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ARTICLE INFO ABSTRACT

Keywords: Surfactant-alternating-gas (SAG) is a favored method of foam injection, which has been proved as an efficient
Foam way for enhancing oil recovery. However, foam flow is extremely complicated, and there are still unsolved
Enhanced ol recovery problems for foam application. One is liquid injectivity. Our previous studies suggest that the injectivity in a SAG
Surfactant-alternating-gas process is determined by propagation of several banks near the injection well that are not represented by current
ISIS;Z;E:ZI velocity foam models. Uniform bank properties were assumed. However, in a companion paper, our experimental results
Bank-propagation model show that the dimensionless propagation velocity and the total mobility of banks during the liquid-injection
period depends on superficial velocity. Shearing-thinning behavior is observed. In radial flow, the superficial
velocity varies with distance from the well. In this study, we scale-up the experimental results using a radial
bank-propagation model. The comparison of liquid injectivity estimated from conventional foam simulators
(Peaceman equation) and the bank-propagation model show that the conventional foam models cannot represent
the effect of the superficial-velocity-dependent fluid properties during liquid injection in a SAG process. The
shear-thinning behavior can lead to much better liquid injectivity than expected, which should be accounted for

in a field application of a SAG foam process.

1. Introduction

Gas injection is one of the most common methods for enhancing oil
recovery. It can often ultimately recover all the oil where it sweeps.
However, it often suffers from poor sweep efficiency, mainly caused by
reservoir heterogeneity, viscous instability and gravity override [1].
Foam can address all these three issues [2-4].

Foam is placed into reservoirs primarily in two ways: one is co-
injecting gas and surfactant solution, the other is injecting gas and li-
quid slugs alternatively [2,4-9], so-called surfactant-alternating-gas, or
SAG. There are also other methods for foam injection, such as dissol-
ving surfactant into supercritical CO, [10,11]. Among these methods,
SAG is a favored one [8]. Previous studies showed that injectivity of gas
is excellent. The gas injection rate should be adjusted in order to
maintain the maximum injection pressure allowed without fracturing
the injection well [8]. However, the advantage of good gas injectivity is
reduced massively by the poor liquid injectivity in a SAG process
[12,13].
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Liquid injectivity directly following foam is very poor, as discussed
in the literature [14-19]. Most of these studies were focused on acid
diversion, in which poor liquid injectivity is the goal. In our previous
studies [14,20], instead of examining liquid injectivity following co-
injection of surfactant solution and gas, we studied liquid injectivity
following gas in a SAG process. We found that a collapsed-foam region
forms near the inlet during the gas-injection period and slowly propa-
gates downstream. This collapsed-foam region has major impact on the
subsequent liquid injectivity. Various banks are observed during the
gas- and liquid-injection periods. During the gas-injection period, the
core is occupied by the collapsed-foam bank and the weakened-foam
bank. During the liquid-injection period, the collapsed-foam bank,
forced-imbibition bank and gas-dissolution bank are observed [14].
These banks are not described by current foam models.

We then proposed a simplified bank-propagation model based on
our experimental findings [20]. The liquid injectivity estimated by
conventional foam simulators based on the Peaceman equation and the
bank-propagation model were compared. Results show that the
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Nomenclature

A power-law parameter, (m?/(Pa s) (ft/day)_B (Eq. (5)

B, D, F, Hpower-law parameter, dimensionless (Egs. (5)-(8))

C power-law parameter, (ft/daly)_D (Eq. (6))

E power-law parameter, (m?/(Pa s) (ft/day)’F (Eq. (7))

G power-law parameter, (ft/day)_H (Eq. (8))

GPV grid-block pore volume, dimensionless

h reservoir height, m

L I;, I, linear position, m

L grid-block size, m

LPV local pore volume, dimensionless; based on pore volume
from given location back to injection face

Apy pressure difference across each bank for linear-flow and
radial-flow models, Pa

Apr pressure difference across the foam bank for linear-flow
and radial-flow models, Pa

Aprce pressure difference across the collapsed-foam bank during
gas injection for linear-flow and radial-flow models, Pa

Aprcr, pressure difference across the collapsed-foam bank during
liquid injection for linear-flow and radial-flow models, Pa

Apgy pressure difference across the forced-imbibition bank
during liquid injection for linear-flow and radial-flow
models, Pa

Apgp pressure difference across the gas-dissolution bank during
liquid injection for linear-flow and radial-flow models, Pa

Ap, total pressure difference for linear-flow and radial-flow
models, Pa

pv pore volumes, dimensionless (based on the total pore vo-
lume of a core or a formation)

Qo reference volumetric injection rate, m>/s

Q; total volumetric flow rate, m®/s

r, ry, o radial position, m

Te outer radius for Peaceman equation, m

T'w wellbore radius, m

SAG surfactant-alternating-gas

S cross-section area, m?

