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Could WAG be the Right EOR Process for Libyan Carbonate Reservoirs?

Rafa Labedi, Omar Abdulkarim, Karlo Krizmanic and Saleh El-Fakhri*
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Abstract: In Nafoora Augila Unit (NAU), one of
the giant oil fields of AGOCQO, an appreciable
amount of oil will remain unrecoverable in the
prolific carbonate layers after waterflooding. In
this paper, we present the importance of
experimental  studies and  knowledge
(technological research) as a major part of
achieving integrated simulation studies for
evaluating the EOR technical and economical
feasibiliry, and planning.The special core analysis
(SCAL) results are one of the most powerful tools
to calibrate reservoir models. The laboratory
experiments are performed at actual reservoir
conditions to honor fluid properties, the wettability

* Arabian Gulf Qil Company (AGOCO), Benghazi, Libya.

and saturation end-points. CO, gravity drainage
experiments resulted in an early CO, breakthrough
and low displacement efficiency, while immiscible
water alternating gas (IWAG) displacement tests
resulted in an oil recovery as high as in case of
slim tube, at the minimum miscibility pressure
(MMP). Therefore, IWAG could porentially work
well for any other immiscible gas injection process
using hydrocarbon gas, nitrogen, or fuel gases,
and at significantly lower pressures than the MMP
in carbonate reservoirs of similar depositional
environment and diagenetic fabric selective
dissolution.

INTRODUCTION

The common classification of WAG processes is
to distinguish between miscible, MWAG, and
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immiscible, IMWAG displacements. Because of
failure to maintain sufficient pressure, real field cases
may oscillate between MWAG and IMWAG during
the implementation of the WAG process. Important
technical factors affecting WAG performance have
been identified: heterogeneity, wettability, fluid
properties, miscibility conditions, injection techniques,
WAG parameters, and physical dispersion and flow
geometry.

The oil recovery can be described by three
contributions: microscopic displacement efficiency,
horizontal and vertical sweep efficiencies. Our
concern is to highlight aspects of microscopic
displacement efficiency in IWAG process by
integrations of previous SCAL studies and
technological research.

When performing a miscible gas displacement,
the residual oil saturation will tend to go toward zero
in the flooded area. A problem in MWAG process is
that injected water blocks contacts between injected
gas and remaining oil. This reduces microscopic
displacement efficiency, resulting in higher residual
oil saturation. This effect has been found to be a
strong function of rock wettability and oil recovery is
adversely affected by the presence of mobile water
in water-wet cases, but the effect of mobile water is
almost negligible in mixed-wet and preferentially oil-
wet reservoirs!!23,

With IWAG process the residual oil saturation
after gas-flooding is lower than after water-
flooding, meaning that gas has a better microscopic
displacement efficiency than water. In water swept
zones, the residual oil saturation to water-flooding
is reduced through the gas entrapment process.
The degree of oil saturation reduction and
corresponding trapped gas saturation depend on
initial gas saturation and wettability. The
experiments demonstrate the need to measured the
IWAG microscopic displacement efficiency and
trapped gas saturation on preserved or wettability
restored cores!*>9l.

Gas saturation is divided into two contributors,
trapped and mobile gas saturations. Trapped gas can
be only become remobilized by dissolving in the oil,
and the only contributor to gas flow is the free gas
saturation. Reduced residual oil saturation increases
the oil mobility. For given oil saturation the water
saturation is less in WAG injection by the amount of
reservoir volume occupied by the trapped gas. As a
result the water mobility and therefore water cut must
be less for given oil saturation. Reduced permeability
of the gas phase can be achieved by alternate

injection of gas and water. Therefore improved
microscopic sweep efficiency in three-phase zones
of the reservoirs could add benefit from reduction of
mobility in IWAG processes.

The displacement mechanism in IWAG process
occurs in a three-phase regime, where the cycling
nature of the process creates a combination of
imbibitions and drainage. Conventional two-phase
relative permeability hysteresis models were unable
to describe MWAG and IWAG flows in cores and
field trials, where gas and water saturations will
increase and decrease alternating. This gives special
demands for relative permeability for oil, gas and
water phases. Recent approach has been designed
for WAG injection using cycle dependant oil, water
and gas relative permeabilities!™%91.

