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1 | INTRODUCTION

CO, has unique physical properties like lower minimum mis-
cible pressure (MMP) of CO, and crude oil compared with
methane and nitrogen, making CO, an effective oil displacing

| Zhaomin Li' | Fei Wang® | AixinLi' | Silagi Wanambwa' |

Abstract

In situ CO, foams (ISCF) are studied systematically by combining in situ CO, gas re-
actants (carbonate anhydrous, hydrochloric acid) and bio-based surfactant. Sandpack
flooding experiments at 60°C along with PVT experiments were carried out to ana-
lyze the oil displacement mechanisms. The results showed that ISCF could increase
oil recovery from heterogeneous multilayer formation of permeability ratio over 6,
and displacement efficiency increased with the injection volume increased before the
injection of 1 PV. The incremental oil recovery by ISCF was much greater than that
of conventional foam or in situ CO, (ISC) without foam under the same injection
conditions. The generated CO, foam could reduce the interfacial tension between
displacement phase and displaced phase effectively which contributed to the great
increase in capillary number. The CO, dissolution greatly reduced the viscosity of
crude oil, and the highest viscosity reduction rate at 60°C could be as high as 98%.
The Ca®* concentration of produced liquids analysis revealed the ISCF could distrib-

ute intelligently the acid in heterogeneous formations.

KEYWORDS

in situ foam, intelligent acidification, interfacial tension reduction, viscosity reduction

agent.l’2 With the increase in greenhouse gas emission re-
duction requirements, the application of CO, flooding tech-
nology is becoming more and more widespread. However,
due to the large mobility ratio of CO, gas to crude oil, it is
easy to cause gas channeling and gravity overburden in the
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formation, resulting in low sweep coefficient during flooding,
which greatly affects the displacement effect.™® Therefore,
effective control of CO, mobility is the key to improving its
displacement.

In the 1960s, researchers first proposed the use of foam to
control CO, gas flow.”® Foam is a dispersion system formed
by dispersing an insoluble or slightly soluble gas in a liquid.
The gas surrounded by the liquid film forms a single bubble,
and the foam is an aggregate of bubbles, wherein the gas is
dispersive (discontinuous phase) and the liquid is a disper-
sion medium (continuous phase). This dispersion system can
increase the apparent viscosity of the gas,g'12 improve the
ratio of CO, to crude oil flow, and has the characteristics of
“selective blockage,” so it can reduce the CO, mobility and
increase the sweep coefficient,'>!” thereby improving the
displacement effect.'®>* However, the injection of conven-
tional foam requires special injection equipment and high in-
jection pressure, which has great safety costs and operational
limitations, and is not suitable for offshore oilfield platform
operations. In addition, the transportation and storage of CO,
gas sources will also greatly increase the economic operation
cost.

Self-generated gas technology can effectively solve the
storage and transportation problems of gas sources in off-
shore platform operation. Some early studies have proved its
feasibility as a chemical flooding technique for enhanced oil
recovery.zs'32 For example, Wang used urea and ammonium
carbamate as reaction agents for the in situ CO, technology.
They found that the in situ CO, technology was close to the
complex combination flooding technology such as surfactant
recovery and alkali flooding in terms of tertiary oil recov-
ery.zs‘27 In addition, the effects of injection method, agent
concentration, and high divalent ion level on the reaction ki-
netics and recovery performance of the urea system were also
investigated.”®** Zhu et al’® used an acid-alternating base
(AAB) system to generate CO, for blockage removal and
enhanced oil recovery. Although in situ gas technology can
improve oil displacement efficiency, it still faces the problem
of mobility control of gas flooding technology.

Therefore, to overcome these problems and expand the
foam application, in situ CO, foam method has been sought
to replace the current conventional injection method. The
potential benefits of this new method mainly including the
following three aspects: (a) equipment and material aspect,
ISCF system does not rely on the transportation pipeline and
natural CO, source.*** Besides traditional foam injection
equipment requires high pressure capacity, ISCF can reduce
the dependence on high pressure equipment, which contrib-
utes to the application and promotion in offshore oil fields.
(b) Injection effect aspect, ISCF not only has better swept
volume and cleaning efficiency than gas flooding, water al-
ternating gas (WAG) flooding and carbonated water injection
(CWI), but also unblock the contaminated formation to some

extent. (c) Adaptation aspect, the formulation has excep-
tional salt, acid, and temperature tolerance for complicated
reservoirs.

