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ABSTRACT

A numerical model of steam~drive oil
recovery was developed and tested. The implicit
pressure-explicit saturation (IMPES) technique
was used to solve the three-phase fluid flow
equations for compressible fluids. A method
was developed and applied to determine the
temperature and the rate of steam condensation
implicitly from the heat-balance equation. Both
techniques were used in computer simulators for
linear and two-dimensional systems.

A steam-injection experimental study was
performed in a linear model. The results of
this experimental work showed good agreement
with the results obtained from the linear
numerical computer simulators. The results from
the two-dimensional numerical computer simulator
was also found to be in good agreement with
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mensional eXper imental results.

The numerical simulators were also used to
study the effect of some parameters on the
steam—drive process. It was found that numeri-
cal model results were very sensitive to
capillary pressure values. It was also found
that the relative permeability data has a minor
effect on the results obtained. The oil
viscosity was found to affect the process to a
large extent. Oil recovery from steam~drive
process decreases as the oil viscosity increases
Also, the recovery curves for low viscosity oils

References and illustrations at end of paper.

show earlier steam breakthrough than those with
higher viscosity.

INTRODUCTION

The first part of the work presented here
is a physical laboratory model of steam injec-
tion in a linear system. A constant pressure
boundary condition was used. Two runs were
performed on the same model using two different
sets of injection and production pressures. O0il
recovery and temperature distribution data were
obtained. Each run was repeated to check
reproducibility of results.

The second part of this work describes the
development and application of numerical
simulation techniques to solve equations
describing the steam-injection process. This
simulation model was the implicit pressure—
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difference equations describing the multiphase
flow system. The solution of the heat-balance
equation yields the temperature ahead of the
steam front and the rate of steam condensation
behind the front.
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THE LINEAR PHYSICAL MODEL

Few linear physical models have been
reported in the literature. The most recently
published one is that of Willman et al.<3
However, they did not publish enough data so the
numerical simulator developed here could be
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properly tested. Therefore, a physical model
was designed that not only helped in the under-
standing of the process, but also provided

sufficient data to check the simulator.

A schematic diagram of the apparatus is
shown in Fig. 1. It consisted of a condensing
steam trap, filter, adjustable coil heater,
inlet pressure gauge, core holder, thermo-—
couples, outlet pressure gauge, condenser and
backpressure regulator.

The steam used in the experiments was a
saturated steam from The U, of Texas utility
lines. The injection pressure was adjusted by
a pressure regulator mounted on the steam lines.
The steam coming from the pressure regulator
passed through the condensing steam trap. This
knocked out the steam condensate. The steam
then passed through a filter which removed
impurities that could cause clogging of the sand
pack. A coil heater was wrapped around the
injection line. The temperature of the heater
was adjusted by a variable autotransformer to a
temperature slightly higher than the saturation
temperature of the injected steam. This elimi=-
nated any possibility of having condensate in
the injected steam.

The 0il used was primol 185 with a viscos-
ity of 43 cp at 80°F and at 2609F. Curves of
viscosity and specific gravity vs temperature
are shown in Fig. 2.

The sand used was an unconsolidated sand
of 2.5 darcies permeability and 35.4 percent

porosity.

Two
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team injection runs were performed

S
ferent bound ary econditions, The first
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sing different boundary conditions. The fir
run was performed with an injection pressure

of 40.0 psia and a production pressure of 28.2
psia. The results are plotted in Figs. 3 and 4.
The second run was performed with injection
pressure of 39.6 psia and production pressure of
14.7 psia. The results are plotted in Figs. 5
and 6. Both runs were repeated and the results
were in good agreement.
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THE DIFFERENTIAL FORM OF THE PROBLEM

Differential equations describing the fluid
and heat flow for the steam—drive process are
presented here.

Fluid Flow Egquations

The mathematical relationships describing
multiphase fluid flow appear in the
literature.’»12,17,20,21 The development of
such relationships is based upon mass balance
and Darcy's law for each phase. When both
relationships are combined, the partial-
differential equation describing the fluid flow
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and for the steam phase
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where uy; and u, are given by Darcy's law as
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The saturations are related as follows:
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The pressures of the different phases are re-—
lated by the capillary pressures as follows:
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A1l symbols used are described in the Nomen-
clature.

