
Society of Petroleum Engineer'S

SPE 1...... "' ...........

Fifth Comparative Solution Project: Evaluation of Miscible
Flood Simulators

Inst. of Technologyr"m'u\.l I.lll , ARCO Oil & Gas Co., and C.A. Kossack,by J.E.

SPE Members

Copyright 1987, Society 01 Petroleum Engineers

This paper was prepared for presentation at the Ninth SPE Symposium on Reservoir Simulation held in San Antonio, Texas, February 1-4, 1987.

review of information contained in an abstract submilled by the
01 Petroleum and are SUbject to correction by the

of Petroleum its or members. Papers
of Engineers. to is

The contain 01
Box 833636, Richardson, TX Telex,

ABSTRACT

This paper presents the results of comparisons
between both four-component miscible flood simulators
and fully compositional reservoir simulation models
from seven different participants for a series of
three test cases. These cases varied from scenarios
dominated by immiscible conditions to scenarios in
which minimum miscibliity pressure was maintained or
exceeded throughout the simulations. In general,
agreement between the models was good.

For a test case in which reservoir pressure was
maintained above the minimum miscibility pressure,
agreement between simulators, with the
assumption of complete miXing of solvent and oil, and
compositional simulators was excellent based on
cumulative oil production as a function of cumulative
water injection. For cases in which immiscible
conditions dominated, the four-component models
tended to be pessimistic compared to fully
compositional models because condensible liqUids were
not considered to be carried in the gaseous phase in
the four-component simulations. Relative
permeability treatment, especially near the injection
well, tended to the timing of recovery and

. injectant br'eakt:hI-murlJ..

The simulation of gas or solvent injection into
a volatile oil reservoir can be modeled by
approximating the phase behavior with four components
- oil, water, free/solution gas, and injection gas

(solvent)- as described by Todd and This
process can also be modeled by accurately simulating
the phase behavior with n-components whose K-values
are complex functions of pressure, temperature. and
composition. A precise set of rules of when one may
approximate the displacement process with four
components and when one must use the fully

and i lustrations at end of Paper.

compositional formulation is not generally available.
There is much discussion in the technical community
of exactly this problem. but all too often the
decision of which model is used comes from time,
money, computer, or data availability or purely
subjective reasons. Thus, this comparative solution
project has attempted to present an opportunity for
the petroleum simulation community to investigate
some aspects of this question and at the same time
provide an attempt to validate two types of reservoir
simulators under certain conditions. As
was said in the Fourth SPE Solution

Project,2 "good agreement between results from
different simulators for the same problem does not
insure validity of any of the results, (but) a lack
of agreement does give cause for some concern."

This paper represents the fifth in a series of
comparative solution problems which have been open
for participation by oil companies, research
institutes, and consult~ts_ The first study was

conducted by and consisted of a
three-dimensional, two-phase, black-oil simulation.

Chappelear and a study of
three-phase. single weI radial cross-sectional
coning simulations. A compositional, three-phase
study of gas cycling in a retrograde gas condensate
reservoir comprised the third comparative solution

project organized by Kenyon and Behie. 5 The most
recent comparative solution problem conducted by

Aziz. Ramesh, and was a two-dimensional radial
steam injection (thermal) simulation.

The object of this paper is to present the
simulation problems and selected results as submitted
by the participants and to discuss any large
differences which exist in the results. Seven
participants were involved in this project. An
attempt has been made to describe the problems and
the input to the simulators in such a fashion that
all of the appropriate variables for each participant
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(1) For scenario one the average reservoir
pressure declined rapidly below the
initial saturation pressure for most
of the simulation.

For scenario two the average reservoir
pressure was maintained well above the
original saturation pressure and in the
vicinity of the minimum miscibility
pressure for the entire simulation.

The oil contained the following mole percents:
50% , 3% 7% 20% 15% and 5%

( See Appendix. ) ObViously, these compositions
represent an extremely light oil. The injectant
gas/solvent contained 77% , 20% and 3%

component was added to the

Figure 2 depicts the typical average reservoir
pressure response for the three scenarios. As shown
in figure 2, the main difference between scenarios
one and three is the rapidity in which average
reservoir pressure is raised from natural depletion
conditions to minimum miscibility conditions. The
minimum miscibility pressure is in the range of 3000
to 3200 psia, depending on the definition used, and
the initial saturation pressure for the reservoir oil
is 2300 psia. A detailed description of the
reservoir and fluid properties and the scenarios is
given in the Appendix and in Tables 1-9.

For scenario three the average reservoir
pressure initially declined below the
saturation pressure. Rapid overinjection
repressured most of the reservoir to a
point near the minimum misciblity
pressure.

The four-component fluid description contained
details necessary to simulate the three scenarios
with a standard four-component. mixing parameter

model as described by Todd and To
generate the "black-oil" PVT properties that
correspond with thePeng-Robinson equation-of-state
characterization, constant composition expansions and
a differential liberation were simulated
for both the reservoir fluid 1) and the injection
gas/solvent. In Tables 6 through 8 these results are

C~~ULCU as if they were experimental results from a
laboratory. The participants generated the

required PVT data for their model from
these tables. An example of ARCO's four-component
model PVT data ( Table 9 ) was included as reference
to aid the particiPants.

