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Three-dimensional mixed-wet random pore-scale network modeling
of two- and three-phase flow in porous media. Il. Results
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We use the model described in Piri and BlURfthys. Rev. E71, 026301(2005] to predict two- and
three-phase relative permeabilities of Berea sandstone using a random network to represent the pore space. We
predict measured relative permeabilities for two-phase flow in a water-wet system. We then successfully
predict the steady-state oil, water, and gas three-phase relative permeabilities measure¢Prpc@aklings of
the SPE/DOE Seventh Symposium on Enhanced Oil Recovery, Tulsa, OK), ¥#9@lso study secondary and
tertiary gas injection into media of different wettability and initial oil saturation and interpret the results in
terms of pore-scale displacement processes.
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[. INTRODUCTION tem as assumed by other authors who have studied these data
18,22. Consequently in this section we will use interfacial

Prediction of three-phase relative permeabilities has beep, &0 "0 o spreading hexane-water-air systable ).

the ai_m of previous three-phase netvyork modelin_g .StUdiesrhese values are likely to be similar to those in the
Fenwick and Blunf1,2] presented relative permeabilities for experiments—small changes in the interfacial tensions, as

zgﬁj)rr;%irnysar_ﬁ] éerrtéasralltgﬁf Isrgﬁjcrg?igrlmoat?:ge{:im 'g'rtg’:]: (\),\I/Ielﬁmg as the system remains spreading, have a negligible im-
: p P pact on the results.

qualitatively with experimental data by Grader and O'Meara Oak studied three cores with permeabilities of 1000, 800,

[3]. O|I_relat|ve permeabilities for d|ﬁerent mmgl conditions and 200 mD. Our network has a permeability of 3055 mD
were different from each other, consistent with several ex-

. . ) . (see Table Il in Ref[19]). Oak found that the measured
erimental studief4—8]. Mani and Mohanty9,10] studied .
Fhe effect of spregiling] coefficient and sat}L{Jratign history ontwo—phase relat|ve permeabilities for the least permeaple
three-phase relative permeability and their results were conzore Were d|ﬁerent_from the other two. In our study we wil
istent with oth work modeli tudiEs? 11 1 d only compare against data from the two more permeable
zfp?arr]imvélnta(l) rﬁ(ra;:u\;\;%erzrl][; %]'ng\/z# Igﬁke' e,m?i ago_ cores since their permeability and hence pore structure is
workers[13-17] have studied qualitatively the saturation de- likely to be more representative of our network.
pendence of three-phase relative permeability. Lerdalal.

[18] compared their simulated results successfully against A. Two-phase simulations: Primary drainage
the experimental data by Ogk]. We will use a similar net- During primary drainage, the receding contact angle is
work in our studiegsee Piri and Blunf19]), and also com- assumed to be 0°; in predicting Berea data there are no other
pare our predictions against Oak's experimeldts In our  parameters to adjust. Figure 1 shows the prediction against
study we will compare results on a point-by-point basis usingexperimental data for oil-water, gas-oil, and gas-water drain-
our saturation tracking algorithm and extend the model taage. The predictions are excellent and similar to those ob-
mixed-wet systems following the approach of Hui and Blunttained using a two-phase network model by Valvatne and
[20]. Blunt [24]. If we have a good representation of the pore
structure and the displacement physics is straightforward, we

1. COMPARISON WITH EXPERIMENT can readin make reliable predictions.

The experiments we compare against will be two- and
three-phase steady-state measurements of relative permeabil-
ity performed by Oak on water-wet Berea sandstefieThe To predict imbibition data, we assumed a uniform distri-
fluids used by Oak were dodecane with 10% iodooctanehpution of advancing contact angles. In all cases the initial
brine, and air(nitrogen. Oak did not measure interfacial condition was an irreducible saturation of the wetting phase,
tensions. Pure dodecane-water-air systems have a negatiéth all possible pores and throats occupied by nonwetting
spreading coefficient; however, it is known that the presence
of even small amounts of other alkanes in the oil can affect TABLE I. Interfacial tensions and spreading coefficiémiN/m)
the spreading behavior significanflgl]. The low oil satura- used in this work20,23.
tions reached in Oak’s experiments indicate a spreading sys=

