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“STUDIES OF CARBONATED WATER IMBIBITION USING MRI”
I._ABSTRACT

Oil recovery from naturally fractured, dual porosity reservoirs presents a special
problem. Oil is easily produced from the fracture portion of the system. However, oil
located in the matrix blocks is not readily displaced by either solution gas drive, natural
water influx, or by any external drive displacement mechanism.

Spontaneous imbibition uses the effects of capillary forces to displace oil from low
permeability matrix blocks but is usually very time dependent. COg-enriched water
imbibition has been suggested as a method to accelerate and improve oil recovery from dual
porosity reservoirs.! Spontaneous water imbibition and the effects of including CO2 into
the water being imbibed were studied using MRI techniques. Images of several processes
taking place inside actual rock samples support facts that help to understand fluid
movements due to water imbibition and the existence of preferential paths followed by oil
in its way out to the rock surface. Dissolved COj is carried into the rock porous spaces by
the water being imbibed into the rock, alters rock and fluid properties, and after oil
production has been completed a decrease in pressure -below the CO2 mixing pressure-
creates a gas drive that increases oil production. The location of dissolved gas, as well as
the regions producing oil due to the localized gas drive were mapped. MRI allowed to
observe that COj-enriched water imbibition is a process that prevails close to the rock-
fracture face. Usually this distance is less than one inch. Drastic changes in oil saturation
and fluid properties occur within a short distance of the rock-fracture surface.
Conventional core analysis would have failed to identify these drastic changes, leading to
erroneous conclusions. MRI has proven to be a very powerful core analysis tool. Oil from
the rock matrix and oil that was adhering to the face of the rock was forced out by the
localized gas drive. These amounts were quantified, and proven to be significant.

II INTRODUCTION

Naturally fractured reservoirs produce oil from two systems: the fracture system
and the system of rock blocks associated to the fractures. Horizontal drilling has
contributed to successfully intersect the fracture system. Oil production from the fractures
is readily obtained, but oil production from the matrix blocks present a problem.
Conventional waterflooding is inappropriate because any injected fluid follows the high

permeability avenues, bypassing oil trapped inside the much lower permeability blocks.2-3

Spontaneous water imbibition is a mechanism driven by capillary forces that yields
oil -the nonwetting phase- in exchange of water -the wetting phase. Several tests on the
Spraberrry® field, and other fractured reservoirs’ have proven that spontaneous water
imbibition can be an important oil producing mechanism. However, fractured reservoirs
having low permeability matrix blocks require more time to achieve perceptible oil
production from the matrix blocks.8-11 Flow rates of oil being forced out of the matrix
blocks by this mechanism is directly proportional to the square root of permeability times
porosity.12 Rocks with permeabilities in the order of 0.01 md and porosities below 5 %
would require considerable time to produce any oil. Therefore, the process has to be
accelerated to be economically applied to dual porosity reservoirs with low permeability
matrix blocks.

Carbon dioxide has been used in the oil industry to enhance oil recovery for many
years.13-15 Several of is beneficial characteristics favor oil displacement, including:

References and figures at end of paper.
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1) CO, becomes miscible with water and most crude oils,16 2) CO, might create swelling
of 0il,17:18 3) CO, has an acidic effect on calcareous rocks,1? and 4) CO, creates a gas
drive when pressure depleted below carbonation pressures. !

In order to apply the beneficial properties of CO,, it has to be brought in contact with the
oil in place. Water was sought as the carrier of CO; into the rock matrix. The inclusion of
CO, in the imbibed water could not only accelerate but also increase oil recovery from the
low permeability matrix blocks in a fractured, dual permeability reservoir.

The displacement test results presented in this paper were derived from
conventional laboratory displacement measurements as well as NMR experiments.

Conventional laboratory studies furnished limited information because the data was
obtained from effluent flow volumes and pressure change measurements and/or material
balance calculations. The laboratory displacement tests easily lend themselves to high
temperature experiments.

On the other hand, changing fluid saturations inside the rock sample caused by
spontaneous water imbibition was visualized and quantified by NMR analyses.20:21 The
origin, inside the sample, of oil being produced may be located by monitoring the oil
saturation changes along the core samples.