Therefore the optimum WAG design is different
for each reservoir and needs to be determined for
specific reservoir and fine tuned for particular area
within reservoir!!®!!l

Microscopic displacement efficiency by WAG
processes has to be determined from laboratory
experiments.

SCAL PROGRAM
Minimum Miscibility Pressure Requirements

Slim tube tests showed that MMP is 270 barg,
and that displacement efficiency does not fall sharply
below MMP. A significant amount of oil could be
recovered at pressures substantially below slim-tube
MMP[ [ 1.12.131‘

Keeping in mind with principle of economy we
have investigated that possibilities incorporating our
best knowledge of the state of art technology.

Petrophysical Classes and Pore Space
Classification

Reservoir rock is relatively clean bioclastic
limestone. The depositional texture is skeletal
grainstone and packstone/wackstone. Early
consolidation preserved much of primary porosity.
Selective dissolution of skeletal debris in the
undersaturated zones of the meteoric phreatic
environment provided moldic and pinpoint vuggy
porosity. Mesovuggy porosity is the main pore type
with additional interparticle and variable
microporosity!'**1. Figure 1 shows CT-SCAN
investigations of the internal structure of the whole
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Fig. 1. CT-SCAN images showing pore structure.

core samples. In particular the macroporosity is well
visible on most slices.

Rock fabrics has been grouped into four rock-
fabric petrophysical classes:

1. clean coquina limestone dominated by large
skeletal grains.

2. skeletal bioclastic grainstone

3. grain dominated packstone/wackstone

4.  mud (micritic) dominated limestone

Principal pore types and pore interconnections are
grouped into:

1. intergranular, macro in rock-fabric class I,
good connected in rock-fabric classes 1 and 2,
variably occupied by micritic matrix in rock-fabric
classes 2 and 3.

2.  secondary dissolution, moldic and vuggy

3. good microporosity within micrit materials
composed of loosely arranged small calcite crystals
(rock-fabric classes 2 and 3).

Pore interconnections in secondary dissolution
pore space

1. abundant and interconnected touching vugg
porosity and channel like from skeletal and micitic
matrix leaching (dominanton 1" and 1.5" small plug
scale)

2. discrete, separate vuggy porosity (dominant on
full diameter and well log scale).

Wettability

The capillary imbibition curves are typical of oil-
wet samples. The Amott/USBM wettability tests
show the reservoir wettability ranges from weak-to-
strong oil-wetness!'*'31, The vuggy system connected
by the largest thresholds pore entry radii is strongly
oil-wet. The spontaneous imbibitions of water at 80°C
for three weeks resulted in the increase of water
saturation in the range 8.3% to 9.5%. This is an
indication that the majority of intergranular/
intercrystalline pore system, variably occupied by
micritic matrix, could be less oil wet due to pore
structure; Therefore wettability question in
intergranular/intercrystalline pore system may be the
matter 'of some concern.

Resistivity Measurements and Interpretation

A.) Use of Maxwell-Garnett Model to Interpret
Formation Factor, FF, Measurements.

In heterogeneous carbonate reservoirs the porosity
exponent, m, is a major factor of uncertainty in the
calculation of fluid saturation. Complex electrical
behavior may result from the way in which vuggs are
related to each other, and to the intergranular pore space.
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FF’s were measured on core plugs from two
carbonate reservoirs at net overburden pressure,

NOB, by simulated formation brine, and reservoir -

il CT-SCAN images of core samples were
used to characterize pore types and interconnec-
tions in secondary dissolution pore space. The
Maxwell-Garnett, M-G, model:

-o[22]
=t i (1)
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allows for better interpretation of FF if both, the
intergranular, @, and vuggy porosity, @v, vary
independently and simultaneously, resulting in a range
of FF for a single total porosity, &!'%!7],

Eq. (2) and Eq. (3) are the results of M-G model
for abundant, interconnected touching and channel
like vuggy poro system, and for discrete and separate
vuggy pore system, respectively!'®!9l,

F=23217¢7""
F=04469p~"