The fluid description was a six
component (PR) characterization.

See Tables 4 an 5. ) All acentric
L"ictnr~, binary interaction , and
equations coefficients were given. The specification
of all equation-or-state parameters eliminated
differences in charaterization and phase matches in
the phase behavior results.

injection gas so the fluid system would reach a
critical point and become single phase as might be
expected in a condensing gas drive mechanism.
Without the in the gas, this system, in a linear

displacement, exhibited the combined

condensing/vaporizing mechanism described by Zick.
6

( See Table 5. ) The

have been well defined. The hope was then that any
differences seen in the simulation results would be
caused by differences in the simulators or by
differences in the input data that were intentionally
left to the discretion of the engineer making the
simulation.

Three injection and production scenarios were
designed to test the abilities of the
and compositional models to simulate the WAG water
alternating gas) injection process into a Ie
oil reservoir. One reservoir desciption was used in
all simulations. The problem did not necessarily
represent a real field application or real fluids. A
7 by 7 by 3 finite difference grid was used as shown
in Figure 1. Both the coarse grid and the extremely

reservoir oil were chosen to allow the problem
to simulated in a reasonable amount of computer
time with a fully-compositional simulator. The
coarseness of the grid produced significant numerical
dispersion and/or grid orientation errors for all of
the models which were compared. Obviously, for a
more realistic simulation, grid refinement or
orientation studies might be necessary to better
quantify these errors. During the develOPment of the
problem, a comparison of results from more finely

four-component models was considered;
hOl~e,rer, for between the four-component
and composi models it was decided to use a
single coarse grid, ignoring numerical dispersion
effects.

Three production/injection scenarios were given
for the comparative problem. The discussion of the
results for each scenario includes a comparison of
results submitted from both four-component and
compositional simulations. These comparisons give us
a look at the validity of the models for a given
scenario. COmParisons of typical four-component
results with compositional results show us the
differences between the two types of simulators for
the various scenarios. A complete set of graphical
and tabular results from all of the participants for
the three scenarios can be obtained from the authors.

Each participant was requested to submit
simulations of each scenario from a four-component
simulator and/or from a compositional simulator.
Along with each simulation result, the participant
was requested to explain, in a few sentences, which
simulator he would choose for each scenario. Since
this was an engineering judgement. there is no right
or wrong answer to the choice of simulator or the
reason for the choice.

The three scenarios involve one WAG injection
well located in the grid block with i:1. j:l. and
k:1, and one production well located in grid block
i=7, j:7, and k=3. The production well is
constrained to produce at a maximum oil rate of 12000
SIBID. The minimum bottom hole pressure for the
production well was varied among the scenarios. A
limiting COR of 10 MCF/SfB and a WOR limit of 5
SIB/SIB were used for the shut-in criteria for the
simulations. The WAG injection schemes and
production constraints were altered to give the
following properties:
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In most four-component models there are 3 to 5
parameters or switches which must be set by the user
to control the model's calculation of the change from
immiscible to miscible conditions. The selection of
these parameters affects the ability of the
four-component model to emulate the immisciblel
miscible process. Participants were required to
specify the miscibility parameters for their
particular model based on the recovery
versus pressure data given in the appendix for the
slim tube . ( See Figure 3. ) A further
discussion these parameters is given in the
section on the description of the participants'
models.

The fol sections describe the reservoir
simulators were used by the for
the comparative solution project.
four-component or miscible flood simulators were
based on the original work by Todd and Longstaff.
The compositional simulation models with the
exception of the TDC model used an internal
Peng-Robinson equation-of-state for phase
calculations. Further information about
simulators is available from the participants.
"Five-point" finite differences were used by all
participants.

The ARCO miscible flood reservoir simulator is
based on a formulation. (See
Reference 7. ) This formulation allows for the
treatment of condensation or vaporization of liqUids
in gas condensate or volatile oil systems. The model
has options for either IMPES or fully-implicit
treatment of the finite difference For
miscible gas injection situations Todd-Longstaff
mixing parameter formulation is used to account for
vicous For the cases reported here the
IMPES was employed. Three phase oil
relative permeabilities were based on a normalized

version of Stone's method I.S For pressures above
the "miscibility" pressure, the oil relative
permeability from the water-oil two phase data ( k

row
) was used for the solvent and oil phases. Single
point upstream weighting of phase transmissibilities
was used, although other schemes are available. A
preconditioned generalized conjugate residual method
was used for the linear equations solution.

The ARCO compositional simulator is a modified
version of s COMP II

The convergence of the phase eqUilibria
calculations is based on the use of the General
Dominant Eigenvalue Method for nonlinear

For the comparative solution cases,

Stone's method 11 11 was used for three phase oil
relative permeabilities. A maximum trapped gas
saturation of twenty percent was used for imbibition
gas relative permeabilities. Single point upstream
weighting is used for transmissibilities. D4 Gauss
was used for all cases for the linear equation
solutions.
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British Petroleum used a modified version of
Scientific Software-Intercomp's COMP II reservoir
simulator for the solutions. Two modifications which
were used included the extended Todd-Longstaff
treatment and an associated modification to the
relative permeabilites.