S water saturation, dimensionless

Uy total superficial velocity, m/s

Vep dimensionless propagation velocity of the gas-dissolution
bank at various radial positions, dimensionless

Vi dimensionless propagation velocity of the forced-imbibi-
tion bank at various radial positions, dimensionless

Vs superficial velocity at various positions, m/s

b total mobility of a bank, m?/Pa s

Aerr total mobility of the forced-imbibition bank, m?/Pa s

AeGD total mobility of the gas-dissolution bank, m?2/Pa s

conventional foam models do not represent the effect of gas injection on
the subsequent liquid injectivity. They can greatly underestimate the
liquid injectivity in a SAG process.

In our original model, the bank properties, i.e. the dimensionless
propagation velocity and the total mobility, which served as inputs of
the various banks, are assumed to be uniform within each bank. The
total mobility (Vp/u,) of a bank is determined from the pressure gra-
dient (Vp) and the total superficial velocity (u,) by applying Darcy’s law
(approximating foam flow as single-phase flow). The dimensionless
propagation velocity of the front of a bank is determined from the
position of the front; it is the volume injected divided by the cumulative
pore volume from the position of the front back to the inlet. However,
our recent experimental results [21] present that the forced-imbibition
bank and gas-dissolution bank during liquid injection following gas
show strong shear-thinning behavior. The properties of these two banks
depend on the liquid superficial velocity. This suggests that in radial
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flow around the injection well, the dimensionless propagation velocity
is not constant and the total mobility is not uniform within the forced-
imbibition bank and the gas-dissolution bank. Modelling and upscaling
a SAG foam process from laboratory scale is necessary for field-scale
application. Although the simplified bank-propagation model involves
many assumptions and approximations, it is the most direct way to
scale-up our laboratory findings at this moment.

In this study, we incorporate the superficial-velocity-dependent
bank properties into our bank-propagation model and, in turn, discuss
the implications for field applications. We first fit a linear 1D model to
coreflood data for both the gas-injection period and the liquid-injection
period, which reflects propagation of various banks. We then assume
the core-scale behavior can be scaled up to radial flow in field, and
apply this bank-propagation model to the near-well region in a field
application. In the end, we compare the results of our model to that of a
foam simulator based on the conventional approach to represent foam

b T T ~..
P Foam bank ~..

Fig. 1. Banks observed in SAG-foam coreflood experiments. (a) Banks during the gas-injection period. (b) Banks during the liquid-injection period.
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and the Peaceman equation. We point out the potential errors in esti-
mation of liquid injectivity given by the conventional foam simulator,
and the importance of considering the shear-thinning behavior in es-
timating liquid injectivity in a SAG process.

2. Model description

The bank-propagation model is described in detail in our previous
work [20]. Here we briefly introduce the model.

The bank-propagation model assumes that the core-scale behavior
and the bank properties of the varies banks can be scaled up to field
application. The total pressure difference is calculated by summing up
the pressure differences across various banks that may appear during
the gas-injection period and the liquid-injection period, respectively.
Fig. 1 illustrates the banks in radial flow around an injection well.

The total pressure difference across a given section of a core during
gas injection in a SAG process is the sum of the pressure differences
across the foam bank Apr and the collapsed-foam bank Aprcc (as long as
each bank is present in the given core section):

Ap, = App + Appcg (@)

For the liquid-injection period, the total pressure difference is the
sum of the pressure differences across the collapsed-foam bank Apgc;,
the gas-dissolution bank Apgp and the forced-imbibition bank Apg, as
long as all are present:

Ap, = Appcy, + APgp + AP 2

The linear-flow model is used for fitting our results in coreflood
experiments. For each bank b, Darcy’s law for multi-phase flow is em-
ployed to calculate the pressure difference across that bank:

b Q QL —-1h)
ap, = [P R g =Bk
P = Sl TS A 3

where, in each bank, extending from positions [; to L, the total mobility
(Aw) is assumed to be uniform in the original model [20]. If the given
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bank overlaps the entrance or the exit of the given core section, [; or L,
represent the boundaries of the core section. Values of bank mobilities
and dimensionless propagation velocities derived from our coreflood
experiments are listed in our companion paper [21].