¥ =0.8332 (3)
r?=0.8511 (2)

Intercept a, known as tortuosity parameter, could
be related to depositional environments and diagenetic
fabric-selective dissolution process. Figures 2 a and
b are the application of M-G model to interpretation
of FF-®relationships, and division of total porosity
into matrix and vuggy!'®'%,
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Fig. 2(a). Application of Maxwell-Garnett model to abundant
interconnected touching and channel like vuggy porosity from
skeletal and micritic matrix leaching, dominant on 1" and 1.5"
small plug scale.
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Fig. 2(b). Application of Maxwell-Garnett model to discrete,
separate vuggy porosity, dominant on 1.5", full diameter and
well log scale. Model allows division of total porosity into
matrix and vuggy porosity components (from El-Ashahab,
Krizmanic, Gherryo)!!®!9,

For a elatively clean carbonate rock with a high
salinity environment FF does not appear to be
affected by surface conductance of clay
component.

B.) Use of Maxwell-Garnet Model to Separate
Total Porosity into Intergranular and Vuggy Pore
Space.

Vuggy porosity is difficult to calculate from
wireline logs, and requires detailed core-log calibration
to give reasonable results. We separate total porosity
into intergranular and vuggy porosity components,
applying the M-G model "*'"°I. The relations are:

@, =0.8139b, —0.1353  1° =0.7495 4)

‘ discrete vuggy system

@, = 002630

abundant vuggy system

Thin-section image analysis provides a good
approach of the effective vuggy porosity in carbonate
rocks. Figure 3 shows comparison between vuggy
versus total porosity from the M-G model, and from
thin-section description of core material™.

The M-G model is efficient in separating total
porosity into intergranular and secondary
dissolution.

r? =0.7847 (5)



Could WAG be the Right EOR Process for Libyan Carbonate Reservoirs?

=
=

¥ =04139x - 0.4353
RIEQ7438 |

e
=]
3

e
=
8

g

g

£

Vugy porosity (fractian)
=
B

2
8
8

)
5]

& Maxwell-Garnelt

2
=

L Thin section image
0.00
015

[1¥] 023
Total porosity {fraction)

o1 0.13 025 oz 029

Fig. 3. Good agreement of vuggy vs. total porosity from thin-
section analysis and from the Maxwell-Garnett model indicates
usefulness of the model (from Krizmanic, Labedi, Abdulkarim,
Gherryo) [IN,I‘).EUI_

C.) Resistivity Index.

Laboratory resistivity measurements of FF and
resistivity index, I, are acquired on rock samples to
increase consistency of the log data interpretation. The
evaluation of the amount and distribution of oil in place
depend heavily on the model applied to describe links
between FF, I, and water saturation.

The resistivity index measurements were performed
in conjunction with porous-plate, oil/brine capillary
pressure. Sufficient time is allowed at each point for
wattability restoration and equilibrium saturation to be
achieved. A 4-electrode setting was used to avoid contact
resistance and end effects!™. Table 1 shows the
properties of sample used and formation brine.
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Figure 4 shows resistivity index curves versus
saturation. Mercury capillary pressure curves interpreted
in terms of pore throat size distribution show uni-modal
pore size distribution within intergranular pore space.
Low saturation exponent (n), and departure of I, versus

Table 1. Core sample petrophysical parameters, properties

of formation brine and tests condition.

Ambient condition air permeability, mD 15.5
NOB condition porosity, fraction 0.262
Saturation exponent (n) 1.65

Net overburden (NOB) pressure 3000
Temperature, °F, ("C) 150, (66}
Brine salinity, mg/l TDS 189 991
Resistivity of brine, Ohm-m at 77°F 0.054

S from ideal Archie’s law recently have been paid
attention, and have been experimentally documented
and theoretically explained 21 through 26.