I PL REPARAT
AND LABORATORY ARRANGEMENT

Displacement tests were divided into two phases: Conventional laboratory
displacements and core displacements studied by NMR. Both sets of samples were
prepared using the following procedure:

-The rock was cut to one inch in diameter, and three inches in length

cylinders. The total length of the core sample being studied was
restricted by the length of the homogeneous magnetic field being
used. Therefore, longer samples could not be used.

-A drying period of 24 hours at 120 OF was chosen to eliminate water
trapped inside the rock.

-Dry weight was obtained. The volumetric method was latter used to
calculate porosity values.

-The samples were measured to obtain bulk volume.

-A nitrogen permeameter was used to measure permeabilities.

-Saturation of the cores with distilled water or Deuterium Oxide (D,0)
followed these measurements. Distilled water was used for the
conventional displacements while DO for the displacements studied
by NMR. The samples were submerged in distilled water / D20 for
24 hours and vacuum was applied until complete saturation was
obtained.

-Saturated weight was obtained. Porosity was calculated using the
difference between the dry and saturated weight. The density of the
liquid used to saturate the sample was used to convert weight
differences to porous volumes.

-An initial oil saturation was obtained by forcing oil through the
samples. At least 10 pore volumes were driven through the samples
to reach the maximum oil saturation possible.

-The samples were weighted again to obtain average oil saturation
values.
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Conventional Laboratory Studies

A high pressure core holder was placed in a controlled temperature air bath to
conduct experiments at elevated temperatures and pressures. A small reservoir was
indented in the core holder spacer to simulate a fracture volume adjacent to a rock matrix
block face, see Figure 1. An upper and lower fluid tap were connected to the indented
volume to circulate water. Flow paths are shown in Figure 2. This design simulated the
interaction between the fracture system and the block matrix. A flow rate of 0.3 cc/min
through the lower fluid tap refreshed the water in the indented reservoir and at the same
time carried away any oil expelled by the core to the upper fluid tap. No differential
pressure was applied across the rock sample. The upper fluid tap was connected to a back
pressure regulator to control the fluid pressure within the system. For the carbonated water
case, a mixing cylinder was placed under pressure before entering the pump that circulated
fluids through the simulated fracture/matrix system. Figure 3 shows a complete diagram of
the laboratory equipment setup. Porosity values of the limestone samples used for these
tests varied between 22 and 26 %, with permeability values changing from 7 to 12 md,
respectively.

NMR Displacement Studies

Rock samples were completely saturated with D,0 instead of fresh or salt water.
Deuterium Oxide do produce a Radio Frequency (RF) signal in the presence of a magnetic
field but it is out of the RF range used to conduct the studies. Therefore, the intensity of
the emitted NMR signals defines the presence of an oil volume in a particular region of the
core. To confirm this fact D,O and oil saturated samples were studied. The correlation of
NMR signal vs. oil volume inside the samples is seen in Figure 4. The RF signals received
are directly proportional to the oil volume inside the rock samples. Contamination of the
core with regular water would cause the measurements to be incorrect. The oil volume

inside the sample is a measure of porosity times oil saturation, $So. A normal core
saturation sequence described earlier was followed to introduce the cores to a irreducible
water and oil saturation. Kerosene as well as samples of Austin Chalk oil were used in the
study of the characteristics of the imbibition process.

A recently developed fiberglass core holder was used to apply NMR techniques to
high pressure experiments.! Experiments studied by NMR were conducted at 2,000 psi.

Reference samples of known properties and saturation values were included with
the core to eliminate effects introduced by the shift in NMR responses over extended
periods of time. The reference samples were small disks (1/8 " in length by 1" in diameter)
of the same type of rock that was used for the experiments. Reference samples were
saturated following the exact same procedure as the samples used during the experiments.
An epoxy coat was applied to avoid any contact with oil or water that could change its
saturation values. The reference samples provided a constant signal that was used to
normalize NMR responses taken at different times. This normalization could be directly

done because T ref = T2 sam. If they are different a different technique has to be applied. 22

The pressure system was gradually increased to 2,000 psi by pumping oil at very
low flow rates. Overburden pressure was also gradually increased to a maximum of 2,300
psi. After the system was pressured up, a small flow (0.30 cc/min) of D,O or carbonated
D,0 was used to start spontaneous imbibition by displacing oil from the indented reservoir
adjacent to the rock face. There was no pressure differential applied across the core at any
time during the imbibition experiments.
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A typical NMR profile is shown in Figure 5. The saturated rock sample, reference
sample, and areas of pure oil are clearly identified. A spatial oil volume distribution within
the rock sample is obtained by this method.