The radial-flow model applies the implications of our experimental
findings to field application. Assuming uniform mobility for each bank
b, Darcy’s Law for radial multi-phase flow is employed to calculate the
pressure difference across each bank:

r2 Q
ap, = [P —2& 4
Py =, 2 () )

where, in each bank, extending from r; to r», the total mobility (A5(1))
is assumed to be uniform in the original model.

As mentioned above, uniform bank properties, i.e. the dimension-
less propagation velocity and the total mobility, are assumed in our
previous model. However, strongly shear-thinning behavior of the gas-
dissolution bank and the forced-imbibition bank is observed in our re-
cent coreflood experiments. The total mobilities and the propagation
velocities of banks at various superficial velocities are derived from the
pressure-gradient changes over time in the coreflood experiments [21].
By putting the data corresponding to various liquid superficial velo-
cities together, we find that the propagation velocities and the total
mobilities of the gas-dissolution bank and the forced-imbibition banks
follow power-law relationships with the superficial velocities. The fit of
the data to these equations is shown in the next section.

During liquid injection, for the gas-dissolution bank, the following
formula applies:

Ap = Av® 5)
Vep = CVsD (6)

For the forced-imbibition bank, the following formula applies:

A = EvgF @)
Vi = Gyt ®
60
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Fig. 2. Comparison of sectional pressure gradients in core-flood experiments with those obtained from the linear bank-propagation model, during gas injection
following 0.95-quality foam at various superficial velocities. (a) 3 ft/day, (b) 6 ft/day, (c) 9 ft/day. EXP: experimental data. MOD: model fit. S2, S3, S4: Sections 2-4.
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where A,gp and Ay are the total mobilities of the gas-dissolution bank
and the forced-imbibition bank, respectively; v; is the superficial velo-
city at various radial positions, Vgp and Vg are the dimensionless
propagation velocities of the gas-dissolution bank and the forced-im-
bibition bank at various radial positions, respectively. A-H are power-
law parameters.

The superficial velocity (vy) at various radial positions is related to
radial position (r) by

_Q
B 27rh (C)]

where r is the radial position, Q, is the volumetric injection rate, h is the
reservoir height.

We then modify the bank-propagation model proposed previously
[14] in order to represent the effect of superficial velocity on liquid
injectivity. For the gas-injection period, the bank properties are not
significantly affected by the gas superficial velocity [21]. We therefore
assume a uniform total mobility within each bank, and a constant di-
mensionless propagation velocity for the collapsed-foam bank. For the
liquid-injection period, the bank properties of liquid flowing in the
collapsed-foam bank is not significantly affected by the liquid super-
ficial velocity. Uniform bank properties are assumed for this bank. For
the gas-dissolution bank and the forced-imbibition bank, we assume
power-law relations between mobilities, propagation velocites and po-
sition, as in Egs. (5)—(9).

For the pressure gradients across the gas-dissolution bank and the
forced-imbibition bank,

Eq. (4) becomes:

Q 1-B
(ﬂ)
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respectively.
3. Modelling results
3.1. Fit of linear model to coreflood experiments

As the first step, we compare the sectional pressure gradients esti-
mated from our bank-propagation model with our experimental results.
In the linear-flow model, we consider axial flow through a cylindrical
core similar to the Berea core used in our experiments. The core is
17 cm long, with diameter 4 cm. The permeability is 160 mD, and the
porosity is 0.2. The Berea core used in our experiments includes five
sections; we focus on the three middle sections, each 4.2 cm long
(Sections 2-4). In this way, the entrance and capillary-end are mini-
mized.

As illustrated in Figs. 2 and 3, our bank-propagation model re-
presents the core-scale behavior reasonably well, in terms of both
mobilities and bank-propagation velocities.

For the gas-injection period, the bank-propagation model represents
the propagation of the collapsed-foam bank well for the three super-
ficial velocities examined (Fig. 2). In each case, a single dimensionless
propagation velocity and total mobility gives a reasonable fit to the lab
data of all the three sections. This indicates that the collapsed-foam
bank propagates with a nearly constant velocity through the core. The
bank-propagation model does not fit the experimental data at very early
times. We do not attempt to represent the leading edge of the gas, and
focus on the near-well behavior: propagation of the collapsed-foam
bank and its effect on the subsequent liquid injectivity. More important,
the initial state of the gas slug in these experiments (following full-
strength foam) is not representative of that in the field in a SAG process,
i.e. following a liquid slug [20].

