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ABSTRACT

CO; flooding is one of the most promising techniques to enhance both light and heavy oil recovery.
In light oil recovery, the production pressure in CO, flooding in general keeps constant in order to
maintain the miscibility of injected CO, and crude oil; while in heavy oil recovery, a depleting
pressure scheme may be able to induce foamy oil flow, thus the oil recovery could be further
enhanced. In this study, different pressure control schemes were tested by 1-D core-flooding ex-
periments to obtain an optimized one. Numerical simulations were conducted to history match all
experimental data to understand the mechanisms and characteristics of different CO; flooding
strategies.

For the core-flooding experiments, 1500 mD sandstone cores, formation brine and a heavy oil
sample with a viscosity of about 869.3 cp at reservoir condition (55 °C and 11 MPa) were used.
Before each CO; flooding test, early stage water-flooding was conducted until the water cut reached
90%. Different CO, injection rates and production pressure control strategies were tested through
core-flooding experiments. Experimental results indicated that a slower CO; injection rate (2 ml/
min) led to a higher recovery factor from 31.1% to 36.7%, compared with a high CO; injection rate of
7 ml/min; for the effects of different production strategies, a constant production pressure at the
production port yielded a recovery factor of 31.1%; while a pressure depletion with 47.2 kPa/min at
the production port yielded 7% more oil recovery; and the best pressure control scheme in which
the production pressure keeping constant during CO; injection period, then depleting the model
pressure with the injector shut-in yielded a recovery factor of 42.5% of the initial OOIP.

For the numerical simulations study, the same oil relative permeability curve was applied to
match the experimental results to all tests. Different gas relative permeability curves were obtained
when the production pressure schemes are different. A much lower gas relative permeability curve
and a higher critical gas saturation were achieved in the best pressure control scheme case
compared to other cases. The lower gas relative permeability curve indicates that foamy oil was
formed in the pressure depletion processes. Through this study, it is suggested that the pressure
control scheme can be optimized in order to maximize the CO, injection performance for enhanced
heavy oil recovery.

Copyright © 2017, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The studied reservoir is located in North China. The reservoir
top is at 1300 m depth, and around two meters thick. The
reservoir temperature is 55 °C with a permeability of 1500 mD.
The viscosity of the heavy oil in reservoir condition is 869.3 cp.

The reservoir was started to produce with primary water
flooding since 1980s and currently reaches a high production

Production and Hosting by Elsevier on behalf of KeAi water oil ratio (WOR) with water cut as high as 90%. The low

http://dx.doi.org/10.1016/j.petlm.2016.11.005

2405-6561/Copyright © 2017, Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:fanhua.zeng@uregina.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petlm.2016.11.005&domain=pdf
www.sciencedirect.com/science/journal/24056561
http://www.keaipublishing.com/en/journals/petlm
http://dx.doi.org/10.1016/j.petlm.2016.11.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.petlm.2016.11.005
http://dx.doi.org/10.1016/j.petlm.2016.11.005

T. Huang et al. / Petroleum 3 (2017) 68—78 69

recovery factor (RF) makes it an urgent need to have a suitable
and effective EOR techniques for this reservoir. Thermal methods
are not feasible due to the high reservoir depth and pressure.
Therefore, solvent based EOR methods might be the best choice.

Carbon dioxide (CO;), currently one of the biggest solvents
concerned, is proved to be effective in both laboratories and the
fields, especially for heavy oil. In 1950s, scholars started to do CO,
flooding experiments in laboratories and observed a high solu-
bility of CO, in oil that can effectively reduce oil viscosity at a
relative high pressure [1—4]. The earliest reported field pilot test
was the Mead Strawn Field in 1964 which consisted of the in-
jection of a small slug of CO, followed by an injection of
carbonated water and brine; it gave as much as 50% more oil
production than by conventional water flooding [5]. Over half a
century's development, CO, EOR techniques have become more
and more mature. A survey in 1998 showed that the miscible CO,
recovery method had already led to the production of over
179,000 barrels of oil per day at that time [6]. And now, more CO,
EOR processes are being developed, such as continuous CO; in-
jection, water-CO, mixture injection, CO; injection followed by
water injection, CO injection followed by Water Alternating Gas
(WAG) injection, huff and puff process, etc. [7]. No matter which
process was used, the key point is the high solubility of CO, in oil,
and the solution CO, enhanced oil recovery by the combination
effect of several factors.

