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Summary The main application of the model is to aid in the design and

Here we describe a fast 3D steam drive simulator. We use mmerpretation of steam drive projects. The model can be ud¢d:

interface model, where the single-phase steam zone is separatedescribe the shape of the steam zone in three dimensg®ris,

from the two-phase liquid zone by the steam condensation frgmiedict the time of steam breakthroud8) to calculate the cumu-

(SCBH which constitutes the interface. Steady-state heat balandative water and oil productions for each well, a@ to deter-

applied at the interface reduce the steam problem to a problemnoihe the relative importance of features related to the steam drive

gas/oil/water flow. Heat losses are treated by a prescribed convemecess such as steam override, viscous fingering, and steam

sion of steam to water. The model incorporates gravity, viscoasid/or water cresting/coning in fine gridded homogeneous and

and capillary forces and handles arbitrary permeability distribireterogeneous reservoirs.

tions and well configurations.

We use a multigrid method to solve the pressure equation. The

steam zone development is determined by a probabilistic method,

which ensures that instability phenomena are properly treatédftysical Model _ _ _

The oil/water flow problem in the liquid domain is solved as ifReservoir Geometry. Fig. 1shows a 3D representation of a tilted

conventional reservoir simulators. We validate the model witfctangular heterogeneous reservoir,with thickmesgdth b, and

analytical models. length L. It is bounded by impermeable cap and base rock with

Example calculations for a thin medium-viscosity oil fieldconstant thermal properties. The reservoir tilt can be described by

show that a transition zone with a reduced oil viscosity just dowfwo angles:(1) the angle between the axis and the horizontal

stream of the SCF has a pronounced stabilizing effect. This, apk@ne,f;, and(2) the angle between theaxis and the horizontal

the global heat loss effects are the reason for the high displag¥ane,d,. The flow domain() consists of three zonegt) a steam

ment efficiency of steam drives. zone()g, (2) a liquid zone);, and(3) an upstream and a down-
stream transition zone surrounding the steam condensation front
I'; which separates the steam zone from the liquid zone. Injection
and production occur via an arbitrary number of wells, with an

Introduction arbltrary orientation in the reservoir.

Steam drive models with various degrees of sophistication &gtjal and Boundary Conditions. The reservoir is initially filled
available for optimal field development and the assessment g dead oil and irreducible water. Compositional effects can be
economical risks. Fast, simple models solve the heat-balanggy|ected for heavy oil. We apply no flow boundary conditions to
equation and usa priori assumptlons_ on the flow field. Examplesthe outer boundaries of the domaih except for the part of the

are the frontal displacement "}%dﬁsor the extreme gravity cap and base rock where an outward steam flux compensates for
overlay modelga horizontal SCF*® Van Lookerefi was the first 1D conductive heat lossdsee Appendix B The water of con-

who combined a heat balance with mass flow. His descriptiqansation moves along with the steam towards the steam conden-
results in a stationary development of an inclined steam condeftion front.

sation front. It is, however, only applicable for favoralgseudo

mobility ratios. Limitations of simple analytical models, and thenjection and Production. The number, location, orientation, and
ready availability of computers led to the development of thermgkrforated interval of the injection and production wells is arbi-
reservoir 5|mulators. ] __trary. Injection wells are operated at a constant @fg,, tem-
Here, we describe a model that incorporates the essentlal fgérature'rs’ and steam qua”tys, which is the Steam’mass frac-
tures of the steam drive process but uses some assumptiongdf of the injected steam-water mixture. Production wells are
lower the computational costs. The main assumption lies in th@erated at a constant bottomhole flowing presgyre
application of steady-state heat and mass balances over the SCF to
reduce the problem to the model equations of gas/water/oil flowhe Steam ZoneQ. The steam zone has a uniform ste&m
The essential ideas are described extensively in previoussidual oilS,,s, and water saturatio,, and a constant tem-
reference$:’° In these papers, we used an effective viscosity iperatureT,. We assume that the fluids, i.e., also steam, are in-
the single-phase liquid zone. Therefore, we could only descrigempressible and neglect their thermal expansion. Some water
the steam zone expansion and not predict oil and water prodigen stay behind in the steam zone, thus reducing the effective
tion. Moreover, due to the vertical equilibriufWE) assumption, steam mobility. We assume that the remainder of the water of
we could not deal with steam underride in a low lying high pereondensation, and the injected wattar f,<1) are immediately
meable layer. transported to the steam condensation front where it is redistrib-
In this paper, we present a 3D steam drive model which inted proportional to the total velocities normal to the steam con-
cludes a two-phase liquid zone and allows arbitrary injectiomfensation front. Therefore, we only consider one-phase flow of
production well configurations. We describe the expansion of thgeam and assume that Darcy’s law is applicable. We incorporate
steam zone with a probabilistic metHdd“ to deal with the pos- a capillary pressure term to provide a mechanism that inhibits the
sible unstable nature of the displacement process. For this, #i@am from flowing from a high to a low permeable zdn&Ve

probabilistic method was extended to 3D. disregard the saturation dependence of the capillary pressure in
the single-phase steam zone and obtain

*Now at Veba Oil Nederland B.V. (ZS d)