For the liquid-injection period, we fit our bank-propagation model
to the lab data for liquid injection at various superficial velocities, from
2 ft/day to 200 ft/day, following about 150 PV gas injection

(Fig. 3). After about 150 PV gas injection, the collapsed-foam bank
penetrates into Section 2, but does not arrive at Sections 3 or 4. This

Apgp = AB (n® —n?) 10)
and
()
Apy = ZHEF (" —n") an
100 120

100
]

80
60

40

Pressure gradient [bar/m]
Pressure gradient [bar/m]

Fig. 3. Comparison of sectional pressure

- EiE:g gradients in core-flood experiments with
EXP-S4 thqse obtained fror.n the. llr.lear‘ t?anlf-propa-

<e-- MOD-S2 gation model during liquid injection fol-
- MOD-S3 lowing about 150 PV gas injection at various

- MOD-S4 superficial velocities. (a) 2 ft/day, (b) 20 ft/

day, (c) 80 ft/day, and (d) 200 ft/day. EXP:
experimental data. MOD: model fit. S2, S3,
S4: Sections 2-4.
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explains why the pressure gradient in Section 2 is lower than that in the
other two sections.

As presented in Fig. 3a and b, for relatively low superficial velo-
cities, i.e. 2 ft/day and 20 ft/day, our bank-propagation model can fit
the experimental data quite well. However, there is still some mis-
match. For liquid injection at 2 ft/day, the gas-dissolution bank pro-
pagates more slowly in the bank-propagation model than in the core-
flood experiment. In our model fit, we use the parameter values derived
from the experimental data of Section 4 to fit all the sections. One other
mismatch is the plateau value in pressure gradient for Section 3. In our
model, the plateau value for Section 3 is the same as that for Section 4,
while, in the lab data, it is lower than in Section 4, by about 15%. The
main reason is that we assume a same permeability for all the three
sections. However, the core is not completely homogeneous: the per-
meabilities for various sections are slightly different, i.e. about

170 mD for Section 3, and 150 mD for Section 4. The permeability
ratio of Section 3 and 4 is about 1.13, which roughly represents the
ratio of the plateau value in pressure gradient for Sections 3 and 4.

For large superficial velocities, i.e. 80 ft/day and 200 ft/day, our
simple model represents the overall behavior, though it cannot capture
all the details (Fig. 3c and d). The plateau in pressure gradient is not as
obvious as in the cases for liquid injection at relatively low superficial
velocities. It takes a much longer time in terms of PV injected for gas to
dissolve into unsaturated liquid (thus delaying the decline in pressure
gradient [21]).

At higher superficial velocities and pressure gradients, liquid is
forced across the entire core cross section, not just through a finger
[21]. Moreover, the time for dissolution mass transfer is reduced re-
lative to convection. Together these factors slow the formation and
propagation of liquid fingers in terms of PV injected. Although the
model is simplified, it can provide insights into the effect of shear-
thinning behavior on the liquid injectivity in a SAG process.

As shown in Figs. 4 and 5, the propagation velocities and the total
mobilities of the gas-dissolution bank and the forced-imbibition bank
follow power-law relationships with the superficial velocities. The re-
lationships are extrapolated to 2000 ft/day superficial velocity, in order
to show the dimensionless velocities and total mobilities at an ex-
tremely high superficial velocity (at the injection well).

The parameter values of the power-law relationship shown in Egs.
(5)-(11) are fitted and listed as follows: A = 4 x 107!, B = 0.29,
C=01,D=-018E=5x 1073 F=0.88,G = 2.7, H = -0.09.

3.2. Radial flow

The banks propagate radially in the near-well region with the di-
mensionless velocities and total mobilities derived from the coreflood
experiments. In the radial-flow model, we are interested in the pressure
drop between the injection well and the outer radius (r.), which we take
to be 20 m. This corresponds to the equivalent radius around the in-
jection well defined by Peaceman [22] for a 100 m X 100 m grid block.

3.0
251
207
1.5 e

1.0

0.5

0.0

Dimensionless Velocity [-]

0 500 1000 1500 2000
Superficial Velocity [ft/day]

2500
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The wellbore radius (r,,) is 0.1 m. The porosity and the permeability are
set as 0.2 and 160 mD, respectively, as in the linear-flow model. More
details of the radial-flow model can be found in our previous work [20].
The grid-block pore volume (GPV) is defined as the pore volume of the
grid block we assume in our calculation, i.e. block of
100 m X 100 m X 1 m dimensions. In all the cases examined, the
dimensionless pressure drop is defined as the pressure difference be-
tween r,, and r, normalized by the pressure difference caused by in-
jecting water at the same volumetric rate

Qo = 4.5 X 10~ *m3/s/m (39 m*/d/m) into a fully water-saturated
region. Since the dimensionless propagation velocities and the total
mobilities of the banks during gas injection are not significantly af-
fected by the gas superficial velocity, the estimated gas injectivity
would be similar to that in our previous study [20]. Here we focus on
illustrating the importance of considering the shear-thinning behavior
on estimation of the liquid injectivity in a SAG process.

