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Gas injection processes are among the most effective methods for enhanced oil recovery. A key
parameter in the design of a gas injection project is the minimum miscibility pressure (MMP),
the pressure at which the local displacement efficiency approaches 100%. From an experimental
point of view, the MMP is routinely determined by slim tube displacements. However, because
such experiments are very expensive (time-consuming), the question we want to answer in this
article is as follows: Is this still necessary to measure the MMP? In other words, may other
quicker, easier and cheaper gas injection experiments such as swelling test or multicontact test
(MCT) substitute for slim tube test? This paper concludes that when the injected gas is not
pure CO; (and probably not pure N, or pure H,S), it is enough to fit only two parameters of the
equation of state on data including classical PVT data + swelling data + MCT data and then to
predict the MMP. The accuracy obtained is similar to the experimental uncertainty. It is thus
possible to conclude that the slim tube test may be replaced by swelling tests and MCT, which

are much cheaper.

Introduction

Gas injection processes are among the most effective
methods for enhanced oil recovery. A key parameter in
the design of a gas injection project is the minimum
miscibility pressure (MMP), the pressure at which the
local displacement efficiency approaches 100%. If the
flow is one-dimensional, and if there is no dispersive
mixing, then the displacement efficiency is exactly 100%
at the MMP. From an experimental point of view, the
MMP is routinely determined by slim tube displace-
ments. In those experiments a long (say 10 m or longer),
small diameter (say 0.5 cm) tube packed with sand or
glass beads is filled with oil that is then displaced by
injection gas at a fixed temperature and pressure. The
fraction of the initial oil in place recovered after injection
of some fixed amount of gas (usually 1.1 or 1.2 pore
volume) is measured. The fraction of oil recovered is
then plotted as a function of pressure. Typically, recov-
ery increases rapidly with increasing pressure and then
levels off. The MMP is usually taken to be the intersec-
tion of lines drawn through recovery points in the
steeply climbing and level regions as long as the
recovery in the level region is above some arbitrary
cutoff (often 90%). To determine accurately the MMP,
it is in general necessary to perform six displacements
at six different pressures. The time required to perform
a displacement is about 8 h (a working day). This means
1 week of experimental work is necessary to measure
one MMP. The cost of such a work depends on the salary
of the engineer who makes the experiment but may be
evaluated to 10000 US dollars. It is thus clear that for
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petroleum companies the slim tube test is a very
expensive experiment.

The question we want to answer in this article is as
follows: Is it still necessary to measure the MMP? To
answer yes to this question, two tracks were explored
in this paper. The first possibility consists of developing
a purely predictive characterization of the heavy cuts
allowing an accurate estimation of the MMP. This is
why in the first part of this article a purely predictive
Ci1t+ characterization, which we recently developed, is
tested. This characterization is perfectly able to predict
with a good accuracy all the classical PVT experiments.
However, because the MMP is a critical pressure and
because the cubic equation of state (EOS) often fails to
predict critical points of complex mixtures, it is not
always possible to predict accurately the MMP. The
deviation between the predicted and the experimental
MMP varies between 2% and 20%.

When the first possibility fails, another solution is to
fit some parameters of the EOS by using experiments
which are much less expensive than the slim tube test
(e.g., relative volumes during a constant mass expan-
sion, reservoir fluid bubble pressure, relative volumes
during a differential vaporization, stock tank oil density,
swelling test data, multicontact test data) and then to
predict the MMP with the obtained parameters. The key
guestions we need to answer are (1) which experiments
influence the most the value of the MMP and (2) is it
possible to predict the MMP after fitting some param-
eters on these key experiments. This paper will show
that a good fit on the swelling test and above all on the
multicontact test (MCT) allows a good prediction of the
MMP.