B. Two-phase simulations: Imbibition

Fluids Oow Tgo o Cs

Hexane-water-air 48 19 67 0
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FIG. 1. Comparison of experimentpd] and predicted relative

: . _ ’ FIG. 3. Comparison of measuréd] and predicted two-phase
permeabilities during primary drainage in Berea sandstone.

gas-oil relative permeabilities for imbibition in Berea sandstone.

phase at the end of primary drainage. Oak measured relative
permeabilities for oil-watenwater-wetting phasge gas-olil
(oil-wetting phasg and gas-water(water-wetting phage
systems.

In imbibition there is a competition between pore-body
filling and snapoff. A large aspect ratipores much larger
than throatsand a low contact angle favors snapoff leading
to a large trapped nonwetting phase saturation. As the conta
angle increases, there is less trapping as the displacemen
more connected25,26. We adjusted the range of contact
angle to match the trapped nonwetting phase saturation at t
end of imbibition. The advancing oil-water and gas-oil con-
tact angles were in the range 63°-80° and 30°-70°, respec-
tively. These values are representative of effective contact
angles on microscopically rough surfadey,2§. Further- We will now predict three-phase relative permeability. We
more, we expect oil to be more wetting in the presence of gagse the same advancing contact angles as for two-phase flow.
than water in the presence of oil, since there are virtually nore assume that the receding contact angles are 20° lower
molecular interactions between gas and oil. The results arghan the advancing values, which is a typical amount of hys-
shown in Figs. 2 and 3. Small changes in the contact anglgeresis for water-wet med{28]. The contact angles used are
distribution did not adversely affect the match with experi-given in Table I1.
ment. With a representative range of contact angle we are
able to predict relative permeabilities in imbibition.

As discussed in Sec. lll in Ref19] in three_-phase flow Figure 5 shows a comparison of predicted three-phase oll
once two contact angles are known, the third can be pre;,

: . lat i : A th th
dicted using the Bartell and Osterhoff equat[@s; elative permeability during gas injection with the measured

1)

Equation (1) was used to find the advancing gas-water
contact angles from the advancing oil-water and gas-oil val-
ues and these were used in a simulation of water displacing
gas. The advancing gas-water contact angles were distributed
g{atween 55.2° and 77.2°. Water in the presence of gas is less

tting than oil in gas, but more wetting than water in oil.

e comparison of predicted and measured relative perme-
t%)ilities is shown in Fig. 4. The predictions are excellent. In
particular the residual gas saturation is accurately predicted.

O gw COS by, = g0 COS Oy + 0 COS by

C. Three-phase simulations

1. General behavior

1
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FIG. 2. Comparison of measurdd] and predicted oil-water FIG. 4. Comparison of measurgd] and predicted two-phase
two-phase relative permeabilities for imbibition in Berea sandstonegas-water relative permeabilities for imbibition in Berea sandstone.
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TABLE Il. Contact anglegdegreesused to predict the experiments.

0(F)"|I'\ilmary Drainage (PD) 95\/? %w ng 19;0 930 %W egw
0 0 43-60 63-80 10-50 30-70 36.6-57.3 55.2-77.2
steady-state values published by Qdk The predicted re- 2. Comparison with experiment using saturation tracking

sults are produced by simulating tertiary gas injection into

Qiﬁerent initial oi.I saturationg after water flooding maintain— ec. VIl in Ref.[19] to produce identical saturation paths as
ing a constant oil-water capillary pressure. The experimentghe measured ones and then compare the predicted and mea-
data and predictions are scattered in a similar manner. Thg e relative permeabilities. This is of interest in three-
scatter arises because in a water-wet system oil is thhase flow due to the fact that three-phase macroscopic prop-

intermediate-wet phase and its relative permeability iS &jes are a strong function of saturation histépgath. We
strong function of saturation history and initial oil saturation analyze two experiments.