Although CO, miscibility can hardly be reached in heavy oil
cases, oil recovery can still be greatly enhanced. The most
important mechanism of CO, methods in heavy oil is viscosity
reduction. It is reported that, even though CO, is not fully
miscible in heavy oil, partially dissolved CO, can still reduce
heavy oil viscosity by a factor of 10 [8]. Oil swelling is another
important factor in CO, EOR methods. Miller and Jones indicated
that one barrel of heavy oil with 17°API can dissolve more than
700 standard cubic feet CO, and has a volume increase of 10%—
30% under certain pressures and temperatures [9]. As the oil
volume increases and pore volume remains constant, extra oil is
expelled from the porous media which leads to oil recovery
enhancement on a large scale. What is more, this swelling effect
makes great contribution to the recovery of residual oil which
was impossible to consider before [10].

Of course, there are other factors that contribute to enhancing
heavy oil recovery in CO2 methods, such as density change of oil
and water, interfacial tension reduction, improvement of for-
mation permeability and so on. These are always considered as
subordinate factors compared with the two introduced above
and always tend to be neglected [11]. However, solution gas
drive, which is one of the factors that was neglected before, has
been found to be important in recent years. The reason for that is
a phenomenon observed under solution gas drive which is called
“foamy oil”. When pressure decline occurs in the oil-solution gas
phase, little gas bubbles are generated from the oil, trapped and
dispersed in the oil phase. This gas-liquid two-phase fluid is
known as foamy oil. The existence of foamy oil flow is believed to
be one of the most influential factors in stimulating high re-
covery in many heavy oil reservoirs in Canada and Venezuela
[12—15]. Although the mechanism of foamy oil flow in enhanced
oil recovery is still in controversy, the effect of foamy oil can be
affirmed and can be utilized in EOR methods. Due to high
dissolution into the oil, slow desorbing when depressurizing and
the effect of extraction, CO; is expected to generate high quality
foamy oil [16,17].

In this study, the CO, injection strategy is the key point to
consider. The reservoir characteristic parameters of all series of
laboratory core flooding experiments were set strictly the same
as field data. As the same quantity of CO, were injected, the effect

of different injection rate, different production pressure hold
patterns and the combination of both were tested and discussed.
Also flue gas were used to compare with CO,. Numerical simu-
lations by CMG were built to history match all the experimental
data to analyze the variation of relative permeability of oil and
gas in different strategies. The best case were optimized to help
evaluating the factor effects of CO, in heavy oil reservoir
development.

Six core-flooding tests were designed based on the research
aims. All the tests had same quantity of injection gas which was
five pore volumes (PV). Two of the tests had constant production
pressure but different gas injection rates (tests #1 and #2);
another two were designed to have depletion production pres-
sure schemes (tests #3 and #4); the fifth test was the flue gas test
and the last one was a “multi-pressure-control” scheme test
(tests #6).

The reservoir property parameters were all based on field
data from the oil field. Reservoir pressure was 11 MPa. The
reservoir temperature was 55 °C.The reservoir had already been
developed with water flooding methods for many years with the
water cut reaching 90%. The core suitable for the core holder is a
cuboid with length around 30 cm and 4.5 cm for both four sides
of the cross section. The sandstone cores were made artificially
with the above parameters shown.

2. Experimental section
2.1. Materials

The oil sample and brine are collected from an oil filed in
North China. Since the heavy oil sample is free of gas at the at-
mospheric pressure, the oil sample is dead oil. The properties
and the saturates, aromatics, resins, and asphaltenes (SARA)
analysis results of the dead oil are shown in Tables 1 and 2,
respectively. The CO, gas applied in the experiments had a purity
0f 99.99 mol.%. The artificial cores are cuboid with length around
30 cm and 4.5 cm for both four sides of the cross section. The
properties of the cores are similar to the reservoir, which has an
average permeability of 1500 mD and an average porosity of 29%.

2.2. Experimental setup

The schematic of the experimental setup is shown in Fig. 1. It
consisted of four systems:

(1) A material injection system including, a syringe pump
(ISCO Inc., USA), and four transfer cylinders.

(2) A core holder system including a two-feet-long core
holder(Core Lab LP, USA) equipped with three pressure
transducers (OMEGA INC., Canada) with an accuracy of
+0.08% FS (Full Scale),a syringe pump which was applied
to maintain the confining pressure, a labview device
(Nation Instruments Corporation, Canada), and a data
acquisition computer.

Table 1
Measured dead oil properties for the used heavy oil sample under 1 atm and
55 °C.

Dead oil sample Oil in North China

Dead oil density (kg/m?) 936.00
Dead oil viscosity (mPa-s) 528.43
Dead oil molecular weight (g/mol) 320.00
Dead oil freezing point (°C) 4.00
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Table 2
SARA analysis results.