Heat Flow Equation

The development of the mathematical
relationship describing the heat flow in porous
media is based upon the heat balance, Fourier,
and Darcy's equations. When those equations are
combined, the following differential equation is
obtained.
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and i = x,y.
Uy and uyi are given by Egs 2.

In this study, the functional dependencies
of the parameters are assumed to be as follows.

1. Densities of water and oil are func-
tions of temperature only. The density of steam
is expressed by the equation

Mp_
Ps = R(T + 460)

2. Viscosities of the water, oil and
steam depend upon temperature only.

, i.e., an ideal gas.

3. Water and steam relative permeabilities
are functions of their relative saturations.
The oil relative permeability is a function of
both oil and water saturations.

4. The capillary pressure between oil and
water is a function of the water saturation only.
Capillary pressure between oil and steam is a
function of both water and oil saturations.

5. The heat loss term is explained in
detail in Appendix A. The difference form of
the partial~differential equation described here
is presented in Appendix B. The application of
the IMPES technique to solve the difference equa~
tion is given in Appendix C. The equations
given in both appendices are for the linear model
for simplicity.

DESCRIPTION OF COMPUTER PROGRAMS

The Linear Simulator

The techniques discussed here were incor-
porated into a Fortran IV computer program. The
grid system used is shown in Fig. 7. This
program computes at each time step the satura-
tions, pressures and temperature distributions.
Also, it computes the steam condensation rates
in each block and the injection and production
rates. The check for the convergence is based
upon the change in pressure, temperature, and
steam condensation rates between two successive
iterations. Between the three checks, the rate
of steam condensation is found to be the con-
trolling one.

The program has a maximum grid-size system
of 100. The execution times are dependent on
the weight factor used in the calculation of the
rate of steam condensation described in Appendix
D. A value of 0.85 is found to be most suit-
able. An average execution time is 0.08 seconds
per time step for 10 blocks system on the CDC
6600 computer.

A generalized flow chart of the program is
given in Fig. 8. All the necessary data other
than the steam viscosity, specific heat, and
rock properties are read into the program prior
to the main computation loop. At the start of
this loop, the relative permeabilities, the
capillary pressures, the densities, the
viscosities, and the transmissibilities are
determined. A table look-up is used for this
procedure. In the calculation of the trans-
missibilities, all the parameters are evaluated
100 percent upstream. Calculation of the pres—
sure distribution then follows. The steam
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saturation temperatures are determined from the
steam pressures using a table look=-up procedure.
Calculation of the saturations then follows.
Computation of the rate of steam condensation or
the temperature is done using the heat balance
equation., This is followed by the convergence
check.

In the program, steam viscosity, rock
density, and specific heats of oil, water and
rock are constants. However, steam viscosity
and specific heats of oil and water can be used
in the program as temperature dependent. Fixing
the former gquantities is merely due to the
relatively small pressure drops used in testing
the model.

The Two-Dimensional Simulator

A computer program was written based on
the techniques discussed here. The grid system
used is shown in Fig. 9. As in the linear simu-
lator, the program computes pressures, satura-
tions and temperature distributions. The
program also computes the rate of steam conden-
sation and injection and production rates.
Although the controlling parameter in the con-
vergence is the rate of steam condensation,
the program computes the change in the three
variables, namely, pressure, temperature and
rate of steam condensation.

The program has a maximum grid-size system
of 20 x 20. Execution times are dependent upon
the weight factor used in the calculation of
the rate of steam condensation as stated in
Appendix D. A value of 0.85 was found to be
suitable. An average execution time is 0.25
second per time step on the CDC 6600 computer
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A generalized flow chart of the program is
given in Fig. 8. The program follows the same
outline as the linear simulator. However, the
values of the parameters in the transmissi-
bilities calculation are taken at the block
under consideration except for the relative
permeabilities, which are 100 percent up—
streamed.