For the extended Todd-Longstaff model the
hydrocarbon phase existing in each grid block is
partitioned into two , "oil" and
"solvent", The phases are assumed to flow as
independent miscible phases wi their densities and
viscosities given not by their composition. but
the mixing rules proposed by Todd and Longstaff. The
saturations of the pseudo phases are found by

that the composition of the pseudo oil is
known usually the initial oil composition) and
that one of the components acts as a tracer of the
pseudo-oil saturation. Any remaining
after the pseudo-oil phase been subtracted
comprise the With two components in
a simulation formulation reduces to precisely
the original Todd and Longstaff model.

The parameters for the extended Todd-Longstaff
treatment are the mixing w and the
pseudo-oil composition. the comparative
solutions the pseudo-oil c(J,m-PK)siition is assumed to be
the initial oil composition component C20 is used
as the tracer.

For the comparative solution cases D4 Gauss and
single point upstream weighting of phase
transmissibilities were used.

The results from BP were reported for two
simulations: standard treatment of compostional
phenomena ( "BP COMP I") and the extended
Todd-Longstaff approach ( "BP roMP

For the four-component cases Computer Modeling
Group's lMEX. four-component, adaptive-implicit,
black-oil model was used with the pseudo-miscible
option. This option assumes that solvent may
dissolve in water but not in the oil phase similar to
most of the other four-component-type models in this
paper. The Todd-Longstaff mixing parameter approach
is used.

The compositional runs were performed using
CMG's adaptive-implicit model GEM. A
semi-analytical approach was used to decouple the
flow equations from the flash equations. A
quasi-Newton methed ( QNSS ) was used to solve the
resultant flash equations. To insure rapid
convergence, the fully coupled well equations were
solved simultaneously with flow equations using a
Newton Raphson procedure.

Preconditioned generalized conjugate gradients
and single point upstream weighting were used for the
solutions given in this paper. A modification to
Stone's three phase oil relative permeability
treatment was used.

Chevron

The Chevron miscible flood simulator (
"four-component simulator" is a fully-implicit
three-component model on the concepts outlined
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by Todd and Longstaff. As opposed to the other
miscible flood models in this paper, the Chevron
simulator does not include a free gas component. The
Chevron compositional model is a fully-implicit.
equation-of-state model. For both miscible flood and
compositional simulations. banded gaussian
elimination and single point upstream weighted
transmissibilities were used. For the miscible flood
simulation Stone's method II was used for three phase
relative permeabilities: for the compositional
simulations a modification to Stone's method was
used.

The simulations by Energy Resource Consultants
Limited and Atomic Energy Research Establishment,
Winfrith, were performed on a four-component version
of the PORES black-oil simulator. PORES has both
IMPES and fully-implicit options available. The
Todd-Longstaff mixing parameter approach is used for
simulation of miscible conditions.

precipi tate.

The mode1 uses an IMPES approach enhanced wi th a
stabilized Runge-Kutta time discretization. An
implicit saturation option in thcx-, y-, and/or z­
directions is also available. Two-point upstream
weighting of the transmissibilities and D4 Gauss were
used for the comparative solutions. were
generated as a function of pressure. and Cl and C3
concentrations.

For the fully compositional simulations, the
K-values for the five volatile components, and molar
volumes for all components were generated using
Hagoort and Associates' equation-of-state based
program "PvrEE". For the four-component
representation. the stock-tank oil and the separator
gas are represented by two pseudo in the
normal black-oil fashion except that solution
gas-oil ratios, formation volume factors, densities,
and viscosities are represented with K-values, molar
densities. mol-weights, z-factors. etc.

SORM4

0.300
0.230
0.110
0.038
0.000

1800.
2400.
2800.
3000.
3400.

PRESSURE

The comparisons of results for the various
scenarios are presented in the follOWing sections in
three manners. First. the results from the
four-component f simulators are
compared. Next. compositional model results are
examined. Finally, a brief comparison is made
between typical four-component and compositional
results.

Several different treatments were used for
miscibility conditions in the various Todd-Longstaff
formulations presented here. The AROO model used a
single value of the miscibility pressure equal to
3000 psia for the switch to miscibility conditions.
A "ramp" condi tion was available but not used. )
mixing parameter w was set to a value of 1.0
corresponding to complete mixing of oil and solvent.
CMG also used a parameter equal to 1.0. For
CMG. miscibility tions were allowed to vary with
pressure in a linear fashion from completely
immiscible conditions at 2300 psia to full
miscibility at 3000 psia. Chevron used an w equal to
0.7 for miscible flood simulations. The Chevron
residual oil to solvent flood SORM4) was varied
with pressure according to the lOWing table:

ERC used a miscibility pressure of 2800 psia. The
mixing parameter for ERC was set equal to 0.5 for all
runs. The TDC miscible flood simulator used a
miscibli ty pressure linear "ramp" from 1500 to 3200
psia with a mixing parameter of 0.6 .

As indicated above. scenario one involved a WAG
injection case in which the reservoir pressure
remained substantially below both the initial
saturation pressure and "miscibility" pressure for

Todd. Dietrich. and Chase used their Multiflood

Simulator13 for the comparative solution cases. This
simulator has been designed to reproduce the effects
of major mass transfer and phase transport phenomena
known to be associated with the miscible flood
process with particular emphasis on enhanced oil

recovery. For immiscible conditions, phase
eqUilibria may be input to the simulator to represent
enhanced oil recovery mechanisms of oil phase
swelling with condensed solvent, and vaporization of
hydrocarbon fluids into the solvent-rich phase.