Property Measured (%)
Saturates 41.04
Aromatics 27.42

Resins 23.48
Asphaltenes 1.25
Unrecovered 6.81

Data acquisition
computer

Pressure '
A transducer

Law. Third, the heavy oil was injected into the core at a constant
flow rate of 0.08 cm3/min until the pressure in the core was
stable and no water was displaced form the core, this process
required approximately 2.0 PV of heavy oil. The pore volume,
permeability, porosity and initial oil saturation of the core for
each test are listed in Table 3.

The test procedure involved six steps:

Step 1: The materials were transferred into the corresponding

B Nitrogen ~ Pressure depletion |
storage vessel controller !

=]

|_| Vent

Mass flow
controller

Syringe pump
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e

Core holder

L1: Heavy oil
L2: Brine

L3: CO,
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Gas flow meter
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Fig. 1. Schematic diagram of the core flooding experimental setup.

(3) A pressure depletion control system including a Back
Pressure Regulator (Core Lab L.P, USA) with a pressure
transducer, a nitrogen storage vessel connected to a ni-
trogen gas type mass flow controller (Brooks Instrument,
USA) with an accuracy of +1.0% FS, and a pressure deple-
tion controller (Brooks Instrument, USA).

(4) A produced oil and gas collector system including an
electric actuator with solenoid valves (Swagelok, Canada),
four separators with an accuracy of 0.1 ml, and a gas flow
meter (Ritter, Germany) with an accuracy of +0.2% FS.

The material injection and core holder systems were located
in a high temperature air bath (@ 55 °C); the pressure depletion
control and produced oil and gas collector systems were set in a
low temperature air bath (@ 21 °C).

2.3. Experimental procedures

The experimental procedures included fluids preparation,
physical model preparation, and test procedure. For the fluids
preparation, firstly, the reservoir brine which collected from the
oil field in North China was filtered three times to clean the brine,
and then the brine was transferred into the cylinder and pres-
surized to the reservoir pressure (11 MPa). Secondly, the CO, and
flue gas were injected into the CO, and flue gas transfer cylin-
ders, respectively, and pressurized to the reservoir pressure un-
der the reservoir temperature (55 °C). Thirdly, the heavy oil
sample was stored in the transfer cylinder. All the four transfer
cylinders were located in the high temperature air bath for 24 h
to establish a stable reservoir condition.

The physical model preparation included three steps, and the
properties of the artificial core were tested in the laboratory
condition. First, the pore volume (PV) and porosity of the core
were test using the imbibition method. Second, the permeability
of the core was measured by injecting the brine at different flow
rates (5, 10, 15, 20 and 25 cm?/min) and calculated using Darcy's

transfer cylinders ahead of time. The brine was filtered twice by
filter paper before transfer process to make sure no solid im-
purities went into the system. The heavy oil sample were
transferred into the cylinder directly. CO, preparation was a little
complex. Because the CO, resource cylinder did not have enough
pressure compared to what we needed, a compress process by
pump and another transfer cylinder had be used. The CO;
transfer cylinder was set to the required volume which was 5
times pore volume and was vacuumed before head. After all
these materials had been transferred, all the transfer cylinders
had to be placed in the air bath and heated to test temperature.

Step 2: After installation into the core holder, the core had to
be saturated with brine, and the porosity measurement was
completed at the same time. The overburden pressure was
applied, and the core was vacuumed with a vacuum pump. After
being vacuumed for two hours, all the valves of the core-holder
were shut. A burette filled with brine was connected to the core-
holder. The valve which connected the burette was opened, and
the brine was imbibed into the core-holder. Once the reading on
burette stopped changing, it was recorded. The reading for the
dead volume of the core-holder was subtracted and, the pore
volume (PV) of the core was determined. The porosity was then
determined as the ratio of the PV to the core volume. Following
this the core-holder was placed in the air bath to be heated to the

Table 3

Measured properties of the artificial cores.
Test no. PV (cm?) k (mD) ¢ (%) Soi (%)
#1 179 1551 29.07 73.02
#2 181 1635 29.25 76.52
#3 181 1551 29.36 7543
#4 180 1492 29.11 72.16
#5 177 1595 28.61 75.88
#6 177 1587 28.72 74.47
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test temperature. The core holder was connected into the system
with the transfer cylinders and transducers.

Step 3: After the core-holder was connected to the system
and heated to the test temperature, the permeability of the core
was measured. The valves of injection pump and brine cylinder
were opened. Brine was injected into the core at different flow
rates. Pressure changes were monitored by pressure regulators.
The permeability of the core was determined by steady-state
flow of Darcy's Law. Actually, the permeability measurement
processes were controlled and calculated by an automatic com-
puter program.

