to be distributed in any or all of the
four phases. The fourth (solid or coke) phase is
immobile and in part provides capability for treating
in-situ coal gasification problems. Oxygen and fuel
consumption are calculated in accordance with the
specified reaction kinetics and calculated fluid flow
patterns.

The following sections describe the model for-
mulation both in general terms and in greater detail,
with equations given. Several laboratory and field-
scale applications are presented together with a set of
sensitivity runs indicating the relative importance of
different types of input data. The laboratory-scale
model results are compared with the associated
observed or experimental behavior.

While the model formulation was developed to
simulate the in-situ combustion case, it applies also
to hot-water or steamflooding and geothermal
problems. Although certain features were introduced
in the formulation with in-situ coal gasification in
mind, no applications to that type of problem have
been attempted to date.

General Comparative Model Description

Crookston ef al.2 describe a combustion model using
the components oxygen, inert (noncondensable) gas,
light hydrocarbon, heavy hydrocarbon, water, and
coke. Their model accounts for the four chemical
reactions representing oxidation of heavy oil, light
oil, and coke and cracking of heavy oil. They treat
three-phase fluid flow in one or two dimensions
within the reservoir and use a two-dimensional heat
conduction calculation for heat flow in the over-
burden. The additional variable introduced by the
coke mass balance in their formulation is #. Ibm mol
coke/cu ft of formation, and this mass is assumed to
occupy negligible volume — i.e., S,, + S, + S, =
1.0 in their formulation. Crookston et al. use the
mole-fraction constraints for oil and gas phases as
primary equations and, thus, solve simultaneously a
total of nine primary equations (six mass balances,
one energy balance, and two mole-fraction con-
straints) using Gaussian elimination. They use a
mixture of implicit and explicit treatment for
coefficients in interblock transmissibilities and
reaction terms.

Youngren3 describes a three-dimensional com-
bustion model that treats the five components —
water, oxygen, nonvolatile oil, and two arbitrary
volatile components — which can distribute between
the oil and gas phases. He neglects coke formation
and oxidation and treats the single chemical reaction
of heavy oil oxidation. Oxygen is assumed to be
consumed instantly on contact with fuel; therefore,
combustion rate equals oxygen flux. The model
simulates three-phase flow, and a one-dimensional,
overburden heat conduction calculation is used for
heat loss. Like Crookston et al., Youngren uses a
mixture of implicit and explicit treatment but, unlike
them, he solves only four primary equations
simultaneously, using Gaussian elimination. He
reduces his six primary equations (five mass balances
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and one energy balance) to four equations by ex-
pressing the transmissibilities of Components 4 and 5
explicitly in mole fractions. All transmissibilities are
explicit in temperature. Both models simulate
convective and conductive heat flow within the
reservoir.

The thermal model formulation described here
allows any number and identities of components and
any number of chemical reactions. Each reaction
may have any number of reactants and products,
identified through input data. Reaction rates are
functions of temperature and reactant concentrations
raised to powers specified through input data.

Without recourse to different ‘‘versions,’”’” the
formulation applies to single-component (water)
geothermal problems plus two-, three-, and four-
component (e.g., including inert gas and/or
distillable hydrocarbons) steamflooding or hot-water
flooding problems and Ng-component in-situ
combustion problems.

If a solid (coke) is one of the components, the
model accounts for four phases, with S, representing
the solid-phase saturation. Thus, our saturation
constraint is §,, + S, + S, + §4 = 1.0. Our ex-
perience indicates that coke (fuel) deposition can
yield S, values in the 0.04 to 0.08 range. This may
reduce formation permeability, and the formulation
allows permeability to vary with the S, value.

The model uses no assumptions regarding degree
of oxygen consumption. The oxygen concentration is
calculated throughout the reservoir in accordance
with the calculated fluid flow pattern and reaction
kinetics. Youngren’s assumption that combustion
rate equals oxygen flux precludes application of his
formulation to reverse combustion problems and
problems where an oxidation reaction is kinetic
rather than reactant limited. Also, as Youngren
points out, his assumption prevents prediction of
spontaneous ignition and his neglect of cracking or
coke prevents prediction of fuel laydown.

In defense of Youngren’s assumption regarding
oxygen consumption, we must agree that most
combustion problems probably are reactant limited.
More important, however, we feel the assumption is
simply unnecessary. That is, the assumption limits
the applicability of a combustion model but yields
little, if any, benefit in reduction of required
arithmetic or computing time.

Unlike both models just discussed, the model
presented here is completely implicit. Our experience
in steamflood modeling“‘6 has led us to the belief
that total computing expense for thermal-model runs
decreases with increasing degrees of implicitness.

The model described here is a set of mass- and
energy-balance equations and constraint equations
written for each of a number of grid blocks
representing a reservoir. The equations are written in
finite difference form and include an energy balance
and one mass balance for each of N~ components.
The constraint equations express the requirements
that fluid saturations must sum to unity and the mole
fractions of components in each phase must sum to
unity. Components are pure or pseudocompounds
such as oxygen, nitrogen, carbon dioxide, water,
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‘“‘heavy oil component,”” ‘‘light oil component,’’ and
solid component (coal or coke).

For maximum efficiency, these equations must be
divided into groups: (1) Ne + 1 “primary”’ or
“flow”’> equations (the energy balance and N -
component mass balances) and (2) Np + 1 con-
straints equations (one saturation constraint and Np
mole-fraction constraints). Np is the number of
phases, three or four. Constraint equations are used
to eliminate Np + 1 of the total No + Np + 2
unknowns present in the N + 1 primary equations.
The result is a set of N + 1 primary equations in
N¢ + 1 unknowns, which is solved by the reduced
bandwidth direct solution technique described by
Price and Coats.”

A major fraction of total model computing time
may be expended in this direct solution of the
primary equations The arithmetic required in this
direct solution is proportional to the cube of the
number of prlmary equations solved.® Thus, it is
important to minimize this number by using all
constraint equations to eliminate unknowns.
Crookston et al. retain two mole-fraction constraints
in their set of primary equations and, thus, use direct
solution (Gaussian elimination) to solve a set of nine
primary equations for problems involving N = six
components. The formulation described here ac-
tually results in direct solution of a set of only six
primary equations for the case of six components if
one of the components is coke. This set of N rather
than N~ + 1 primary equations is attained through
use of the coke mass balance as a constraint
equation, which in turn is possible because the coke is
immobile. This is discussed in detail in the
mathematical model description.

This discussion suggests that Youngren’s approach
of solving only four primary equations, regardless of
the number of components, may result in less
computing expense than the implicit formulation
described here. His formulation certainly will, or
should, require less arithmetic on a grid-block/time-
step basis. However, we must consider the penalty
associated with the method by which he attains a
primary set of only four equations. The method
involves use of explicit mole fractions x4, X5, ..., Xn.
in the transmissibilities of the Component 4, 5 ...,
Nc mass balances. A stability analysis of
multicomponent, single-phase flow shows that this
explicit treatment give a time-step limitation,

At < Sp Ax/vgy

where Ax is the grid block dimension in feet and vy,

is gas-phase interstitial velocity in feet per day. We
can substitute Ay/ Ugy Or Az/v for Ax/vgy. In
steamflood or combustion probﬁzms v, can reach
locally large values (e.g., 10 to 20 ft/D or more), even
with low Sg values. We feel this stability limit on
time-step size will cause in many cases a sufficiently
increased number of required time steps to more than
offset the reduced arithmetic per time step. However,
for some sufficiently large number of components,
the implicit formulation requiring direct solution of
N¢ + 1 primary equations will require more total
computing time than Youngren’s formulation.
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The model described here simulates wet or dry
forward combustion and reverse combustion in one,
two, or three dimensions. The model equations
describe mass transport by Darcy flow, incorporating
gravity, viscous, and capillary forces. The heat
transport includes mechanisms of convection,
radiation, and conduction within the reservoir and
conductive heat loss to the overburden and un-
derlying strata.

The model allows any component to be distributed
in any or all of four phases (water, oil, gas, and solid)
as dictated by read-in pressure- and temperature-
dependent component K-values. Each phase density
is a function of its composition, pressure, and
temperature. Gas-phase supercompressibility factor s
is obtained from the Redlich-Kwong equation of
state.®

The generality in respect to component
distribution among phases allows study of the effect
of CO, solution in oil with attendant reduction in oil
viscosity. Also, CO, or any component may be
assigned some solubility in the liquid water phase. An
interesting potential of this generality is examination
of emulsion effects. Specifying solubility of water in
the oil phase or of oil components in the water phase
and adjusting input-component viscosity data can
yield emulsion-type viscosities for the oil or water
phase.

The formulation achieves this generality of
component distribution by assigning a user-specified
““master’’ phase to each component with a resulting
single set of master mole fractions {X;}. User-
specified pressure- and temperature-dependent K-
values then give the mole fraction of each component
i in phase j as x; = = K,;;X;. This treatment simplifies
model descrlptlon codmg logic, and variable sub-
stitution logic since it avoids the need to deal with
four sets of phase mole fractions.

The inclusion of a fourth (solid) phase in the
formulation represents a step toward the capability
to simulate in-situ coal gasification. In this case, the
initialized Phase 4 saturation would be large (e.g.,
0.8), representing the coal itself. The formulation
treats relative permeabilities as functions of nor-
malized saturations (e.g., S, = S,/1-S84) to
represent more reasonably the case where S, is large
and highly variable. The model reaction kinetics
require alteration in form for the gasification
problem since coal gasification reactions generally
reach an equilibrium between reactants and
products.

Mathematical Description of Model

The model consists of N equations where N = N +
Np + 2 and Np denotes the number of phases
present. Np = 4if solid coke is present in addition to
the water, oil, and gas phases. Np = 3 if no solid
phase exists or appears. The model equations are

Ne Component mass balance equations
1 Energy balance equation
1 Saturation constraint

Np Mole fraction constraints

N¢ + Np + 2 Total equations .
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The saturation constraint expresses the fact that the
Np phase saturation must sum to unity. The Np
mole-fraction constraints express the requirement
that the sum of all components’ mole fractions in
each phase must sum to unity.