COMPARISON WITH EXPERIMENTAL RESULTS

The Linear Model

As mentioned earlier, two experimental runs
with different boundary conditions have been
performed. The difference between the runs was
the pressure drop. This gave different injec-
tion rates, which in turn affected the cumula-
tive heat loss. The pressure level has great
significance in the steam-injection process.
‘Saturation temperature and steam enthalpies are
functions of pressure level. The higher the
pressure level, the higher the temperature
level, which, in turn, gives larger rate of heat

loss. Data used in the computer program for
both experimental runs are given in Appendix F.

The first experiment was performed with a
pressure drop of about 11.8 psi and an injec~
tion pressure of about 40.0 psia. The experi-
mental and calculated results are plotted in
Figs. 3 and 4. The experiment was terminated
approximately 40 hours from the start. Although
3 PV had been produced, only about one-half of
the model had saturated steam temperature level
(Fig. 4). About 84 percent of the oil in place
was produced by the end of the experiment.

To test the linear numerical simulator,
a computer run was made using the same boundary
conditions. Data used in the program are given
in Appendix E. The value of the surface over-alll
thermal coefficient used in the program was
aboout double the value determined in the labora-
tory. However, it was found that the value of
the over-all thermal coefficient used behind the
steam front is the one that is important in
getting a good agreement between the calculated
and the experimental results. Accordingly, the
difference in values can be due to two factors:
(1) the over—all thermal coefficient is tempera-
ture dependent to some degree. The value of
this coefficient for liquid phases was deter-
mined experimentally at 140°F using hot water
injection, while the temperature in the steam
injection runs reached values up to 2709F and
(2) the over—all thermal coefficient for steam
is small compared with that for liquids. Steam
condensate might have developed a thin layer
around the inside wall of the core holder in the
region behind the steam front. This will in-
crease the coefficient for this region to some
degree.

Results plotted in Fig. 3 show that experi-
mental and calculated results agree closely
when the proper value of the over-all thermal
coefficient is used.

The second experiment was performed with
a pressure drop of 24.9 psi and an injection
pressure of 39.6 psia. -Both experimental and
calculated results are plotted in Figs. 5 and 6.
The experlment was terminated after approx1mately
11 hours. Although only 2 PV were produced,
three-fourths of the model had reached steam
temperature (Fig. 6). Comparing this result
with the one in the former experiment shows the
effect of the pressure drop on the heat loss.
About 80 percent of oil in place was produced
by the end of the experiment.

The linear simulator was run for the bound-
ary conditions of the second experiment. All
the parameters used were the same as those used
for the first tun, including the value for the
surface over-all thermal coefficient.

Results plotted in Fig. 5 show good agree-
ment between experimental and calculated
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results when the proper value of the over-all
thermal coefficient is used.

The Two-Dimensional Model

The only published results on ﬁwo—
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his publication, he listed the parameters and

the recovery curve for one-eighth of a five-spot
model. No temperature distribution was reported.
The data are given in Appendix E.

T
L1l

The two~dimensional simulator was used with
the data reported. Fig. 10 shows the experi-
mental and the calculated results. A good match
between both results is evident.

DISCUSSION

Capillary Pressure

To determine the importance of the
capillary pressure in the steam—-drive model,
computer runs have been performed using the
two-dimensional experiment data given in
Appendix E. One run uses the capillary pres-
sures as tabulated in the above mentioned appen-
dix, and the second run uses scaled values, such
that

P =P

cscaled

two

ctabulated.
10

The recovery curves are shown in Fig. 10.
The recovery curve of the run which uses scaled
capillary pressure values shows a delay in the
water breakthrough, and an early steam break-
through when compared with the recovery curve of
the run which uses the tabulated values. This
might be due to the fact that low capillary
pressure values give low steam pressure, which,
in turn, give low steam saturation temperature.
This will decrease the heat loss that is a
function of the temperature levels and accounts
for an early steam breakthrough. In this case,
more heat will be used to heat the producing
zone, giving low oil-to-water viscosity ratio
which will result in a delay in the water break-
through.