3.2.1. Radial-flow modelling with uniform bank properties

We first assume uniform bank properties as measured at different
velocities in the separate experiments and show the effect on liquid
injectivity. All the other modelling parameters are held fixed, including
the injection rate Qp. Injection rate Qo is set in the different cases such
that, the superficial velocities from the well to the outer radius varies
between about 200 ft/day and 1 ft/day. We adopt the bank properties
as a function of radial position shown above.

Fig. 6 shows that the estimated liquid injectivity is significantly
affected by the bank properties assigned. For liquid injection directly
following foam (Fig. 6a), the maximum dimensionless pressure drop
calculated using bank properties corresponding to 2 ft/day superficial
velocity is about 180, while it is only about 5 with bank properties
corresponding to 200 ft/day superficial velocity. For liquid injection
following 10 GPV gas injection (Fig. 6b), a collapsed-foam bank forms
near the injection well during the previous gas-injection period, which
makes the dimensionless pressure drop lower than with liquid injection
directly following foam. However, the peak dimensionless pressure
drop estimated with bank properties at 2 ft/day superficial velocity is
still about 20 times that estimated with bank properties at 200 ft/day
superficial velocity. Intermediate-size gas slugs would of course pro-
duce effects between these two extremes.

Fig. 7 shows the effect of the size of the previous gas slug on the
subsequent liquid injectivity. For all the liquid-bank properties ex-
amined, the more gas injected, the better subsequent liquid injectivity.
Specially, the larger gas slug injected, the lower, longer-lasting plateau
in pressure drop during subsequent liquid injection. After liquid pene-
trates the collapsed-foam bank and the forced-imbibition bank reaches
the outer radius r,, the plateau starts. The unsaturated injected liquid
contacts virtually all gas in the collapsed-foam bank, delaying the for-
mation of fingers [21]. Dissolution of gas delays arrival of unsaturated
liquid at the forced-imbibition bank. The larger the gas slug injected,
the larger the collapsed-foam bank, and the longer the plateau in

5x10™°
4x10™° .
3x107° .

2x107° -

1x1074 .

Total Mobility [m*/Pa s]

0 ; , , :
0 500 1000 1500 2000
Superficial Velocity [ft/day]

2500

Fig. 4. Bank properties of the forced-imbibition bank during the liquid-injection period in a SAG process. (a) Dimensionless propagation velocity. (b) Total mobility.
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Fig. 5. Bank properties of the gas-dissolution bank during the liquid-injection period in a SAG process. (a) Dimensionless propagation velocity. (b) Total mobility.

pressure drop during liquid injection.

Comparing the dimensionless pressure drop calculated with bank
properties corresponding to 2 ft/day and 200 ft/day, the difference
between the two cases becomes smaller as more gas is injected, i.e.
about 40 times for liquid injection following foam, while about 20 times
for liquid injection following 30 GPV gas injection (Fig. 7).

Fig. 8 shows the effect of injection rate on liquid injectivity for li-
quid injection directly following foam and following 10 GPV gas in-
jection. The constant dimensionless propagation velocity and the uni-
form total mobility correspond to the superficial velocity at the well for
different injection rates are assumed within each bank. For example, for
liquid injection at Qp = 4.5 X 10~ * m®%/s/m, we assume uniform bank
properties corresponding to 200 ft/day superficial velocity (the super-
ficial velocity at the well). For liquid injection at (1/100)Qy, we then
assume uniform bank properties corresponding to 2 ft/day superficial
velocity.

The results in Fig. 8 show strongly shear-thinning behavior. For li-
quid injection directly following foam, the peak dimensionless pressure
drop is about 5 for liquid injection at Qp, while it is about 1.8 for
0.01Qp. The maximum dimensionless pressure drop is only about 2.5
times higher, reflecting the extremely shear-thinning behavior in the
forced-imbibition bank (Eq. (7)). At long times, the dimensionless
pressure drop is about 25 times greater for the injection rate 100 times
greater (Fig. 8a). This reflects the less-shear-thinning behavior in the
gas-dissolution bank (Eq. (5)). Similar shear-thinning behavior is ob-
served for the case of liquid injection after 10 PV gas injection, although
the dimensionless pressure drop is lower than that for liquid injection
directly following foam (Fig. 8b).