We refer to phases by the index or subscript J, with
J = 1 for liquid water, J = 2 for oil, J = 3 for gas,
and J = 4 for the solid phase. Components are
denoted by index or subscript 7, with

I Component

Water

Heavy-oil component

Gaseous component

Coke if a solid component is present

Gaseous or oil component if solid com-
ponent is not present

5 — N¢ Gaseous or oil components .

AphWNN

The N model equations for each grid block follow.

Component Mass Balances I = 1, 2, ..., No

.
<¢ E pJS.IxIJ) Y Ay
At J= J=1 my

Np
“(Ap+AP =Y, AZ)+ Y qp—dqp. ... (1)

r=1
Energy Balance
Np
vV
[¢> E ;S U +(1— )My (T— T)}

At
- $

rJ HJ(Ap+APCJ ’YJAZ):I

|75
Ng
+A(TAT) +A(1gATH+ Y, H,—Qp
r=1
— QUL+ )
Saturation Constraint
Np
Y S, =0 ?3)
J=1
Mole-Fraction Constraints J = 1, 2, ..., Np
Ne
Yoxy =100 @)
I=1

We have suppressed the grid-block subscript indices
i, /, and k on all terms in these equations.

The mole fraction of component 7 in phase J is
calculated as

Xy = KU]JXI 3t e et et e e e a e e e (5)

where K,;; are equilibrium K-values and X is the
mole fraction of component I in component I’s
primary or ‘‘master’’ phase. Thus, if phase fis phase
I’s primary phase, then K,;, = 1.0. If component 7 is
not present (‘‘soluble’’) in phase J, then K ;; = 0.
The N unknowns corresponding to the Egs. 1
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through 4 are 6S;, 6S,, .. 6SN » 60X, 0X5, ...,
0X Nes op, 6T. All terms in Eqs 1 through 4 can be
expressed in terms of these unknowns.

Treatment of Accumulation (Left-Side) Terms

The left side of the component mass balance can be
expressed as
Np

XVI 5( ng pJSJKvIJXI)
N,
= ZVt [(¢> szl PJSJKquI)[

Np
- (¢ J;l pJSJKvIJX1>n] 5
Np .

( Jzz:l 015K utsX) | 8P o ©6)

where superscript { denotes the latest iterate value,
subscript n denotes the time level »n value, and N is
the number of total unknowns. The N unknowns
{ 6Pj } are changes over the iteration

5P, = 55,

6P2 = 682
6Py, = 8Sy,

0PN, +1 = 86X
0PN, 12 = 8X)
0PN, + N, = 8X N,

0PN, +Ne+1 = 0P
and

............... 0

Differentiation of a product of terms is performed by
the normal chain rule,

0PN, No+2 = OT .

da
P’

The derivatives in the last term of Eq. 6 are evaluated
at the latest iterate (f) values of all unknowns. The
energy-balance accumulation term is expanded in the
same manner as Eq. 6.

9
3P (abc)! = (ab)"— +(ac)"—b + (be)! =

Interblock Fluid-Flow (Right-Side) Terms

The interblock flow terms are treated implicitly. The
flow term for phase J in the component mass balance
is expanded as

k.,
[ijK oy X1 — (Ap +AP¢; — WAZ)]

K.y
[TPJKUIJXI i ~ (ap+apP,, - 'YJAZ)]
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aP, [TPJKUIJXI —‘(AP+APcJ

- WAZ)]%pm .

If Eq. 8 denotes interblock flow between two
adjacent grid blocks, denoted as Block 1 and Block 2,
then the weighting of terms is upstream for (p/u) 7,
k,-], X1y and

Yy = w'ygjl +(1—w)'ny2 e e )
where wis (Vo) /[(Ve)| + (Vé),] .

Interblock Heat-Flow Terms

Interblock heat flow between Grid Blocks 1 and 2
includes transport by convection (enthalpy flow
associated with mass flow), conduction, and
radiation. The flow due to conduction and radiation
is

4 kil (T# - T$)Bw/D

where A is the cross-sectional area normal to flow, L
is the distance between grid-block centers, and «4 is
read as input data. We have generally used a3 = 0.
In accordance with the implicit representations
throughout the model, this heat flow is calculated as

N 5 o
77 @' mz—__—:1 3P [ (Tl Tz)
a3 A
+ (T - Tz“)] Py o s a1

The interblock weighting of enthalpy in the energy-
balance interblock flow terms is

Hy = 6Hy+(1=0)Hygoun » - vvvvenn- (12)

where 0.5 < 6 < 1.0 and “‘up”’’ and ‘“‘down’’ denote
upstream and downstream blocks for flow of phase
J. We use § = 0.5 as a default value, with provision
for the user to change the value through input data.

Treatment of Chemical Reaction Terms
The rate of the chemical reaction number r is
1.8E,

R, = VA,e RT.

IT  ($0m, Smpm,) s ceevvee (13)

j=1Ng,

with units of moles per day for the first reactant. For
gaseous reactants, the user may specify a partial
pressure in place of concentration. For the cracking
reaction, an additional multiplicative factor of 1 —
[S47(S4)max]” is used in Eq. 13. This factor was
proposed by Crookston et al. as a means of limiting
the coke (fuel) formation. If (S4),ax is read as zero
in input data, then this additional factor is not used.
For illustration we consider the specific reaction ()
of oxidation of a Heavy Oil Component 2. Oxygen is

DECEMBER 1980

Component 6. The reaction stoichiometry is

Serilz +S2r02—'83rC02 +S4rH20 et e (14)

The stoichiometric coefficient of the first reactant,
S, 1s 1.0 by definition. The reaction rate in moles of
first reactant per day for the grid block is

moles Component 2

r D
1.8E,
=vA, e KT (68305%)"
.(¢>s3p3x63)”2 ..................... (15)
The heat of reaction is
H =R H BtwWD. .................. (16)

The rates of appearance of energy and Components
2, 6, 3 (CO3), and 1 (H,0), which are required in
Egs. 1 and 2 are

g, = —R, mol/D

q6r = —5xR,
g3, = 53R,
qir = Sa R,
and
ANettr = Hy o oo, a7

where ‘‘component’’ N~ + 1is energy.
The reaction rate is computed at the start of each
iteration as

_L8E,
R, =[VA,€ r (¢52P2x22)n|

d

-(#8303%63)" J +VA, 21 .

_ L8E
.[e RT ((szﬂzXzz)nl
)
(8S303%63 )™ [ 0Py se it (18)

where the grid-block volume V and the reaction-rate
constant A, are constants. The user may specify
partial pressure rather than concentration for a
gaseous reactant so that px¢; may replace ¢$S3p03x¢;
in the preceding equations.

Temperature in the Arrhenius exponent is
evaluated as 0.5 (T, + T,) and oil saturation is
evaluated as 0.5 (SZ,, 1t Sz,,) if all iterate values
S{ are positive and as Sy, 41 if any iterate value S5 is
negative.

Treatment of Well Terms

We discuss the case of a production well on
deliverability completed in three layers, denoted by &
= 1, 2, and 3. Each layer is assigned a time-
independent productivity index PI,. The phase
production rates from each layer are
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k,;
dp = PIk< uj> (pk pwbk) be e s s e e (19)

where p, is grid-block pressure and p . is flowing
bottomhole wellbore pressure opposite the center of
grid block k. A flowing wellbore gradient is
calculated for each layer as

2 (52 )

J=1 my

Ywbk =

which is a volumetric average gradient. The v, are
calculated at the start of each time step and are used
unchanged for succeeding iterations. The flowing
wellbore pressure then is calculated as

Pwbk = Pwbk—17+ ('owk—lo‘k—l
Yok @k ) (Zk = Zk—1)s o oeeen e 1)

where Z,, is depth to the center of grid block &k and
Pwp1 is a specified limiting bottomhole flowing
pressure. The weight factors account for differing
layer thicknesses, ay = 0.5AZ,/(Z;, — Z;_,) and
op_y = 1 — «ap, where AZ, is the (vertically
measured) thickness of layer k.

The production rate of component 7 from layer k is
calculated as

dik = Plk[ Z:: (
}ZV: 61(3 [ i (ikr)KUIJXI

m=1 =1 14 J

. (p—pwb>]k5Pm

where p ;. is held constant in the differentiation.
The enthalpy production rate in Eq. 2 from grid
block k is

)J o1s X1 (P = wa)]?

+PI,

3

Onk = Plk[ ) (%

kr)JHJ (P—Pup )]:

J=1
N J 3 0
+PI [ — — k
« mzz:l oP,, JZ—:I </“ >J

?

Heat-Loss Treatment

The implicit calculation of heat loss is calculated as
described in detail in Ref. 4. The Q4 term in Eq. 2
is replaced by a term of type «; — a,6T.

Functional Dependency

The fluid and rock properties are dependent on the
system variables:

Py Ky g S (b, T,X)
kg S(ST)
NS,
k S (8y)
Mg S (D)
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Koty f (T
HU S (p,T)
¢ S (p)

Here, X denotes dependence on {X;} and S denotes
dependence on {S;}. The Appendix describes the
PVT treatment of rock and fluid properties.

Treatment of Constraint Equations

The saturation constraint (Eq. 3) is expressed simply
at each iteration as

Np
Y 8S; =0 (24)
J=1
In the mole-fraction constraints (Eq. 4), we have
N9
4
xy = Ky X'+ Y (KX 1) '8P,
g 8P

so that the constraints (Eq. 4) become

Ne N p:
1;1 [mzz:l apP,,
NL‘

4
= 1—( Y K,,,,X,). .............. (26)
I=1

Consolidation of N~ + 2 Model Equations

(K, Xr) oP ]

The preceding sections describe the expansion of all
terms in Eqs. 1 through 4 in linearized expansions
consisting of coefficients times iterate changes 6P,,
m=1,2,.., N, where N = N + Np + 2. Only
the first N~ + 1 of these N equations possess right-
side flow terms that introduce unknowns {éP,,} of
neighboring grid blocks. These N~ + 1 equations are
designated ‘‘primary’’ equations. The remaining Np
+ 1 equations are constraint equations, and they are
used to eliminate Np + 1 unknowns from the
primary equations. This elimination is possible
because the constraint equations for a given grid
block involve only unknowns {éP,,} of that grid
block.