[13,14,2Q. These predictions are similar to those obtained Experiment (i) Figure 8 shows the tracked and measured

using a water-wet three-phase network model by Lerdahlsyration path for a high initial oil saturation experiment
et aI_. [18]. . . , (experiment 9, sample 13The initial point was produced by
Figure 6 illustrates the comparison between predicted anflimary drainage and the saturation tracking algorithm was

measured three-phase gas relative permeability. Again tgseq 1o reproduce the experimental path. We were able to
predictions are in good agreement with the measured Value?eproduce the same path as the experiment.

At high gas saturation, predictions and experimental data are Figure 9 compares the predicted and measured three-

not very scattered because gas is the most nonwetting phasgase oil relative permeability for experimefiit. The pre-
in a water-wet system, and its relative permeability is a funCyjction compares well with the measured values at high oil

tion of only its own saturation. However, the measured val-ay rations but tends to overpredict at low oil saturations.

ues at low gas saturations are quite scattered and this is bepg reason for this is not very clear at this stage but it may
cause of difficulties in the experimenid,18]. Predicted o gye to scatter in the data, the uncertainty associated with

values at low gas saturation are zero due to finite size effeCtgg |ayer conductance estimations and also the representation
This is again similar to the results of Lerdadtl al. [18]. of the void space of the rock by idealized angular
Figure 7 presents the comparison between predicte%

eometries.
three-phase water relative permeability and measured value - Figure 10 illustrates the comparison between the pre-

The water relative permeability is slightly overestimated.icteq and measured three-phase gas relative permeability.
The reason for this is not known, but it may be due to meap ¢ 4 finite size effects the predicted values at low gas
surement difficulties. In water-wet systems the water relative, a1 ,rations are zero.

permeability is expected to be a function of only its OWN  pgigre 11 compares the predicted three-phase water rela-
saturation and similar to two-phase values. Recall that W e nermeability with the measured values. The agreement is
predict the two-phase water relative permeabilitiestyiry good. We slightly overestimate the relative permeabil-

accurately. , ity, as discussed in the previous section.
While these results are very encouraging, we are compar- Experiment (i) Figure 12 shows the measured and

ing two clouds of points with considerable scatter. In the nexy;,cyeq saturation paths for another high initial oil saturation

section we go one step further and attempt a more rigoroug, nerimentexperiment 10, sample 14Again the initial oil
gna}yss by comparing experiments on a point-by-pointgayration is established by primary drainage.
asis.

We apply our saturation tracking algorithm presented in

Oil Saturation Gas Saturation
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FIG. 5. Comparison of measur¢d] and predicted three-phase FIG. 6. Comparison of measured and predicted three-phase gas
oil relative permeability during gas injection. relative permeability during gas injection.
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FIG. 7. Comparison of measured and predicted three-phase wa- F|G. 9. Comparison of measured and predicted three-phase oil
ter relative permeability during gas injection. relative permeabilities for experiment 9, sample 13, of Oak experi-

) ) ments[4].
Figure 13 compares the predicted and measured three-

phase oil relative permeability. Similar to the previous ex-high saturation accurately. However, at low saturation we
periment predicted values at low oil saturations are overestisystematically overestimated the oil relative permeability.
mated. This is the region where oil relative permeability isWhere we make good predictions, flow is controlled by the
controlled by flow of oil through the layers. The sensitivity subnetworks of pores and throats whose centers are filled
of the oil relative permeability to oil layer conductance waswith each phase. As we have shown in the two-phase analy-
tested by multiplying the layer conductance by constant facsis, with a geologically representative network and a range of
tors of 0.08 and 0.001. The effect is significant, Fig. 13, anccontact angles that captures the correct balance between pore
indicates that the predicted oil relative permeability is verybody filling and snapoff in imbibition, we can predict relative
sensitive to how layer flow is modeled. permeability accurately.