** Now at Logica B.V. pgS: Oos F J(Sss) = Y04 F (1)
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Injection well tion of mallows the coupling of the flow of steam just upstream of
the transition region to the flow of oil and water just downstream
of the transition region.

g
l Production well
The Liquid Zone Q,. The liquid zone contains a mixture of oil
S, and watelS,, and has a constant temperattite i.e., the initial
""""" reservoir temperature. We consider incompressible two-phase
flow of oil and water and assume that Darcy’s law holds. We use
the Brooks—Corey mod¥| for the oil and water relative perme-
abilities and the oil water capillary pressure. They are given by

kro=Kfo( 1~ Swe) (1= Sig """
Krw= kr’wQAgHW”]

] _
PgW: YO ow \[E O'Sllws\(mel/”)

Fig. 1-3D schematic of a tilted reservoir with a steam zone @,  Where Sye=(Sy—Sw)/(1—~Sy—Sorw) and wherek;,, are the
a liquid zone ©,, and the steam condensation front I’y sepa- €nd-point permeabilities. We have replaced the bubbling pressure

: )

rating the steam and liquid zone. We included an arbitrary well- P¢p, in the Brooks—Corey model byo,,/@7k0.5"7. This is ac-
layout with a vertical injection and a horizontal production well. complished by using(S,.=0.5)=y with 0.3<y<0.7.

Steam Zone ExpansionWe use a probabilistic method to deter-
The Transition Zones. Fig. 2shows the water and steam saturamine the steam zone expansion. The method is based on the idea
tion, and the temperature versus distance in the transition zonisit the velocity at a certain location can be interpreted as the
We define an upstream transition zone to incorporate the decreaspansion probability at that location. Large velocities have a high
in the steam saturation fro®&=1-S;,— S,,s in the steam zone expansion probability.
to S;=0 at the SCF. We describe this by a constant reduced steantor a detailed description of the probabilistic method, we refer
mobility in a zone of lengthdx just upstream of the SCF. We to the articles of King***whose work is based on a stream func-
assume that the oil-steam capillary pressure is zero at the ste#n formulation. The probabilistic approach is particularly well
condensation front becau$g=0. suited for unstable displacement processes as the method con-

We define a downstream transition zone to incorporate the dgantly perturbs the solution.

crease in the temperature from the steam temperatyrat the For unstable displacement processes, each realization has a dif-
SCF to the initial reservoir temperatufig further downstream. ferent displacement profile but a more or less similar recovery and
The associated increase of the oil viscosity from the low hot direakthrough time. For stable displacement processes, each real-
viscosity to the high cold oil viscosity is modeled by a constaritation should lead to essentially the same result as for a deter-
high oil mobility in a zone of lengthsx just downstream of the ministic solution. Kind® has shown that the probabilistic method
SCF. indeed gives similar results as deterministic methods for a variety

of stable displacement processes.
The Normalization Factor. The condensation of steam at the Van Batenburf followed King's apgroach to model 2D un-
front results in a discontinous normal component of the total voldterground coal gasification. Friak al!® use a 2D pressure for-
metric flow. The ratio of the normal components of the specifimulation instead of a 2D stream function formulation. The advan-
discharge leaving the fro®;” and the specific discharge imping-tage of such a pressure formulation is that it can be more easily
ing on the frontQ; is called the normalization facfobm. The extended to 3D. Biezét** successfully applied the combination
superscripts— and + denote the upstream and downstream sid®f the 3D pressure formulation and the probabilistic method to
of the SCF. A rigorous derivation of the normalization factor iginderground coal gasification. This procedure is also used here.

given in Appendix A. It involves the solution of the semisteady- ) L _
state heat and mass balances over the transition zone, which idg@¥ in the Liquid Zone. In the liquid zone, we solve the two-

to phase flow equation by a conventional finite difference method.
Each time step we calculate the specific discharges of water by
_ % N Ps N dSspsP _Ps @ apptl)yl@r)g Darcy’s equation with upstream weighted values for the

Qs puw 1+SpBlT pul mobilities.

At the steam condensation front we use the assumption that the
The normalization factor is assumed constant along the stegmictional flow of water is determined by the ratio of the volume
condensation front. It is a function of time because the heat lossgfsvater over the total volume of oil and water leaving the steam
to cap and base rock change the ratio of water and steam impiggne. The volume of water is the total ¢4 coinjected water(b)

ing on the steam condensation front, i®,/Q, . The introduc- water formed by condensation of steam corrected for the water
remaining in the steam zone, aifc) the volume of water dis-
placed by steam. The volume of oil equals the volume of oil

Steam displaced by steam. This procedure preserves overall mass con-
condensation front Iy, servation.
T
9 1-8y
1-Sug~ Sorg|- ... - Model Equations
St Q T Liquid zone Q| . . . )
eam zone 324 The model equations are summarized in Appendix B. In sum-
Sug ST STw mary, we have as model equations a total fluid conservation law
0 c (Eg. B-7b, in which the discharges are expressed in terms of

Upstream Downstream pressures in Egs. B-3, B-4, and B-7 for the steam zone, liquid

transition zone - transition zone zone and at the SCF, respectively. Injection and production