The above discussion shows the importance
of the capillary pressure values in the steam~
drive model. The recovery curve, resulting from
the use of scaled capillary pressure values, is
closer to the experimental results than the one
determined through the use of the tabulated
values. To explain such a trend in the results,
a comparison was made between the values tabu-
lated and values calculated from Leverett's?
imbibition J-curve using values of the inter—
facial tensions at atmospheric conditions. It
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SNA0UWEU uiialL OUULL al'C UL wic osdlluc Uriucl Vi

magnitude. However, Hough et al. 7 shows that
the value of the interfacial tension at the
temperature and pressure used in the experiment
drops to as low as one-third of its value at

atmospheric conditions. This tends to give
lower capillary pressure values than the one
tabulated.

Relative Permeability
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20 percent off the tabulated values in Appendix

E have been used in the two-dimensional
simulator. The other parameters are the same as
those used in the experiment. The recovery
curves obtained from both runs show less than
1.2 percent difference. Breakthrough values

did not show any change. This indicates that
the steam-drive model is not very sensitive

to variations on the order of + 20 percent in
relative permeability values.

0il Viscosity

The-steam—drive process has been intro-
duced to the industry as a solution to the
problem of producing highly viscous oils; thus,
the importance of investigating the effect of
viscosity on the process.

Three different oils (I, II, III) with wide
ranges of viscosity (Fig. 11) have been used in
the two—dimensional simulator. The other
parameters are the same as those of the two-
dimensional experiment given in Appendix F.
three resulting recovery curves are shown in
Fig. 12. The curves show the following.

The

1. Recovery curves for low viscosity oils
show earlier steam breakthrough than those with
higher viscosity. This is due to the fact that
the driving front moves more slowly in case of
high viscosity oils than it moves in case of
low viscosity ones. This will increase the
heat loss which, in turn, delays the steam
breakthrough.

2. Recovery curves for high viscosity oils
showed earlier water breakthrough than those
with low viscosity. This is due to the fact
that for high viscosity oils, the mobility of
water i1s much greater than the mobility of oil,
which will accelerate the water production.

3. Although oil recovery from steam—drive
process decreases as the oil viscosity
increases, it still gives much higher values
than those obtained from the waterflood process.
The recovery curve for a waterflood in a five-
spot pattern and for oil-to-water viscosity
ratio of 754 is shown in Fig. 10. Such oil is
comparable to the one used in the two-
dimensional experiment. Comparing the
covery curves shows the superiority of
steamflood process over the waterflood

two re~
the
process.
However, as mentioned before, the recovery
curves of the steamflood process differ con-

siderably with the magnitude of the heat loss.
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NOMENCLATURE

=3
g.

&
HWnos D éa.o 6ﬂ*u E:b‘ér R PIm O

#ounononou

t = time, days

u = Darcy's velocity, ft/D

U= over—gll thermal coefficient, Btu/D Sq

£t °F
vp = block pore volume, cu ft
X,y¥,2 = Cartesian coordinates, ft
Greek

A= difference operator
p= Viscosity, cp
n = dimensionless height

¢ = porosity, dimensionless
p = density, 1lb/cu ft

T = dimensionless time

Subscripts

a = ambient condition

¢ = condensate

i = grid index in the x~direction
J = grid index in the y-direction
£ = liquid

n = old-time step

n+l = new-time step
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APPENDIX A

Heat Loss Calculation

In the computer simulator developed in
this study two procedures are used to calculate
the heat loss. One is used in the testing of
the physical models, and the other is used in
the field case studies.