By the end, because the swelling test and MCT were
not always conducted experimentally, software able to
include the MMP in the fitting procedure was developed.
Our PVT package is, to our knowledge, the first one in
the world that is able to perform such calculations.
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The C1;+ Characterization Procedure

The compositional model used in this paper is a
slightly modified version of a previously published
work.! Indeed, in comparison to our previous work,?! it
was decided to lump together the nine cuts Cy (k = 11—
19) in a unique pseudocomponent called “C1;—Ci9” in
order to reduce the number of components. Indeed, we
noticed that such a lumping did not change the predic-
tive power of our compositional model. To do so, the
following formulas (well known in petroleum compa-
nies), in which x; is the internal mole fraction of cut C;
in the pseudocomponent C;;—Cg, are used:
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Moreover, knowing the amount of each cut Cy (k = 11—
19) in the reservoir fluid and the groups appearing in
each cut Cy, it is possible to compute the groups
appearing in the pseudocomponent Cj;;—Cig. These
groups are necessary to estimate the binary interaction
parameters.!

Predictive Results on 13 Different Crude Oils

TOTALFINAELF performed 15 slim tube tests on 13
reservoir crude oils coming from different countries of
the world (we are not allowed to give the name of the
countries). For two crude oils, two different gases were
injected. The compositional model described in the
previous section was used to predict not only these 15
MMPs but also many other measured PVT data. It is
here very important to outline that the proposed com-
positional model is purely predictive in the sense that
the only data necessary to perform a flash calculation
are, in addition to the reservoir fluid composition, the
experimental molar weight and density of each cut from
Ci1 to Cyo+. No PVT data are used to estimate the
parameters of the EOS. Such a model is able to predict:

1. The reservoir fluid bubble pressure with an average
deviation of 3.7% (19 bubble point pressures were
measured). For most of the crude oils, the bubble point
is only measured at the reservoir temperature, but for
two of them, such a pressure was measured at three
other temperatures.

2. The stock tank oil density with an average devia-
tion of 1.5% (12 values were determined).

3. The evolution of the relative volume during an
isothermal constant mass expansion with an average
deviation of 0.8% (197 data points were measured). Let
us here recall that the relative volume is defined as
Vrel = Viotal/Vsat, Where Vi 1S the total volume occupied
by the fluid at pressure P and Vg is the liquid volume
at the bubble pressure.

4. The evolution of the relative volume during an
isothermal differential vaporization with an average
deviation of 1.5% (71 data points were measured). In
this case, the relative volume is defined by Vg =
Viig/Vsat, Where Viq is the liquid-phase volume at pres-
sure P and Vg is the liquid volume at the bubble
pressure.

5. The evolution of the saturation pressure versus
guantity of injected gas during a swelling test with an
average deviation of 5.4% (42 data points were mea-
sured).

6. The evolution of the swollen volume versus quan-
tity of injected gas during a swelling test with an
average deviation of 0.7% (42 data points were mea-
sured). The swollen volume is defined by Vswen =
Vsat(K)/Vsato, Where Vgi(K) is the volume of the saturated
oil at P = Pga(k), i.e., after the injection of k predeter-
mined amounts of gas. Vsawo is the saturated crude oil
volume (before dissolution of any quantity of gas).

7. The evolution of the density of the saturated
swollen crude oil (psat) Versus quantity of injected gas
with an average deviation of 1.5%. Forty two data points
were measured. More detailed information concerning
the swelling test may be found elsewhere.?

8. The evolution of the partial volume during a MCT
(multicontact test) with an average deviation of 24% (13
data points were experimentally determined). In a MCT
experiment, a predetermined amount of crude oil and
of injection gas are mixed in order to obtain a two-phase
system (see ref 2 for more details). The partial volume
(PVol) is the ratio of the liquid phase volume by the total
cell volume. Although the partial volumes are poorly
predicted, our compositional model is able to predict
with high accuracy the composition of the phases (liquid
and gas) in equilibrium (these results are not shown).