For the comparative solution cases the
fully-implicit option was used. Gas relative
permeability hysteresis and three oil relative
permeabilities by Stone's method were employed.

Reservoir Simulation Research Corp. incorporated
an IMPES-type equation-of-state compositional model
for the simulations. Single point upstream weighting
and redlblack line SOR were used in the results
presented here. Reference 12 gives further details
of this simulator.

Although multiple contact miscibile displacement
may be represented explicitly with the program
through the use of appropriate equilibrium
data, the philosophy of the program for simulating
miscible displacement processes is to maintain
segregated solvent-rich and oil-rich regions. The
degree of segregation is controlled by a mixing
parameter approach to account for viscous fingering
phenomenon.

The simulator treats seven components which may
partition among three phases: liquid hydrocarbon. gas
or solvent rich phase. and aqueous phase. The brine
component is confined to the aqueous phase. Five of
the six remaining components are allowed to partition
between the non-aqueous phases as determined by the
input K-values. In addition to pressure. K-values
can depend on key component concentrations. One
component may partition into the aqueous phase. One
of the components is non-volatile. but may
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almost the entire simulation. qualitatively similar.

is the oil relative permeability from the

Comparison of Results for Scenario Two

Scenario two represents a case in which the
reservoir pressure was maintained near or above the
minimum miscibility conditions.

these treatments
injectivi ty and
timings for

where krow
water-oil two phase data. Each of
leads to a substantially different
can cause the major differences in

The large variation of water injection rate by
the participants is probably the result of different
gas/solvent relative permeability treatment near the
injection well. There are at least two possibilities
for injection well permeabilities. First. an
"upsteam" relative permeability could be assumed in
which all nearwell saturations are assumed to be at
100% of the injected phase saturation or at residual
saturations. For the other possibility, a total
mobility of phases in the injection grid block could
be used. For the total mobility treatment the
relative permeabili used for the gas/solvent has
three possibilities: 1 drainage gas relative
permeability, tion gas relative
permeability, imbibition for gas/solvent.

Figure 13 gives the results for the cumulative
oil production versus time for the four-component
models in scenario two. As shown in this figure.
there is a marked deviation between the TDC model and
the other participants. The ARCO and CMG results are
similar to one another. and the ERC and Chevron
results are higher than the others. These
differences in results can be easily resolved. A
plot of cumulative oil prodution versus cumulative
water injection as shown in figure 14 shows that the
four-component models fall into two groupings. The
CMG and AROO results are still close to one another
but higher that the other particiPants. The
differences in results can now be explained in a
consistent manner by the value of w which was used by
the participants. Both CMG and AROO used values of
1.0 for w in an attempt to obtain a comparison with
compositional model results. Chevron, ERC, and TDC
used values of 0.6. 0.5, and 0.7. respectively. to
show the effect of possible viscous fingering on
recovery. The differences in miscibility n~·~~e"r~

treatment as described above appears to a minor
effect on results since a higher value of w for the
Chevron model resulted in a slightly lower recovery
than predicted by IDe. The TDC model used the
highest value of pressure for complete miscibilty to
occur. This resulted in lower overall recovery.
Figures 15 and 16 show GOR and WOR as a function of
time. Implicit in this is the fact that

- timing of high WOR and is dependent on the
injection volumes. Since both Chevron and ERC
injected substantially greater volumes of water at a
given time than the other • water
breakthrough and high GOR occurred earlier
in their simulations compared to the others. The
average reservoir pressures shown in Figure 17
indicate the effect of the greater volumes of
injection for Chevron and ERe resulting in higher
pressures for their simulations. As shown in Figure
17 the average pressures for all participants
exceeded the minimum misiciblity conditions
throughout the simulations of scenario two.

The scenario one compositional simulator results
for all participants compared somewhat better than
the four-component models. Figure 9 compares
cumulative oil production for the compositional
models. As shown, the results were quite similar for
all participants with deviations of only ±3%. The
Chevron and RSR models do tend to produce slightly
longer than other participants' models before
reaching the maximum GORIWOR limits, although all had
comparable total oil recoveries. Figures 10 and 11
show WOR and GOR behavior for the compositional
models for scenario one. These figures indicate the
reason for the longer period for the RSR
and Chevron models. water breakthrough and
high GOR production occurred at approximately the
same time for all models, both the RSR and Chevron
models show a slower rise in both GOR and WOR with
time. Again, this may be the result of a different
oil relative permeability treatment at the production
well for these two models. As shown in Figure 12,
average reservoir pressure for all models behaved
similarly.