Heat Loss Calculation for the Physical Models

Physical models are made with limited in-
sulation thickness. A representation of the
heat loss in terms of an average over-all
thermal coefficient that can be determined in
the laboratory will best suit such cases. The
following is the equation used for cylindrical
insulations around a cylindrical core holder:

Heat loss = 1 d U 2 X, + .+ « » (A=1)
where d = outside diameter of the insulation, ft
U = over-all thermal coefficient, Btu/D
sq ft °F
Z = difference in temperature across the
insulation, °OF
x = block length, ft

Since the over-all thermal coefficient of
steam is different than that of lj_qn-id: a

o voail ERvIa e 2 - iayv Vi M—aSy S

weighted average value was used in this study
and is given by the following equation:

U, = US, +U A )

av (1 - SS)

1
Heat Loss Calculation for Field Cases

In field cases, the overburden and the
underburden can be considered as infinite insu~
lations. The equations under consideration are
those describing the heat flow in a semi-
infinite slab, Their solution is made using
Laplace transforms ~

z

Consider a reservoir :
sand of thickness h. The
z=axis runs parallel to
the heat flowing to the

'
e i e ——

overburden as in the fig- overburden
ure. The partial- :
differential equation de- H ___ -
scribing the heat flow is 2 :

as follows: ' reservoir

2

3°T _ 3T
Kz-a—-z—z——orcr-a?. -.-....(A—B)
The boundary conditions are
= - H =
T=7T;atz=73andt=t, . . (A=y)
T>T,as z>2,.,..,.....(45)
The initial condition is
T=7T,at t=0and all z... (A=6)
Let
4 Kzt
T=2 noc..ono-o-(A-’?)
H' o _c_
r L
=z e e & 8 o & * & s 8 0 e+ o A—8
" T a2 (a-8)
Z:T—Tno-oaoooonco(A—9)
a
Then Egs. A-3 through A-6 will be
2
972 _3Z ... ... .. (A-10)
2 9T
on
= = = . . (A-11
7 = Zi at n =1 and 1 Ti ( )
7 - 0 as n > 00V ¢ & ¢ o & o s s (A—lz)
27 =0att=20 and all n- - - « (4-13)
Performing Laplace transform on Eqs. A-10
and A-11 and using Eq. A-13 we get
8 ST = 0t e e e .. (A-1L)
2
an
_ %y
z=§—atn=landT=Ti.._(A—15)
The solution to Eq. A~1l4 is
= nvs -nvs
Z c, e +c, e e o oo (A-16)
Eq. A-12 gives ¢{ = o. Then equation A-16 will
be
= -nv's
Z2=cye N )
Using Eq. A=15 in Eq. A-17, we get
R
S 2
then
c=z_ie/'s‘
2 S
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and

e—(n—l)/§

is

Z

z e e e e e .. (A-18)

Performing the inverted Laplace transform
to Eq. A-18, we get
-1

2V/T

erfc

e e e .. (A-19)

Z{n,t) Z;

Using Leipnitz rule to differentiate Eq. A~19,
we get

2
-(n-1)
4T

Rate of heat loss per unit volume

zi(n—l)
27T

3%
9T

. . . (A=20)

[o0]

3z
ot

1
2
-(n=1)"
oo 4T ZZi
— / (n=1) e = -
/rT 1 h*e vr1
e e oo (A=21)

2K_Z

z i

Eq. A-21 gives the rate of heat loss per unit
volume.

APPENDIX B

Finite-Difference Expansion

Before starting any finite-difference
expansion, the grid system must be specified.
The selection of such a system depends upon the
boundary conditions to be used.

For the linear model to be developed here,
predetermined injection and production pressures
will be used as boundary conditions. The grid
system shown in Fig. 7 is the most suitable for
this case. All finite-difference expansions

that follow in this chapter pertain to such a
grid system.

Egs. 3 contain second-order spatial deriv-
atives and first-order time derivatives. The
standard central-difference approximation for
the spatial derivatives is as follows.

R Po) »
9x 0 Sx/
a P -p, . - a p. - P
Oi41/2\ %141 °i/ Oi—l/2< 03 01-1>
2
Ax
S ¢ = S )
where

kk_.p
X rO"0

— . - . L ] . L] L . ] . (B—z)

Ho

The pn values in these spatial differences
are undersgood to apply at the new time level

tht1e

The backward time difference approximation
is used for the time derivatives as follows:

(6p~SL)
) ( s.) +1 070 n
3% (#0650 X3 .
O ¢ - 50

(60Sg)
n

Using these finite-difference approximations in
Eq. 3 and multiplying both sides of the equation
by AAx, we get