9. The MMP with an average deviation of 7.6% (15
slim tube tests were performed). The algorithm used to
calculate the MMP and which takes into account the
mixed condensing/vaporizing (C/V) mechanism discov-
ered by Zick® is the one developed by Jaubert et al.*
Though our compositional model describes a crude oil
with 29 components, we can imagine that the last
version of the algorithm developed by Orr and co-
workers® could also be used. A discussion on the
different algorithms allowing computation the MMP
may be found in the articles by Jaubert et al.*6 Briefly,
our algorithm# is based on a cell to cell simulation with
very simple flow dynamics (a P/T flash algorithm is only
required to compute the MMP). The recovery factors are
calculated at three different pressures correctly selected
using 500 cells. To eliminate the numerical dispersion,
the results are extrapolated to an infinite number of
cells. Typically, the recovery factors increase exponen-
tially with pressure. In our algorithm, the MMP is
defined as the pressure at which the recovery factor is
equal to 97%.

Table 1 gives a summary of all these results. The
numerical values of most of the experimental data used
in this work and necessary for a researcher in order to
repeat the calculations or compare the results with other



Table 1. Results Obtained with the Purely Predictive Compositional Model Used in This Study

crude  stock
oil tank isothermal and
constant mass differential bubble oil isobaric multicontact minimum miscibility
expansion vaporization point density isothermal swelling test test pressure
fluid AVel AVgl APgat Ap APsat. AVswell Apsat. APvol mech- AMMP
name T/K (%) T/IK (%) (%) (%) gas (%) (%) (%) gas type (%) gas anism (%)
F1 374.85 1.43(9)2 —5.45 1.79 Gl CIvV —2.4
F2  372.05 1.54(11) 7.55 G2 CIv 2.8
F3 38735 0.35(9) 387.35 2.07 (112 —-1.12 044 G3(6)* 216 126 242 G3 CIv —-2.5
F4  388.15 0.91(11) 361 340 G4(7) 303 026 034 G4 b 2.3
F5 39425 1.03(18) 394.25 0.51 (12) 439 036 Gbha(6) 505 037 1.01 Gha C/V —2.8
G5b (7) 475 069 196 G5c c 377 Gb5d CIV 9.4
F6  383.15 1.15(12) —458 1.60 Géa CIV —-3.5
Géb (6) 9.05 0.25 1.16 Géb C/V -9.8
F7 39315 1.38(12) 6.02 4.01 G7 CIvV —5.4
F8 393.15 0.49(1) —-1.07 1.25 G8 Cv 213
F9 39425 0.20 (10) 394.25 2.37 (12) 057 221 G9 b —-5.4
303.25 0.67 (12) 6.12
352.45 0.39 (10) 2.19
417.85 0.37 (13) —0.49
F10 394.25 2.01(9) —7.14 0.52 G10 C/IV 141
F11 373.75 0.72(9) 373.75 1.57(11) —2.88 1.29 Gl1 C/vV  —16.0
F12 376.45 0.49(9) 376.45 2.13(11) 314 035 Gl12(4) 449 025 286 G112 d —-36 Gl12 CIV 8.6
299.85 0.44(9) 5.22
360.95 0.31(9) 1.70 d 43.9
394.25 0.41(9) 1.66
F13 37755 0.80(15) 377.55 0.72(14) -5.09 052 G13(6) 954 197 120 G13 c 50 G13 C/NV 7.4
e 325
av 0.83 1.52 3.68 148 541 0.73 1.48 24.3 7.6
(197)2 (71) 19) (@12 42) (42) (42) (13) (15)

aThe number in parentheses is the number of data points. ? Vaporizing. ¢ Reverse (four contacts). ¢ Reverse (one contact). ¢ Forward

(three contacts).

methods are published elsewhere.” Figure 1 illustrates
graphically the results obtained. The compositions of the
13 reservoir crude oils and of the 17 injected gases are
given in Table 2. The gas number, on the first line in
Table 2 refers to the crude oil number in which it was
injected. As an example, gases Gg; and Ggp, were injected
in reservoir fluid Fs. Gases G; and G, and G7 and Gg
are identical. It was however decided to give two
different numbers to these gases in order to identify
simply the crude oil in which they were injected. Gases
5b, 5c, and 5d are quasi-identical. The first one (Gsp)
was used for a swelling test, the second one (Gs.) for a
multicontact test (MCT), and the last one (Gsq) for a slim
tube test. These three gases, which were injected in
reservoir fluid Fs, should be identical. However, because
they were prepared at different times, there exists a
slight difference between them. This is absolutely not
a problem.