Figure 4 compares the cumulative oil production
for all of the four-COmponent models. Two things are
evident from this figure. First, cumulative oil

for the Chevron model is substantially
the results for the other particiPants. This

can be explained the inability of that model to
correctly account the evolution and production of
dissolved gas. The second point is the continued oil
production of the CMG model after the other three
models have ceased production due to excessive
producing gas-oil ratio. An analysis of the GOR and
WOR behavior for this case as shown in Figures 5 and
6 gives a clearer indication of the differences in
the results. The GOR behavior shown in Figure 5
indicates that the Chevron of ignoring
dissovled gas results in a lower GOR
for the early time period of the simulation. It is
interesting to note that the Chevron results do show
gas breakthrough at about the same time as most of
the other models. Figure 6 shows that the CMG
four-component model had water breakthrough at the
producer at about the same time as the other models.
The slower increase in both WOR and GOR for the CMG
model after breakthrough may result from the use of a
different oil relative permeability treatment from
the other participants since oil saturation variation
with time at the center of the top layer is similar
in the different models. ( See Figure 7. ) As shown
in Figure 8 the average reservoir pressures for all
of the models were similar with the exception of the
Chevron results.

Figures 9-12 also show a comparison of a typical
four-component model ( ARCO limited-compositional
miscible flood simulator) with the compositional
models for scenario one. In general. the
four-component models tend to be somewhat pessimistic
in oil recovery compared to the compositional models
due in part to the assumption that the four-component
models cannot carry an oil component in the gas
phase. Because some oil vaporization oil did occur in
scenario one in the compostional simulations, the
four-component GOR behavior is somewhat higher than
the compositional models especially after solvent
breakthrough. Water breakthrough. high GOR behavior.
and average reservoir pressures for both
compositional and four-component models tend to be
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results as discussed above.

For scenario two the cumulative oil productions
versus time for compositional models ( Figure 18 )
showed a substantial deviation for all of the
participants. Again, cumulative oil production as a
function of cumulative water injection removes most
major differences in the results as shown in Figure
19. The deviation of the TDC results from the other
participants is probably due to the different
treatment of behavior in the TDC model compared
to the equation-of-state models for the
other In the TDC model, as descibed
above, heaviest component is not allowed to
volatilize. In addition, K-values are table lookups
as a function of pressure and key-campon.en.t
compositions. As shown in Figure the BP model
with the extended Todd-Longstaff approach ( "BP mMP
II" ) gives somewhat lower recoveries due to the
incomplete mixing of "solvent" and "oil"
phases. The standard treatment by BP ( mMP I" )
gave results similar to the other participants.

The marked deviation of the timings of the
results is again likely due to the near well
treatment of gas/solvent relative permeability. Both
the BP and RSR results use drainage gas relative
permeabilities for calculation of near-well
injectivity. ARm used a combination of k

row
and

imbibition gas relative permeabilities depending on
interfacial tensions, and CMG used k for the

row
near-injection well conditions. Each of these
treatments leads to substantially different
injectivities. Figures 20 and 21 show that the GOR
and WOR behavior for the scenario two compositional
cases. As shown in 22 the average reservoir
pressure of the BP, and RSR models was
somewhat higher due to the larger volumes of water
injected. of oil saturations at center of
the top layer Figure 23 ) indicates the difference
in results caused by the approximate phase behavior
treatment in the TDC model.

SPE 16000

the results. For the other • the length
of the simulations differs somewhat to
differences in GOR behavior. Oil production for the
CMG case continues longer than any of the other
participants. Figures 26 and 27 indicate that the
main reason for the differences may be a minor
difference in relative permeability treatment at the
producer for the CMG case. Both GOR's and WOR's
began increasing at the same time for all models
except the Chevron model. The WOR climbed somewhat
more slowly for the CMG model in turn causing the GOR
maximum to be reached well after the other models.
As shown in Figure 28, average reservoir pressure
showed a somewhat more erratic behavior due to the
severity of the injection rates in this case.

Compositional results for scenario three
cumulative oil versus time showed a substantial
deviation among the participants ( See 29. )
The plot of cumulative oil production versus
cumulative water as shown in Figure 30
shows that the from all participants are
comparable. The main difference among the models was
the of time until the GOR limit criterion was
met. shown in Figure 31, GOR's for all models
began to climb above 2 MCF/STB at approximately the
same time; however, GOR for the CMG and TDC models
appeared to rise at a slower rate than the other
models. Again, this may be the result of the use of
different treatments. As shown in Figure
32, WOR for all models was similar with
breakthrough occurring at about the same time.
Average reservoir pressure results for the
compositional models were again erratic as shown in
Figure 33.

As shown in Figure 31, the main difference in
the results for scenario three between the
four-component and compositional models is the higher
COR for the four-component models during years 2-8.
Again, this is probably the result of the simplistic
phase behavior assumptions of the four-component
models for this comparative solution project.

The comparison of simulator efficiencies is
based on three criteria reported by the
Number of time steps,. number of nonlinear
iterations, and CPU time. Since the total number of

to simulate a given case varied widely
especially for scenario two) , the length of the

simulation should be taken into account when
comparing results.

Table 10 compares the CPU time for the different
cases. As shown in this table, a variety of
computers were used. For the cases which employed
the Cray computer, a reasonable comparison of CPU
times can be made.