Two slopes could explain I versus S relation.
The first shows the invading of the vuggy pore space
by oil. Vuggy rock surface is rendered to be strongly
oil wet. The second describes subsequent invasion
of the intergranular pore space®. Best fit of the
second straight-line segment is:

(6)

The relation is valid in saturation range
0.78<S, >0.099. The change in the value of nat S =
(.78 provides the vuggy porosity component of

I, =267315 " r? =0.9961
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Fig. 4. Two straight-line segments of I vs. 8_: desaturation of vuggy pore space resulted in n = 5.455 and desaturation of unimodal
interganular pore space resulted in 1 =2.67318"". Microporosity is linked to the presence of micrite crystals (from Gherryo Krizmanic,

Labedi, Abdulkarim) 1.
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dvug = ().038, for the total sample porosity dxot =
0.262. The oil content in vuggy pore space is S_ =
0.22. The M-G model (4) provides vuggy porosity
component of ®vug = 0.078, and S = 0.292.

The second straight-line implies:

a) Unimodal pore size distribution of the
intergranular pore space, as indicated by the mercury
injection data and

b) There is no wettability induced change in
electrical properties within intergranular pore space.

The wettability question in intergranular pore
system may be the matter of some concern.

D) Water Saturation Model.

Use of coreflood test data to provides arguments
for the choice of adequate saturation models.
Checking the validity of different models, and
calibration of the parameters remain a frequent
problem in log interpretation!*23 throueh 291 \We
modified Archie’s model. The modified Archie’s

maodel 152V
1/n
[_l d)—m
b

5o ][R
W Rr

where b comes from: S, =bl"

(7

The model: 7/ =2.6731§ " provides model
parameters p = 2.673/and n=- 1.09. Eq. (3)
provides model parameters a = 2.32/7 and m =
-1.1619 , while Eq. (4) provides model for separation
of total porosity into discrete vuggy porosity
component in total. These model parameters, coupled
with gas-flood tests data, provide arguments that the
selected saturation model is adequate.

Table 2. Long stacked core properties

Rafa Labedi, Omar Abdulkarim, Karlo Krizmanic and Saleh El-Fakhri

For considered carbonate formations, Figure 5
shows vuggy oil saturation as a function of initial oil
saturation, porosity and formation resistivity range.

Tables 2 and 3 show secondary CO, gravity
drainage experimental data. Breakthrough, BT, of
CO, occurred at 38.2% PVI, resulting in oil saturation
reduction of AS_ = 0.271. The M-G model provides
vuggy oil saturation S = 0.292. Evidently oil
contained in intergranular pore space is not efficiently
accessible to CO, with TFT = 2.7 mN/m.

Figure 6 shows comparison of vuggy porosity and
oil content in vuggy pore space evaluated by: M-G
models, resistivity index and displacement
experimental tests. The Archie’s water saturation
model, conditioning to gas core-flood tests data,
exhibits high consistency of all data.

Fig. 6. shows the comparison of vuggy porosity
and vuggy oil saturation from M-G model, resistivity
index, and displacement tests. Resitivity and coreflood
tests provide arguments for the choice of adequate

Vg of saturation v, iniialin (PHYtol range = 0.2 10 0.3 by 0.025 hnerervent, for
Iha case: [{PH)vug = 0.B138*(FH)tol +0.1353)
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Fig. 5. Vuggay oil saturation versus initial saturation. Integration
of I, measurements with displacement test provide arguments
for the choice of adequate saturation model.

Test Licm) | D(cm) | V(m/d) | Swi Kw (mD) | Ko(Swi) (mD) | @
Gravity stable | 150 4.5 0.146 0.079 | 28 . 0.264
WAG 147 4.5 0.150 0.251 | 37 17 0.255

Table 3. Statistics of gravity stable and WAG secondary displucemu'nl tests.

@ water breakthrough @ pas breakthrough

PVI (%) | R (%00IP) 5, S @BT | §-S BT | PVI(%) R(%QO0IP) | S @BT 5,-S BT
Br 0.921 38.1 26.3 0.65 0.271
Dr.
WAG 62.66 63.46 0.749 0.272 0477 88.16 73.8 0.202 0.547

@ the end of continuous gas injection

PVI (%) Rfinal (%200IP) S, S, S,-Sor _
Gr. St 191.2 514 0.921 0514 0.407 0.407
WAG 109.4 90.72 0.749 0.0769 0.6795 0.6721
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Fig. 6. Comparison of vuggy porosity and vuggy oil saturation
from M-G model, resistivity index, and displacement tests.
Resitivity and coreflood tests provide arguments for the choice
of adequate interpretation model. (from Gherryo, Krizmanic,
Labedi, Abdulkarim) 12,

interpretation model. (From Gherryo, Krizmanic,
Labedi, Abdulkarim!"),

The model provides higher values for oil in place
contained in mesopores and micropores of
intergranular pore space, target for EOR
technologies. It provides good estimates of both
the vuggy porosity component in total and the oil
content in vuggs.