For that moment, we neglect the interblock flow
terms in Egs. 1 through 4 and consider the ac-
cumulation and all other terms. After the expansion
described previously, the N equations can be written
as

N

Y CyoP, =byi=1,2 .., N

J=1
where we locally use i/ as the equation number and
as the column or unknown index. The equations for i
=1, 2, ..., Nc are component mass balances. The
equation for i = N + 1 is the energy balance. The
equation for i = N~ + 2 is the saturation constraint.
The equations for i = N + 3, N0 + 4, ..., Nare
the mole-fraction constraints. The coefficients C;;
and b; terms are evaluated at latest iterate (¢) values
of the unknowns {P;:}

The last Np of these equations are mole-fraction
constraints and coefficients C are all zero forj = 1,
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2, ..., Np, since unknowns 6P through 6Py, are
6S, through 6Sx and the mole-fraction constraints
. P, . . .

do not involve fluid saturations. Coefficients Cii for
J=Np + 1, Np + 2, ..., Nare generally nonzero.
We diagonalize this submatrix of Np equations by
Gaussian elimination so that the last Np (mole-
fraction constraint) equation’s matrix is reduced to

j= Np+l Np+2 ..2Np 2Np+1
i=Ne+3 1 0 0 ~
i=No+4 0 1 0 v~
i=Ne+Np+2 0 0 1 v~
J= ..N
I=Nc+3 v SPNP_*'I v
I—NC+NP+2 v 5PN v o,
................................ (28)

where the check marks indicate nonzero coefficients.
These diagonalized Np mole-fraction constraints are
used to eliminate Columns (unknowns) j = Np + 1,
Np + 2, ..., 2Np in the first No + 1 equations of
the equation set (Eq. 27).

The saturation constraint (Eq. 24) then is used to
eliminate Column Np from the first No + 1
equations of Eq. 27. This now leaves No + 1
equations (which involve right-side interblock flow
terms) and N + 1 unknowns. We started with N
+ Np + 2 unknowns, but we eliminated Np
unknowns (mole fractions) using the Np mole-
fraction constraints and eliminated one unknown
(saturation) using the saturation constraint.

The coefficients in the reduced mole-fraction-
constraint matrix (Eq. 28) are saved or stored for two
reasons: (1) they are needed to eliminate the men-
tioned columns from the expansions on the in-
terblock flow terms and (2) they are needed after
solution of the N~ + 1 equations to compute the
eliminated unknowns. Similarly, 6S,_, which was
eliminated, is calculated after solution of the N + 1
equations.

The N~ + 1 primary equations can be written in
matrix form as

CP=R+A(AP) , oo 29)

where C and 7 are (N + 1) X (Ne + 1) matrices
and R and P are N + 1 column vectors. These
equations are solved by the reduced bandwidth direct
solution technique.” Egs. 28 and the saturation
constraint then are used to calculate the eliminated
unknowns. The cumulative changes over the time
step then are augmented as
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14

§P{ T =8P 5P, . (30)

where a damping factor may be applied to 6P; in Eq.
30 if one or more of the iterate changes 6Pj are
excessive.

C, 7, and R in Eq. 29 are re-evaluated using the
latest iterate values of {P;}, and Eq. 29 is solved
again. These iterations are terminated when all the
following are satisfied.

max
j=LNp |8S;| =< TOLS (0.01),
max
i=1,No |6X;| = TOLX (0.01),
max lép | = TOLP (1.0),
and
max |67 | = TOLT (1.0), ..... 3D

where ““max’’ denotes maximum over all grid blocks
and default closure tolerance values are given in
parentheses.

Variable Substitution

The Np + 1 constraint equations are used to
eliminate Np + 1 unknowns, resulting in a set of N
+ 1 (mass- and energy-balance) primary equations in
Nc + 1 remaining unknowns. In the general case,
where all four saturations are mnonzero, the
eliminated unknowns are 6.X,, 6X,, 6X3, 6X,4, and
684, leaving 8§y, 655, 683, 6Xs, ..., 6X_, 6p, and
6T asthe No + 1 ‘‘primary’’ unknowns.

If any saturation Sj is zero for some iteration, then
no mole-fraction constraint exists for phase j and we
ostensibly have one less unknown (6S;) and one less
equation. In actuality, however, we still have N~ + 1
primary equations in N- + 1 unknowns, with one
less constraint equation counterbalanced by one less
eliminated unknown. That is, 6X g is not eliminated
and 6X; takes the place of 6S; in the No + 1
unknowns. The 6S; is known a priori as —S; . An
example of this substitution of 6X; for &S; is the
onset of the superheated water state, where S
becomes zero but 6.X; still requires calculation since
the gas phase will contain a water mole fraction of
K3 X, -

One important exception to this description of N
+ 1 primary equations in N + 1 primary variables
is introduced by the immobility of coke. If coke is
one of the N~ components, we can reduce the system
of N equations to only N rather than No + 1
primary equations. This is important because the
computing time required for simultaneous, direct
solution of the primary equations (1) is proportional
to the cube of the number of primary equations and
(2) can constitute 80% or more of total computing
time.

If coke is one component, then the primary
equations (involving right-side flow terms) are the
energy equation and the N~ — 1 mass balances for
the N~ — 1 mobile components. The coke mass-
balance equation becomes a constraint equation. The
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mole-fraction constraint for Solid Phase 4 is used to
eliminate 6.X, [mole fraction of Component 4 (coke)
in the solid phase] from all NV equations and then the
resulting coke balance is used to eliminate S, from
the primary equations. The saturation constraint is
used to eliminate 6S,,,, from the primary equations,
where jmax is less than 4 and is the largest value of j
for which S/ is positive.

Miscellaneous
Model initialization requires specification of initial-
phase mole fractions, temperature, gas/oil and/or
water/oil contacts, and pressure at a specified subsea
datum. The model initializes pressure either by
capillary-gravitational equilibrium or by setting
pressure to a constant, at the user’s option. If a gas
phase is initially present, the model automatically
will recalculate the mole fraction of a specified
““‘swing’’ component to attain a sum to unity of gas-
phase mole fractions. This swing component
generally is specified as N, or a N, + CO,
pseudocomponent. The reason for this internal
resetting of a gas-phase mole fraction is the difficulty
in calculating by hand the initial mole fractions of
distributed components so that the gas-phase mole-
fraction sum will exactly equal unity.

The material balance at each time step for each
component is calculated as

1 + mass in place — (initial mass in place
+ cumulative injection — cumulative production
+ net production by reactions)

<+ max (cumulative injection, cumulative
production)

+ max (reaction production, reaction con-
sumption) .

The energy balance is calculated in the same
manner with ‘‘energy’’ substituted for ‘‘mass.”
Values of 1.0000 for these balances simply indicate
that the finite difference equations are solved ac-
curately.

Automatic time-step control is used with time-step
size controlled by the previous step size and the
previous step changes (maximum over grid) in
saturation pressure, temperature, and mole fraction.

Applications

In all the model runs described below (S4),.x and
heats of vaporization for volatile oil components are
zero. Our experience indicates a negligible effect of
heat of vaporization. No temperature dependence of
relative permeability or capillary pressure is present
in any of the problems. Units missing from problem
data listed in tables are given in the Nomenclature.
Partial pressure is used in lieu of concentration for
oxygen in all oxidation reactions.

While the ASTM form for oil-component viscosity
(Eq. A-20) currently is programmed in the model, the
model runs described here used the form

= aet’T
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for liquid phases J = 1 or 2, which is the
representation used by Crookston et al. 2
All model runs were performed using midpoint

convective weighting (§ = 0.5in Eq. 12).

Smith and Perkins Experiment

Smith and Perkins® conducted wet, forward com-
bustion experiments in a vertical, adiabatic com-
bustion tube. They injected a constant-ratio
air/water stream into a 700-md, 120°F vertical tube
5.75 ft long after preheating the top to 600°F. They
reported (1) measured temperature profiles at 2, 4,
and 6 hours, (2) percent unused oxygen in the
produced gas phase vs. cumulative air injection, and
(3) amount of oil burned. They also described a
numerical model and compared their calculated with
their experimental results.

Smith and Perkins reported two experiments — a
low-pressure test using Crude A and a high-pressure
test using Crude B. Results discussed here are for the
815-psia low-pressure run. Crude A is very light with
API gravity and viscosity of 36° and 2.8 cp,
respectively. They presented a temperature profile at
time zero corresponding to the heating at the tube top
price prior to air injection. They further stated that
the air/water injection-stream temperature varied
from an initially high value (due to preheating of the
upper tube apparatus) to a later value of
(presumably) 120°F. We simply initialized the first
20% of tube length to 500°F and the remaining 80%
to 120°F and injected at a constant 120°F.

Smith and Perkins reported an initial period of air
injection with no water. This air injection was
continued until they noticed vigorous combustion
and no oxygen in the effluent gas. They did not
report the time period of this dry air injection. We
used 28.8 minutes. The subsequent water/air ratio
was constant at 0.18 Ibm/scf.

Smith and Perkins stated their insulation was
unusually permeable and heat convected outside the
tube from the burning front upward to the trailing
edge. They accounted for this external convection in
their numerical model and reported better trailing-
edge agreement than we obtained.

We changed Smith and Perkins’ six-component oil
analysis to three components and treated the six-
component system given in Table 1. We calculated K-
values for each of the original six oil components
fromInp, = A — B/T, with 4 and B determined
from boiling-point and critical data given in Ref. 10.
Viscosity coefficients were obtained for the six
components from the same reference. K-value and
viscosity parameters for the three pseudo oil com-
ponents then were calculated by simple mole-fraction
weighted averages.

Smith and Perkins represented the oil oxidation by

where p(. is partial of oxygen; 4,, B, and C were

7Oy . .
determined from experimental data; and f is the
fraction of oil oxidized. We used a reaction
proportional to
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——— EXPERIMENTAL DATA
O O RUNY,I0 BLOCKS

— — = RUN 2,20 BLOCKS
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Fig. 1 — Caiculated and observed 2-hour temperature

profile — Smith-Perkins experiment.