The last line in Table 1 shows evidence that the model
described in this paper is able to predict the phase
behavior of real crude oils with high accuracy. In our
previous paper,! it is shown that the results obtained
with the proposed compositional model compare com-
petitively with those given by other characterizations
currently used in petroleum simulators. However, the
MMP is predicted with an average deviation of 7.6%,
which is twice higher than the experimental uncer-
tainty. To reduce this deviation, a fitting strategy is
proposed.

Fitting Strategy To Reduce the Deviations
between Experimental and Calculated MMP

Table 1 shows evidence that 6 MMP values are
predicted with a deviation lower than 4%, which is the
experimental uncertainty (F1 + G1, F2 + G2, F3 + G3,
F4 + G4, F5 + Gba, F6 + G6a). For these six cases, it

is thus not necessary to proceed to any fitting procedure
since the predictive model leads to very nice results. It
is here interesting to outline that for the systems F3 +
G3 and F5 + Gba, the deviations on the MMP are very
small but the deviations on the swelling data are also
very small. We may thus suspect a correlation between
the MMP and the swelling data (see below).

Concerning the nine other systems, they have to be
divided in two families.

The first family concerns the fluids for which the
MMP was the unique injection gas experiment per-
formed (no swelling data and no MCT data are avail-
able). The five systems concerned are F7 + G7, F8 +
G8, F9 + G9, F10 + G10, and F11 + G11. For these
five systems, all the available PVT data (relative
volumes, reservoir bubble pressure, stock tank oil
density) are accurately predicted. It is thus obvious that
by fitting the EOS parameters on these experimental
data would not lead to a better prediction of the MMP.
Indeed the fitted parameters would be very close to the
initial ones (given by the predictive procedure). The
unique thing to do is thus to fit the parameters of the
EOS on all the experimental data, i.e., to include the
MMP in the fitting procedure. This is not an easy task
because the MMP is calculated using a simplified slim
tube in which numerical dispersion is eliminated by
extrapolating the results to an infinite number of cells.*
To our knowledge, our software is the first one in the
world able to fit the parameters of the EOS (T, P, o,
bips) on the MMP and to simultaneously take into
account the mixed condensing/vaporizing mechanism.
In this study, only two parameters were fitted: the
critical temperature and the critical pressure of the
pseudocomponent C;;—Cj9. Such a component was
selected because its physical parameters are not well-
known and because its amount in the reservoir fluid is
quite high. Table 3 shows evidence that the results
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Figure 1. lllustration of the predictive power of the proposed compositional model. Symbols + and O are the experimental data points.
The continuous lines are the predicted values. (a) Constant mass expansion of fluid F5 at T/K = 394.25. The average deviation between
calculated and experimental relative volumes is equal to 1.03%. (b) Differential vaporization of fluid F11 at T/K = 373.75. The average
deviation between calculated and experimental relative volumes is equal to 1.57%. (c) (P,T) phase envelope of fluid F12 for which four
bubble point pressures were measured. The average deviation of these four pressures is equal to 2.92%. (d—f) Swelling test performed on
fluid F5 (gas G5b is injected). The average deviations of the saturation pressures, swollen volumes, and densities of the swollen oil are

respectively equal to 4.75% (d), 0.69% (e), and 1.96% (f).