CORE-FLOOD DISPLACEMENT TESTS

Petrophysical Characterization on Small Core
Plugs.

The petrophysical characterization on small core
plugs is essential for considering interpretation of the
IWAG and gravity drainage experiments on long
composite cores. The tests include:

a) Mercury injection and pore throat size
distribution analysis,

b) Centrifuge oil/water drainage/imbibitions and
gas/oil/connate water drainage capillary pressure
curves - the average saturations are corrected to
obtain the saturations at inlet face of the plugs,

c) Oil/water imbibitions relative permeability
curves and gas/oil/connate water drainage relative
perms and

d) IFT measurements on CO, swollen fluids.

The tests were performed on wettability restored
1.5 inches in diameter, and 2.5 to 3 inches in length
plugs. The resulting two-phase relative permeability
will be used to help interpretation of IWAG and
gravity stable drainage displacement tests on
long,stacked cores.

Research shows that the centrifuge method is a
fast and reliable method for obtaining oil desaturation
curve as a function of trapping number, NT, in regions
of low oil relative permeability, and in reservoirs
where gravity drainage controls the recovery
proceSSIII.B(] through ]-l].

Wy K(VP+ gapVD) 8)
g

Figure 7 shows oil desaturation curves for two-
phase oil/water, and three-phase oil/gas/connate
water systems. The advantage over displacement
tests is evident.

Reservoir simulation requires a realistic spatial
distribution of capillary pressure and relative
permeability. Drainage capillary pressure curves are
used to predict initial water saturation, while
imbibitions capillary pressure curves significantly
impacts overall displacement efficiency. Figures 8 a
and b show oil/water and gas/oil/ connate water
centrifuge capillary pressure curves,

Unsteady-state water-flood and gas-flood tests
were carried out on restored state cores. Capillary
pressure curves were used as an input for numerical
calculation — which means that the residual oil

1

——Kw=10.3 mD, PHI=0.182
o.e ——

KwedB.3 mD, PHI=0.25
————Kw=81.8 mD, PHI=D.228
—— Kw=21.7mD. FHI=0.288
o Displacemsnt

[+X:]
o7
a8 ‘ |
as
a4
0.3
0.2

Remaiﬁlnﬁ -5.all.lrallnn

0.1 Pt bid M { ikl
i - I
1.005-08 1.00E-07

1.005-08 1.00E-05 1.00E-04
Trapping Numbears

1 e
+1 —e—Kgu19.1 mD, PHI0. 102, Bwi=0.250 -
11 —=—Kgnd1.4 mO, PHI=0.25 Bwi=0.218 -

T 17 *1 — o Kg=44.8, PHI=0.258, Swi=0.124 ¢
oa = e Kg=22.8mD, PHI=0.286, Swi=0.150 -

o7 o=
a8 -

a3
04
0.3

Remaining Saturation

o2
o1

[
1.00E-07 1.00E-08 1.00E-D5 1.00E-04
Trapping Numbers

Fig. 7. Remaining oil saturation, S_, achieved in displacement
tests in comparison with oil de-saturation centrifuge capillary
pressure curves: oil/water and oil/gas/connate water systems.
Low S values are result of continuous oil film drainage.
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saturations are supposed to be equal for displacement
and centrifuge experiments. Therefore the relative
permeability curves, obtained by history matching of
production data with numerical coreflood simulator,
take into account of viscous, capillary and gravity
forces.