Four different types of studies were conducted: 1) unadulterated water imbibition,
2) carbonated water imbibition, 3) cyclic imbibition - blow down process, and
4) combination of the these methods.

IV, UNADULTERATED

Conventional Laboratory Displacement Tests

Temperature was the only variable changed during this set of experiments. Oil
recovery increased as temperature increased. At 70 OF 15.4 % of OOIP was recovered, at
110 OF 20.3 %, and at 150 OF 23.3 % of OOIP. Imbibition experiments were conducted
at 550 and 950 psi. There was no significant change in oil recoveries as a function of
pressure. The increase in oil recovery was attributed to a reduction in oil viscosity caused
by the increase in the system temperature, see Figure 6.

NMR Studies

Spontaneous imbibition with countercurrent oil flow was initiated once oil in the
indented reservoir at the core face was replaced by D,O. The reservoir situation simulated
at this time would be a fracture filled with water adjacent to a matrix block face. NMR
profiles were taken every fifteen minutes to observe and monitor oil saturation profiles.

The use of proton profiles permitted oil saturation changes inside the rock samples
to be monitored. MRI responses were translated to the oil volume inside the sample,

(BV/L) ¢ So, based on the proportionality previously shown. Small shifts in the MRI
response are observed when the profiles are plotted together. All the profiles had to be
normalized before any comparison. The reference sample evidenced the small shifting of
the signal. Figure 7 shows changes in the signal along the reference sample - signal
shifting.

The integral of the signal from the reference sample was used to normalize all the
experimental data. A constant oil volume from the reference sample evidenced unrealistic
changes in RF signal -NMR shifting- superimposed to changes created by the displacement
process being studied. Profiles were corrected by making the integral of the signal from

the reference sample equal to that of the profile taken at initial conditions, Le 6T Lef.

Subtraction of normalized profiles taken at different times during the imbibition
flooding allowed to construct oil saturation profiles that evidenced the displacement of the
oil inside the sample by the water front moving into the rock, see Figure 8. Notice that the
oil saturation profiles have a straight line trend. This trend shows that oil being produced
comes from the complete length of the sample.

Subtraction of the integral underneath the NMR profiles taken at a given time from
the profile obtained under original conditions allowed to construct cumulative oil
production curves. It is important to note that this method measured the amount of oil
remaining in place instead of the amount of oil being produced. This fact eliminates errors
introduced by counting oil adhering to the rock surface as oil still in place. The approach
used to calculate changes in oil saturation and produced oil as % of OOIP is as follows:
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The volume of oil inside the core sample, Oil Volgam, can be calculate from:

jsam x Oil volgef

Oil volggm = [
ref

Notice that Oil Volgam can be found with this technique because T ref = T2 gam. At initial
conditions:

jsam . X Oil vol ¢

QOil vol

sami J
ref i
Produced % of QOIP can be calculated from:
Qil vol - - Qilvol
% of OOIP = ( YOsami = 7Y Sam) 100
Oll VOlsam i

By substituting the expressions of Oil volgami and Oil volgam, and noting that Oil volref =
Oil volgefi, we obtain:

% of OOIP = [(Jsam‘ i JSa‘m)/lfami)]><100

jrcf i Jref refi

After normalization, which means that:

jrefi = J.ref

% of OOIP = (M) 100
Jsami

The proportionality of Isam 10 ¢S, allowed the usage of NMR profiles to calculate
changes in oil saturation:

¢Soi - ¢So
¢Soi

Figure 8 shows oil saturation changes due to unadulterated water imbibition over a 900
minute span, at room temperature. Although not all the obtained profiles were plotted for
clarity purposes, it is clear from Figure 8 that most of the oil is recovered at early times.
The exponential trend of the water imbibition process has been discussed by other

authors,8-23-26

AS,=
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V. CARBONATED WATER IMBIBITION STUDIES