Step 4: After the permeability measurement, the heavy oil
sample needed to be saturated into the core. The valves of in-
jection pump and heavy oil cylinder were opened. The produc-
tion pressure control pump at the production side were set to the
designed reservoir pressure. Then the heavy oil was injected into
the core at a constant flow rate of 0.3 ml/min. The water and oil
produced from production side were collected using a 1000 ml
graduate cylinder. When heavy oil was produced, injection pro-
cess still continued until no more water was produced. The ratio
of water production volume to the PV is the initial oil saturation
and the ratio of volume of water remaining in the core to the PV
is the connate water saturation.

Step 5: Because the reservoir was developed with the water
flooding method and the water cut was 90%, a water flooding
process is needed to be done before the test. The valves of in-
jection pump and brine cylinder were opened. The production
pressure control pump was set to the reservoir pressure. Then
brine was injected into the core at a constant flow rate of 0.3 ml/
min. The water and oil produced from production side were
collected using a 1000 ml graduate cylinder. The volume of heavy
oil and the water production volume were recorded at equal time
intervals. When 90% water production was reached in one time
interval, water flooding was completed and stopped. The total
heavy oil production was recorded.

Step 6: After initial water flooding, gas injection starts.

2.4. Experimental tests

All the tests can be classified into three groups: (1) tests with
constant production pressure; (2) tests with production pressure
depletion; (3) tests with multiple pressure control scheme. The
deatials including operation and production performance for
each test were shown in Table 4. The experimental procedure for
those three group tests are as follows:

2.4.1. Tests with constant production pressure

Tests #1, #2 and #5 were conducted under constant pro-
duction pressure. Tests #1 and #2 were CO; injection cases with
constant gas injection rates of 7 ml/min and 2 ml/min respec-
tively. Test #5 was the flue gas (20% CO, and 80% N>) injection
case with a constant gas injection rate of 7 ml/min. When the
tests started, the injection pump started to inject gas into the
core at a designated rate. The pressure of each side of the core-

Table 4
Experimental results for the CO, flooding tests.

Test Injection Vi  Qinj (cm?| rpg (kPa) RFwy RFgr  RFiotal Tave-gas

no. gas (PV) min) min) (%) (%) (%) (cm?/min)
#1 CO; 5.00 7.00 / 20.79 30.82 51.61 0.32
#2 CO; 5.00 2.00 / 18.53 36.40 54.93 0.11
#3 COy 5.00 2.00 6.67 20.31 38.69 59.00 0.11
#4  CO, 5.00 7.00 47.27 20.64 37.57 58.21 0.37
#5  Flue gas 5.00 7.00 / 19.54 16.64 36.18 0.18
#6 CO, 5.00 7.00 48.03 19.63 41.84 61.47 0.09

holder was recorded once per minute by computer through
pressure transducers. Liquid production samples were collected
using test tubes. The tubes were changed every time period. The
time periods at the beginning of the test were long because there
was little liquid production. The frequency of changing the tubes
was increased when gas broke through, which was the peak of
liquid production. When the peak passed, the frequency could be
reduced to a constant time period. The time, test tube number
and gas flow meter readings were recorded each time the tubes
were changed.

2.4.2. Production pressure depletion tests

Tests #3 and #4 were applied with a production pressure
depletion scheme. Test#3 had a constant gas injection rate of
2 ml/min. The production pressure depleted uniformly from the
reservoir pressure (11 MPa) to 8 MPa in the period when 5 PV gas
were injected. Test #4 had a constant gas injection rate of 7 ml/
min. The production pressure depleted from the reservoir pres-
sure (11 MPa) to 5 MPa in the period when 5 PV gas were injected
up. Pressures were recorded every minute as well. The sample
collection and gas recording methods were all the same as
before.

2.4.3. Multi-pressure-control scheme tests

Test #6 was the multi-pressure-control test. The test was a
cyclic test with 4 cycles in total. Each cycle had two stages. The
first stage was at constant production pressure with a constant
injection rate of 7 ml/min; 1.25 PV CO, was injected in this stage.
The second stage was the production pressure depletion process
with the injector shut in. The production pressure depleted from
11 MPa to 5 MPa uniformly. The depletion time depended on the
time it took to inject 5 PV gas with a rate of 7 ml/min. After the
depletion stage, the valve of the injector was opened and the
model pressure rose back to 11 MPa instantaneously. Then the
next cycle followed. Pressures were recorded every minute as
well, as shown in Fig. 2.

3. Core flooding tests results and discussions

After all the tests had been done, the experimental data was
collected and analyzed. The test that had the lowest recovery
factor was test #5 with the flue gas case. And the highest re-
covery factor case was test #6 which was the multi-pressure-
control scheme case. Obviously, CO, flooding is really effective
even after water flooding reaches the water cut of 90%.