TABLE1 — DATA FOR SMITH-PERKINS LABORATORY TEST

EXPERIMENTAL DATA

© C RUN 1,10 BLOCKS

RUN 2,20 BLOCKS

O O RUN 3,30 BLOCKS

600 T T

Fig. 2 — Calculated and observed 4-hour

temperature

profile — Smith-Perkins experiment.

Vertical tube length, ft 5.75
Tube cross-sectional area, sq ft 0.0834
Permeability, md 700
Porosity 0.25
Rock heat capacity, Btu/cu ft rock-°F 34 [1+0.00055(T—T;)]
Thermal conductivity, Btu/ft-D-°F 3.0
Initial temperature, °F in first 20% of tube length 500
°F in last 80% of tube length 120
P,, psia 815
Initial water, oil, gas saturations 0.3,0.4,0.3
Initial mole fractions, X; = 1.0, X, = 0.2063, X3 = 0.71,
X, = 0.084, X5 = 0.7097, Xg = 0.29

Number grid blocks (three one-dimensional runs) 10, 20, and 30
Number of components 6
Number of reactions 3
Component / Molecular Pe T.(°R) C; B; Cp (Btu/lbm)
1. H, 18 3,206.2 1,165.4
2.Cyg 282.6 162 1,381 10-5 0.00038 0.6
3. N, —CO, 32 750 350 0.226
4.C3, +Cy7 508.9 50.7 1,598 10-5 0.00038 0.6
5.C6+Cg+Cyy 1314 336.6 1,067 10-5 0.00038 0.6
6.0, 32 730 277.9 0.24

v%y = 0.01767 cu ft/ibm

v92 = 0.01635 cu ft/lbm

v%, = 0.02228 cu ft/ibm

Stock-tank densities for Components 2, 4, and 5: 56.6, 61.15, and 44.9 Ibm/cu ft

Viscosity Data

poo = 0.02772 33637

Moz = 0.08

pss = 0.0002127 70702
pap = 0.01 e4908/T

usp = 0.0358 21357
U3 = 0.03

nes = 0.0002196 70721

Reaction Data

C; denotes Component i

Reaction r Stoichiometry Relative Permeability and Capillary Pressure Data
1 C, + 25.08C5 — 16.5C; + 20.8 C; Capillary pressure= 0
2 Cyq + 4517 Cg — 29.71C4 + 37.46C; Swi = Swir = Sopw = 0.25
3 Cy; + 11.66Cg — 7.67Cy + 9.67C,4 Sorg=0.9
. . . Krwro = 0.5
Rate Constant Activation Heat of Reaction k. =10
A, x10-10 Energy E, H,, (Btu/tbm oil) k"”w _ 1'0
gro — .
1 0.28164 18,214 16,000 Ny = Noy = Nog :gng =20
2 3.4054 18,214 16,000
3 0.4035 18,214 16,000
K-Value Data injection/Production Data
Kyos = (38.11 x 10%/p) e~ 1382017 Air injection mode, scf/D 108.1
Kz = 0 Water/air ratio for first 28.5 minutes 0
Koz = (7.668 x 105/p) e~ 83317 Ibm/scf air after 28.8 minutes 0.18
83 ’ Production at tube outlet at constant pressure, psia 815

DECEMBER 1980

541



EXPERIMENTAL DATA
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Fig. 3 — Calculated and observed 6-hour temperature
profile — Smith-Perkins experiment.

SMITH AND PERKINS NUMERICAL MOOEL RESULTS
® B EXPERIMENTAL DATA

O 8 RUN 3,30 BLOCKS

— — = RUN 2,20 BLOCKS

O © RUN1,I0 BLOCKS

100

@
o
T

@
<
T

PERCENT OXYGEN
IN PRODUCED GAS

a
"4
- Ya¥
! L oaelin © ) I 1
o 20 40 60 80

AIR INJECTED,SCF

o

Fig. 4 — Calculated and observed oxygen breakout times
— Smith-Perkins experiment.

B
A4po, (900SeXi)2e T, (33)

where X; is mole fraction of oil component / in the
oil phase. This second-order dependence on oil
concentration partially compensates for our
neglecting Cf. The value of A/ was chosen so that
the rates of Eqs. 32 and 33, expressed in consistent
units, are equal at initial oil-component con-
centrations.

Reaction stoichiometry and other data listed in
Table 1 were obtained from Ref. 9. Since that
reference gives no capillary-pressure or relative-
permeability data, we used zero P, and analytical
relative permeability curves with exponents of 2.0.

Our one-dimensional model Runs 1, 2, and 3 were
made using the data of Table 1 and using 10, 20, and
30 grid blocks, respectively. Figs. 1, 2, and 3 show
the agreement between calculated and observed
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Fig. 5 — Calculated cumulative oil recovery vs. time -

Smith-Perkins experiment.
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Fig. 6 — Calculated oil saturation profile at 6 hours —
Smith-Perkins experiment.

temperature profiles at 2, 4, and 6 hours, respec-
tively. We attribute the discrepancy along the trailing
edge to the external heat convection. These figures
indicate (1) reasonably good agreement between
observed and calculated (20 grid blocks) profiles at
all three times, (2) virtually identical calculated
results for 20 and 30 grid blocks at each time, and (3)
significant but not extreme numerical dispersion in
the results calculated using 10 blocks.

Fig. 4 shows calculated and observed effluent
oxygen content vs. time. Calculated results using 20
and 30 grid blocks agree quite well with the observed
oxygen breakout time, while the results using 10
blocks show effects of numerical dispersion.

Fig. 5 shows a moderate effect of numerical
dispersion on calculated oil recovery vs. time for the
case of 10 grid blocks. Smith and Perkins reported an
estimated figure of 8.8 wt% of the original oil in
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place burned. The calculated figure for the 30-block
case was 10.38 wt%.

Fig. 6 shows the calculated oil saturation profile at
6 hours for the 10- and 30-block runs. The sharp
jump in oil saturation occurs at the leading edge of
the sharp temperature profile. A sharp jump from
essentially zero to 0.80 to 0.90 in mole fraction of
light oil also occurs at this temperature and oil
saturation ‘‘front.”’

A favorable aspect of the combustion process
frequently emphasized in the literature is the in-situ
upgrading of a heavy oil by cracking. Cracking was
presumed negligible in this experiment due to the
relatively low temperature and light oil. However, an
“‘upgrading” type of effect is still present through
distillation or preferential vaporization and recovery
of lighter ends. For example, the calculated total oil
recovery on a stock-tank-barrel basis was 88.69%.
However, the calculated percentages recoveries for
C6 + CS + CIZ’ Czo, and C32 + C47 were 99.8, 79,
and 69%, respectively.

The reaction-rate e =% factor used by Smith and
Perkins resulted in their numerical model’s
calculated reaction rates declining very rapidly with
increasing fraction of oil burned in the range of f = 0
to 0.1. Our second-order reaction gives a much less
severe decline in reaction rate with increasing
fraction of oil burned. They determined their large
rate decrease (large C) from combustion tests in an
isothermal tube with no water and an initial oil
saturation of 0.15. We feel that that type of test
might give a misleading e~ ¢ factor due to the
wetting, low-value oil saturation occupying the tight
or small, relatively inaccessible portion of the pore
space. This might lead to strongly diffusion-
controlled reaction rates. In the actual combustion
tube tests, water saturation of 20 to 50% might force
the oil into much more accessible (to air) portions of
the pore space, resulting in a decrease of diffusion
control.

All model runs were performed with midpoint
convective weighting (6 = 0.5 in Eq. 12). Use of
upstream convective weighting resulted in a
significantly greater discrepancy between calculated
results for 10, 20, and 30 grid blocks.

Computations for all runs were performed for 18
hours or 0.667 days. Model computing efficiency for
the three runs can be summarized as follows.

Computing
Number Number Number Time,
of Grid of Time of CDC 6600
Run Blocks Steps Iterations  (seconds)
1 10 42 160 83
2 20 53 250 251
3 30 62 330 500
Parrish and Craig Data

Parrish and Craig11 reported results from wet,
forward combustion tests in a vertical adiabatic tube
with length and diameter equal to 12 and 1 ft,
respectively. Original oil viscosity for their 11 tests
reported varies from 2.0 to 2,900 cp at 100°F.
Pressure level was 500 to 600 psia.

DECEMBER 1980

We feel the data presented by the authors are not
sufficiently complete to warrant a serious matching
effort. However, we have made a number of model
runs seeking qualitative agreement with the ex-
perimental temperature profiles reported.

We selected Parrish and Craig’s 2,900-cp Test 2 for
matching. Five components were represented —
water, heavy (original) oil, Ny + CO,, light
(cracked) oil, and oxygen. The two chemical reac-
tions were oxidation and cracking of heavy oil. Coke
formation and oxidation were neglected.

Their reported Test 2 experimental conditions are
given in the first section of Table 2. Injection rates,
time period of initial dry air injection, relative
permeability, and kinetic and stoichiometric data
were not reported. Table 2 gives the values used for
these data. The authors reported experimental
temperature profiles at three times for a “‘typical”
COFCAW test.

We present computed results here for two runs.
The runs differed in respect to the following data.

Heat of
Reaction, Rate
Oxidation Constraint,
Run Reaction Cracking
Number (Btu/lbm oil) Reaction
4 16,000 10°
5 20,000 0.25 x 10°

We heated the first 10% of tube length to SO0°F at
time zero, then injected 20 scf/hr of air at 130°F for
28 hours. Maximum injection pressure was 900 psia,
and producing backpressure was 500 psia. The in-
jection well went on injectivity during the period of
about 17 to 58 hours due to banking of cold (2,900-
¢cp) oil ahead of the combustion front. Starting at 28
hours and continuing to 96 hours, injection rates
were 0.19713 STB [cold-water equivalent (CWE) per
day] of water and 480 scf/D of air — an air/water
ratio of 2,435 scf/bbl. The authors stated their tests
required 30 to 100 hours. Our 4-day run is 96 hours.

Figs. 7 and 8 indicate grid sensitivity through
comparison of Run 4 with 10 and 20 grid blocks. The
20-block run calculated a lower injectivity due to
sharper oil-bank definition; therefore, the curve of
cumulative air injected vs. time for the 10-block run
lies somewhat above that for the 20-block run.