Figures 8 ¢ and d show oil/water and gas/oil
relative permeability curves. Although the oil could
be displaced by oil-wetting layers to very low S
values, the efficiency would be deteriorated by low

Fig. 8(b). Drainage gas/oil/connate water Pc’s. capillary pressure
curves were input in core-flood simulator.
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for viscous, capillary and gravity effects.
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rates because relative permeability is also low in the
range from 1E-3 up to 1E-5 and lower. Large scatter
of oil/gas relative permeability curves is related to
heterogeneity of small core-plugs.

Petrophysical characterization on small core plugs
is an indispensable step for interpretation of
displacement tests on long stacked cores.

Statistics of Secondary CO, Gravity Drainage
and WAG Experiments on Long Stacked Cores.

Tests were performed at pressure of 193 barg.
(MMP = 270 barg). Table 2 lists basic rock properties
of long stacked cores. Dual energy x-ray detection
allows assessing oil, water, and gas saturation profiles
along the core,

Secondary CO, Gravity Drainage Experiment.

Table 3 shows statistics of the secondary gravity
drainage and IWAG displacement tests. Final oil
recovery R =41.4% of OOIP, left behind residual oil
saturation S| = 0.544. CO, BT occurred at 38.2%
PVI, when oil recovery at gas BT is 26.3 % of OOIP.
Oil saturation reduction of AS =0.271 is exactly the
swept volume of oil contained in vuggy porosity space
(The M-G model provides S| = 0.292 ). Evidently
oil contained in intergranulz;r pore space is not
efficiently accessible to CO, with IFT = 2.7 mN/m.
To access the oil contained in this pore space, a high
reduction in IFT is needed. The reservoir pressure
should be maintained at a level in excess of P =270
bar.

The test was interpreted by numerical calculation
to provide oil/gas relative permeability as an input
for correct description of IWAG process on core
scale.

Secondary IWAG Displacement Test was carried
out with CO, injected first, followed by water. The
slug sizes were approximately 8.4% PV. The IWAG
injection resulted in final oil recovery, R = 90.7% of
the OOIP with left behind residual oil saturation, S =
0.0769. Water broke through first resulting in oil
recovery, R | = 63.5% of OOIP, followed by gas
BT with an oil recovery of R, = 73.8% of OOIP.

The IWAG process is more efficient than
secondary gravity drainage. From core scale point
of view the IWAG technology could be the right
technology for carbonate reservoirs of identical
depositional environment and fabric-selective
dissolution process. The process is immiscible and it
could potentially: a) recover the same amount of oil

as the miscible process with CO,, but at a significantly
lower pressure, b) work well using the other gases,
and c) work well at even lower reservoir pressures.

Pore scale and core scale displacement
scenario. In vuggy porosity space, oil is a strongly
wetted phase retaining continuity even at low oil
saturation based on SCAL tests results. Water is a
non-wetted phase. Gas is a wetting phase relative to
water. Neither gas in presence of water, nor water
in presence of gas, could spread on oil forming
continuous gas or water films.

The first gas injection cycle.

Gas displaced oil from the largest oil-wet vuggy
pore space by piston like displacement, and through
continuous oil film drainage.

The first water injection cycle.

Water displaced gas and oil from the largest oil-
wet vuggy pore space by double displacement. Gas
had been displaced by piston-like and, oil through
continuous wetting oil film flow. Due to adverse
mobility ratio, gas had channeled through the oil
occupied pores forming an oil bank ahead of water.
As aresult of capillary competition between gas and
oil and gas and water, snap-off of gas and trapping
could occur only by oil in the gas occupied pores.

Gas snap-off by water and gas trapping could not
be possible in water invading zone. However in this
zone, gas could be bypassed in larger oil-wet pores.