Figures 18,20-23 show a compari son of ARm's
four-component results with compositional results for
scenario two. The results appear qualitatively
similar; the CMG compositional and AROO
four-component results are almost the same. Figure
24 is a plot of cumulative oil production versus
cumulative water injection for scenario two for the
AROO and CMG four-component and compositional models.
As shown in this figure the results are almost
identical. The small deviation that does exist is
the result of a slighlty smaller volume of solvent
injection in the ARCO model. The use
of complete mixing ( w = 1.0 in both the AROO and
CMG four-component models does give solutions that
are comparable to the compositional results.

Four-component model results for scenario three
reflect a behavior similar to the results for
scenario one since immiscible conditions dominate the
production behavior for this case.

As shown in Figure 25 cumulative oil production
for the cases was similar with the exception of the
Chevron model. Again. the inability of the Chevron
model to handle the production of gas which has
evolved from solution causes the major differences in

Tables 11 and 12 compare total number of time
steps and outer iterations for each
participant for all of the cases. In general, the
number of outer Newtonian iterations varied between
two to four for each time step for all participants.
The lower totals for the number of time

to fully-implicit treatments whi the
larger number is more representative of the IMPES
models.

These results do not necessarily represent
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The authors would like to express their
appreciation to the fol participants who
provided the data used in paper:

Compositional results were similar for all
participants for scenario one. For scenarios two and
three, differences existed among the compositional
results primarily due to differing solvent and water
injectivi ties.

The results presented in this paper showed that
simulations for scenarios one and three gave
comparable results among the various participants for
four-component models. For scenario two
four-component results show deviations in recovery
versus time due to different injection volumes and
miscibility parameters for the participants.

Comparisons of four-component and compositional
results showed that for scenario two the mbdels were
in good agreement. For the cases dominated by
immiscible conditions ( scenarios one and three ),
the four-component models tended to be somewhat
pessimistic due to asumptions concerning the phase
behavior in the four component models.

The discussion of the previous section indicates
that for scenario two, in which minimum miscibility
conditions were exceeded during the entire simulation
for most grid blocks, four-component results with
complete mixing gave excellent agreement with
compositional results. If viscous fingering is a
dominant mechanism, the use of a Todd-Longstaff
approach ( or extension may give more realistic
answers in these situations.

CDNCLUSIONS

simulations as far as efficiency is
concerned. The emphasis for the comparative solution
was on the accuracy of results rather than
efficiency.

Based on the results given above it is possible
to comment on the appropriate model for a given
simulation case. The compositional formulation
appears to give somewhat more accurate results for
the cases in which some of the reservoir oil is
volatilized into the gaseous phase ( scenarios one
and three). The presence of oil in the gas phase
results in a more realistic recovery for the
co>mplQs;itional case. A four-component model which

some form of volatile component in the gas
phase could produce results similar to those for the

models; however, this was not
investigated in this paper.

These results indicate that for situations in
which injection rates are limited by bottomhole
pressure constraints, care should be taken in the
calculation of near-well phase mobilities and
relative permeabilites. Three phase relative
...",rnlO":Olhi Ii ty treatments near the producer may have
affected the results of the four-component models to
a lesser extent.
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The three cases used for both the four-component
and compositional comparisons were based on the 7 by
7 by 3 finite difference grid sbown in Figure 1. The
grid and reservoir description are similar to that
used in the first comparative reservoir simulation

project by Odeh. 3 Two wells, one for production and
one for injection, were located in te corners
of the grid. For compositional six
components were used for the hydrocarbon fluids. The
three cases all involved alternate of water
and an enriched methane solvent. 1-9 present
the details of the model input data.

Scenario One

Oil production at 12ooo.STB oil per day with a
minimum bottomhole pressure of 1000 psia for two
years wi th no injection. At year 2. begin WAG
injection with a one year cycle. Maximum Injection
Bottomhole Pressure::: 10,000 psia.
Gas Rate::: 12,000 MCF/D • Water Rate: 12000 STB/D.

0.0 to {2.0 Years Production only
2.0 to {3.0 Years Water Inj. plus

Production.
3.0 to (4.0 Years Gas Inj. plus

Production.
4.0 to <5.0 Years Water Inj. plus

Production.
5.0 to (6.0 Years Gas Inj. plus

Production.
6.0 to <7.0 Years Water Inj. plus

Production.
7.0 to <8.0 Years Gas Inj. plus

Production.
~ ~ ............
........ e ......
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91.25 to <182.5 Days Gas Inj. plus
Production.

182.5 to (273.75 Days Water Inj. plus
Production.

273.75 to <365.0 Days Gas Inj. plus
Production.

365.0 to <456.25 Days Water Inj. plus
Production.

456.25 to <547.5 Days Gas Inj. plus
Production.

................

.............. ..

Oil production at 12000 STB oil per day with a
minimum bottomhole of 1000 psia. Production
only for one year, production plus water
injection only for one year. Begin WAG ;o.~~;·~~

time 2.0 years on a standard three month
Injection Bottomhole Pressure: 4,500 psia maximum.
Gas Rate::: 30,000 MCFID, Water Rate::: 45,000 STB/D.

0.0 to (365.0 Days Production Only
365.0 to (730.0 Days Water Inj. plus

Production.
730.05 to (B21.25 Days Water Inj. plus

Production.
821.25 to (912.5 Days Gas Inj. plus

Production.
912.5 to <1003.75 Days Water Inj. plus

Production.
1003.75 to <1095.0 Days Gas Inj. plus

Production.
.. a ~ ..........