During the tests, several phenomena could be observed. At
the beginning of the injection, the pressure of injector rose
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Fig. 2. Curves of gas injection volume and pressure for test #6.
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slowly, due to a period of time was needed for the pressure to
transmit to the other side of the core. For the constant produc-
tion pressure tests, the pressure at producer did not change at
this time and no liquid was produced. For the production pres-
sure depletion tests, because the bottom hole pressure
decreased, the pressure at producer dropped. And small volume
of liquid was produced, most of which was water. No gas was
produced in this period in either the constant or the depleted
production pressure cases. When the pressure had transmitted
to the other end of the core, more fluid was produced, which was
mostly water. Only a small volume of heavy oil was produced and
the amount was too small to read the volume from the test tube.
After several minutes, more heavy oil was produced, accompa-
nied by some water and gas. Soon, the peak of the heavy oil
production rate was reached. A large amount of heavy oil erupted
from the producer, accompanied by a lot of gas. Hardly any water
was produced this time. After the peak of production rate, a large
amount of gas was produced and the production rate was stable.
The heavy oil production rate soon started to drop, and went
stable. At the later stage of the tests, the cumulative oil pro-
duction and production rate were small but the gas production
and the production rate remained stable. That means, at the
beginning of the tests, the injected gas tended to move from the
injector towards the producer. However, the pressure differential
in the core had just built up and pressure had not yet transmitted
to the producer. Therefore, there was no effect on the producer.
As more gas kept being injected, pressure was transmitted to the
producer. When the bottom hole pressure of the producer was
higher than the BPR which held the pressure of the production
pressure control pump, fluid started to be produced.

In the water flooding process, water broke through and
formed water channels in the core. When it came to the gas
flooding process, the gas tended to flow through the channels
rather than other passes. Therefore, before the gas broke
through, almost 99% percent of production was water which all
came from the water channels. At the same time, the injected
CO; flowed through the channels, spread away and dissolved in
the heavy oil around the channels. This heavy oil had high
mobility and flowed through the channel driven by the injected
gas. As all the water in the channels was pushed out and the gas
broke through, this heavy oil erupted from the producer and led
to the peak rete of oil production. After the breakthrough, the
channels were filled with gas, there was little time for the CO; to
dissolve in the heavy oil in a larger range, which led to the drop
in heavy oil production.

3.1. Comparison of different injection gases

The difference between test #1 and test #5 is the purity of the
injected gas. The comparison between these two tests can prove
the significant effect of CO, on heavy oil recovery. Test #1 had a
total recovery factor of 31.1% nearly double that of test #5, which
was 16.9%. This result clearly demonstrates the effect of CO, on
heavy oil recovery. Fig. 3 indicates that the oil production rate of
test #5 is lower than that of test #1 in early stage and tends to be
the same in later stage. The peak oil production rate of test #1 is
higher than that of test #5. In test #5, 80% of the injected gas was
N», which cannot effectively dissolve into heavy oil. The only
function of Ny in test #5 was to provide differential pressure to
offer enough displacement efficiency. Therefore, the total quan-
tity of heavy oil with CO, dissolved in test #1 was far more than
in test #5, which led to the higher heavy oil recovery rate in the
early stage. In the later stage, there was enough CO, in the core in
both tests; the heavy oil in the gas spread range was fully satu-
rated with CO,. The free CO; in test #1 only had the function of
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Fig. 3. Curves of oil production rates for test #1 and test #5.

providing differential pressure, just like N, and free CO; in test
#5. Therefore, in the later stage heavy oil recovery rates were the
same in both tests.

As shown in Figs. 3 and 4, test #5 produced heavy oil earlier
than test #1 and the peak of the heavy oil production rate of test
#5 also came earlier than that of test #1. The reason for this is
that at the earlier stage, more CO, was dissolved in the core in
test #1 while there was not enough CO, to saturate into the
heavy oil in test #5. The remaining free gas in the core in test #5
was much more than that in test #1, which led to higher differ-
ential pressure in test #5, as shown in Fig. 5. But more CO, gas
was dissolved in heavy oil in test #1 which led to more heavy oil
production.

3.2. Comparison of different production pressure schemes

Test #2 was the constant production pressure case and test #3
was the depleted production pressure case. Both of them had
pure CO; injected with an injection rate of 2 ml/min. The com-
parison between these two tests proves the effect of depleted
production pressure and foamy oil flow on oil production. Tests
#3 had a total recovery factor of 39.0% while test #2 had 36.7%.
The gap between these two tests is obvious. From Figs. 6 and 7
we can clearly see that the recovery efficiency of the depleted
production pressure scheme (test #3) is better than that of the
constant production pressure scheme (test #2). The oil
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Fig. 4. Curves of recovery factors for test #1 and test #5.
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Core pressure,MPa

Gas injection volume,PV

Fig. 5. Curves of core pressures for test #1 and test #5.

production rate of test #3 is higher than that of test #2 from the
beginning of the production. Moreover, the oil production peak
rate of test #3 was achieved earlier than that of test #2. From the
beginning of the tests, the differential pressure in test #2 was
provided only by gas injection while in test #3, the differential
pressure was provided by the combined contributions of both
gas injection and production pressure depletion. Therefore, the
displacement efficiency of test #3 is better than that of test #2,
and can lead to earlier heavy oil production. In addition, pro-
duction pressure depletion in test #3 is beneficial for the
achievement of foamy oil flow.