3.2.2. Radial-flow model with velocity-dependent bank properties

In this section, we examine the effect of velocity-dependent bank
properties on liquid injectivity. Instead of assuming constant di-
mensionless propagation velocity and uniform total mobility within

200
a Bank properties at 2 ft/day
—— Bank properties at 20 ft/day
Bank properties at 80 ft/day
Bank properties at 200 ft/day

150 4 T

100

50

Dimensionless pressure drop [-]

3 4 5
Grid-block pore volumes liquid injected [-]

each bank, we include superficial-velocity-dependent properties for the
forced-imbibition bank and the gas-dissolution bank (Egs. (5)-(8)). For
liquid flow in the collapsed-foam bank and the foam bank further away,
we still assume uniform bank properties, since our laboratory results
show that they are not significantly affected by the superficial velocity.
Details can be found in Table 1.

Fig. 9 shows the effect of injection rate on liquid injectivity as-
suming velocity-dependent bank properties. For various injection rates,
different ranges of superficial velocities from the well to the outer ra-
dius apply. For example, at injection rate Q, = 4.5 X 10~ * m®/s/m,
the superficial velocities vary from 200 ft/day at the well to about 1 ft/
day at the outer radius. For liquid injection at (1/100)Qy, the superficial
velocities vary from 2 ft/day at the well, to about 0.01 ft/day at the
outer radius.

As shown in Fig. 9a, for liquid injection directly following foam at
injection rate 10Qy, the peak dimensionless pressure drop is about 210,
while it is about 80 for 0.01Q,. The pressure rise is about 2.5 times
greater for an injection rate is 1000 times greater. It reflects the strongly
shear-thinning behavior in the forced-imbibition bank (Eq. (7)). For
liquid injection after 10 GPV gas injection

(Fig. 9b), the initial rise in injection pressure during liquid injection
is about 2.8 times greater. The strongly shear-thinning behavior again
reflects the forced-imbibition bank; the collapsed-foam bank does not
contribute significantly to injection pressure.

Fig. 10 compares the liquid injectivity assuming velocity-dependent
bank properties and assuming uniform bank properties corresponding
to various superficial velocities. In this scenario, the injection rate is set
at Qy, so superficial velocity varies from 200 ft/day at the well to 1 ft/
day at the outer radius. Fig. 10 shows liquid injectivity in various cases,
including liquid injection directly following foam (Fig. 10a) and fol-
lowing different amounts of gas injection (Fig. 10b - d).

For liquid injection directly following foam (Fig. 10a), the peak
dimensionless pressure drop allowing for velocity-dependent bank

200 -
b —— Bank properties at 2 ft/day
—— Bank properties at 20 ft/day
1501 - - -+ Bank properties at 80 ft/day

- - - - Bank properties at 200 ft/day

Dimensionless pressure drop [-]

T

2 3 4 5
Grid-block pore volumes liquid injected [-]

Fig. 6. Effect of bank properties corresponding to various superficial velocities on liquid injectivity. (a) Liquid injection directly following foam, (b) Liquid injection

following 10 GPV gas injection.
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Fig. 7. Effect of gas-injection period on subsequent liquid injectivity. (a) Bank properties corresponding to 2 ft/day liquid superficial velocity. (b) Bank properties

corresponding to 200 ft/day liquid superficial velocity.

properties is about 180. It is about 5 adopting the uniform bank
properties at 200 ft/day; assuming these uniform bank properties
overestimates liquid injectivity by about 30 times. Applying the uni-
form bank properties corresponding to a superficial velocity close to
that at the outer radius

(2 ft/day) under- or overestimates the liquid injectivity at different
times, but generally provides a better estimate of liquid injectivity than
the other cases. Similar descriptions apply to the cases of liquid injec-
tion following a period of gas injection (Fig. 10b - d). Regardless of the
amount of gas injection before the liquid slug, the dimensionless pres-
sure drop calculated by assuming uniform bank properties comes clo-
sest to that with velocity-dependent properties if the uniform bank
properties are close to those at the outer radius.

In conclusion, assuming uniform bank properties corresponding to
the superficial velocity at the well can overestimate the liquid in-
jectivity greatly. If one must assign uniform bank properties, properties
close to those at the outer radius can provide a relatively reasonable
estimation of the liquid injectivity, although there are still deviations.