The solubility of CO, in water is a function of pressure and temperature. Solubility of
CO; in D70 and the oil used for the majority of of experiments was measured. Figure 9
shows results of the solubility measurements. Solubility of CO2 in oil is significantly
higher than it is in water27 or D20. Salinity is also an important factor.28-31 These
changes are quite dramatic at low pressures. Water carbonation varied from 1 % t0 5.5 %
by weight, that is to a maximum carbonation pressure of 500 psi. Solution of CO; in oil
creates swelling.32 Qil expansion was also measured. Figure 10 shows the results of the
test performed. Oil expands as much as 200 % of its original volume at only 500 psi
carbonation pressure.

Conventional Laboratory Displacement Tests

Studies conducted at elevated pressure and temperature indicated not only increased
recovery but increased recovery rate. Figure 11 represents a plot of recovery at 70, 110
and 150 OF cumulated to 48 hours. These recoveries were 26.9 %, 34.6 % and 38.0 % of
OOIP respectively using 2.3 % (by weight) carbonated water. Figure 11 also shows that
there is a more pronounced effect on recovery at higher temperatures, because the reducing

viscosity effects of temperature and the beneficial effects of CO, 17 are combined.

Comparison of Figures 12 and 13 shows a considerable increase in recovery rate when
the temperature of the tests was increased from 700F to 110°F. The difference in
recoveries is also pronounced when the temperature of the tests was changed from 110°F
to 1509F, see Figure 14. The increase in recovery at early times is quite apparent when oil
production due to unadulterated water imbibition is compared to that caused by carbonated
water imbibition.

Tests were also conducted at room temperature to compare the temperature
dependent effect to the carbonated water effect. The effect of carbonated water as the
imbibed fluid affects ultimate recovery to a much greater degree than does temperature.

The amount of oil produced by bringing the system pressure below the carbonation
pressure induced a localized gas drive which caused substantial increases in oil production.

Figures 12 and 13 also show the effect on recovery when the operating pressure is
reduced below the bubble point of the carbonated water. A solution gas drive effect was
installed. Although the increase in temperature diminishes the ability of water to dissolve
CO,, increases in temperature provided enhanced oil recoveries. Figure 15 summarizes all
the beneficial effects for unadulterated and 2.3 % carbonated water. It is important to note
that although gas availability for the blow down effect decreases as temperature increases,
oil recovery slightly increased at high temperature. Less viscous oil requiring less driving
gas to be expelled could cause this effect. Oil recovery by the induced solution drive
method is seen to be proportional not only to the amount of CO, dissolved into the
imbibing water but also to the temperature.

A slow pressure depletion was attempted with no increase in oil recovery. Gas
being evolved by this method forces oil, and water, out of the porous space only if the
amount of gas evolving exceeds the maximum escaping velocity of the gas. Pressure
decline rate is an important factor in establishing the number of gas bubbles formed.33 Itis
reasonable to believe that the minimum speed of depletion would be directly proportional to
the ability of the matrix rock to conduct gas -relative permeability to gas.
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Other important factor was permeability increase due to the acidic nature of the CO»
- enriched mixture. Carbonated water enlarged the existing pores and pore throats,
increasing rock permeability as much as 20.33 % over the original permeability values.

NMR Studies

The same experimental procedure used for unadulterated water imbibition was applied
to the carbonated water imbibition tests. Oil saturation profiles of initial and after
imbibition conditions are shown in Figure 16. Subtraction of oil saturation profiles
showed that oil located near the rock surface was being more easily produced. Cumulative
oil production due to water imbibition follows an exponential trend.”-23-26 Conventional
and NMR observations suggest that cumulative oil production caused by carbonated water

imbibition also follows an exponential trend that can be fitted by Aronofsky’s equation23
and the dimensionless equation introduced by Kazemi.2#

The system pressure (2,000 psi) was reduced to atmospheric pressure in order to force
the dissolved gas to evolve out of solution. Comparison purposes required
repressurization of the system to its original value. Compressibility effects would had
mask possible results should it had been done otherwise. Figure 17 compares the oil
saturation profiles before and after the blow down was induced. Comparison of the two
profiles evidences that the origin of the oil produced by the induced solution gas drive is
from a region very close the the imbibing face. Figures 17 and 18 evidence other important
factor: oil swelling. Behind the gas drive swept region, when CQO, dissolved into the
indigenous oil was discharged by the blow down effect, oil swelled by CO, absorption
returned to its original volume and the created void space was filled by oil, and water,
being driven from the front of the sample. This effect provided an indirect measurement of
oil swelling. Production due to oil swelling was not nearly as high as that due to solution
gas drive.