Test #1 was the constant production pressure case and test #4
was the depleted production pressure case. Both of them had
pure CO injected with an injection rate of 7 ml/min. Test #1 had
a recovery factor of 31.1% while test #4 with a recovery factor of
38%.

From Figs. 8 and 9 we can find that the gap between these two
cases are even larger than that between the previous two tests.
The oil production rate of test #4 is far greater than that of test
#1 and the difference between peak rates is much greater than in
the last comparison. This is because, as the injection rate was
greater, the total time was shorter, which led to a greater pres-
sure depletion rate in test #4. The greater depletion rate made
the differential pressure greater in the early stage and then made
the production rate greater and production rate peak earlier.

Moreover, a greater production depletion pressure can create
foamy oil better. The efficiency of the foamy oil flow on the heavy
oil production rate and the total oil production factor is more
obvious than in the last comparison, especially from the period
after the oil production rate peaks.

3.3. Comparison of different gas injection rates

Compared the test results of test #1 and test #2. Test #1 had a
gas injection rate of 7 ml/min and test #2 had a rate of 2 ml/min.
Both of them had pure CO; injected with constant production
pressure. From comparison between these two tests an analysis
can be done of the effect of the injection rate on the constant
production pressure scheme. Test #1 had total recovery factor of
31.1% while test #2 yielded 36.7%, which indicates that a smaller
gas injection rate has a positive effect on oil production. As the
injection rates were different and the total injected gas volumes
were about the same (5 PV), time cannot be a comparison
standard, so the number of pore volumes that were injected are
used.
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Fig. 8. Curves of oil production rates for test #1 and test #4.

Figs. 10 and 11 are comparative curves for test #1 and test #2.
From the curves, we can see that the oil production rate of test #2
is lower than that of test #1 and the peak rate of test #2 is much
lower and comes much later than that of test #1. There is still an
obvious difference between the rates of the two tests after the
rate peaks. But the rate of test #2 maintained at a relatively high
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Fig. 9. Curves of recovery factors for test #1 and test #4.

level for a longer time and the production rate decline of test #2
is slower than for test #1 at the later stage.

Because the injection rate in test #2 was small, there was
more time for the injected CO, to spread and dissolve in the
heavy oil in the core before the gas broke through. As a larger
spread area was reached, more CO, dissolved in the heavy oil in
the core, and thus the gas breakthrough time was delayed. And
the delayed time had the benefit of allowing more high mobility
heavy oil to flow to near the production well area. When a
breakthrough is reached, more heavy oil can be produced. After
the breakthrough, because of the larger spread area before, more
heavy oil was touched by the CO, which then dissolved, leading
to a higher production rate and maintained for a long time in the
later stage. Because of constant production pressure, neither of
the tests had any foamy oil flow.

Compared the test results of test #3 and test #4. Test #3 had a
gas injection rate of 2 ml/min and test #4 had a rate of 7 ml/min.
Both of them had pure CO, injected with depleted production
pressure. In this comparison, the effect not only came from the
injection rate, but also from the foamy oil flow caused by pro-
duction pressure depletion. Also, like the last comparison, the
times of the tests were different, PV numbers of injected CO;
were used in the comparison instead of time. Test #3 had a total
recovery factor of 39.0% while test #4 yielded 38.0%. The results
were too similar to distinguish which was better.

Qil recovery factor,%

Gas injection volume,PV

Fig. 10. Curves of recovery factors for test #1 and test #2.
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Fig. 11. Curves of oil production rates for test #1 and test #2.

Curves of recovery factors and oil productions rate are used
for the analysis (Figs. 12 and 13). At the early stage, the oil pro-
duction rate of test #4 was much higher than that of test #3. And
the largest gap appeared at the peak rates. However, at the later
stage, right after the rate peaks, the rate decline of test #4 was
really fast, while that of test #3 was gentle. By the end of the
tests, the recovery factor of the two tests were almost the same.
At the early stage, the CO, injection rate of test #3 was much
lower, which gave the injected CO, more time to spread in the
core and it dissolved better in the heavy oil. Also, the break-
through point was delayed in test #3, and displacement pressure
was better held and increased, therefore, more heavy oil was
produced before and at the breakthrough point (production rate
peak point). On the other hand, test #4 took shorter time, leading
to faster production pressure depletion, which in turn led to
better foamy oil flow production performance. Therefore, at the
later stage, test #4 maintained a higher rate of production and
then held better oil production. In the combination of both the
effect of the gas injection rate and production pressure depletion,
these two tests had almost the same heavy oil recovery factor.