Fig. 2—Schematic diagram of the water saturation  (dashed through the wells is prescribed in Eq. B-7b. Boundary conditions
line), the steam saturation (dotted line ), and the temperature are of the no-flow or given flowEq. B-8 type. The water satu-

distribution  (solid line ) within the upstream and downstream ration changes in the liquid zone are given by the water conser-

transition region. vation Eq. B-9; the water discharges are given in Eq. B-10, where
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we use Eqg. B-11. The discretization of the model equations is kksA psdb sin( ;)
given in Appendix C. The steam zone expansion is described byGy=Gsin(#,)= ——————— (6)
the probabilistic methodt #sQs
with Apis= (Awpw T Nopo)/ (Mt No) = ps.
Dietz’s theory for oil-water displacement adapted for steam-oil

Solution Procedure displacement reads

The procedure starts with the determination of the phase mobili- 1-M

ties and the productivity indexes of the wells. The time discreti- — for 6,=0
zation, Eq. B-9, is chosen such that the steam zone expands ongz G

grid cell per time step. Therefore, the time step is determined by gx — G, +1-M : 7

the time required to inject a volume of steam whi€h: heats up ———tan(§,) for 6,#0

a liquid filled grid cell and saturates it with steam, af@j com- Cx

pensates for heat losses. The time step can be calculated fronThe displacement is stable fof <G, + 1. We compare the incli-
hhoh.! 1 nation of the steam condensation front according to Eq. 7 with the

=Xz _+¢SS)] (4) simulated shape of the steam condensation front. er0.25

Qs \Bps and G,=4.3, the angle computed with Eq. 7 is 13°. Rd=2.5

where the heat factog and the total discharg®; are given in andG,=4.3, we obtain 7°. As expected it takes some time before

. ) : the steady state angle in the numerical computations has been
Appendix A. We use the old pressure field to determine the floy, .o \when the interface is at the middle of the reservoir av-
direction for the upstream weighted mobilities used in Egs. C-

C-3, and C-4. We solve Eq. C-1a with a multigrid method, deve Srage agreement between numerical and analytical results is good.

oped by Molenaa#223to obtain the new pressure field and from itd The effect of grid size and the number of realizations to vali-

- ) o ate numerical convergence. For our base case with a pseudo
the new generalized volume flux field. Such a multigrid solver I obility ratioM of 17.8 and a ravity numb@, of 8.6, we found
superior to other iterative methods as the amount of computatio y ) g X .

work is proportional to the number of arid points t a 64<1X16 grid is sufficient. For more adverse mobility

We dgtefm'ne the steam zone e agns'oﬁ for é sinale time S{atios M>1) or stronger gravity override conditionde>G,

; : - z xpansi ingle u 91), the required number of grid blocks would increase for an

according to the following procedurét) calculate the total flow, accurate simulation of the steam breakthrough times.
mQ, from steam locations through all steam fa@c;es which ar€’ry o1 obabilistic method requires several realizations per case.
exposed_ to_Ilqwd(Z) draw a single random numbet,R,, uni- The required number of realizatidis is given by ng
fprmly distributed bgtwgen Zero and one,) repeat t.he summa- = (t8100P up)2. This number follows from a Studentstest
tion over the steam-liquid faces until the vailtgmQ; is reached. with a certain confidence interval for the sweep efficiency at

At this location a block of liquid is displaced by steam. Steam breakthrough with % error. The required number of real-

The next step is to solve the water conservation Eq. C-5 ations for a 95% confidence interval for a maximum error of 5%
Q,UT,. At all block faces between liquid filled blocks, we de-#3" 0 ! interv Ximu 0

termineq,, with Eg. C-6 using Eq. C-3. At all block faces betwee

steam and liquid filled blocks, we determigg with Eq. C-6. We

calculateu; with Eg. C-4 andf,, ;, with Egs. B-11, B-12, and

B-13. The time step defined in Eq. 4 may be too big for a stable

solution of Eg. C-5. In that case we take a few consecutive tinf@sylts and Discussions

steps until the sum of the time steps for the water conservati?
n

At

n the recovery at steam breakthrough is less than 5 for all simu-
ations considered in this paper.

equation equals the time step given by Eq. 4. Finally, we calcula aled model experimefitshowed much less steam override than

the phase productions with Eq. C-1b. The new saturations 4l e would expect from a viscous force ratio with steam flowing
used to calculate the new phase mobilities, etc. Sstream and cold oil flowing downstream. Here, we present

some vertical 2D example calculations that explain the observa-
tion. We show the effect ofiA) a single-phase liquid region with
a constant mobility,(B) a two-phase liquid region(C) a low

Validation of the Simulator r‘sq:am end-point permeability in the steam zofi®) a low oil