.. ~ .. .. .. ......



TABLE I
Reservoir Data. for the Model Problems

16000
TABLE 2

Reservoir Data By Layers

Water Compressibi 1 i ty

Rock Co''l'r'essibi 1Uoy
Water
Water Viscosi ty

Reservoir Temperature

with 3
= 62.4
"'" 38.53 Ib/cuft
= 68.64 Ib/MCF

:: 3.3 x 10-6 psi-1

-6= 5.0 x 10
Factor = 1.000

=0.70cl'

"F

Layer

500.0

50.0

200.0

50.0

50.0

25.0

0.30

0.30

0.30

20.0

30.0

50.0

Reference Depth :::; 8400.0 ft

Oil Formation Volume Factor=:; -21.85 x 10-6 RB/STB/PSI
Slope Above Bubble Point

lni tial Pressure at Reference
Depth = 4000,0 psia

Separator Condi tions (Flash
Temperature and Pressure)

Reservoir Oil
Saturation Pressure

OF

psia

:;;; 2302.3 psia

TABLE 2 (Continued)
Reservoir Data By Layers

Layer Initial Initial
S

w S
0

8335. 3984.3 0.20 0.80

8360. 39!.lO.3 0.20 0.80

8400. 4000.0 0.20 0.80

Initial Water Saturation '= 0.20
OU Saturation ::::: 0.80

Grid Block Dimensions "" 500 ft ft
Reservoir Data by Layers (See Table
No

Gas Saturation

Wellbore Radius ::::: 0.25 ft
Well Kh = OO.0סס1 md/ft
Well Located in Center of Grid Cells.
Production Well In layer 3 Only.
WAG at In Layer 1 Only.

Conditons:
COR Limi t of 10.0 MCFISTB
WOR Limit of 5,0 MCF/STB
Maximum Time of Simulation:::::: 20 Years

TABLE 3
Relative Permeabili ty and Capillary Pressure Data

Sw Pcow krw krow
0.2000 46.0 0.0 ooסס.1

0.2899 19.03 0.0022 0.6769
0.3778 10.07 O.OlSO 0.4153
0.4667 4.90 0.0607 0.2178
0.S556 1.80 0.1138 0.0835
0.6444 0.50 0.2809 0.0123
0.7000 0.05 0.4009 0.0
0.7333 0.01 0.4855 0.0
0.82:'.2 0.0 0.7709 0.0
0.9111 0.0 ooסס.1 0.0
ooסס.1 0.0 ooסס.1 0.0

Llq.Sat. k rllq k rg
0.2000 0.0 ooסס.1

0.2889 8.000 0.0 0.5600
0.3500 4.000 0.0 0.3900
0.3778 3.000 0.0110 0.3500
0.4667 O.BOO 0.0..170 0.2000
0.S556 0.030 0.0078 0.1000
0.644.4 0.001 0.1715 0.0500
0.7333 0.001 0.2963 0.0300
0.8222 0.0 0.4705 0.0100
0.9111 0.0 0.7023 0.0010
0.9500 0.0 0.8800 0.0
ooסס.1 0.0 ooסס.1 0.0

TABLE 4
Peng-Robinson Fluid Description

Component Pc(psia) M1f Accen.Fac Critz

CI 667.8 343.0 16.040 0.0130 0.290
C3 616.3 665.7 14.100 0.1524 0.217
a3 436.9 913.4 B6.IBO 0.3007 0.264
CIO 304.0 1111.8 142.290 0.4885 0.257
CI5 200.0 1270.0 206.000 0.6500 0.245
(:20 162.0 1380.0 282.000 0.8S00 0.235

For all components: n~:::::: 0.4572355

~ = 0.0777961

For single components, the Peng-Robinson parameters A and B
are given by:

[ 1+k ( 1-

T

where.

+ 1.54226<.> - 0.26992",2 _..,(0.4.9.

+0.016666<,,3 . ..,,0.19

All binary interaction coefficients are zero EXCEPT:

Between Cl and CI5 0.05
CI and C20 0.05
C3 and CI5 0.005
C3 and C20 0.005

Residual Oil to Gas Flood"" 0.15
Critical Gas S3.turation :;;:: O.C15

Fluid densi ties at
the Peng-Robinson

condi tions were obtained using

TABLE 5
Composi tional Fluid Description

TABLE 6

Pressure-Volume Relations at
(Constant Composi tion

Reservoir Fluid C.omposition (Mole Fractions):

Cl 0.50
C3 0.03
C6 0.07
ClO 0.20
C15 0.15
C20 0.05

Injection Cas/Solvent C.omposi tion (Mole Fractions):

Cl 0.77
C3 0.20
C6 0.03
C10 0.00
C15 0.00
C20 0.00

Pressure.