3.4. Comparison of single- and multi-production pressure control
schemes

Compared the test results of Test #1 and Test #6. In this
comparison, the basic single-production pressure control
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Fig. 12. Curves of recovery factors for test #3 and test #4.
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Fig. 13. Curves of oil production rates for test #3 and test #4.

scheme case (test #1) and the multi-production pressure control
scheme case (test #6) are put together for analysis. The basic gas
injection rates are all the same, that is, 7 ml/min. 5 PV pure CO,
were injected in both of the cases. The final result shows sig-
nificant difference.

Test #1 had a recovery factor of 31.1% while test #6 yielded
42.5%. From Fig. 14 we can see that the oil recovery perfor-
mances of the two cases were similar at the early stage. The
difference started from the injector shut in and production
pressure depletion of first cycle in test #6. In early stage of the
first cycle, CO, spread and dissolved in the heavy oil in the
core. In the production pressure depletion period, the heavy oil
with CO, dissolved and produced by displacement pressure
built by pressure depletion. Foamy oil generated at the area
near the producer could grow and split stably without dis-
turbing the injected gas flow. Therefore, the scheme of test #6
gave better oil production performance than test #1 and the
other tests.

4. History matches for coreflooding tests
4.1. Simulation model

According to the conditions of core-flooding experiments,
properties of fluids in the reservoir and properties of CO, under
reservoir condition, 1-D three phase compositional models were
chosen. Because of the existence of complex mass transfer be-
tween the different phases, GEM module in CMG were applied
for simulation studies.

The model shape was built exactly according to the cores. A
cuboid model were divided to 30 grids. Each grids had the pa-
rameters of 0.01006 m x 0.045 m x 0.045 m. The injector was
located in the first grid and producer in the 30th grid. Other
parameters of reservoir properties were given to the model such
as reservoir pressure, reservoir permeability, reservoir porosity,
etc. in Table 5. The water flooding processes before each test
were history matched first where an oil-water relative perme-
ability curve for all tests were obtained. The same oil-water
relative permeability curve could be used in all tests because
the conditions for the water flooding process were the same. The
gas liquid relative permeability curves are different in different
tests due to the different gas injection and production schemes
are conducted.
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Fig. 14. Curves of recovery factor for test #1 and test #6.
Table 5

Detailed model parameter information.

Parameters Values

0.3019 x 0.045 x 0.045
30x1x1
0.01006 x 0.045 x 0.045

Model size (m?)
Grid number
Grid size (m?)

Reservoir pressure (MPa) 11.00
Permeability (mD) 1551.00
Porosity 0.29
Connate Water Saturation 0.27

4.2. History match results

The water flooding process is exactly the same in each test
with the injection rate of 0.3 ml/min under reservoir condition.
Therefore the oil-water relative permeability are same in each
test and the curves are shown in Fig. 15. The cumulative oil
production history match results for the six tests are shown in
Figs.16—18, the point lines are the results data from experiments,
while the solid and dash lines are results of the history matches.
The match results are perfect. The pressure results are also
perfectly matched. The errors of cumulative oil production and
pressure history match for all the tests are shown in Table 6.

In the water flooding process for each test, the highest pres-
sure was only 11.29 MPa due to the low compressibility of water
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Fig. 15. Oil-water relative permeability curves.
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Fig. 16. History matches of cumulative oil production for tests #1, #4 and #5.
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Fig. 17. History matches of cumulative oil production for tests #2 and #3.

and low injection rate. The oil saturation in the reservoir kept
dropping as more and more oil were flooded out and finally
dropped below 0.6 at the end of water flooding process.

In the gas injection process for each test, as the gas was
injected into the core, the pressure in the core rose. The oil vis-
cosity in the core decreased from the injector to the producer
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gradually before the gas breakthrough as more and more COy/
flue gas were injected. Water saturation near the producer rose
in this period. Oil saturation rose in near producer grids and
decreased in the injector grid due to the gas flooding and dif-
ferential pressure driving. Gas saturation in producer grid rose at
the same time. When the breakthrough happened, the pressure
in the core dropped rapidly. After the breakthrough period the oil
viscosity did not change much. However, oil production in this
period kept dropping due to oil saturation decrease in the core.
At the end of the test, there were no oil remaining in near
injector grids. Gas saturation reached a very high level in the
injector grid.