AT A P _ _P
x 0"xPo = 128, (0Sg) (B-4a)
b=\
AxTwapw t d. T Rt t(pwsw) . (B-Lb)
"p
AszAxps -9 T AtAt(psSs) . (B-4e)
where
AT A p. =T (p - Pn )
XT07xT0 0595 0541 70y
- T (p, - P )
O;_1,2 91 %1
N - )
k k. __p
A x r0 0
T = 6.33 o =TI~ B-6
Oi+1/2 Ax UG i+l/2( )

and A is the cross-sectional area perpendicular
to the flow.

Applying the same finite-—difference approxis
mations to the heat-balance Eq. 6 and multi-
plying both sides by AAx, we get

DxAA2

% h,

s inj

Z

on 1, - AAX(uphn) + q

1-¢

'7f_prcrz)'

¥U<

. (B=7)

At(sph +

>

t

where
A_(u h.)
X

o) = Ay,

oo pO)i+1/2hnoi

-A(unsPA) 4 h
o"0’i-1/2no. _
e e e e e e e 1l (e-8)
AlugPg) 4172 = T0i+1/2(pOi+l - poi)
P ¢ =2
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IMPES Application

IMPES is a technique in which the pressure
in the flow term, ATAp, is handled implicitly,
while the saturation and saturation-dependent
parameters are handled explicitly. This tech-
nique is described in the literature.17:22 1In
this analysis this technique is applied in a
manner described by Coats.

Eq. B-4 can be rewritten as follows,

AxTOAxpO =
Vp 'p
it Po AeSo + 3E So. LePo  (C-la)
n+1l
ByTilxPy + 9¢ =
Vo Vo
£, A S + —=85 A.p.. « « (C~1b)
t wn+1 tw At wn tTw
By TsByPy - 9c =
Vp Yp
AtPs BeSg * 1S5 L¢Pg . . (C-lc)
n+l n

Multiplying Eq. C-1b by a; and Eq. C-lc by a3
and adding the three equations, we get

AxTOAxpO + aleTwapw + a3AszAxps

v
+ (a, - a,lqg,_. = B On A S
1 9 (& . u

a,p -
Y
n+1l

a3p
s
n+l

AL (paSAhA) (pASANA) (pASAhA)
tPo”0'0o 0070’ .4 o”o"0’
® o o e e o o & o o s ....(B—lO)
2

AZ = Z -2z +2Z . (B-11)
e R i Bi-1

APPENDIX C

\ -
- a.,p . A,S. =0 ,
3 sn+1/ t 0
then
p
0]
+1
ay = HJL— S (I Py
Sh¥l
P
s
+1
a; = a3 2 ... .. ... .. (C3D)
wn+l

Substituting Eq. 5 in Eq. 13, we get

AXTAxpO - aleTwaPc
O-w
+ a3AszAxPcS_O + (al - a3)qc

v
_'p
= E(alswn Aoy S0 B¢Po

+ a3SS

il
i1

Atps)’

where

T=a,T + T. +
1w

0 a3TS.

N ()
In forming AxTAXPov care must be taken in
leaving aq and az outside the spatial difference

Since o0il and water densities have been
considered in this study to be functions of
temperature only and steam density is a func-
tion of both temperature and pressure, the term

Aips can further be expanded as follows:

*
— ]
Aoy = bio, + plhp,y .+ .. . (C-6)
where
* (c-7)
BePg —ps(zn+l,ps ) - pS(Zn’ps )
n n
ps(zn+l’pn+l) ps(zn+l’psn)
\ =
Ps Pg - Pg
n+1l n

B ()]

From Egs. C-4 and C-6 we get the following:

k+1 k _ _ .
b,TA Py~ + BT = GApy 4 . .. (c=9)
where k ( ) A A D
B = (a, -a,lg_. - a T,
1 3 I'x'wxcy_ o
+ a, AT A P
3’ x's X ¢ .
-0
VO
T Bt [a,S, tw
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Blocks with Free Steam
+ SOnAtpO + a3ssnAtp;] . . (C-10)
and After solving the fluid flow equations for
the pressure distribution, the steam saturation
v temperatures for blocks with free steam are
G = Z% a3SS p‘s e e e e o s o 8 (C-ll) " determined. The use of these temperatures in

The superscript (k) shows that the value at
the old iteration is to be used. The super-
script (k+1) shows that the value at the new
iteration is to be used.