To validate the 3D simulator, we performed a number of 1D a
2D simulations and compared the results with known analytica
solutions and/or experimental results. We use:

scosity in the liquid zone(E) a one grid block wide upstream
nsition zone with a reduced steam mobilitfr) a one grid

block wide downstream transition zone with an enhanced oil mo-

The 1D Marx-Langenheim problem to validate the heat tranﬁility, (G) an upstream and downstream transition with a reduced
fer mechanisms in our simulator. We find excellent agreement am and an enhanced oil mobility, respectively

steam condensation front positions. This shows that the heat ba Tables 1 and 2define the constant and case specific input

ance errors are negligible. As also is expected theoretically indggg s meters. We use the saturated steam-water correlations of Tor-

the probabilistic approach does conserve energy. tike and Farouq Alf® Table 3 presents the average steam break-
The 1D Buckley-Leverett problem to validate the two-phasg,qh times, the recoveries, and total fluid productions at steam

a'E)treakthrough for 10 realizations per case. Each realization for the

: . . 1,024 grid blocks takes approximately 2 min on a HP735 work-
Two 2D pattern drives to validate the treatment of the V'Sco%céation.Fig. 3 shows the steam zone and the downstream water

forceg in thg_l_areal _p:\a/llin.lehe s(ijm;ﬂ;;:ttions are c?rriedhout fﬁrﬁturation for 1 realization per case after 0.175 PV of steam in-
pseudo mobility ratioM of 1 and 7.3, respectively, where t €iected in cold water equivalents.

pseudo mobility ratio is given by For case A, we have a single-phase liquid zone and a single-

state saturations in the downstream liquid zone.

mks/ s phase steam zone. The pseudo mobility rafiof 17.8 and the
= (5) gravity numbeiG, of 8.6 lead to an unstable displacement regime
Kro /ot K/ becauses,+1—M<O0.

For M=1 and forM=7.3, we find an areal coverage at break- For case B, we have a two-phase liquid zone. Table 3 and Fig.
through of 0.72 and 0.54, respectively. This agrees well with ttf8show that the water in the downstream zone does not delay the
literature data of 0.72 and 0.53, respectively® steam breakthrough time nor enhance the fluid recoveries com-
The inclination of SCF to validate the treatment of viscous anghred to case A. The prevailing water saturation just ahead of the
gravity forces in the vertical plain. The simulations are carried 0®CF is 0.25. The relative permeabilities for oil and water, and the
for a reservoir dip of 11°, a gravity numb&, of 4.3 and a oil and water viscosity lead to an effective pseudo mobility ratio
pseudo mobility ratidM of 0.25 and 2.5. The dimensionless gravM of 21.1 and a gravity numb&3, of 9.3. These values are higher
ity number is given by than for case A and cause unstable displacement. The water in the
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TABLE 1- MODEL CONSTANTS FOR THE EXAMPLE TABLE 3- AVERAGE STEAM BREAKTHROUGH TIME,
CALCULATIONS THE AVERAGE OIL RECOVERY AT STEAM
BREAKTHROUGH, AND THE AVERAGE TOTAL
Property Symbol Value Unit PRODUCTION AT STEAM BREAKTHROUGH FOR
10 REALIZATIONS OF CASES A-G IN PV

Length L 1.736 m
Width b 0.368 m Case SBT REC at SBT+Standard Deviation TOT at SBT
Thickness d 0.08 m
Permeability k 3,100 um? A 03124 1.0686
Effective porosity #S. 0342 X B 0.3246 0.8024+0.009 1.0981
Reservoir dip 1 o, 11.0 ) C 0.3269 0.8054+0.009 1.1035
Reservoir dip 2 0, 0.0 ) D 0.3764 0.8548=0.008 1.2129
Thermal conductivity A 032  Wi(m-K) E 03251 0.7987+0.009 1.0939
Thermal diffusivity ay 1.5E—7 m/s F 0.3773 0.8525+0.014 1.2156
Heat capacity of rock (pC)m 2.1E6 JI(kg-K) G 03678 0.8449+0.011 1.1948
Reservoir temperature T, 293 K
Steam temperature Ts 353 K
Injection rate Qunj 0.833E-6 m°/s
Steam quality fs 1.0 - water saturation of 0.24 just ahead of the SCF and the reduced
Number of grid blocks NXNXN, 64X1X16 - steam end-point permeability in the upstream transition zone lead
Water viscosity M 1.0E-3 Pa-s to a pseudo mobility ratidv of 2.2 and a gravity numbes, of
Water density Pw 1,000.0 kg/m?® 0.9. The dimensionless numbers have exactly the same values as
Oil density Po 800.0 kg/m?® for case C and are representative for unstable displacement. The
Sorting factor 7 3.0 - steam breakthrough times and recoveries are also the same as for
Water end point permeability K., 1.0 - case C. _ _
Oil end point permeability K, 1.0 - For case F, we have a region of one grid block downstream of
Oil-water interfacial tension Cow 0.03 N/m the SCF with a four times lower oil viscosity than in the remain-
Oil-steam interfacial tension Tos 0.03 N/m der of the liquid zone. Table 3 and Fig. 3 show that the down-
Residual oil saturation Sors 0.05 . stream transition zone significantly delays the steam breakthrough
Irreducible water saturation S, 0.05 } time and enhances the fluid recoveries compared to case B. The

prevailing water saturation of 0.28 just ahead of the SCF and the

reduced oil viscosity in the downstream transition zone lead to a
pseudo mobility ratidM of 7.2 and a gravity numbeg, of 9.2.