3.3. Conventional simulation based on Peaceman equation

For comparison with the solution of the radial-bank-propagation
model we calculate the dimensionless pressure drop as it would be re-
presented in a conventional simulation based on the Peaceman equa-
tion. The foam model considered here is an “implicit texture” (IT)
model [18], which represents the effect of foam on gas mobility
through a mobility-reduction factor. The modelling approaches and
assumptions are similar to our previous study [20]. Here we introduce
the model only briefly, more details can be found in our previous work
[20]. We focus on injectivity estimated for a 100 m X 100 m X 1 m

5.0
! — 0.01Q,, bank properties at 2 ft/day
\
\ a — 0.1Q,, bank properties at 20 ft/day
404 °, - - - 0.4Q,, bank properties at 80 ft/day

N - - - Q, bank properties at 200 ft/day

Dimensionless pressure drop [-]

Grid-block pore volumes liquid injected [-]

Table 1
Dimensionless propagation velocities and mobilities of the banks in a SAG
process.

Period Bank Dimensionless Total mobility
velocity [m?/Pa s]
[-]
Gas injection Collapsed-foam Bank 1.80 x 1072 3.52 x 107°
Gas injection Foam Bank Initially present* 2.34 x 1071
Gas injection Water Initially present* 1.50 x 1071
Liquid injection  Liquid slug in 0.76 1.46 x 1071°
Collapsed-foam Bank
Liquid injection = Forced-imbibition Bank  Eq. (8) Eq. (7)
Liquid injection  Gas-dissolution Bank Eq. (6) Eq. (5)
Liquid injection ~ Foam Bank Initially present 2.34 x 1071

* In the core-floods the initial state of the core is foam. In the radial-flow model,
we assume initially the formation is saturated with liquid with S,, = 1. Foam
advances in this case with a dimensionless velocity of 1.

grid block.

The Peaceman equation [22] determines injectivity in most foam
simulators. The water saturation in the grid block as a function of time
is governed by a material balance on the grid block containing the in-
jection well. We then apply the Peaceman equation to calculate the
pressure rise at injection well during liquid injection in a SAG process
[20]. The pressure drop between the injection well and the grid block
containing the injection well is made dimensionless by dividing by the
pressure drop of water injection into a fully water saturated reservoir at
Qo, as calculated using the radial-bank-propagation model.

The foam parameters are obtained by fitting the experimental data
for a foam-quality (gas-fractional flow) scan at a fixed superficial ve-
locity [20]. For a SAG foam process, the high-quality regime is more

5.0
—— 0.01Q,, bank properties at 2 ft/day
b — 0.1Q,, bank properties at 20 ft/day
4.0 - - - 0.4Q,, bank properties at 80 ft/day

- - - Q, bank properties at 200 ft/day

Dimensionless pressure drop [-]

Grid-block pore volumes liquid injected [-]

Fig. 8. Effect of injection rate on liquid injectivity. Bank properties correspond to the superficial velocity at well for different injection rates. (a) Liquid injection

directly following foam. (b) Liquid injection following 10 GPV gas injection.
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Fig. 9. Effect of injection rate on injection pressure during liquid injection. Bank properties depend on local superficial velocity. (a) Liquid injection directly

following foam. (b) Liquid injection following 10 GPV gas injection.

relevant to the period of gas injection [23]. Thus, we neglect the foam
parameters representing non-Newtonian behavior in the low-quality
regime. We consider only the dry-out function, which is the dominant
mechanism in the high-quality regime [18]. The details of parameter-
fitting are described in our previous work [20].

The following assumptions are made for the calculations based on
the Peaceman equation: 1. We assume foam immediately reaches local
equilibrium. 2. Water saturation in the grid block is uniform at all
times. 3. The effect of gravity is not considered. 4. Water, gas and rock
are assumed to be incompressible. 5. Oil is not present in the region of
interest. 6. Fingering is not considered.

In our previous study [20], we showed that a conventional foam
simulator based on the Peaceman equation underestimates gas and li-
quid injectivities. Moreover, the conventional foam simulator cannot
represent the effect of gas injection on the subsequent liquid injectivity
in a SAG process without exceptional grid refinement near the well. Our
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experimental results suggest that the gas-injection period is not sig-
nificantly affected by gas superficial velocity. Here we focus on the
implication of the shear-thinning behavior during the liquid-injection
period on field application.

As presented in Fig. 11, the dimensionless pressure drop during li-
quid injection estimated with the Peaceman equation increases pro-
portionally to injection rate.

Fig. 12 shows that the liquid injectivity estimated by the conven-
tional foam simulator is not affected by the amount of gas injected
previously. The water saturation in the grid block is virtually unaffected
by liquid injection rate, or the amount of gas injected previously
(Fig. 12b).