Figure 14 indicates the very good agreement between pre- However, the oil relative permeability in gas injection for
dicted and measured three-phase gas relative permeabiligil saturations below approximately 0.5 is controlled by oil
Variations in the oil layer conductance does not have anyayers—these layers provide connectivity of the oil phase
impact on the gas relative permeability. Gas flows in theand without them the oil would be completely trapped at a
center of the larger pores and throats as it is the most norsaturation of around 0.2. This is a situation unique to three-
wetting phase and is unaffected by oil layers. phase flow. It would appear that we significantly overesti-

We analyzed other experiments for both secondafier ~ mate the layer conductance. This is probably because our
primary drainageand tertiary(after water floodingas in-  simplistic representation of connected layers in a corner fails
jection. In all cases the results were similar to those showito capture parts of the pore space where the layers are much
here. The predictions of gas and water relative permeabilitieless stable or conductive.
were good, and we predicted the oil relative permeability at
I1l. SIMULATION OF DIFFERENT PROCESSES
s We now use our model to study different cases that have
not necessarily been studied experimentally. We consider

X Measured 1
=== Tracked [ __ v ___
2 01
_______ Q
:
A~ 0.01 A
[
=
= x X Measured
_______ 2 X
» 0.001 - X — Predicted
o &) x
X
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0 01 02 03 04 05 06 07 08 09 1
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FIG. 10. Comparison of measured and predicted three-phase gas
FIG. 8. Comparison of measured and tracked saturation pathelative permeabilities for experiment 9, sample 13, of Oak experi-
for experiment 9, sample 13, of Oak experimefdtp ments[4].
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experimentg4].

sions as before—Table I.

A. Secondary gas injection

Here we simulate gas injection into different initial oi
saturationsS,; after primary drainagésecondary gas injec-
tion) assuming a fixed oil-water capillary pressure. In thi
section we consider the water-wet system A in Table III.
Figure 15 presents the saturation paths taken by each sim
lation. Since the gas-oil interfacial tension is lower than that®
of the gas-water, gas displaces oil first and then at the reé?
sidual or trapped oil saturatioftlose to zery it starts dis-

placing water.

Figure 16 compares the three-phase oil relative perm
ability for secondary gas injection with different initial oil
saturations. At high oil saturations, the higher the initial oi

T T

0.8 09
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FIG. 13. Comparison of measured and predicted three-phase oil

FIG. 11. Comparison of measured and predicted three-phasgiative permeabilities for experiment 10, sample 14, of Oak experi-
water relative permeabilities for experiment 9, sample 13, of Oalﬁ«nents[ﬂr].

occupies the largest elements. Gas then invades the oil-filled
two systems with different wettability whose contact anglesPOres and throats in decreasing order of size. For a low initial

are tabulated in Table Ill. We use the same interfacial ten®!l Saturation, oil only occupies large elements giving a

larger relative permeability than for a high initial oil satura-
tion where oil remains in small elemert$3,14,20. How-

ever, at low oil saturations, the higher the initial oil satura-
tion, the higher the oil relative permeability. This is due to

saturation, the lower the oil relative permeability. Initially oil

X Measured
== Tracked

me

026302-5

Gas Relative Permeability

| the effect of initial oil saturation on oil layer stability. At high
initial oil saturations the oil-water capillary pressure, or oil
gpressure, is high. Oil pushes water far into the corners in
configuration groug= (see Fig. 7 in Ref[19]). For low S,
Hw_e oil-water capillary pressure is lower, water occupies more
f the corners and oil layers are thinner. Thicker layers have
larger conductance and will collapse later in the displace-
ment, leading to higher oil relative permeabilities.
Since the system is water wet, gas and water relative per-

emeabilities are a function of only their own saturations—
water occupies the smallest elements while gas occupies the
|Iargest elements—regardless of the initial oil saturation.

B. Comparison of secondary and tertiary gas injection

Here we compare secondary with tertiary gas injection
again for the water-wet system A, Table Ill. Figure 17 shows

1
X
X
X
0.1
0.01 1 X Measured
Predicted (modified layer conductance)
- - - - Predicted (unmodified layer conductance)
— — Predicted (extremely low layer conductance)
0.001 T T T T T T T T
o 01 02 03 04 05 06 07 08 09 1

Gas Saturation

FIG. 14. Comparison of measured and predicted three-phase gas
FIG. 12. Comparison of measured and tracked saturation path®lative permeabilities for experiment 10, sample 14, of Oak experi-
for experiment 10, sample 14, of Oak experimdwts

nts[4].
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TABLE Ill. Contact angleddegreesused to simulate different processes.