Fig. 7 shows peak temperature in each grid block
vs. grid block position. The 10- and 20-block runs
agree well, with the exception of the blocks in the 0.1
to 0.3 X/L interval, where the 20-block-run peak
temperature is less due to lower injection rate during
the corresponding time period. The decline in peak
temperature with distance traveled reflects a gradual
““extinction” of the dry combustion zone upstream
of the steam plateau.

Fig. 8 shows reasonably good agreement between
oil recovery curves computed with 10 and 20 grid
blocks.

The effect of a 25% increase in heat of reaction
from Run 4 to Run 5 was one of increased peak
temperature and sustaining of the dry combustion
zone throughout the duration of the run. That is,
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Fig. 7 — Calculated peak temperature vs. distance along Fig. 8 — Calculated oil recovery vs. cumulative air injection
tube ~ Parrish and Craig COFCAW experiment. — Parrish and Craig COFCAW experiment.

TABLE2 — DATA FOR PARRISH AND CRAIG COFCAW TEST2

Data From Ref. 11 Viscosity Data

Oil gravity, °API 13.5 _ 9,237/T

Oil viscosity at 100°F, cp 2,900 K = O 0%

Initial S,,, So, Sg 0,0.712,0.228 N 001044 026187

Initial cell temperature, °F 130 Z:; - 0.0

Airlwater ratio, scf/bbl 2,435 _n 721

Porosity, percent 30 kss = 0.0002196 7°
Permeability, md 1,000

Tube length, ft 12 K-Value Data

Tube diameter, in. 12 Kz =0

Initial pressure (outlet backpressure), psig 500 K,z = (1.157 x 10%/p) e = 99337

Additional Data Reaction Data

Rock heat capacity, Btu/cu ft rock-°F 35 C, denotes component i
Thermal conductivity, ft-D-°F 3

Initial mole fractions Xy = 1.0,X; = 1.0, X3 = 0.9919,X, = X5 =0

Number of grid blocks 10 and 20

Number of components 5

Number of reactions 2

First 10% of tube length raised to 520°F to start ignition

Molecular Cp
Component / Weight Pe T.(°R) c; By (Btu/lbm)
1. H,0 18 3,206 1,165.4
2. Heavy oil 300 50.7 1,598 10-5 0.38x10-3 05
3. N, + CO, 32 750 350 0.226
4, Light oil 170.3 264.6 1,184.9 10-% 0.38x 103 0.5
5.0, 32 730 277.9 0.24

v%, = 0.01642 cu ft/lbm
v%2 = 0.01874 cu ft/lbm
Stock-tank oil densities (Ibm/cu ft) Components 2and 4 = 61.15 and 53.35

Reaction r Stoichiometry Relative Permeability and Capillary Pressure Data
1. C, +32.143C5 — 21.429C, + 21.429C;, Same as in Table 1
2. C, - 1.761C,

Rate G o Injection Production Data
ate Constant  Activation Energy Injection rate: 480 scf/D air at 130°F
A, x10 E,

Production on deliverability at 500 psig

1. 42.25 18,214
2. 0.25 16,000
Heat of oxidation, Reaction 1 = 16,000 Btu/lbm oil for Run 4
= 20,000 Btu/ibm oil for Run 5
=2

Heat of cracking reaction 0,000 Btu/lbm mol oil
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peak temperature did not decline with distance
traveled in Run 5. Also, at the higher heat of reac-
tion, reduction of the cracking reaction-rate constant
from 10° to 0.25 x 10° caused a moderate increase
in calculated peak temperature.

The dashed curves in Fig. 9 are plots of the
““typical”’ COFCAW test presented by Parrish and
Craig. The three times of the experimental, dashed
profiles are ‘‘start COFCAW,” ‘‘steam break-
through,” and ‘‘combustion zone breakthrough.”
The times corresponding to the three Run 5 calcu-
lated profiles are 28, 57, and 89.5 hours, respectively.

For Run 5, the calculated oil recovery was 93.6%
compared with Parrish and Craig’s reported 87.9%.
Calculated oil burned was 7.15% compared with
Parrish and Craig’s reported 7.88% of initial oil in
place. The calculated figures are a little low in that
combustion was continuing (S, = 0.15) in the 10th
block at the end of the run. Reported and calculated
air/recovered-oil ratios are 6,020 and 5,166 scf/bbl,
respectively.

On a volumetric stock-tank-barrel basis, 24% of
the oil recovery calculated in Run 5 was Light
Component 4. One hundred percent of the light oil
formed by cracking was produced, since final oil
saturation was zero and we included no oxidation
reaction for the light oil.

Run 5 used 10 grid blocks and required 108 CDC
6600 seconds, 61 time steps, and 302 total iterations
for the 4 days of real time.

Crookston, Culham, and Chen Problem

Crookston et al.? simulated oxygen injection into a
one-dimensional, 200°F reservoir 164 ft long, 115 ft
wide, and 21 ft thick. Reaction and fluid-property
data were estimated from values given in the
literature. Their four reactions represented oxidation
of light and heavy oil components, cracking of heavy
oil, and oxidation of coke.

Table 3 lists our model input data for this problem.
Our data are identical to those of Crookston ef al.
with the following exceptions. Our oil relative
permeability curve is only similar to theirs. They used
a multiplicative factor of 1 — (nc/rzcmax)5 in their
cracking reaction-rate expression, with ng.., =
0.07692 Ibm mol/cu ft of formation. We used no
maximum equivalent (S4)pnax. Since our calculated
coke laydown did not exceed their 71, -

As given in Table 3, the problem includes the six
components water, heavy oil, N,-CO,, coke,
oxygen, and light oil, Thus, our simulation required
simultaneous solution of six primary equations —
one energy balance plus five component mass
balances — with the immobile coke mass balance
treated as a constraint equation.

Crookston ef al. used propane and dodecane
properties for light and heavy oils, respectively, with
an increased viscosity for dodecane. At 200°F, the
liquid-component viscosities of light and heavy oil
are 0.089 and 139 cp, respectively.

Crookston et al. described their calculated results
in some detail both verbally and graphically. Since
our results agree very closely with theirs in all
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Fig. 9 — Calculated and experimental COFCAW tem-

perature profiles.

respects, we will not repeat the extended discussion
and figures.

Table 4 summarizes the agreement between the two
sets of calculated results. Oil recovery is volumetric
oil recovery expressed as a percentage of initial oil in
place. Stock-tank oil densities are 45.313 and 23.633
Ibm/cu ft for heavy oil and light oil, respectively, at
72°F and 14.7 psia. Initial water and oil in place are
5,168 and 12,590 STB, respectively. The light oil
recovery is expressed as volumetric percentage of
total oil recovery. Heat loss (to overburden) is ex-
pressed as a percentage of total heat of reactions.
Combustion-front velocity is calculated as
0.7(164)/(tg t5), where ¢; is time in days of the
temperature peak in grid block i and 164 ft is the
system length. T, is average peak temperature of
Cells 2 through 9, inclusive, peak temperatures.
Water recovery is expressed as a percentage of initial
water in place. Heat of reaction is total heat of all
reactions. Computing time is in CDC 6600 CPU
seconds.

Table 4 shows fairly good agreement between the
Crookston et al. results and our Run 6 results. Both
we and they calculated a steam zone or plateau
throughout the system by the time the first cell
peaked in temperature. The reason for this very rapid
steam-zone development is the passage of unreacted
oxygen throughout the system in the first 10 to 20
days prior to first-block spontaneous ignition. This
oxygen reacts sufficiently throughout the system to
raise temperature throughout to about 300°F.

Energy balance and component material balances
for Run 6 were excellent, ranging only from 0.9999 to
1.0001.

Crookston et al. reported a computing time for
this problem of 1,071 seconds on an IBM 370/168
computer. Run 6 required 242 seconds on a CDC
6600 computer. CDC 6600 computer times are about
2.2 times larger than IBM 370/168 times for our
steamflood model.® Much of the difference between
the computer time reported by Crookston et al. and
that reported here reflects the fact that their for-
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TABLE 3 — DATA FOR CROOKSTON ET AL. ONE-DIMENSIONAL

Reservoir length, ft

Reservoir width, ft

Reservoir thickness, ft

Permeability, md

Porosity

Rock heat capacity, Btu/cu ft rock-°F
Thermal conductivity, Btu/ft-D-°F
Overburden thermal conductivity, Btu/ft-D-°F
Overburden heat capacity, Btu/cu ft overburden-°F
T, °F

pi, psia

Initial water, oil, gas saturation = 0.2,0.5,0.3

Initial mole fraction Xy = 1.0,X; = 1.0, X; = 0.806,X; = X5 = Xg = 0

Number of grid biocks {one-dimensional) 10
Number of components 6
Number of reactions 4

FIELD-SCALE PROBLEM

164 K-Value

115 Kz = (184,900/p) e ~ 673971671
21 Kyes = (130,700/p) e ~2370KT~45.29)

4,000

Ogg Reaction Data
1.6 C; denotes component i

1.6
35

200 v%y = 0.0235cu ft/lbm
65 v%, = 0.05cu ft/lbm

v%4 = 0.0125 cu ft/lbm

Viscosity Data

p2o = 0.0003624 e8485/7
pp3 = 0.3926 x 105 71102

H33 = 0.0002127 T0'702
Molecular uss = 0.0002196 70721
Component/  Weight Pe T.(°R) C; B; Cp) (Btu/lbm) ngy = 0.02083 95967
= -4
1. H,0 18 32062 1,165.4 He3 = 0.2166 x 10
2. Heavy oil 170 264.6 1,184.9 10-5 0.000382 0.34+0.0003547T
3.CO, 44 1,073 547.7 0.25
4. Coke 13 0.3
5.0, 32 730 277.9 0.24
6. Light oil 44 615.9 665.6 2.2x10-* 0.00076¢ - 1.1843+0.003452T
Reaction r Stoichiometry Relative Permeability and Capillary Pressure Data
1 C, +18Cs — 12C5 + 13C; ssw" = gvg" =02
2 Cs +5C5 —3C3 +4C, Sorw:0.0Q
3 C, -2Cg + 467C, + 1.33C; S"’g:s' - 0.05
4 Cs +1.25C5 - C3 + 05C ge ™ Tgr T 7
4 5 ! Krwro = 0.25
Heat of Reaction Keoiw = 1.0
Rate Constgnt Activation Hpy Krgro = 0.7
A, x10 Energy E, (Btu/mol first reactant) My = Now = Nog =3
1 1.0 18,500 3.49x 10° ng =1
2 1.0 18,500 0.948 x 10° Powo = 0.75 — 158,
3 0.3 16,000 20,000 Pego = 5.45 — 8.45 St
4 1.0 13,000 0.225 x 10°