4.3. Comparison analysis of history match results

Test #1 was the constant production pressure control scheme
while test #4 was the production pressure depletion scheme. The
gas injection rates were both 7 ml/min with pure CO,. This
comparison is to discuss the contribution of foamy oil flow in oil
production. The major comparison point is the gas-liquid relative
permeability curves.

Fig. 19 shows the gas-liquid relative permeability curves of
these two tests. From the curves, we can see that the Krg curve of
test #4 is lower than that of test #1. This indicates that the gas in
test #4 flowed more slowly than or not as easily as the gas in test
#1. The slower CO; flow in reservoir had the positive effect that
the CO; can had much more time to spread, to make contact and
to dissolve in the heavy oil. And test #4 hads the foamy oil flow
phenomenon, which also affects the relative permeability curve.

For test #3 and test #4, both of these tests are with the pro-
duction pressure depletion scheme. Which means that foamy oil
flow occurred in both tests. Test #3 had a lower gas injection rate
and lower production pressure depletion rate, while test #4 had
a higher injection rate and a higher production pressure deple-
tion rate. This comparison is mainly to observe the production
depletion rate effects on foamy oil flow.

Fig. 20 shows the gas-liquid relative permeability curves for
test #3 and test #4. From the curve we can see that Krg curve of
test #4 is lower than that of test #3. This indicates that the gas in
test #4 flowed more slowly than or not as easily as the gas in test
#3. In addition to the CO, dissolved in oil, the foamy oil flow
effect is more important in this comparison. To foamy oil, as the
gas bubble remained in reservoir, the bubbles split into smaller
bubbles. The increased number of bubbles swelled the whole
volume of the gas-oil phase which led to more oil production.
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Fig. 18. History match of cumulative oil production and injector pressure for test #6.
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Table 6
Errors of cumulative oil production and pressure history match for all six tests.

Test #1 Test #2 Test #3 Test #4 Test #5 Test #6

Cumulative oil production 3.25% 1.06% 1.41% 2.26%
Pressure 0.94% 047% 037% 2.48%

1.51% 2.41%
1.52% 4.60%
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Fig. 19. Gas-liquid relative permeability curves of test #1 and test #4.

Compared of test #2 and test #3. Test #4 was the simple
production pressure depletion scheme case while test #6 was
the multi-pressure control case. Test #4 kept the injected gas
when the production pressure depleted. Test #6 separated the
injection and production pressure depletion into two connected
processes.

In test #4, the higher production pressure depletion rate
generated a higher quantity of foamy oil at near producer area.
However, the high gas injection rate had a great negative effect
on the foamy oil. The strong injected gas flow would destroy and
push out the newly generated foamy oil before it developed
further. The reason test #6 contained two processes separately,
was to supply a constant and stable environment for the foamy
oil to generate and develop. When foamy oil keeping split and
swell in the reservoir, greater contribution will be made to total
heavy oil recovery. The gas-liquid relative permeability curves of
test #4 and test #6 (Fig. 21) support this theory.
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Fig. 20. Gas-liquid relative permeability curves of test #3 and test #4.

1.0 S T T
I I
I I
: --a-- Test4Krg
08 e oo T R Test 4 Krog|_ |
: v-- Test6Krg
| ¢  Test6 Krog
I
|

Kr

Fig. 21. Gas-liquid relative permeability curves of test #4 and test #6.

5. Conclusions

Some major conclusions were obtained during the this study
and are summarized here:

(1) The pure CO, case (test #1) performed much better than
the flue gas case (test #5), which is another proof of the
effect of CO; in heavy oil recovery. And the comparison of
the results also indicates that the performance is better
when CO has higher purity.

(2) The constant production pressure scheme can effectively
hold a large displacement pressure in reservoir which
greatly helps more CO; dissolve in heavy oil. And the lower
gas injection rate case has better results, which indicates
that a low gas injection rate is beneficial for oil recovery.

(3) The production pressure depletion scheme has the func-
tion to enlarge the displacement pressure in reservoir, and
moreover, can generate foamy oil near the producer which
can greatly enhance heavy oil recovery. And the faster
depletion rate case had better results because the faster
rate generates foamy oil with better quality for CO,.

(4) The multi-production pressure control scheme case yiel-
ded the highest recovery factor compared to other tests.
The result indicates that better CO, saturation and a stable
foamy oil flow without any interference is beneficial for
heavy oil production.

(5) From the results of the history matches of the tests by
numerical simulation, gas relative permeability of the
cases with foamy oil flow is much lower than other cases.
This finding is in line with investigations of the literature
and prove that foamy oil leads to lower gas mobility.
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