System 0(F)>vr\ilmary DrainagéPD) 055 grow egw 050 HSO ng egw
A 0 0 10-50 30-70 0 0 8.46-41.9 25.3-58.1
B 0 0 90-160 110-180 0 0 73.5-112.9 87.8-115.6

the three-phase oil relative permeability for secondary andhyer drainage regime and when they are occupied by gas,
tertiary gas injection into an initial oil saturation of 0.55. The their contribution to the oil relative permeability drops sig-
oil relative permeability for secondary gas injection is notnificantly. For tertiary gas injection, this oil layer drainage
very different from tertiary gas injection at high oil satura- regime is not observed—this is because oil layers collapse
tions where layer flow is not dominant. At low oil satura- during the displacement leading to very low oil relative
tions, oil flows mainly through layers. Theses layers arepermeabilities.
thicker and more stable during secondary gas injection due to The three-phase gdbig. 18 and water(Fig. 19 relative
the higher oil-water capillary pressure in comparison withpermeabilities are the same in secondary and tertiary gas
tertiary gas injection where the oil layers are thinner and les@jection. Again this is because they depend on only their
stable because the oil-water capillary pressure is lower afteswn saturations and are relatively insensitive to saturation
water flooding. This gives higher oil relative permeabilities path, as long as it is a drainage-dominated displacement.
for secondary gas injection than for tertiary gas injection
with the same initial oil saturation. C. Tertiary gas injection into water flood residual oil

In Fig. 17 at high oil saturation we see, approximately,
ko*S:. The oil relative permeability is controlled by the
network of pores and throats filled with oil in the centers and
it drops rapidly with oil saturation as this network becomes
less well connected. For secondary gas injection, at an o . . S
saturation approximately equal to the water flood residualp!‘"’“:em.er"and °'”f?‘yef format_mnmake_ the initially trapped
we see a crossover to a layer drainage regime where appro>%flI continuous Wh'Ch. allows it to drain io very low satura-
mately kroxsg- This is easily explained theoretically |on.kTh|sf|n turn m;/olves chJalglascencE, for.matllon and
[1,22,30,31 The hydraulic conductance of the layers is pro-brea up of trapped clusters of oil. We have implemented

portional to the square of the cross-sectional area ofsei tsm“:)svs thee?r?raerg-sn;lSéslg (;:errgtz c:e;r?gd a':slgrz.lafis,e 2Aé,rrﬁggbﬁ§
Appendix B in Ref[19]). When most oil is flowing in layers, P ’ ' 9 P

the oil saturation is proportional to the oil area, leading to the'®S for this process again in our water-wet system, A. The ol

quadratic relative permeability. This behavior has been o relative permeability is zero at the end of water flooding

served in gas injection and gravity drainage experimentébeginning of gas injectionas all the oil is trapped, but it

[1,30-32. Notice that the apparent log-log slope at low satyJUmps to a nonzero value as it gets reconnected during the
: ) early stages of gas injection. This happens at low gas satu-

_rra;;[:gr} ;Sbsell;%rglsélzg]ni;tz%lﬁ ’tr?rSoZtesegr?rs?iﬁnglsﬁ‘ciﬁlrle%%lﬁ th eratiqn, see Fig. 26, yvhere the trapped oil saturation is plotted
against gas saturation.

Figure 20 also compares the oil relative permeability of
the tertiary gas injection with that of secondary gas injection

with a similar initial oil saturation(S,;=0.38. At high oil

The physics involved with gas injection into water flood
residual oil is very complex. Several micromodel experi-
ments[33-44 have shown that when gas is injected into
ﬁuch a spreading system the two phenomendooible dis-

«=&=Tnitial oil saturation = 0.35

: gg saturations, the oil relative permeability for the tertiary case
—-—065  fTTToNTC
-t ()76 Oil Saturation
0 0.1 02 0.3 04 0.5 0.6 0.7 0.8 0.9 1
0.1
g
:
& 0.01
g —==TInitial oil saturation = 0.76
3 — 065
0.001 -| —e 055
=045
- 035
> S, 0.0001