Fig. 13 compares the liquid injectivity estimated by the conven-
tional foam simulator using the Peaceman equation and our bank-
propagation model with velocity-dependent bank properties. At a low
injection rate (0.01Qp), the Peaceman equation overestimates the
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Fig. 10. Effect of non-uniform bank properties on liquid injectivity. (a) Liquid injection following foam. (b) Liquid injection following 10 GPV gas injection. (c) Liquid
injection following 20 GPV gas injection. (d) Liquid injection following 30 GPV gas injection.
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Fig. 11. Dimensionless pressure drop during liquid injection after 10 PV gas
injection calculated from Peaceman equation. Liquid is injected at various in-
jection rates ranging from 0.01Q, to 10Q.

minimum liquid injectivity by about 2 times, but it underestimates li-
quid injectivity at later times by about 25 times. At a high injection rate
(10Qp), the Peaceman equation underestimates the minimum liquid
injectivity at first by more than 100 times, and later by about 40 times.
The Peaceman equation does not provide a reliable prediction of the
liquid injectivity in a SAG process, at least in a relatively large grid
block.

4. Discussion

We estimate dimensionless propagation velocities and total mobi-
lities of various banks at various superficial velocities from our la-
boratory data [21].

For the gas injection period, we examine three superficial velocities:
3 ft/day, 6 ft/day and 9 ft/day. These velocities tested the limits of our
apparatus. Within this limit range, there was no significant variation of
propagation velocities or mobilities with superficial velocity. In this
study, our focus is on the liquid injectivity in a SAG process. This
limitation would not significantly change the bank propagation velo-
cities or total mobilities for the liquid-injection period.

For the liquid-injection period, our bank-propagation model can fit
the experimental results well for liquid injection at relatively low su-
perficial velocities, but captures the details at high superficial velocities
less well. Nonetheless, it provides reasonable fit.

The power-law relationships of the dimensionless propagation ve-
locity and total mobility with superficial velocity for the forced-im-
bibition and gas-dissolution banks are derived from one set of experi-
ments conducted in one core sample. It may not be apply to other
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Fig. 13. Comparison of liquid injectivity following 5 PV gas injection calculated
with Peaceman equation and the bank-propagation model with velocity-de-
pendent bank properties.

situations. Specifically, our experimental results, and in turn our
modeling, depends on porous medium, surfactant, type of gas, pressure,
temperature and other factors. A new set of experiments should be
conducted for each different application.

The model we introduced is based directly on experimental data,
but contains many assumptions. One major assumption is that the core-
scale behavior scales up to field application. The effects of foam col-
lapse during gas injection and of liquid fingering and gas dissolution
during liquid injection are difficult to extrapolate from core scale to
field scale.

The model is not predictive. Some deviations between the model
and the data remain. However, it does show clearly that conventional
foam simulators based on the Peaceman equation can greatly under-
estimate liquid injectivity in a SAG process. Crucial mechanisms are
missing from the simulators, such as liquid fingering through gas, gas
dissolution in unsaturated liquid, shear-thinning behavior during the
liquid-injection period and the effect of previous gas injection on sub-
sequent liquid injectivity. Grid resolution is also important with slow-
moving banks like that for foam collapse during gas injection.
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< - = Liquid injection at 0.01Q, follows 20GPV gas injection
8 0.8 Liquid injection at 0.01Q, follows 30GPV gas injection
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Fig. 12. Liquid injection at different rates following different amounts of gas injection. (a) Dimensionless pressure drop. (b) Water saturation of block containing

injection well.
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5. Conclusions

In this study, we investigate the implication of the strongly shear-
thinning behavior of the gas-dissolution bank and forced-imbibition
bank during the liquid-injection period observed in coreflood experi-
ments on field application.

e Our simplified bank-propagation model gives reasonable fit to our
experimental data, though some deviations between the model and
the laboratory data remain.

e The velocity-dependent total mobilities and propagation velocities
of the gas-dissolution bank and the forced-imbibition bank have
major impact on the estimation of the liquid injectivity in a SAG
process.

e Liquid injectivity is strongly affected by the liquid injection rate due
to the shear-thinning behavior during the liquid-injection period.
This should be considered in estimation of the liquid injectivity in a
SAG process.

o If one must use fixed parameters based one superficial velocity of
liquid, the best choice is to use the ones close to those apply at the
outer radius.

e Conventional foam models based on the Peaceman equation do not

represent the effect of a period of gas injection on the subsequent

liquid injectivity, the propagation of various banks, or the shear-
thinning behavior during liquid injection in a SAG process.

Our modelling indicates that the conventional foam models can

underestimate or overestimate the liquid injectivity, depending on

the liquid injection rate. The greater the injection rate, the greater
the error in conventional models.

® Due to the shear-thinning behavior, reducing liquid injection rate
would not reduce the pressure at injection well proportionally to
injection rate.
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