downstream zone starts to enhance the downstream mobility fdte dimensionless numbers have exactly the same values as for
water saturations above 0.28 and leads to stable displacementcRse D and are representative for stable displacement. The steam
water saturations above 0.34. breakthrough times and recoveries are also the same as for case D.
For case C‘ we have a ten times lower steam end_point perrﬂ—éle effect of the local m0b|l|ty ratio .On the Stablllty of diSplace-
ability. Table 3 and Fig. 3 show that the reduced steam end-pofRgNt processes was stressed previously in articles of H&oort
permeability does not delay the steam breakthrough time nor éd King: ) ) )
hance the fluid recoveries compared to case B. The prevailingFor case G, we have two regions of one grid block with the
water saturation of 0.24 just ahead of the SCF and the redud¥@perties of case E and case F, respectively. Table 3 and Fig. 3
steam end-point permeability lead to a pseudo mobility rstiof show that the two transition zones S|gn_|f|cantly d_elays the steam
2.2 and a gravity numbeB, of 0.9. These conditions are morebreakthrough time and enhance the fluid recoveries. The prevail-
favorable but still lead to unstable displacement. ing water saturation of 0.29 just ahead of the SCF and the two
For case D, we have a four times lower oil viscosity. Table #ansition zones lead to a pseudo mobility ralibof 0.7 and a
and Fig. 3 show that the reduced oil viscosity significantly delay@avity numberG, of 0.9. The dimensionless numbers are repre-
the steam breakthrough time and enhances the fluid recoverg@tative for stable displacement. o
The prevailing water saturation of 0.3 just ahead of the SCF andSummarizing it can be said that a higher mobility in the down-
the reduced oil viscosity lead to a pseudo mobility rafimf 7.1 ~ Stream transition zone stabilizes the SCF, i.e., affects the shape of

and a gravity numbe®, of 9.2. This gives indeed a gravity stablethe SCF. The high mobility is caused by heat penetration into the
displacement process. liquid zone. In _the interface model, the he_at penetration dep@h

For case E, we have a region of one grid block just upstream Weds to be estlmate_d. Usually, the pgnetratlon de_pth_ls small with
the SCF with a ten times lower steam permeability than in tH&spect to the grid size. Hence, also in a reservoir simulator that
remainder of the steam zone. Table 3 and Fig. 3 show that the
upstream transition zone does not significantly delay the steam
breakthrough time or enhance the fluid recoveries. The prevailinn

TABLE 2—-SPECIFIC INPUT PARAMETERS FOR THE
EXAMPLE CALCULATIONS

Kis Mo 2-ph. ks in Upstr.  uq in Downstr.
Case (—) (Pa-s) Lig. Zone Transition Zone Transition Zone

r

G Mmoo O W

— ORI
A 1.0 0.070 No 1.0 0.070
B 10 0070 Yes 10 0.070 I ———
C 0.1 0.070 Yes 0.1 0.070 [ B S w———
D 1.0 0.017 Yes 1.0 0.017 15 25 35 45 55 65 75 85 95
E 1.0 0.070 Yes 0.1 0.070
F 1.0 0.070 Yes 1.0 0.017 Fig. 3—Steam zone (black) and the water saturation (gray scale )
G 1.0 0.070 Yes 0.1 0.017 in the downstream zone for one realization per case after 0.175

PV of steam injected in cold water equivalents.

Godderij, Bruining, and Molenaar: Fast 3D Interface Simulator SPE Journal, Vol. 4, No. 4, December 1999 403



edge-1 produced fluids edge-2 produced fluids
06 T
0.5 1
?
S o4y §
B 3
5 037 '§
> a
o o2+t >
a
011
V] ) B, + |
0 200 400 600 0 200 400 600
time (days) time (days)
corner produced fluids edge-av produced fluids
0.25 7 b 0.6 -
0.5 +
0.2+
-] a o
8 3 o0af
3 045 S
k-] b=}
[ 0 o037
[-% o
01+ |C
z 2 o2+
0.05 o1l
d]
0 + + i 0 {
0 200 400 600 0 200 400 600
time (days) time (days)

Fig. 4—Comparison between simulation results with STARS and simulation results with the interface simulator. From the top left
clockwise edge producer (1), edge producer (2), the average of the edge producers and the corner producer. The curves labeled
(a) and (c) show the cumulative oil production obtained with STARS and the interface simulator, respectively. The curves labeled
(b) and (d) show the cumulative water production obtained with STARS and the interface simulator.

solves the heat balance equation in the liquid zone it is expectiedierface Simulator. Clockwise it shows the results for edge pro-
that the viscosity distribution ahead of the SCF is largely depeducer (1), edge produce(?), the average of the edge producers

dent on the grid size. and for the corner producer. In spite of symmetry, the interface
simulator gives different results for the two individual edge pro-

Comparison to the Fourth SPE Comparative Solution ducers thanks to the probabilistic method to compute the time