FIG. 15. Saturation paths for secondary gas injection with dif- FIG. 16. Three-phase oil relative permeabilities for secondary
ferent initial oil saturations in a spreading system. gas injection with different initial oil saturations.
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FIG. 17. Comparison of three-phase oil relative permeability for

secondary and tertiary gas injection with an initial oil saturation of ~ FIG. 19. Comparison of three-phase water relative permeability
0.55. for secondary and tertiary gas injection with an initial oil saturation

of 0.55.
is lower than that for secondary gas injection. This is because

at the beginning of secondary gas injection all the ol residese | 4ye permeability for the tertiary case is lower, in contrast

ignir;[rTiig;a(;??hgotrgéi;rgdg?sr?r?jt:c;:tisoeﬁ S':)i%ezgf’ ;Ir\wlzilgilasttg;i ?ne[b Fig. 18. The reason is that here the oil is trapped and gas

. . : is displacing oil by double displacement and hence is less
the small elements due to trapping during water flooding; se%\/eII c%nnec%ed—tze trapped oiFI) is blocking the laraer pores
Fig. 22. In other words, the fraction of large oil filled ele- PP 9 gerp

; eqmd throats. Similarly the tertiary water relative permeability

than for the tertiary case, leading to lower oil relative perme-S 10Wer; Fig. 25. During the displacement, double drainage

abilities for tertiary gas injection. However, at low oil satu- causes an increase n oll-water capillary pressure giving a
rations when layer flow is dominant, the oil relative perme_dralnage-type displacement for water, pushing it into smaller

ability for tertiary gas injection is higher since, during the elemlgntsi;'h|s is not seen if oil is initially well connected;
displacement, double drainage causes an increase in ofit€ mg. L. . - .

water capillary pressure making oil layers thicker and more _Ta_ble I_V shows the d|splapement stafistics for tertiary gas
conductive Injection into water flood residual oilS,;=0.384 compared

Figure 22 shows the pore and throat occupancy at the erlg secondary gas injection vyit_h a_similar init_ial oil s_atl_Jr_ation
of water flooding. The trapped oil resides in the larger ele{Si=0-38. In tertiary gas injection there is a significant
ments. During gas injection, double displacement causes tfgmount of double displacement and oil layer formation that
oil to be pushed into smaller pores and throats while the ga&connects the oil and rearranges its occupafey. 23. In
occupies the larger elements; see Fig. 23. The oil is no/ontrast, secondary gas injection is controlled by direct gas-
connected, since it also resides in layers in gas-filled eleQil displacement alone since thg oil is initially already con-
ments. This allows oil to be displaced and results in a nonh€cted. At the end of water flooding there were 1864 trapped
zero oil relative permeability; Fig. 20. clusters pf oil and during tertiary gas injection into water

Figure 24 shows the gas relative permeability Compare(1_§|Iood residual oil 507 coalescence, 90 break, and 1040 recon-

to an equivalent secondary gas injecti®;=0.38. The gas  nection events took pladsee Fig. 24

Gas Saturation 1
0 01 02 03 04 05 06 07 08 09 1 =+ Tertiary gas injection into
, ‘ ‘ ; : ‘ : 2 water flood residual oil
1 = 0.1 —e— Secondary gas injection
el
g
z ;
% 2 0.01 -
S0l ~
2 35 0.001 1
ﬁ —e— Secondary gas injection
8
© —+— Tertiary gas injection 0.0001 T T T
0 01 02 03 04 05 06 07 08 09 1
0.01 Oil Saturation

FIG. 18. Comparison of three-phase gas relative permeability FIG. 20. Three-phase oil relative permeability for tertiary gas
for secondary and tertiary gas injection with an initial oil saturationinjection into water flood residual 0{5,;=0.384 and for secondary
of 0.55. gas injection with a similar initial oil saturatiof§,;=0.38.
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Radius (jm) FIG. 23. Pore and throat occupancy as a function of size during

) ) tertiary gas injection into water flood residual oil wh&g~0.16.
_FIG. 21. Pore and throat occupancy as a function of size aftefy e displacement shifts the oil into intermediate-sized elements.
primary drainag€$,=0.38.
3 quired to collapse oil layers, since water is pinned in the
D. Effects of wettability corners—configurations -3 andF -4 in Fig. 7 in Ref[19].