Gas produced through the face of the sample also had the beneficial effect of removing
oil adhering to the surface of the sample. Figure 17 shows the disappearance of the spike
created by the oil droplets adhering to the surface of the sample. Oil production caused by
this effect was not considered to construct the presented cumulative oil production curves,
but it is significant when total production is calculated. Removed oil from the face of the
rock -fracture cleaning- was not quantified, but oil produced due to fracture cleaning
reached similar proportions to that produced from the rock matrix by water imbibition.

Subtraction of NMR profiles obtained during the run permits the changes in the oil
saturation values over time to be compared. Note in Figure 18 the dramatic change in
saturation when blow down was instituted and also the near face change as compared to the
imbibition process itself.

Samples of Austin Chalk oil were also used in a series of experiments. Oil
recovery increased from 10 % to almost 16 % of OOIP even before concluding production

when a 38.9 ©API Austin Chalk oil was used. Figure 19 shows an increased oil recovery
from 7 % to 20 % when a 39.6 OAPI Austin Chalk oil was used.

The substantial increase in oil recovery at the end of the carbonated water imbibition
due to the induced solution gas drive effect led in an attempt to use of this convenient
property in a cyclic manner.

Carbonated water imbibition was allowed for a period of time to establish a definite
trend in the cumulative oil recovery curve. The system pressure was instantaneously
dropped below the CO, mixing pressure and brought back to the initial 2,000 psi.
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Subtraction of oil saturation profiles from the original conditions profile allowed the
movement of oil relative to its original position in the core to be observed. The time needed
to recover similar amounts of oil was reduced to nearly one third of the time required when
unadulterated water imbibition was applied. Figure 20 compares rate of recovery by
different displacement processes for a particular rock sample.

Gas evolving inside the sample and forcing oil out of the sample left an additional oil
bank close to the surface of the rock. Figure 21 evidences this fact, which is especially
evident after the second gas expansion cycle. CO, tends to strip the light components of
the oil, leaving the heavier ends in place. Less mobile oil, could create the oil bank seen in
Figure 20. Composition analysis of the produced oil and the oil forming the observed oil
bank is being continued.

A carbonated water imbibition flood was also attempted after an adulterated water

imbibition had taken place. A 39.6 °API Austin Chalk oil was used. Oil production due to
unadulterated water imbibition reached 7 % of OOIP. After oil production was negligible,
water in contact with the rock was substituted by CO, - enriched water. Rate of recovery
and ultimate oil recovery were drastically increased, see Figure 22. Although the compiete
exponential trend was not obtained, oil recovery was increased from 7 to 24 9% of OOIP.
Two short blow down cycles were also attempted, oil production increased from 24 % to
28 % of OOIP during the first cycle, and from 28 to 31 % of OOIP during the second
cycle. It is important to note that after these cycles are attempted, the production rate s
drastically decreased or nullified, and the cyclic manner has to be used afterwards if any
additional oil is to be produced.

YL CONCLUSTONS

. NMR imaging has shown that there are significant changes in oil saturation within
short distances from the imbibing face. This fact is specially apparent after the
blow down effect. Therefore, the superficial nature of carbonated water imbibition
prevent small rock samples imbibing from all faces to be representative of any
Teservoir situation.

. Decrease in the system pressure bellow the CO2 mixing pressure creates a gas drive
that contributes significantly to oil production.

. Cumulative oil production due to carbonated water imbibition can be described by
an exponential equation of the form suggested by Aronofsky and Natanson, and

Kazemi and Gilman.22.23

. The laboratory studies suggest that most of the CO is being kept close to the rock
face and dissolved into the indigenous fluids. Produced oil may carry some of the
dissolved CO, out of the sample. At the present time it appears that only marginal
quantities of CO, are being carried deep into the rock sample.