Injection/Production Data

Oxygen injection rate: 300 Ibm mol/D, 200°F
Production on deliverability at 60 psia
Productivity index: 300 RB-cp/D-psi

TABLE4 — COMPARISON OF CROOKSTON ET AL. WITH RUN6 RESULTS FOR EXAMPLE ONE-DIMENSIONAL

FORWARD COMBUSTION PROBLEM

Crookston
etal. Run 6

Oil recovery, % 97 97.18
Light oil, % 30 27.7
Heat loss, % 27 26
Velocity, ft/D 1.2 1.35
Water recovery, % 119 118.2
Toavg, °F 849 836
Heat of reaction, Btu x 10~ 1° 0.7925 0.7183
Computing time, seconds 1,071* 242>
Number of time steps 764 122
Number of iterations 3,056 530
Average At, days 0.1965 0.122
Time Step Controls

Saturation 0.1 0.4

Mole fraction 0.2 None

Pressure, psi 90 20

Temperature, °F 30 80
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Cell Peak Temperature [°F (days)]
1 600(33.3) 534(32.3
2 775(44.9) 728(42.1)
3 855(57.5) 861(52.7)
4 850(71.5) 878(65.9)
5 868(85.9) 924(79.9)
6 820(39) 816(92)
7 875(113.1)  824(103)
8 870(126.6) 836(116)
9 880(140.5) 822(127)

10 780(150.2) 653(137)

*[BM 370/168.
**CDC 6600.
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TABLE 5 — SENSITIVITY RUN RESULTS — ONE-DIMENSIONAL FORWARD COMBUSTION

Oil Water Heat of
Recovery LightOil Heat Loss Velocity Recovery T, Reaction Time

Run (%) (%) (%) (ft/D) (%) (°F) (Btu x 10-'9) (days)

7 93.5 19.9 349 1.39 123.8 622 0.3990. 91.5 Base case

8 93.7 20.3 35.8 1.36 123.4 633 0.3965 88.1 k = 0.5x
9* 74 13.4 30.1 2.23 129.2 475 0.2737 87.4 ¢ = 0.63x
10 93.9 19.7 29.2 1.43 122.7 640 0.3842 88.7 Nog = 0.5x
11 94.5 18.9 34.9 1.47 120.9 628 0.3918 80.6 (Hqy)y = 1.2x
12 93.9 19.1 35.0 1.51 122.4 662 0.4136 87.4 (Hy4)1 = 1.2x
13 92.9 14.0 40.6 1.31 122.7 647 0.3615 65.3 E{ = 0.8x
14 99.2 86.1 52.9 0.44 137.9 1,244 0.869 160 Ey; = 0.8x
15*» 89.4 20.4 43.8 0.52 1324 646 0.5039 146 E, = 1.77x
16 93.5 17.6 35.7 1.31 122.6 606 0.3754 75.9 Ay = 2x
17 95.2 30.7 3741 1.19 124 705 0.4484 96 Az = 2x
18 93.7 20.0 34.4 1.55 123.2 608 0.3920 89.6 Ay = 2x
19 93.4 18.7 343 1.58 123.4 605 0.3894 90 Now = Nog = 2
20 93.5 20.6 348 1.35 123.9 631 0.4040 91.4 Now = Nog = 4
21 93.4 19.6 35.3 1.44 123.8 621 0.3985 919  Poyo = Pego =0

22 94.6 55.6 46.6 0.71 130.1 1,021 0.6979 143 (Kys)p = 8,000
23 93.4 18.9 34.4 1.57 123.5 604 0.3913 89.7 (Kys)s = 5,000

*First block did not ““ignite.” Spontaneous ignition occurred in Block 2.
**Coke was not completely burned out of Cells 1 and 2.

mulation required about 764 time steps compared
with 122 for Run 6. Their larger computing time per
block step reflects, at least in part, their direct
solution of nine primary equations compared with
our six primary equations.

We feel the considerably smaller number of time
steps in our Run 6 is primarily due to the completely
implicit formulation, which allows larger steps. We
have noted very little time truncation error in forcing
our runs to use smaller time steps.

Sensitivity Runs

A number of one-dimensional sensitivity runs were
made using the Crookston et al. data. These runs
were made to indicate which data are “‘important’’ in
the sense of having a significant influence on
calculated results. The results serve as a guide for
history-matching efforts in that they indicate the
types of response to changes in various input-data
variables. The utility of the sensitivity-run results is
limited because they are only applicable to the
Crookston er al. data and do not reflect two- or
three-dimensional flow effects.

The base case (Run 7) is a reservoir 82 ft long, 115
ft wide, and 21 ft thick. The 82-ft length is
represented by five 16.4-ft grid blocks. A well
productivity index of 1,328 was used together with
the data listed in Table 3.

Base Run 7 results are tabulated in Table 5. T,
is the average of peak temperatures in Cells 2 throug
4. Velocity is 2 x 16.4/(t4 — t,), where ¢; is time of
peak temperature in Cell 1. Time tabulated in Table 5
is the time at which the last cell (Cell 5) peaked in
temperature; oil recovery was complete at some time
prior to that time in all cases. The notation in the last
column of Table 5 (e.g., E; = 0.8) means that ac-
tivation energy of Reaction 1 is 0.8 times the base-
case value. K, is defined for heavy and light oil
Components 2 and 6 by

Ky

K; = (Kyi/p) e TTKT&',
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where K is the equilibrium K-value (v; = K;x;,x; =
oil-phase mole fraction, and y; = gas-phase mole
fraction) of component i. Thus, increasing the K,
value decreases the component volatility. Base-case
values of K, for Components 2 and 6 are 6,739 and
3,370, respectively.

A number of runs made are unreported in Table §
because of insensitivity of results to (1) 20% increases
in component or rock specific heats, (2) 50%
reduction in oil-component thermal expansion
coefficient, and (3) change from 44 to 32 of CO,
gaseous Component 3 molecular weight.

Run 8 indicates little sensitivity to permeability in
the range of 2,000 to 4,000 md. Actually, reduced
permeability may have a pronounced effect if it is
reduced to a value low enough to increase reservoir
pressure significantly and, hence, reaction rate.

Run 9 indicates a pronounced effect of lowered
porosity. Reaction rate decreases due to smaller
reactant concentrations and oil recovery falls from
93.5 to 74% as porosity is decreased from 0.38 to
0.24. Also, of course, more rock is associated with a
given pore-space volume as porosity is decreased.

Reduction of overburden thermal conductivity by
a factor of two reduces the heat loss moderately but
has little effect on oil recovery and peak temperature
(Run 10).

Runs 11 and 12 show that a 20% increase in coke-
oxidation heat of rection has a greater effect than a
20% increase in the direct-oxidation heat of reaction.
Run 13 shows increased heat loss and peak tem-
perature caused by decreased activation energy of the
direct-oxidation Reaction 1. Run 14 shows that a
decreased cracking-reaction activation energy
doubles the peak temperature to 1,244°F and gives a
much lower combustion-zone velocity and higher
(volumetric) oil recovery, with light-oil volumetric
fraction in recovered oil rising from 19.9 to 86.1.
Increasing the coke-oxidation activation energy by
54% (Run 15) moderately increases peak temperature
and heat loss. Runs 16 through 18 indicate a greater
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Fig. 10 — One-eighth of a five-spot grid.

sensitivity to cracking reaction-rate constant than to
direct-oxidation or coke-oxidation reaction-rate
constants. The sensitivities noted here should be
viewed with the knowledge that only about 3% of the
oil is consumed by the direct-oxidation reaction for
the base-case data.

Oil relative permeability was increased con-
siderably in Run 19 and decreased in Run 20. Heat
loss, light oil production, velocity, and peak tem-
perature increase slightly with decreased oil relative
permeability. Run 21 shows a negligible effect of
capillary pressure.

Run 22 shows that a reduced volatility of heavy oil
Component 2 significantly increases peak tem-
perature and decreases velocity. Percentage of light
oil in the recovered oil rises from 19.8 to 55.6 and
total heat of reaction increases by 50%. Run 23
shows a much smaller effect of reduced volatility of
light oil Component 6. Component 6 is so volatile in
the base-case data that virtually none of it is oxidized
by Reaction 2. That is, light oil is vaporized nearly as
rapidly as it is formed and is carried in the gas phase
downstream from the combustion front.

Three-Dimensional Run

Runs 24 and 25 simulated one-eighth of a 1.24-acre
five-spot with an injection/production well distance
of 164 ft and formation thickness of 80 ft. Initial
reservoir pressure and temperature were 500 psia and
200°F. Air injection was 336.8 Mcf/D at 500°F for
10 days with the production well produced on
deliverability at 500 psia. Starting at 10 days, 93.18
STB/D of water were injected along with 336.8
Mcf/D of air at 200°F for an air/water ratio of 2,615
scf/bbl.

Four 20-ft layers were used with an upper gas-filled
layer and lower water-saturated layer. Initial
saturations were as follows:
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i=2 i=3 i=4

K= 1 640.3 869.9 1146.8 TEMP,°F

- (48.0) (144 .0) (214.0) (TIME,DAYS)
k=2 608.5 431.6 994.5

N (71.2) (119.0) (285)

_ 396.5

k=3 (144.0)
k=4

Fig. 11 — Peak temperatureof a5 x 4 wedge — Run 25.