In intergranular pore space, wettability was
randomly distributed to a degree of COS@,,  for each
pore size. Larger pores preferentially oil wet, were
surrounded by smaller preferentially water-wet pores.
Water had invaded the smallest weakly-water to
weakly-oil wet pores by capillary diffusion. From this
pore network, oil could be displaced by a corner
filaments flow and by a piston like displacement
depending upon wettability and water/oil contact angle
hysteresis!®3*34,

As a consequence of this capillary dominated flow,
feeding and thickening of il films in larger oil-wet
pores of vuggy pore space occurred. Oil bank ahead
water-front increased in size through oil film flow,
and more gas was trapped by snap-off and bypassing.
Trapped and bypassed gas reduced mobility of
advancing water-front and formed oil bank, which
resulted in a steady increase of water injection
pressure.
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Increase of water injection pressure favored a
capillary controlled water flow into the smallest pore
network and forced (viscous) controlled into the
largest pore network of intergranular pore space.
Viscous flow of water from vuggy to intergranular
pore space has been initiated when the water pressure
in vuggy pore space, P, exceeded oil pressure in
integranular, P_ by capillary entry pressure given by
(s, cos® )r . For largest preferentially oil-wet
intergranular pores, -/<cos@_  <0. Oil which
squeezed into vuggy pore space supported flow of
continuous oil films, and made oil bank increased in
size trapping more gas.

Trapped gas could be remobilized by dissolving in
water and oil and by compression. At seme threshold
pressure, compressed trapped gas globules collapsed
and/or were squeezed ahead, forming a small gas
bank of free gas saturation within oil bank.
Compression/decompression of trapped gas added
to increased/decreased oscillations of injection
pressure. Figure 9 shows oscillations of injection
pressure for the first and second water injection
cycles.

First water injection cycle
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Fig. 9. Bypassed and trapped gas in vuggy pore space caused
increase of water injectivity. Pressure increase favored
spontaneous and [orced imbibitions of water from vuggy into
intergranular pore space and countercurrent flow of oil into
vuggy pore space. More gas was trapped in formed oil bank.
Collapse of trapped gas resulted in a sudden decrease of injection
pressure and forming free gas bank ahead of formed oil bank.

Subsequent gas injection cycles.

Since for strongly oil-wet vuggy pore network,
-l<cos@,, <0 and <cos® <, or
(0,,c080,)=2(0,co50, ) gas preferred to enter
the water filled pores of strongly oil-wet vuggy pore
network. In the first injection cycle, injection pressure
was higher when gas displaced oil and injection
pressure became almost zero, or even small minus
when gas displaced water from pores previously
occupied by oil. This indicates that gas was a wetting
phase relative to water in the strongly oil-wet vuggy
pore space.

Water has been displaced by a piston-like
displacement, and oil by a continuous oil films
drainage. This means that water could become
disconnected phase.

Due to the reduced mobility of water-front and
oil bank, gas injection pressure had increased. Gas
was forced to penetrate from vuggy into
intergranular pore space. Gas could be either
wetting or non-wetting phase relative to water,
depending upon randomly distributed wettability for
each pore size and non-wetting relative to oil. Gas
occupancy preference of pore space is given by
the relations between wettability, IFT, and pore size:
(o,c050,)/r, and (0, cosO )/t Gas preferred to
occupy the largest pores filled by water from previous
walter injection cycle, Then, when faced with pores
of equal radius, gas preferred to enter pores filled
with oil, as the IFT between gas and oil was lower
than between gas and water. :

The process caused feeding the vuggy pore space
by oil and redistribution of oil, gas and walter in the
intergranular pore space. Due to the redistribution of
fluids and gas compression, the gas cycles were
inefficient in oil recovery. Figure 10 shows that these
features are common in gas injection cycles.

Subsequent water injection cycles.

Water invaded the smallest water-wet pores by
capillary diffusion and displaced gas and oil from
previously gas filled pores by double displacement
process because of wetting and spreading conditions.
Qil expelled from intergarnular pore space has
increased thickness of continuous oil films in oil-wet
vugyy pore network, which had been efficiently
drained to the formed oil bank ahead waterfront.

As aresult of multiple displacements gas had been
squeezed from the largest to the next to largest, oil
saturated pores. Therefore gas could be trapped since
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Fig. 10. Gas displaced water and oil from the largest vuggy pore
space. Mobility increase in water-front and oil banks in vuggy
pore space increase gas injectivity. Gas was forced Lo occupy
the largest water and oil filled pores, squeezing oil into vugg
pore space. Gas was trapped in intergranular pore space by
redistribution of phases in randomly distributed wettability for
each pore size,

water became wetting to gas in the more weakly oil-
wet pores. It is also expected that gas could be bypassed
in relatively larger pores as these pores were surrounded
by smaller, water wetting pore throats, from which water
could not be displaced by gas.