Project evolution. Therefore, we use the average cumulative production of

We have simulated problem 2A of the fourth SPE comparatiibe edge producers for the comparison. The average production
solution project(SPE 13510°% The reservoir (100 Ax100n? Shows reasonable agreement between the simulators until steam
x25n?) consists of a symmetry element of a nine spot with aréakthrough. There is a significant difference in the simulation
injection well at the center, four edge producers, and four cornggsults of the cumulative water production for the corner producer,
producers. The reservoir has four layers with permeabilities frof#t in view of the difference in scale the water production is still
top to bottom of 2.0, 0.5, 1.0, and 2.0 Darcy. The porosity is 3098Mall. The steam breakthrough occurs earlier in our model due to
The injection rate is 300 bbl/day of stegwold water equivalept the unstable nature of the displacement process. Unstable dis-
with a steam quality of 70%, independent of the injection pregjacemen(l.e., where distinctive unstable fingering should ogcur
sure. The production pressure is 17 psi and the maximum toggnnot be stralghtforyvar_cily modeled by a f|n|_tc_3 (_jlfference or fi-
production rate is 1,000 bbl/day. The SPE project uses one eighiff lement reservoir simulator. The probabilistic method used
of the area with one injection well, one edge producer and oheré'**is a procedure to handle unstable displacement more re-
corner producer. The reservoir is divided ixx8x 4 grid blocks. alistically, but it is still not perfectsee also Ref. 32Indeed the
We use one fourth of the reservoir divided in>86x4 grid unstable nature of the dlsp_lacement_ is und_eresnmated also in our
cells. We also use a constant layer thickness. We run our simylodel due to the large gridblock size. Still, the agreement be-
tions until steam breakthrough because the interface model §¥een the simulators until breakthrough for edge and corner pro-
sumes residual oil in the steam zone and thus after breakthrojgers is good, except for the small water production of the corner
no further oil is produced. Finally, the problem as presented ha®#ducer. As to calculation times they are comparable. This was
significant compressibility effect. As this cannot be approximategdie in part to the fact that modeling the unstable displacement
by incompressible flow the comparison is poor. Here, we useP§0cess led to the use of extremely small timesteps by our model
much lower (realistio rock compressibility of 5.0E 6(psi %) as for solving Egs. C-5 to C-6, i.e., to distribute the water in the
opposed to the rock compressibility 5:08 (psi?) used in the liquid zone. In summary, the agreement with the SPE project ex-
program. The insensitivity to the steam compressibility can @énple 2Ais, however, good.
understood as the steam zone expansion is determined by the heat
balance equation. Our comparison is with the STARSmula-
tion output. We redid the simulations with STARS such that th€onclusions
comparison is made for exactly the same input data, including thee We have developed a computationally fast 3D steam drive
grid cell division. simulator based on an interface model.

The results are shown iRig. 4. The figure compares cumula- e The model is suited for high resolution studies of the steam
tive oil and water production of the STARS simulator with thalrive process and its important physical mechanisms.
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e The simulations have demonstrated that a two-phase liquid
zone stabilizes or destabilizes the displacement depending on
whether water increases or decreases the total downstream mobil-
ity.

e The simulations have demonstrated the stabilizing effect of a
reduced oil viscosity in the downstream transition zone.

e The simulations have demonstrated that the stability of the
steam condensation front is determined by the local and not the
global values of the pseudo mobility ratio and the gravity number.

» The model accurately describes the shape of the steam zone in
unstable conditions.

e The application of our model lies in predicting the time of
steam breakthrough. In our simulator, production stops after steam
breakthrough due to the assumption that we have residual oil in
the steam zone.

e There is good agreement between production profiles from a
commercial simulator output and from our simulation for input
conditions of problem 2A defined in the fourth comparative pro-
gram. However, we use much lowgealistig values for the com-
pressibility.

P. = capillary pressure, Pa
P., = capillary entrance pressure, Pa
g = specific discharge, m/s
q = specific discharge vector, m/s
Q = flow rate, ni/s
r = radius, m
R, = random number
§ = the estimated standard deviation
s = skin factor
S = saturation
t = Student'st-test
t = time, s
T = temperature, K
u = generalized volume flux, m/s
u = generalized volume flux vector, m/s
v = front velocity, m/s
V = volume, n?
X,y,Z = space coordinates, m

Superscripts

Nomenclature + = upstream
— = downstream
Greek
a; = thermal diffusivity, nf/s Subscripts
B = heat factor, kg a, = phase
X = proportionality constant di = downstream transition zone
5(r) = distribution function, 1/ i — index
Aps = liquid-steam density difference, kg?m A d
AT = temperature difference, K Inj = Injecte
S int = interface
AV, = steam zone expansionm | = liquid
¢ = porosity o = oil
y = constant in Levereti-function o0s = oil steam
n = constant in Brooks—Corey model ow = oil water
N: = thermal conductivity, & m-K) _
B . > p = produced
N = mobility, m“/(Pas) r — relative
u = dynamic viscosity(Pas) s = steam
no = average sweep efficiency t = total
g _ (rjoetﬁgﬁ; ig%lg degrees ut = up?tream transition zone
h ! . w = water
o = |_nterfaC|£_d tension, Pan %Y,z = xy,zdirection
T = time of first exposure to steam, s
) = domain
I'sy = steam condensation front Acknowledgments
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C'\IAamErld?\;lé(}PhB&I-:I - Fluids Throuah P " Generalized Volume Flux Vector.Here, we define a generalized
Muskat, M.:The Flow of Homogeneous Fluids Through Porous Meyq 1 me flux vectom, of which the normal component is continu-