Layer S Soi S

2wi Lot e (8
1 0.2 0.09 0.71
2 0.2 0.75 0.05
3 0.2 0.75 0.05
4 1.0 0 0

The injection completed in Layer 3 only while the
producer was completed in Layers 2 and 3, with a
total well productivity index of 1,123 split evenly
between the two layers. Initial gas composition was
77.44% N, and 20% O,, with the balance water
vapor. Initial water and oil in place were 14,050 and
13,590 STB, respectively. The remaining data were
identical to those given in Table 3.

Three-dimensional Run 24 utilizes a 5 X 3 X 4
grid, with Ax = Ay = 27.33 ft and Az = 20 ft. Fig.
10 is an areal view of this grid illustrating the parallel
orientation'4 with the x axis coincident with the line
joining the wells. The cross-hatched small “‘tip”
blocks are eliminated, with their pore volumes in-
cluded in their neighbor blocks. ¢

Run 25is a 5 X 1 X 4 two-dimensional, wedge-
shaped cross section with variable width reflecting
the triangular one-eighth five-spot shape. Ax is 32.9
ft, and except for the two-dimensional variable-width
aspect, all data are identical to those for the three-
dimensional Run 24.

The runs were terminated at 300 days. For the
three-dimensional Run 24 at that time, oil production
rate had declined to less than 5 STB/D and in-
stantaneous WOR and GOR were 15.5 STB/STB and
82.5 Mcf/STB, respectively.

The initial gas-filled layer along the top of the
reservoir resulted in a strong ‘‘overburn,” as in-
dicated by the peak temperatures and time noted in
Fig. 11. Peak temperatures less than 500°F reflect the
presence of liquid water and corresponding con-
straint on temperature.
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In both runs the upper layer burned dry, with
maximum coke saturations reaching the 5% level.
Oil was pushed into the upper layer, reaching
saturations as high as 60% compared with the
original 9%. Oil also was pushed downward into the
aquifer layer, reaching saturations as high as 22%.

Calculated oil recovery at 300 days for the three-
dimensional Run 24 was 52.3%. On a volumetric
basis, light oil formed by cracking was 28.5% of this
total recovery. Calculated oil production rate peaked
at 61 STB/D at 41 days and averaged 32 STB/D over
the first 200 days and 7.6 STB/D during the period
200 to 300 days.

Fig. 12 compares calculated heat loss and oil
recovery Runs 24 and 25. The two-dimensional run
calculates somewhat higher oil recovery but ap-
proximates the three-dimensional run moderately
well.

Table 6 summarizes the model computing ef-
ficiency for Runs 24 and 25. The three-dimensional
run using 52 active blocks required 55 minutes of
CDC 6600 computer time. The automatic time-step
selection in the runs used maximum changes per step
in saturation, pressure, and temperature of 0.2, 100
psia, and 80°F, respectively.

Summary

The formulation described here for numerical
simulation of in-situ combustion processes is more
general than previously described models. The
number and identities of components, number of
reactions and corresponding reactants, products, and
stoichiometry are not limited or ‘‘hard cored’” but
rather are specified through input data.
Vaporization/condensation phenomena are treated
with maximum flexibility by allowing any component
to be distributed among all phases.

One aspect of the formulation’s generality is the
applicability to thermal problems ranging from
single-component geothermal problems to
multicomponent steamflood and in-situ combustion
problems, without recourse to different model
versions.

The model uses an improved variable substitution
method using single set of ‘‘master-phase’” mole
fractions. The formulation is implicit, reflecting our
belief that computing expense or arithmetic for most
practical problems will decrease as the formulation is
rendered more implicit. The formulation takes
maximum advantage of constraint equations to
reduce the number of primary equations requiring

HEAT LOSS

% HEAT LOSS

— 3D 5x3X4 RUN 24 B
© 02D 5%4 WEDGE CROSS-SECTION RUN 25

TOTAL OIL RECOVERY

% OIL RECOVERY

© s L L L L L L L L L L " L L
0 20 40 60 BO 100 120 (40 160 180 200 220 240 260 280 300
TIME,DAYS

Fig. 12 — Comparison of oil recovery with heat loss for
Runs 24 and 25.

the relatively expensive direct solution by Gaussian
elimination.

Model results agree moderately well with ex-
perimental results from two independent, published,
laboratory adiabatic-tube studies. However, the
second study did not present sufficient measured
data to attach quantitative significance to the
model’s match.

The model required less than 1 hour of CDC 6600
computer time to solve a six-component, 5 X 3 X 4,
three-dimensional, wet forward combustion example
problem representing one-cighth of a five-spot.

The model results agreed very well with those
calculated by Crookston ez al. for a one-dimensional,
field-scale, forward combustion problem involving
six components. We attribute our significantly lower
computing time for this problem to our implicit
formulation and minimization of primary equations
requiring direct solution.

A number of sensitivity runs using data for the
above-mentioned problem indicate that calculated
combustion behavior is strongly dependent on
relatively few of the many model input-data values.

Nomenclature

A = cross-sectional area normal to flow,
sq ft (m?)

TABLE 6 — COMPUTING TIMES AND TIME-STEP SIZES
FOR TWO-DIMENSIONAL 5 x 4 AND THREE-DIMENSIONAL 5 x 3 x 4 RUNS

Number of Cumulative Cumulative Cumuiative Average
Active Time Number of Number of Cumulative Time per Time Step
@ Blocks (days) Time Steps Iterations Time* Block Step (days)**
24 52 200 107 464 2,944 1.87
300 118 517 3,280 0.535 9.1
25 20 200 88 385 525 2.27
300 107 477 651 0.304 5.26

*Cumulative computer time, CDC 6600 CPU seconds.

**Average time step, days, in 0- to 200-day or 200- to 300-day intervals.
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reaction-rate constant for reaction r
(Eq. 15)

compressibility of component 7 (Eq.
A-5), vol/vol-psi (1/kPa)

coefficients in matrix of linearized
model equations

ideal gas-state heat capacity of
component I, Btu/lbm mol-°F
(kJ/kmol-K)

activation energy for reaction 7,
cal/g mol (kJ/kmol)

partial enthalpy of component /
in phase J, Btu/lbm mol (kJ/kmol)

ideal gas-state enthalpy of component
I, Btu/Ibm mol (kJ/kmol)

enthalpy of phase J, Btu/lbm mol
(kJ/kmol)

heat of reaction r for grid block
Btu/D (kJ/d)

heat of reaction r of first reactant,
Btu/lbm mol (kJ/kmol)

enthalpy of saturated liquid, Btu/lbm
mol (kJ/kmol)

enthalpy of saturated vapor, Btu/lbm
mol (kJ/kmol)

heat of vaporization at boiling point,
Btu/Ibm mol (kJ/kmol)

component index
phase index

primary or master phase for compo-
nent /

= absolute permeability, md X 0.00633

value of k read as input data

relative permeability to gas

relative permeability to phase J,
fraction

oil relative permeability, fraction

water relative permeability, fraction

relative permeability to gas at
residual liquid saturation

relative permeability to gas in a
gas/oil system with connate water

relative permeability to oil at
irreducible water saturation

relative permeability to oil in an
oil/water system

relative permeability to water at
residual oil saturation

equilibrium K-value for component /
in phase J

coefficients for calculation of K ;;

iteration number In to base e

distance between adjacent grid block
centers, ft (m)

heat of vaporization, Btu/lbm mol
(kJ/kmol)

reservoir-rock heat capacity, Btu/cu
ft rock-°F (kJ/m? rock-K)

S o3 0x
S o =

g =
I T A R TR

I3
I

dik =

qr =

qk =

Ou =

QHk =

QHL =

See =

C

= oil-phase pressure, p — P
= water-phase pressure,

= molecular weight of component

molecular weight of phase J
exponent on gas saturation for k.,

= order of reaction r in the jth reactant

exponent on oil saturation for K ,,,
exponent on oil saturation for k,,,,
exponent on water saturation for ,,,,
Np + Np +2

number of components

number of phases

number of chemical reactions
number of reactants in reaction r
gas-phase pressure, psia (kPa)
critical pressure, psia (kPa)

= critical pressure of component /, psia

(kPa)

= gas-phase pressure

original reservoir pressure
phase J pressure, p + P,

= pressure in grid block, layer &, at

well, psia (kPa)

cgo

p—P —Pcwo

cgo

= wellbore flowing pressure, psia (kPa)

wellbore flowing pressure opposite
center of layer k, psia (kPa)

gas/oil capillary pressure, p, — p,

= phase J capillary pressure, p; — p

water/oil capillary pressure, p, — p,,

= mth or jth unknown (Eq. 7)
= time-dependent productivity index of

layer k, res cu ft-cp/D-psi (res m?)

production rate of component I from
grid block, mol/D

rate of production of component 7
from layer £, mol/D

rate of creation of component 7 in
grid block due to reaction r,
mol/D

rate of production of phase J from
layer k, res cu ft/D (res m3 /d)

production rate of enthalpy from grid
block association with fluid
production, Btu/D (kJ/d)

rate of production of enthalpy from
layer k, Btu/D (kJ/d)

heat-loss rate to overburden from
grid block, Btu/D (kJ/d)

gas-law constant, 1.987 Btu/lbm mol-
°R (kJ/kmol.K)

rate of reaction r in grid block, lbm
mol (kmol) of first reactant/D

stoichiometric  coefficient of
participant in reaction r

critical gas saturation

ith
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Ay

N

Zyorz,

AZ

= residual gas saturation

maximum historical gas saturation in
a grid block

= saturation of phase J

S;/(1 = Sy)
liquid saturation, 1 — Sg
Sp/(1 = 8y)

residual oil saturation to gas
residual oil saturation to water
connate water saturation, fraction
irreducible water saturation, fraction
solid phase saturation
maximum allowed coke saturation
(Eq. 13)
temperature, °R (K)
boiling point, °R (K)
T,/T,
critical temperature, °R (K)
original reservoir temperature
reduced temperature, 7/7,
temperature of Grid Block 1 or 2
grid block volume, Ax-Ay-Az,
cu ft (m3)
partial volume of component /in
phase J, cu ft/mol (m 3 /kmol)

= see Eq. A-5

specific volume of phase J, cu ft/mol
(m3/kmol)

grid-block volume, Ax-Ay-Az-,
cu ft (m?)