Obviously continuity of oil wetting films in both
pore networks made this process extremely efficient
in oil recovery on scales of pores and core scale.

Cycling of gas and water injection resulted in an
increasing-decreasing oscillation in the injection pressure.
Therefore within leading oil barik, gas saturation consisted
of trapped gas and formed slugs of free gas saturation.
The gas production profiles in Figure 11 show that the
slugs of free gas were produced before and after water
breakthrough. Oil expelled from intergranular pore space
was efficiently drained through the increased thickness
of continuous oil films.

Additional 10% of oil was produced between
water breakthrough and followed gas breakthrough.
Large quantity of gas had been retained efficiently
in intergranular pore network of randomly distributed
wettability for each pore size.

Water saturation model provides higher values for
oil in place contained in mesopores and micropores of
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Fig. 11. Banks of [ree gas produced ahead of gas breakthrough
suggested efficient oil expelling from intergranular pore space
into vuggy by water and gas invasion. 10% of il recovered
between water and gas breakthroughs suggested efficient oil
film flow in vuggy and intrgranular pore space and efficient gas
trapping and blockages in intergranular pore network of randomly
distributed wettability for each pore size.

intergranular pore space target for EOR technologies.
From this point of view, IWAG process could be
economically attractive. However the question is: could
IWAG efficiently recover oil contained in intergranular
pore space on large field scale application?

CAN WE EXPECT IWAG INJECTIVITY
ABNORMALITIES AND EXTEND THREE-
PHASE IWAG PHENOMENA
THROUGHOUT RESERVOIR IN THE
FIELD APPLICATION?

Well-documented three-phase phenomena can
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lead to abnormal injectivity losses in TWAG processes.
Substantial loss in water and gas injectivity observed
on core scale could potentially increase the injection
pressure, adding additional injection wells in the field
application. Reduction of water and gas relative
permeabilities from a situation when only water and
oil phases flow, to the situation where flows of water,
oil and gas are present, is important to consider for
the IWAG injectivity abnormalities, pressure profiles
within reservoir, and breakthrough of water. IWAG
efficiency could be restricted in the reservoir volume
around injection wells, where most of three-phase
phenomena would occur, potentially reducing benefit
of IWAG efficiency on the scale of field.

Therefore to predict IWAG behavior in the
reservoir from experimental displacement results, a
numerical simulation with an effective hysteresis
description of three phase (oil, water and gas) relative
permeability should be developed.

CONCLUSIONS

1. The technological research, experimental and
simulation studies are prerequisites for selecting the
right technologies for IOR. The integration of SCAL
and core-flood tests results supports implementation
of IWAG technology in a number of carbonate
reservoirs of identical depositional environment and
selective fabric-dissolution process. The process is
immiscible and it could potentially work well with any
other immiscible gases, at a significantly lower
pressure than required MMP.

2. Further theoretical, experimental and
simulation studies are required to provide
technological and economical feasibility such as:
selecting the right technology for the reservoirs, the
amount of increased hydrocarbon reserves on field
scale and reduction in unit production costs and initial
developments of maturing oil fields.

3. To achieve these goals, the reservoir must be
characterized from a variety of viewpoints with a
large number of parameters and with remarkable
degree of accuracy and consistency. All information
should be gathered and integrated to reduce
uncertainty, improve efficiency and help to select the
right technology for selected reservoirs.

4, Tree-phase phenomena could lead to abnormal
high injectivity losses in WAG process. Increasing
the injection pressure, adding additional injection wells,
and IWAG efficiency restriction in the reservoir
volume around injection wells, where most of three-

phase phenomena would occur, would potentially add
difficulties to apply IWAG successfully in fields.
Therefore a development of realistic cycle-dependent
three-phase relative permeability model from
coreflood tests by numerical simulation should be
performed.

5. Design of IWAG process by simulation should
include three-phase flow description through
development of an effective hysteresis description
of three-phase, cycle-dependent oil, water and gas
relative permeability.
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