APPENDIX D

Rate of Steam Condensation

The calculation of the rate of steam con-
densation is made by the use of two sets of
equations. The first set is for blocks that
have no free steam, i.e., their temperatures are
below the saturation temperatures of steam. The
second set of equations is for blocks that have
free steam, i.e., their temperatures are equal
to the saturation temperatures of steam.

Blocks with No Free Steam

In these blocks, all the steam coming in
from adjacent blocks is condensing, i.e.,

the heat-balance equation will result in resid-
uals. These residuals are due to the use of the
rate of steam condensation at the old iteration
in solving the fluid flow equations. Correction
of such values will reduce the residuals to
within limits of tolerance.

Denoting the residual of the heat-balance
equation at any grid point by R, we then have

wf ,

k+1 k R
q

c = 49c + h _-h
s W

where (wf) is a weight factor to be chosen in
a way that will accelerate the convergence.

APPENDIX E

Data Used for Calculations

This appendix contains data used in the
operational models. The relative perme-
abilities, capillary pressures and dispersion
coefficients for the linear model study are
obtained from Shutler.

qC = TSx . (pS. . - pS- .)

i-1/2,3 i-1,3 i3 E.1 Linear Experiment I

E.2 Linear Experiment II

+ Tg (Pg. |, - Py ) E.3 Two-dimensional experiment
Yi,5-172 /371 1,3
T (s 5 )

E.l E.2 E.3

k (darcys) 2.54 2.54 132
354 .372

L (ft.) 3.42 3.9
H (ft.) .83
UL(Btu/day.ft. F) 6.2 6.2
US(Btu/day.ft. F) 204 .204
D (Btu/ft.day. F) 80 80 24
P_ (Number/ft. ) 167 167 167
C_(Btu/lb. F) .1855 .1855 .2156
T (F) 80 80 80
5., .229 .229 .1
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Pprod ( Psi)
E.1 and E.2

S
A

.2287

.30

.2287

o

E.1l

267.25
"25.3

13.5

.012
.019
.022

.042

ro

.0008
.01
.04
.125

.38

E.2

266.63
24.9

0

|

.58
.26

.06

rs
.175
.105
.05
.01

.001

- A

E.3
400
260

190
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Temgerature

i

80

100

280
360

450

Viscosity (Cp)

800
330

110

TABLE 1 - RESULTS OF EXPERIMENT 1, LINEAR MODEL, PORE VOLUME = L9k,lkhcc

Pressure

Temperature F

Fluids
Time (Ps1) Produced (cc)
(min.) Distance from Inlet
In- Out- 041 Total 1.2" 8.9" 16.6" 23.3" 31" 38.7"
let let