In this work, in situ CO, foam was firstly proposed by
combining sodium carbonate anhydrous, hydrochloric acid,
and bio-based surfactant. The production performance of in
situ CO, foam system in heterogeneous formation and the ef-
fect of different injection volumes of chemical agents were
initially investigated, and then, the interfacial tensions be-
tween surfactant solutions and crude oil were measured to
analyze its effect on capillary number. Subsequently, PVT
experiment was conducted to reveal the effect of CO, disso-
lution on crude oil viscosity and viscosity reduction rate at
different gas-oil ratios and temperatures, and Ca’* concen-
tration of produced liquid was tested to explore the intelligent
distribution of acid in heterogeneous multilayer formations.
This technology not only takes advantage of the synergic
combination of foam and in situ gas technology, but also ex-
tends the foam application in reservoirs.

2 | EXPERIMENTAL METHODS

2.1 | Experimental device
2.1.1 | Experimental device for
sandpack flooding

Figure 1 presents the flooding device schematic diagram for
ISCF experiment. The entire displacement system is divided
into three parts, namely the injection part, the sandpack dis-
placement part, and the gas-liquid collection part. The in-
jection part mainly comprises intermediate containers and
Teledyne ISCO pumps (model 100 DX) with the injection
accuracy <0.25 pL/min, wherein the intermediate containers
are used for holding liquids, including displacement water,
gas-generating agent, gas-releasing agent, and ISCO pumps
are used for controlling the injection velocity of liquids. The
sandpack displacement part mainly consists of two horizon-
tally placed sandpack holders for simulating water flooding,
foaming agents flooding, and subsequent water flooding in
reservoir conditions, in which four different pressure points
are evenly distributed throughout the sandpack to observe
real-time changes in pressure. The gas-liquid collecting
part is mainly composed of back pressure valves and gas-
liquid separators. The back pressure valves (BPR) are used
to control the pressure of the whole experimental simulation
system, and the gas-liquid separators are used for gas-liquid
separation of the produced liquid.

Figure 2 shows the flooding device schematic diagram for
conventional foam. Similar to the ISCF flooding device, the
entire displacement system is also divided into three parts.
The gas is supplied by a gas cylinder, and the flow rate of the
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FIGURE 1 Schematic diagram of ISCF flooding experiment

gas is controlled by a mass flowmeter and a one-way valve.
The water and surfactant solution are placed in intermediate
vessels with the injection velocity controlled by ISCO pump.
Foam generator is placed to pregenerate conventional foam
before it is injected to sandpack flooding part. The sandpack
displacement portion and the gas-liquid collection portion
are identical to the ISCF displacement device.

2.1.2 | Experimental device for PVT test

Figure 3 presents the schematic diagram of experimental
device for CO, dissolution PVT experiment. The device is
divided into two parts, CO, dissolution part (zone 1) and vis-
cosity measure part (zone 2). In zone 1, intermediate con-
tainers are prepared to hold the gas and heavy oil. The CO,
and oil injection volume are controlled by mass flowmeter
and ISCO pump. The injection rate is set below 10 mL/h to
insure an accurate volume. A PVT cell with confining pres-
sure controlled by a pressurization pump (with flow accuracy
<0.25 pL/min and pressure accuracy <+0.5%) is fixed in a
multifunctional displacement oven. The confining pressure is
measured in MPa by a pressure gauge (measurement range of

BPR
Gas-liquid
separator

30 MPa and an accuracy of 0.1% full scale). A digital tem-
perature gauge is used to measure the PVT cell temperatures
with an accuracy is +1 K. In zone 2, an in-line viscometer
(Hydramotion XL7) is installed inside the oven to measure
the viscosity of fluid in the range from 0.1 to 10 000 mPa-s.
The viscosity accuracy is +1% of the reading, and repeat-
ability is +£0.3% of the reading. LED screen displaying meas-
ured data from viscometer is connected outside the oven.
The pressure of the system is maintained with BPR installed
outside of the oven. The BPR pressure is controlled by a gas
cylinder, and the effluent is collected by an effluent collec-
tor. Moreover, all containers, lines, and valves are cleaned by
ethanol and then dried completely for next run.