obtained are extremely accurate. Indeed this fitting
procedure made it possible to estimate the MMP with
an average deviation of 2.0%. At the same time, the
other PVT properties are also reproduced accurately.
The second family concerns systems for which swell-
ing tests and/or MCT experiments were performed in
addition to the slim tube test. The four concerned
systems are F5 + G5b, F6 + G6b, F12 + G12, and F13
+ G13. It was here decided to fit the critical temperature

and the critical pressure of the pseudocomponent C;;—
Cio on all the available experimental data except the
MMP and then to predict the MMP with the fitted
parameters. Such a procedure is here justified because
the partial volumes during MCT are poorly predicted
and because the saturation pressures during the swell-
ing tests are not so good. We hope that by reducing the
deviations on these data, we will improve the prediction
of the MMP. It is here recalled that the question we
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Table 3. Deviations Obtained after Fitting Only Two Parameters (Tcc,,-c,, and Pcc,,-c,,) on All the Available
Experimental Data (the MMP is Included in the Fitting Procedure)

constant mass differential crude oil stock tank minimum miscibility
expansion, vaporization, bubble point, oil density, pressure,
fluid name AVrel (%) AVrel (%) APgat. (%) Ap (%) AMMP (%)
F7 1.09 3.64 —3.40 -0.4
F8 0.38 4.84 —2.55 -0.5
F9 0.41 2.86 1.44 -2.21 -0.6
0.67 6.12
0.45 2.57
0.46 0.72
F10 1.55 - —5.88 8.10 7.5
F11 0.58 1.78 2.73 0.09 -0.8
av 0.73 (0.79)2 2.34 (1.99) 3.49 (3.31) 3.27 (1.86) 2.0 (12.4)

a The number in parentheses is the average deviation obtained with the predictive model.

Table 4. Deviations Obtained after Fitting Only Two Parameters on All the Available Experimental Data Except the

MMP and MMP Prediction with the Fitted Parameters

crude stock
constant oil tank
mass differential  bubble oil isothermal and minimum miscibility
expansion vaporization point  density isothermal swelling test isobaric MCT pressure?
fluid AVrel APsat. APsat  AVswen  Apsat. APvol mech-  AMMP
name AV (%) (%) (%) Ap (%) gas (%) (%) (%) gas type (%) gas anism (%)
F5 0.88 0.44 0.56 1.14 G5b  1.26 0.27 154 G5b b 165 G5b C/V 1.1
F6 0.71 3.50 2.52 Géb 1.91 0.42 3.41 Géb  CIV 5.6
F12 0.33 1.44 —0.90 3.43 Gl12 1.70 0.21 3.45 G112 o -6.7 Gl2 C/NV —4.7
0.09 1.84
0.69 —2.24 c 155
0.74 —2.67
av 0.62 0.92 1.95 2.36 1.59 0.31 2.65 14.7 3.8
(0.72)d (1.28) (3.45) (0.77) (6.21) (0.43) (1.89) (33.1) (9.3)

a Prediction. ? Reverse (four contacts). ¢ Reverse (one contact). @ The number in parentheses is the average obtained with the predictive

model.

Table 5. Deviations Obtained after Fitting Only Two Parameters on All the Available Experimental Data Including

the MMP
crude stock
constant oil tank
mass differential  bubble oil isothermal and minimum miscibility
expansion vaporization point  density isothermal swelling test isobaric MCT pressure
fluid AVrel AVl APgat. Ap APsat.  AVswen  Apsat APvol mech-  AMMP
name (%) (%) (%) (%) gas (%) (%) (%) gas type (%) gas anism (%)
F13 1.82 1.37 —-10.1 —-8.10 G13 6.17 2.66 556 G13 a 4.5 G13 CIvV 0.3
b 2.7

a Reverse (four contacts). P Forward (three contacts).

want to answer is, is it still necessary to measure the
MMP? In other words, may other gas injection experi-
ments such as swelling test or MCT substitute for slim
tube test. The results obtained for the first three
systems (F5 + G5b, F6 + G6b, F12 + G12) are given in
Table 4 and are illustrated in Figure 2. From this table
it becomes obvious that for these three examples the
MMP may be estimated with high accuracy (average
deviation of 3.8%) after fitting only two parameters on
data including swelling test and MCT. The best result
(1.1% deviation) is obtained for the system F5 + G5b
in which four contacts were performed during the MCT.
Moreover the worst result (5.6% deviation) is obtained
for system F6 + G6b in which no MCT experiments are
available. An intermediate result (4.7% deviation) is
obtained for system F12 + G12 in which two experi-
ments of backward MCT were conducted but for which
only one contact was performed. These results seem to
indicate that to predict accurately the MMP, it is
necessary to perform a swelling test but above all MCT
experiments. The accuracy on the MMP seems to be
directly proportional to the contact number (four con-

tacts are however enough to obtain the MMP with a
deviation of 1%).