o] 25.2 13.4 o] 0 80 80 80 80 80 80
30 25.1 13.3 6.6 6.6 84 80 80 80 80 80
60 25 13.2 13 .4 13.4 96 80 80 80 80 80
S0 25.1 13.2 20.3 20.3 107 80 80 80 80 80
120 25.2 12.9 27.9 27.9 116 80 80 80 80 80
150 25.2 13,2 35.8 35.8 124 80 80 80 80 80
180 25.1 13.3 42.9 42.9 132 84 8d 80 80 80
210 25.2 13.1 50 50 137 83 80 80 80 80
240 25.3 13.2 57.8 57 .8 138 88 80 80 80 80
270 25.3 12.8 68.2 68.2 142 S0 80 80 80 g0
300 25.3 12.9 77.5 77.5 147 Q2 80 80 80 80
-330 25.2 12.8 87.6 87 .6 154 93 80 80 80 80
360 25.2 13.2 98.5 98.5 161 96 80 80 80 80
390 25.2 13 109.2 109.2 168 g8 80 80 80 80
420 25.2 13.2 121 121 174 100 81 80 80 80
450 25.2 13.1 134.8 134.8 183 101 82 80 80 80
480 25.2 13.1 149.8 149.8 192 105 83 80 80 80
510 24.8 13.1 171 171 200 108 85 81 80 80
540 24.9 13.3 191.8 191 .8 205 112 86 80 80 80
570 24.9 13.1 205 219.5 258 117 87 80 80 80
600 24 .9 13.1 212 260.5 279 125 88 80 80 80
640 24 .9 13.2 221.3 309.3 279 144 90 82 80 ° 80
680 24,9 13.2 226.5 358.5 279 180 o8 83 80 80
720 24.8 13.2 232.5 408 279 223 106 84 80 80
760 24 .8 13.2 237 454 279 247 115 86 80 80
800 24.9 13.2 241.5 503 279 275 128 90 80 80
850 24 .9 13.1 247 .6 564 279 275 143 g5 82 80
880 24.9 13.2 250.9 599.2 279 275 152 99 82 80
910 24.9 13.2 254 .9 636.7 279 275 162 102 83 80
940 24 .4 13.0 259.1 676.6 279 275 172 106 84 80
970 24 .9 13.2 263.6 715.% © 279 27S 182 109 86 80
1000 24.9 12.9 268.4 753.9 279 275 192 117 89 80
1030 24.8 12.8 272.5 790.6 279 275 199 119 S0 80
1060 24 .4 13.3 277 .3 830.6 279 275 211 124 Q92 80
1090 24.8 13 282.3 874.8 279 275 228 129 94 83
1120 24.9 13 287 .4 917 .4 279 275 244 135 98 84
1180 24.8 12.8 295.8 1008.1 279 275 266 149 102 85
1210 24 .8 12.9 298.3 1050.6 279 275 266 157 104 85
1240 24.8 12.9 301.8 1095.4 279 275 266 164 106 86
1270 24.8 12.8 305.3 1140.1 279 275 266 170 108 86
1305 24 .8 12.8 308.9 1186.7 279 275 266 175 110 86
1345 24.8 12.3 312.9 1251.7 279 275 266 184 114 86
1385 24.8 12.2 317 .4 1310.2 279 275 266 198 123 92
1430 24.8 13.0 321 1360.5 279 275 266 205 127 93
1460 24.9 13.0 324 1406.4 279 275 266 210 130 94
1500 24.8 13.0 326.2 1451.6 279 275 266 212 134 98




TABLE 2 - RESULTS OF EXPERIMENT 2, LINEAR MODEL, PORE VOLUME = 494,1lhcc

Temperature F

Pressure Fluids
Time (Psl) Produced {cc)
(min.) Distance from Inlet
In- out- 011 Total 1.2" 8.9" 1s.6" 23.3" 31" 38.7"
let iet
° 24.8 0 o [\ 80 80 80 80 80 80
40 25.3 ° 20.4 20.4 110 80 80 80 80 80
60 24.8 [\ 41.2 41,2 133 a3 80 80 80 80
120 24.7 o 63 65 151 ] 80 80 80 80
160 24.7 o 9.5 9.5 176 96 80 80 80 80
200 24.5 o 122.7 1227 210 104 84 80 80 80
240 24.3 [ 1603  160.3 279 118 88 80 80 80
260 24.6 [+ 183.2 222 279 170 92 84 80 80
320 24.8 ° 207.5  305.5 279 254 102 86 80 80
360 24.8 [} 222.1  281.8 279 275 172 90 80 80
400 24.9 [} 2373 448 279 275 264 106 84 80
440 24.9 [+ 247.2 5146 279 275 265 144 % 80
480 24.8 o 262.6  594.8 279 215 265 170 98 80
520 24.9 ° 275.5  677.7 279 275 265 254 120 80
560 24.8 o 286.4  768.2 279 275 265 254 186 96
800 24,9 o 207.3 849.6 279 275 265 254 214 102
640 24.9 [\ 306.1  929.1 279 275 263 254 236 124
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