dia, McGraw—Hill, New York City (1937 ] ous at the steam condensation front

Craig, F.F. Jr., Geffen, T.M., and Morse, R.A.: “Oil Recovery Per=

formance of Pattern Gas or Water Injection Operations From Model =m anda= in Q

Tests,” Trans.,AIME (1955 204, 7. X 9=Gs N
Jensen, J.L., Lake, L.W., and Corbett, P.W.Btatistics for Petro-

leum Engineers and GeoscientistBrentice—Hall, Upper Saddle . . . ! .
River, Ne%\, Jersey1997). ' PP wherem is the velocity normalization factor defined in Eq. 2 and

Tortike, W.S. and Faroug Ali, S.M.: “Saturated-Steam-PropertJlt is the specific discharge of steam{h,, and oil and water in
Functional Correlations for Fully Implicit Thermal Reservoir Simula{}, , respectively. We use Darcy’s equation to describe the specific

XY =1 andg=go+qn in Q) &1

tion,” SPERE(November 198p471; Trans.,AIME, 287. discharge of the different phases
Hagoort, J.: “Displacement Stability of Waterdrives in Water-Wet _
Connate-Water-Bearing Reservoirs SPEJ (February 1974 63; d,= —\.(gradp,—p,0€), (B-2)

Trans.,AIME, 257. . .
Aziz, K. and Ramesh, B: “Fourth SPE Comparative Project: A Comv-vhere a denotes the phasteam, oil, or watorand\,, is the

parison of Steam-Injection SimulatorsJPT (December 19871576. mobility of phasea. It is convenient to express the phase pres-

“Stars User's Manual, Version 98,” Technical report, ComputePUreés.p, , in terms of the oil pressure. In the steam zone we use
Modelling Group(March 1998. an oil-steam capillary pressure according to Eq. 1 to obtain

King, M.J. and Datta Gupta, A.: “Streamline Simulation: A Current __ .

Perspective,”In Situ (1998 22(1), 91. u=—mhg(gradp,— psge;+gradPc®) in Q. (B-3)

Dietz, D.N.: “Determination of Average Reservoir Pressure Frony, the ligui ; ; ;
X . i quid zone we use saturation dependent oil-water relative
Buildup Surveys,”JPT (August 1965 955; Trans., AIME, 234 permeabilities and an oil-water capillary pressure according to Eq.
3 to obtain

U= —(Ay+Xo)gradp,

Appendix A—The Normalization Factor
The condensation of steam at the front results in a discontinuous T (AwPwtNopo) 9€+ N, gradPZ™ in Q. (B-4)

normal component of the total flow at the front. We use g the upstream transition zone, we use Eq. B-3 with an average
semisteady-state approach to determine the ratio of the nomgglam monility. In the downstream transition zone, we use Eq.
components, denoted, between the discharge leaving the stearB_4 wijth an average oil mobility and an oil-water capillary pres-

condensation fronQ, and the discharge impinging on this mov-

sure gradient of zero. At the steam condensation frBagt, u;,

ing front Qq: _ _ s
9 Qs =u,, andp_ =p, , where+ denotes the upstream transition zone
Q:1=Q,+Qu=mQ;. (A-1) and-— denotes the downstream transition zone. We use
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U=~ ms(gradp; —pge+gradPes) in Dy, BBy s s - gavs,
' Pw

ut:_()\w+>\o)gradpg+(>\WPW+)\opo)g€( in Qg (B-6)

Ninj
p
to eliminatep} =p, atT', and obtain +21 (p_st,inj,i+Qw,inj,i dt, (B-12)
1= w
2mNS (N + N,
U= fi )\W, - o,) (gradp, +gradP2®") Vo,in= ¢AVs(1—=Sy—Syre). (B-13
MAs T Aw o The first terms on the right-hand side of Egs. B-12 and B-13
MAS ((pst pudhiw +(pstpo)ha) represent the volume of water and oil displaced by the expansion
S Sm)\er )ZVW—)\S* e ER (B-7a  of the steam zone by an amouht/,. The second term on the
S w (o]