mole fraction of component /in
phase J

grid-block dimension in x direction,
ft (m)

mole fraction of component /in
component I’s primary base

grid-block dimension in y direction,
ft (m)

= gas-phase supercompressibility factor
= grid-block dimension in z direction, ft

51=

17

Yk
Ywb

6

(m)

subsea depth measured positively
vertically downward, ft (m)

subsea depth to center of layer & at
well

subsea depth to center of Grid Block
lor2

Zy -2,

thermal expansion coefficient for

component I (Eq. A-5), vol/vol-°F
(1/K)

specific weight of phase J, psi/ft
(kPa/m)

= value of y; inlayer k

wellbore fluid gradient, psi/ft

(kPa/m)
weight factor for interblock enthalpy
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A = thermal conductivity (Eq. A-1),

Btu/ft-D-°F (W/m-K)

A; = value of Aread as input data
Aop = overburden thermal conductivity
pyy = partial viscosity of component [ in

phase J, cp (Pa-s)
py = viscosity of phase J, cp (Pa-s)
py = density of phase J, mol/cu ft
(kmol/m?)
7 = fluid-flow transmissibility, kA/L,
res cu ft-cp/D-psi (res m?3)
7. = heat-conduction transmissibility,
N/L
TR = radiation transmissibility, Aaz A/L
¢ = porosity, fraction

Superscript
¢ = iteration number

Subscripts

i = x-direction grid block index
= component number of jth reactant in

jr .
reaction r
I = component number
J = y-direction grid block index
J = phase number
k = z-direction grid block index
m, = phase of jth reactant in reaction r
n = time-step level

r = reaction number

Difference Notation
X is any quantity or arithmetic expression.

5X:Xn+l _Xn’

X = X, — X'
or

6X = X't - x*

where the (¢+ 1)th iterate, X** !, is an approximation
to Xn +1-

AX = X, - X, ,

where Subscripts 1 and 2 refer to adjacent Grid

Blocks 1 and 2.

A(TAX) = A (7,0, X) + A, (1,A,X)
+ Ay (1,4, X) .
B (1B X) = 7y (X — X))
~ iy (Xi = Xi_1) s
where 7,;, 1, is x-direction transmissibility for flow
between Grid Blocks iand 7/ + 1.
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APPENDIX
Treatment of Fluid and Rock Properties

Thermal conductivity is treated as a function of gas
saturation as

N N ¢ R DU (A-1)

where oy should be in the range of 0 to 0.8 and A; is a
thermal conductivity read as input data. Formation
absolute permeability is dependent on solid-phase (J
= 4) saturation as

k=k(l+aaSomd, ..ooineniiin.... (A-2)

where a, must be zero or negative and k; is per-
meability read as input data. Porosity is calculated as
o1 + ¢, (p — p;)].

Reservoir-rock heat capacity is calculated as

Mf = CPR[1+CPRT'(T- Tl)] c e e e e (A-3)
The specific volume of a liquid phase is calculated
by Amagat’s law of partial volumes:

Ne
vy = E xpyvyy cu ft/mol of phase J .
1=1

The partial volume of component 7 in phase J is
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vy = U(}j[l"'B](T“ T,')][l—q(,ﬂ—p,')],

where v9 7, component thermal expansion coefficient
7, and component compressibility ¢;, are read as
input data. Liquid-phase density p; is then 1/v;.
Liquid-water partial volume is calculated as a
function of temperature pressure from a read-in
table.

Gas-phase density is calculated as

2 mol A
P3 ZRT cuft e ( -6)
where R = 10.73 (here only), and the super-

compressibility factor z is calculated from the
Redlich-Kwong equation of state.®
The specific weight of phase Jis

Yy = pgMy/144 psi/tt, oLl (A-7)
where molecular weight is
Ne
M; = IEI Xp My (A-8)

The ideal gas-state heat capacity of each com-
ponent is calculated as

%1 = CPU() +CP2()T+CP3(I)T? . .(A-9)

The “‘partial’’ enthalpy of Component 1 (water) as
liquid or vapor is calculated as a function of tem-
perature and pressure from a read-in steam table.
The ideal gas-state partial enthalpy of every other
component I(/#1)is

T
HP(D) =\ CpdT. oo (A-10)
T,
Gas-phase enthalpy is calculated as

C
Hy = ), xp3HP +(H-H®) ,........ (A-11)
I=1

where the pressure correction (H - H°%) is
caiculated using the Redlich-Kwong equation of
state.

The partial enthalpy of component 7 in liquid
phase J is

Hy = Hf =L, (1~T,)%8 ... ... (A-12)

where L,;; can be obtained from the two equations
(Ref. 10, Page 208)*

Inp,.—1
Ly = 1.093 RT,T), — -, ..... (A-13)
0.93—T),
and
1-T7, \0.38
HSY —HSL = L (—=) 7. .. A-14
w(7=7) (A-14)
The enthalpy of liquid phase J is
Ne
Hy= Y xpHp, oo ... (A-15)

*Critical pressure here is in atmospheres.
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with H; given by Eq. A-12. Internal energy is taken
as equal to enthalpy for solid and liquid phases.
Internal energy of the gas phase is

Uy = Hy—144p/T78p3 . oo .. (A-16)
The gas-phase viscosity is
Ne
B3 = 00 XPH[3 s ere e (A-17)
where
pp = VISO(L3)TNVISUY) (o . (A-18)
Liquid-phase viscosity is
X
H L (A-19)

=1

where p;; is calculated from the ASTM standard
form

ln[ln([,l,lj +'Yp] +alnT = b,

where v is about 0.6 and p is liquid density in grams
per cubic centimeter. We drop the term vyp and place
a minimum value on uj;. The values of @ and b are
specified through input data and can be calculated
from known values of component viscosity at two
temperatures. Eqs. A-17 through A-19 follow Ref. 2.
Liquid water viscosity is obtained as a single-valued
function of temperature from a read-in table.
The mole fraction of component / in phase J is

Xy = KU[JX[ ot et (A-21)

where K,;; is an equilibrium K-value and X is the
mole fraction of component [ in component I’s
master or primary phase, J;. That is, K,;;, = 1.0.
ForJ # j;,

Koy =[Kuni (L) +Kp (L)) /p

Ky (LJ)

+K s (I,J)p]e T—Kys(LJ) | . (A-22)
where K, through K 5 are read as input data. The
form of Eq. A-22 is that used by Crookston et al.?
For water, K45 is calculated as pg/p, where p; is
water vapor pressure, a single-valued function of
temperature. If T exceeds T, for water, then p; is
taken equal to water critical pressure.

Relative permeability and capillary pressure data
may be calculated analytically or interpolated from
read-in tables. Analytical calculation of relative
permeabilities is as follows.

Sw_Swir(T) ]nw

krw = Kpwro (T) [

I—SOI‘W(T) _Swir(T)
........................... (A-23)
_ 1- orw(T) ftow
krow_kroiw(T)[lw orw(T)‘ w,'r(T)] .
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S . (T)=S,. (T)~S, 1"
Krog =HKrgiy (7) [ 2D =Sorg (1) =5y 1
1_Swir(T)_Sorg(T)
........................... (A-25)
S, — Sy n
k k g 8 }
O 5 S*] L (A26)

Stone’s second method,l3 in modified form, is used
to calculate oil relative permeability as

k
kro = Kroiw(T) [(k_rm(v_T) +krw)
rocw

(22t b))

Gas relative-permeability hysteresis is handled as
follows.

L(A-27)

(Sy)
Sgre = Sgr T — L (A-28)
Bre F1-5 wir =S org
where S,,. is current residual gas saturation,

(S ) max 18 historical maximum gas saturation in the
grld block from start of the run, and S, and S,
are read in (nontemperature-dependent values). S

is read-in residual gas saturation. S,.., after
calculation from Eq. 6, is changed to satisfy S,. <
Sere = Sgrs where S . 1s read-in critical gas
saturation and S . Current effective residual
gas saturation (55 ) for use in Eq. A-26is calculated

as

Sty = @Sgre+ (1=w)Sge s v vveivnnn. (A-29)
where
S -S
w = Sg)max =S¢ e (A-30)

(S;, ) max Sgrc

Aslongas S, is increasing, always = (S;) pax, these
equations glve S SC’ and k,, from Eq. A-26
will follow the orlgmal kyg Vs. Sg curve. Then, as
S, decreases toward zero, k will approach zero at
Serc-
gThis hysteresis is generally not important and has
an effect (not a large one, from our experience) only
in cyclic steam stimulation runs.

Gas-phase relative permeability is treated with no
temperature dependence.

The temperature-dependent quantities S,,;,.(7),
Kpro (T), etc., all are treated as

X=X04a(T-T;) ,.cvereenno... (A-31)

where X° and the temperature derivatives («) are
read in as data.

The normalized saturations in the above equations
are

4 S
S —

= w
Y-85,
A S
S, = °_
1-8,
and
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- S
8, = —&— .
1-S,
Analytical expressions for capillary pressures are
Peyyo(psi) =[PCC(1)+ PCC)X(1-5,,) ]
+PCC(3)x (1 - SW)3J
X [1=PCCAX (T~T})],..(A-32)
and
Pego(psi) = [PCC(S) + PCC(6) X S,
+PCC(T)x §7 | x[1 - PCC(8)

xX(T— Ti)]- ............. (A-33)

PCC(1) through PCC(8) are input data. The tem-
perature dependence uses the assumption that in-
terfacial tension is a linear function of temperature.
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SI Metric Conversion Factors

°API  141.5/(131.5 + °API) = g/m3
atm x 1.013 250* E+02 = kPa
bbl x 1.589 873 E-01l = m3
Btu x 1.055 056 E+00 = kJ
cp X 1.0* E-03 = Pa-s
cu ft x 2.831 685 E-02 = m?
°F  (°F-32)/1.84273.18 =K
ft x 3.048* E-0l = m
Ibm x 4.535 924 E—-01 = kg
Ibm mol x 4,535 924 E-01 = kmol
psi,psia X 6.894 757 E+00 = kPa
scf X 2.863 640 E-02 = std m?
sq ft X 9.290 304* E—-02 = m?
*Conversion factor is exact.
SPEJ
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