We will now use our model to predict the effect of wet- Thus the oil-wet oil relative permeability is larger at low oil

tability on three-phase relative permeabilities. In this caseSaturation. _ o _
The water-wet gas relative permeability in Fig. 28 is

we do not have experimental data to compare against, but the . . X
success of network modeling predictions for mixed-wet two-a"9€r than the oil-wet case at high gas saturation. In a water-
phase systemf24,45 and water-wet two- and three-phase wet medium, the gas always occupies the largest pores and
systems gives us some confidence that our results are valiffifoats. For an oil-wet system, gas is not the most nonwet-
We compare two cases: water-wieand oil-wetB where the ting phase in the presence of watar Table Il some values

distribution of advancing oil/water contact angle is uniform ©f fw @ré greater than 9p%and will displace water from
between 30°-70° and 110°~180°, respectivefgble III). some of the smaller pores, resulting in poorer connectivity
Again the interfacial tensions are given in Table I. and conductance. This effect of wettability has been dis-
We consider primary drainage to irreducible water saturaSuSsed previousl20] and is well established experimentally
tion followed by water flooding tc5,=0.4 (S,;=0.6). Then [30,31,48. This result is a direct consequence of the con-

gas is injected at a constant oil-water capillary pressure. straint on contact gngles; Ed) .[.47].' . . . .
Figure 27 shows the oil relative permeability. In the oil- The water relative permeability in Fig. 29 is at first sight

wet case, oil remains in smaller pores and throats after waterbrsing. One_ might expect that _the water relative perme-
flooding than for a water-wet medium, giving a lower rela- ability fOT the o_|I-wet case to be higher than for the water-

tive permeability. This is seen in Fig. 27 for oil saturations Vet _me(_j|um, since water can _be hanwetting ta both oil and

larger than approximately 0.4. At lower oil saturations, gas?2S N 0|I_—weF systems, occupying the I_arger pOre Spaces. The
has invaded most of the oil-filled elements. The relative per_explanatlon is that durlng water floodmg wgter mvgdes the
meability is limited by the connectivity of the oil phase. In !arger_ pores ar_1d throats in th? oil-wet med_lum. This regults
the water-wet medium, oil layers collapse during gas injec! @1 increase in water saturation, but the (_)|I-Wet water-filled
tion, whereas oil layers remain stable throughout the disélements fail to span the network, meaning that the water

placement for the oil-wet case. A higher gas pressure is re-

0.9 A —+— Tertiary gas injection into water
0.02 > 08 flood residual oil
0.018 | 4 = —e— Secondary gas injection
——
0.016 - (\;V'ellter § 0.7
—t—
0.014 ' E, 0.6
= | 0.5
g 0.012 é’ A
% 0.01 | b 0.
& 0.008 M03
<
0.006 O 02
0.004 3§ 0.1 -
0.002 0 T T T T T T T T T
0 0 01 02 03 04 05 06 07 08 09 1
0 10 20 30 40 50 60 70 80

Gas Saturation
Radius (um)
FIG. 24. Three-phase gas relative permeability for tertiary gas
FIG. 22. Pore and throat occupancy as a function of size afteinjection into water flood residual 0&,;=0.384 and for secondary
water flooding. The trapped oil resides in the larger elements.  gas injection with a similar initial oil saturatiof§,;=0.38.
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0.1 0.45
0.09 | —+— Tertiary gas injection into water flood residual oil 04 )
> i —e— Secondary gas injection
5 0.08 o 035
8 i .2
s 0.07 g 03 |
E 006 £
~ 0.05 @ 025
> .05 7 =
8 S 021
= 0.04 1 32 ’
[=9
lg 0.03 § 0.15 A
p= =
S 002 01 1
0.01 - 0.05
0 T A T T 0 . X : "
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Water Saturation Gas Saturation