4500.0
4000.0
3500.0
3000.0
2600.0
2302.3
2000.0
1800.0
1600.0
1200.0
1000.0
500.0

14.7
14.7 @ 600 F
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Relative
Volume
0.9613
0.9649
0.9715
0.9788
0.9869
0.9960
ooסס.1

1.066S
1.1262
1.2500
1.44.73
1.6509
2.9317

164..0880
77.5103

Liquid
Saturation

ooסס.1

1.0000
ooסס.1

ooסס.1

ooסס.1

ooסס.1

ooסס.1

0.9077
0.8128
0.7315
0.6203
0.5344
0.?.B83
OOסס.0

0.0100



SPf 1 6 0 0 ifTAJlLE 7

DIFFERENTIAL VAPClUZATION OF OIL JJ 16C'F

Ga. Ga. Gas Oil Oil Ga. Dev.
Pressure Rela. tive Volume Molecular Viscosity Pac tor

(PSIA) Volume Pac tor ""ight (CP) Z

17.42
17.42

4000. .1115 .0170
3500. .1115 .0170

.0170 572.8

.0170 572.8

1800. I. 2350 .6578 .0851
BOO. 1.1997 .5418 .0698
1200. .4266
1000. .3508

14.7 1.0000 .00473 .0011 30.93 .6174 .414 .0107 .9947

(1) Barrels of oil at indicated pressure and teJIperature per barrel of residual oil at 6O°F~

(2) Mer of gss at 14.7 psia and 60 ....' per 1 RVB of gas at temp and pressure (c.alculated)"

(3) SCF of gas at tel'llP and pressure per barrel at 14,,1 p81a and WOF.

TAlILE 8

l'RESSUl.E-VOLIME RELATOllS OF SOLVENT GAS AT 160'P
(COIISTANT CCIll'OSITIOll EXPANSION)

(1) (2)

Gas Foma tion
Volwe Factor

Deviation
Factor

Z
Gas Viscosity

(CP)

Gas
(3)

Volatile

4000.
3500.
3000.
2500.
2302.3
2000.
1800.
1500.
1100.
1000.

14.7 @ 60'7

1.1053
1.2021
1.3420
1.5612
1.6850
1.9412
2.1756
Z.6812

304.5530

1.0201
.8853

.00600 .0010 .9946

.027

.023

.010 23.76

o.
o.
o.
o.
o.
o.
o.
o.
O.
o.
o.
o.
o.
O.
o.

(1) VolUdle relative to volume of the original charge at 4800 1>81a and loo-F.

(2) MCF of gas at 14.7 psia .and 60"17 per 1. RVR of gas at reap and pre.\H'It)'r'e (calculated) ~

(3) Stock tank barrels of 011 per MSCF at 160"'1' ~

TABLE 9

FOUR COOPOIlENT P1!T TABEL
AllffiTlONAL PIIT TilLE (llEl'RE:5S1JRI:!ATIOIl DATA)

Formation Volume Factor Viscosity

Solution
Oil

(Rs/STll)
Oil
(CP)

14.7
500.0

1500.0
1800.0

1.19970
1.23500
1.26000
1. 30100

1.55930
1. 26570

0.01070
0.01270

O.QUOD
0.01200

0.01600
0.01000
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TABLE 11 TABLE 12
Comparison of Total Number of Time Steps Comparison of Total Number of Outer Itera-cions

Scenario 3 Scenario 1 Scenario 2 Scenario 3

AROO 372 874 692 ARCO H2o 1748 1407
Chevron 239 6469 321 Chevron 813 2059 1112
CMG 258 553 451 CllG 971 1926 1652
ERC 137 221 118 ERC 465 888 449
me 237 722 531 roc 972 2978 2522

Scenario 1 3 Scenario 1 Scenario 2 Scenario 3

ARCO 641 ARCO 1875
BP I 914 BP I 2183
BP II 900 BP II 2583
Chevron 224 Chevron 953
OIG 157 CllG 733
RSR 898 RSR 920
TDC 715 TDC 2170

TABLE 10
Comparison of CPU Times

Scenario 1 Scenario 2 Scenario 3

ARm
1

7.1 20.1 13.2

Chevron1 75.0 186.0 102.0

CMC2 3062.0 5263.0 4933.0

ERc3 1191.0 1282.0 1230.0

TOC
4

75.0 221.0 298.0

Scenario 1 3

ARC0
1

532.1 1045.0 860.5

SP II 500.0 525.0 960.0

BP III 670.0 650.0 890.0

Chevron1 740.0 1700.0 10B8.0

CMC2 21177.0 32965.0 33279.0

RSR
1 17.4 28.7 17.7

me'! 237.8 344.5 349.0

1 CRAY XlMP

2. HONEYWELL lruLTICS DPS817

3 NORSK DATA ND 570/CX

'1 mAY IS

o
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Fig. 1-Three-dimensional finite dillerence grid lor comparative solution problems. Fig. 2-Comparison 01 average reservoir pressures lor comparative solulion Scenarios One, Two, and Three.
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2000 2500 3000 Fig. 4-Scenario One: comparison 01 cumulative oil production for ff.)l.ll'~component models.
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Fig. 17-Scenario Two: comparison of average pore~volume weighted pressures for four-component models. Fig. is-Scenario Two: comparison of cumulative oil production for compositional medels.
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Fig. 20-Scenario Two: comparison of producing gas/oil ratios for compositional models.
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Fig. 23-Scenario Two: comparison of all saturations in location 1=4, J=4, K-= 1, for compositional models.
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Fig. 33-Scenario Two: comparison of average pore~volume weighted pressures for compositional models.
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