right-hand side of Eq. B-12 represents the volume of steam that
The stationary conservation law for incompressible flow in thgdturates the expanded steam z@unverted to a volume of wa-
whole domainQ reads ter). The third term gives the total volume of water and steam
(converted to a volume of watemjected through the injection
Minj Np wells over a certain time period.
div ug=— |§:1 M Qs inj,i + Qs,inj,i O(r —Twi) — 21 (Quw,p,i
Appendix C—Numerical Model
FQo,pitMQhsp,) AN =M, (B-7b) To obtain an approximate solution of the partial differential Egs.
wheren;, is the number of injection wellgy, is the number of B-8 and B-9, we define a regular Carteshp< Ny XN grid sys-
production wells, andi(r) is the Dirac-delta function which rep- tem on which we discretize the equations in space and time. The
resents a point source/sink. A well is modeled by a series of poigiid cell volume is given byh.h/h,, where hy=L/N,, h,
sources or sinks on a line. We takg ;<0 (injection wel) and =b/Ny, andh,=d/N,. S . .
Qo.pQu,p:Qsp>0 (production wel). ~ We use a cell-centered implicit pressure, explicit saturation
Substitution of Egs. B-3, B-4, and B-7 in Eq. B-8 allows tdinite-difference scheme with the oil pressysg and the water
solve the pressure equation for the whole donfaifor which we — saturationS,, as the independent variables. By cell-centered we
define the following initial and boundary conditions. mean that the pressure, saturation, and the mobility, are defined in
the center of the cell while the velocities are defined on the cell
Initial and Boundary Conditions. The initial saturation distribu- faces. All blocks have their own permeability\WWe use upstream
tion is takenS,=S,, and S,=1.0-S,,. We distinguish two weighted mobilities and a harmonic average for the absolute per-
boundary conditions(1) the area of the cap and base rock that imeability.
in contact with the steam zone where the heat losses prescribe an
outward steam flux Pressure Equation.Integration of the pressure Eq. B-8 over the
control volumeh,h h, in the domain(Q) yields
NAT

psLNmai(t—1)'

and(2) the remaining part of the outer boundaries of the domain
Q, which are no flow boundaries, heneg=0. The operating Where —(Qiy+Qp)=—(MQqnj+ Qu, inj+ MQs ,+ Qu p+ Qo p)
conditions for the wells are a constant injection rate for the injeés the inflow volume into celij,k, andl;; \, an indicator function
tion wells and a constant bottomhole flowing pressure for thghich is one if a well is defined in the gridcell and zero otherwise.
production wells. The phase production rat€y,, are given by

7kkm( 27h

(B-8) thZ( uti+1/2,j,k_ u‘i—l/ZJ,k) + hXhZ(uti,j+1/2k_ uti,j—llzk)

thhy (U U ) = Qi t Q) (C-1a

ut:G(t!T):

Steam Zone ExpansionWe calculate the pressure field and de- B
termine the flow fieldy, at the interfacd’y, by the application of P g \In(re/ry)—1/2+s
Eq. B-7. We determine the location where the steam zone expa : : : :
with a probabilistic method. The local expansion probability IZf_%Ze A;ailgzlée Ov]:/heﬂr]:c di;atlrr::gDeiet;rsiaa elsfagg/?e 'Ir'lheb(;ée
given by the ratio of the local front velocity over the total front_ <) (1.781C,), A P - ;
velocity. cretized versions of the generalized volume fluxes defined by Eqgs.

B-3, B-4, and B-7 read for the direction, i.e.,u,

=u "
i+12)k  ti+12

(Pi,j k= Pw)- (C-1b

Flow in the Liquid Zone. In the liquid zone(},, we solve the

water conservation equation, which reads ——m Pi+1— P
Ut g™~ MAs hy
S, 2
¢ +diva,=— > Quipi8(r=ry), (B-9) Pe—PC°
=1 — POyt | in Qg, (C-2
X
where the generalized water dischargg, is given by
Pi+1—Pi
fuu+AApy.ge,+Agrad P2 in Q, utm/z:_()‘Wi+1/2+)‘°i+1/z)( h )+()\Wi+1/2pw
Qu= (B-10) X
fw,intut at 1_‘sl ow _ pow
Cit1 Ci .
With Apyo=pw—po and fu=XAy/(Ay+Xo) and A=\ \o/(\y +)\oi+1lzpo)gx+)\wi+l,2( h—) in Q, (C3
+X\o). The fractional flow of water at the steam condensation X
front f,, i¢ is given by the ratio of the volume of water over the 2mAg (Nt Ao | (piii—pi pos
total volume of oil and water flowing across the steam condensa-u, = — Lo AL N
tion front 2 Mgt A, PR, hy h
Vi int )\Wi+1(pw+ ps)+ )\oi+1(Po+ ps)

foy it = o, (B-11) + Mg at I'y,.

vt VW,int+ Vo,int slgx m)\si+)\wi+1+ )\°i+1 o
whereV,, i, andV, ,; are given by (C-4)
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We omit thej,k subscript for convenience. Similar expressions

can be given for the andz direction. S| Metric Conversion Factors
bbl/day x 1.84 E-06 = m3s
ther Conservation Equation. Integration of thg water conser- Btu/(ft-hr-F°) X 1.729 58 E00= W/(m-K)
\(IlatLlj)F Eqiélgég over the control volumihyh, in the domain Btu/lbm-F°) X 4.184 E00 = kJ(kg-K)
ey cP X 1.0 E-03 = Pas
Darcy X 0.987 E-12 = m?
hth(qu+1/z.j,k_qu—uz,j,k)+hth(qu,ju/zk_qu,j—llzk) dynes/cm X 1.0* E00 = mN/m
AS, ft X 3.048 E-01 =m
0y (w0 TP 3 MV 1 Qup lbm/f® X 1.601 846 E01= kg/n?
(0_5) *Conversion factors are exact. SPEJ
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