FIG. 25. Three-phase water relative permeability for tertiary gas  FIG. 26. Trapped oil saturation as a function of gas saturation
injection into water flood residual oi,;=0.384 and for secondary  during tertiary gas injection into water flood residual oil.
gas injection with a similar initial oil saturatiof&,;=0.38.
water data we used a constraint, Efj, to predict the gas-
water contact angles from the oil-water and gas-oil results.
Again the match to experiment was excellent.
We then predicted three-phase gas injection relative per-
eabilities from OaK4]. We used a saturation tracking al-
gorithm to follow exactly the same displacement path as in
the experiments. The predictions of gas and water relative
permeabilities and the oil relative permeability at high oil
IV. CONCLUSIONS saturgtion were good. Howevgr, at low oil saturations, vyhere
flow is dominated by spreading layers, we systematically
_ overpredicted the oil relative permeability. This was likely to
The model successfully predicted two-phase water-wepe due to us overestimating the oil layer conductance.
relative permeabilities measured on Berea sandstone by Oak \we computed relative permeabilities for cases that had
[4]. For primary drainage there were no parameters to adjushot been studied experimentally. We showed that the oil rela-
For oil-water and gas-oil imbibition the advancing contacttive permeability in tertiary gas injection—after water
angles were chosen to match the residual nonwetting phas®oding—is lower than in secondary gas injection—after
saturation. Using these contact angles excellent agreemeptimary drainage, since oil layers are less stable and thinner
between experiment and predictions was made. For gashue to a low initial oil-water capillary pressure. For second-
ary gas injection we observed an approximately quadratic
variation of oil relative permeability with oil saturation when
flow was controlled by layers, as seen experimentally. We
then compared relative permeabilities of a tertiary gas injec-
tion into water flood residual oil with those of a secondary

relative permeability remains very low. During gas injection,
since gas displaces water, the water relative permeability can,
only decrease from its already negligible value.

TABLE IV. The number of different types of displacement for
tertiary gas injection into water flood residual ¢8,=0.389 and
for secondary gas injection with a similar initial oil saturatic®;

Oil Saturation
=0.38.
0 01 02 03 04 05 06 07 08 09 1
Number of displacements 1
Tertiary gas Secondary gas —&— Water-wet
Displacement type injection injection 5 0.1 —o-Qil-wet
3
Double displacement gas-oil 1345 0 §
(pistonlike) ‘:;, 0.01 -
Double displacement oil-water 3856 0 ﬁg
(pistonlike) -
Direct gas-oil 13699 10091 © 00017
(pistonlike
Direct gas-water 22688 27804 0.0001 .
(pistonlike
Oil layer collapse 6178 8640 FIG. 27. Effects of wettability on three-phase oil relative per-
Oil layer formation 1356 0 meability. Curves for tertiary gas injection into a water-wet and

oil-wet system with initial oil saturation of 0.6 are shown.
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1 0.008

0.9 - Water—wet 0.007 —— Water-wet

—— QOil-wet o .

0.8 Z —— Qil-wet
2z Z  0.006
‘-"; i g 0.005
£ 06 | -
05 | 2 0.004 |
EE £
‘E g & 0.003 4
203 5
s = 0.002 A
S g2 B

0.1 1 0.001 -

0 T T T T T 0 T T T T T T
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Gas Saturation Water Saturation

FIG. 28. Effects of wettability on three-phase gas relative per- ~FIG. 29. Effects of wettability on three-phase water relative per-
meability. Curves for tertiary gas injection into a water-wet andmeability. Curves for tertiary gas injection into a water-wet and
oil-wet system with initial oil saturation of 0.6 are shown. oil-wet system with initial oil saturation of 0.6 are shown.

gas injection with a similar initial oil saturation. The oil rela- ~ The model could now be used to study a wide range of
tive permeability of the tertiary case was nonzero and higheether phenomena in three-phase flow, including water alter-
than that of the secondary gas injection at low oil saturationgate gagWAG) flooding and gas gravity drainage.

since double displacement caused an increase in oil-water

capillary pressure—in te.rtiary. gas injection—leading to ACKNOWLEDGMENTS
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