Concerning the last system F13 + G13, it was not
possible using the same strategy to obtain accurate
results. This is because the injected gas is pure COa. It
is indeed well-known that the PR EOS is not able to
properly predict the phase behavior of mixtures con-
taining a large amount of CO,. As an example, using
the compositional model described in this paper, it is
impossible to compute a dew point pressure as soon as
the amount of CO; injected in the reservoir fluid is
higher than 85%. Indeed, the saturation pressure
becomes higher than 106 bar, which is the maximum
working pressure of our software. This phenomenon is
visible in Figure 3. A similar behavior was observed
during the simulation of a swelling test when pure
nitrogen (Ny) or pure hydrogen sulfide (H»S) is injected.
In this last particular case, it was thus decided to
include the MMP in the fitting procedure. The results
are given in Table 5. This table provides evidence that
by fitting the critical pressure and the critical temper-
ature of the C1;—Cj9 pseudocomponent, it was possible
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Figure 2. lllustration of the results obtained when two parameters are fitted on all the available experimental data points except the
MMP. Symbols + and O are the experimental data points. The continuous lines are the calculated values with the fitted parameters. (a)
Constant mass expansion of fluid F6 at T/K = 383.15. The average deviation between calculated and experimental relative volumes is
equal to 0.71%. (b—d) Swelling test performed on fluid F6 (gas G6b is injected). The average deviations of the saturation pressures,
swollen volumes, and densities of the swollen oil are respectively equal to 1.91% (b), 0.42% (c), and 3.41% (d).
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Figure 3. Swelling test performed on fluid F13 (pure CO: is
injected): evolution of the saturation pressure versus quantity of
injected gas. Experimental data points are shown as boxes. The
continuous lines are the predicted values (the calculation becomes
impossible as soon as Xco, becomes higher than 0.85).

to exactly match the experimental MMP value. However
some other data, such as the bubble point reservoir
pressure, are not reproduced very accurately. What is
also here very interesting to outline is that the partial
volumes during the MCT experiments are also very
accurately calculated with the fitted parameters. Once
more, there is a correlation between a good prediction

of these relative volumes and the MMP. However
because of the behavior shown in Figure 3, it was not
possible to predict accurately the MMP after fitting two
parameters on data which did not include the MMP.

Conclusion

In the first part of this paper, a slightly modified
version of a previously developed compositional model
coupled to a predictive cubic EOS is tested. Such a
model is able to predict the classical PVT data (relative
volumes, bubble pressures, swelling test data, . . .) with
high accuracy. However, the partial volumes during a
MCT and the MMP are not always precisely predicted.
The classical solution for this kind of problem is to fit
some parameters of the EOS on the experimental data
in order to reduce the deviations between experimental
and calculated values. When no other solutions were
available, such a procedure was used with high success
in this paper. In particular our software is uniquely able
to take into account the MMP described by a mixed
condensing/vaporizing mechanism in the fitting proce-
dure. The main problem with such a procedure comes
from the MMP needs to be experimentally determined.
But because the determination of the MMP with a slim
tube is a very expensive experiment, the petroleum
companies wish to avoid such an experiment. This paper
gives a solution to this problem. Indeed, we have shown
that when the injected gas is not pure CO; (and probably
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not pure N or pure H,S), it is enough to fit only two
parameters of the EOS on data including classical PVT
data + swelling data + MCT data and then to predict
the MMP. During MCT experiments, this paper shows
that it is very important to perform a few contacts (four
contacts seems to be enough). We can then conclude that
the slim tube test may be replaced by swelling tests and
MCTs, which are much cheaper.

In conclusion, when the injected gas is not pure CO,
(or N2 or H2S), it is not necessary to measure the MMP.
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