. Oil swelling contributes to oil production but its contribution seems to be small
compared to the mechanism of enhancing oil mobility by mobilizing the light
components of the oil. Previous work shows the more moveable oil bank is created

when CO, strips the light components of the original oil in place.34

. The creation of an oil bank by the induced gas drive suggests that: 1) the oil not
removed might have a different composition, 2) additional evolving gas is needed to
remove the oil left behind, or 3) a combination of the two previously mentioned
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effects. This fact would confirm that CO, is striping the light ends of the
hydrocarbon present, leaving the less movable components behind. More detailed
studies are needed in order to clarify this effect.

. Loss of CO; entrained in the carrier water moving into the sample prevented
complete utilization of its beneficial effects to maximize oil recovery efficiency. A
decrease in oil saturation was obtained along the complete core, but the most drastic
decrease was observed only close to the surface of the rock.

. A combination of CO, - enriched water imbibition and pressure depletion created a
cyclic type of recovery. This method combined the beneficial effects of CO; at
early times of the process, and the increase in oil production due to the localized gas
drive observed after pressure depletion.

YIL NOMENCLATURE

BV = Bulk volume

D = Rock sample diameter
o = Rock porosity

k = Absolute permeability
K, = Qil permeability

L = Rock sample length

Oil volsam = Volume of oil inside the rock sample

Oilvolef = Volume of oil inside the reference sample
OOrIP = Original Oil In Place
qQw = Water flow rate
So = Qil saturation
Soi = Oil saturation at initial conditions
T2 ref = Spin-spin relaxation time of the reference sample
T2 sam = Spin-spin relaxation time of the sample
Vo = 0Oil Volume
jref = Integral underneath NMR profile
of reference sample
AS, = Change in oil saturation
J sam _ Integral underneath NMR profile
of sample
Jsam i = Integral underneath NMR profile
of sample, at initial conditions
111 K D
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1-D Imbibition

Figure 1. A one - dimensional imbibition process can be visualized within a short distance

from the water imbibing surface.
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Figure 2 Layout of the core sample and flow path.
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Figure 3 Laboratory diagram of the system used to run conventional laboratory and MRI
imbibition experiments.
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Figure 6. Unadulterated water imbibition. Oil recovery increase caused by increase in

temperature.
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Figure 7 Profile taken at initial and final oil saturation. The use of
a reference sample evidenced the small shifting of the signal.

16



1992 SCA Conference Paper Number 9221

‘0SB0 Ia1RAL PAIRIANNPRU) "SI JO UONOUNY B St safutyd uonevinies 10 g 2103

(ur) yibuey 8109

00 S0 0t gl 02 G2 0¢
V _ | | | L

N 2\

pﬁc&v‘.\“}. %‘%‘1 T

(%) uoneinies IO

CO2 dissolved in oil
CO2 dissolved in water

.
*

i

1 't 1 n 1 A 1 N

200 400 600 800

002l

0001 008 009 o]0} 4
49/40S ‘TOD Jo Lupgniog

002

1000 1200 1400 1600 1800 2000

0

, psi

Carbonation pressure

Figure 9. Solubility of carbon dioxide in oil and D70.
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Figure 10. Oil expansion due to the solution of carbon dioxide.
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Figure 11. Comparison of oil recovery due to pure and carbonated water imbibition as a

function of temperature.
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Figure 14. Oil recovery increases due to carbonated water imbibition at 150 °F.
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Figure 15. Comparison between pure water and carbonated water imbibition.
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Figure 16. Oil saturation profile taken at initial and after 835 minutes of imbibition
conditions. After normalizing the signal, comparisons of the profiles can be done.
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Figure 17. Oil saturation profile taken before and after the expansion of the CO2
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Figure 19. Comparison of cumulative oil production due to unadulterated and
carbonated water imbibition. A 39.6 °API Austin Chalk oil was used.
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Figure 21. Oil saturation profiles showing conditions at different stages relative to the
initial conditions.
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Figure 22. Oil recovery caused by different imbibition methods.
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