2.2 | Experimental materials

Fourteen sandpacks of different permeabilities were used in
this work to simulate heterogeneous layers environment. The
permeabilities of high permeability and low permeability
are around 3000 x 10~ and 500 x 107 pmz, respectively.
The sandpack size is 60.0 X 2.5 cm (length X internal diam-
eter). The silica sands including 400 mesh calcium carbonate
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FIGURE 2

particles of 8% volume percentage were mixed evenly before
packed to the tube. The physical parameters of sandpacks
used are presented in Table 1.

Inorganic salt sodium chloride (NaCl), potassium chloride
(KCl), and magnesium chloride hexahydrate (MgCl,-6H,0)
with the mass concentration of 9057.56, 1627.83, and
1589.49 mg/L were used to prepare the synthetic brine in-
stead of the real brine retrieved from the oilfield because of
the complexity and economic cost in offshore platform. All
inorganic chemical agents (Purity > 99.5%) were provided
by Macklin in Shanghai. The total salinity of synthetic for-
mation brine was 11 492.30 mg/L with the concentration
of Na*, Mg®*, K¥, and CI™ of 3561.10, 187.92, 852.17, and
6828.11 mg/mL, respectively. The water used was distilled
water collected from ultrapure water apparatus (UPD-I-5).

Oil sample and carbon dioxide. The oil sample used in this
study was collected from oilfield with viscosity of 5189.8 mPa-s
and density of 903.9 kg/m® at 25°C. The changing parameters
of viscosity and density with temperature are shown in Figure 4,
and density has an approximately linear relationship with tem-
perature in Cartesian coordinate system with R-square of 0.994.
Carbon dioxide of the purity of 99.9% bought from Tianyuan
Inc, was used to prepare the conventional foam.

The reaction formula used in the subsequent experiment is
shown in Figure 5. The gas-generating agents and gas-releasing

AN

Pressure sensor

Gas-liquid |
separator |

Schematic diagram of conventional foam flooding experiment

agents are sodium carbonate (Na,CO;, with the purity of
99.8%) and hydrochloric acid (HCI, with the purity greater than
99.8%), respectively. The reaction product, sodium chloride,
CO, foam, and water, have nearly no harm to the environment.
Sodium carbonate and hydrochloric acid were purchased from
Sinopharm Chemical Reagent Company Limited.

The biological surfactant A2 used was obtained from sa-
ponins of camellia oleifera (Figure 6) by a series of esterifi-
cation reaction and transesterification in different catalysts,
which was provided from Qing Tian Zhong Ye Inc. Our
previous study has confirmed their good performances on
temperature and salt resistance.” Acid resistance evaluation
test revealed its good acid resistance performance, shown in
Figure 7. The mass concentration of A2 used was 0.5%, and
the gas-releasing agent was obtained by diluting concentrated
hydrochloric acid in a ratio of 1:3.

2.3 | Experimental procedures

2.3.1 | Sandpack flooding experiment

The sandpacks were initially subjected to vacuuming and satu-
rated water treatment, and the core porosity and water perme-
ability were calculated by the weighing method and the Darcy
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FIGURE 3 Schematic diagram of CO, dissolution PVT experiment

TABLE 1 Physical parameters for sandpacks used in this work

Test no. Length (cm) Diameter (cm) Porosity (%) Permeability (><10_3 umz) Permeability ratio

1# 60.0 2.5 41.25 3029 6.13
60.0 2.5 38.23 494

2# 60.0 2.5 40.89 2970 6.29
60.0 2.5 38.14 472

3# 60.0 2.5 41.13 3013 5.93
60.0 2.5 38.72 508

4# 60.0 2.5 41.19 3021 6.10
60.0 2.5 38.37 495

S# 60.0 2.5 41.01 3042 6.06
60.0 2.5 38.35 502

6# 60.0 2.5 40.78 2982 6.10
60.0 2.5 38.11 489

T# 60.0 2.5 41.03 3001 597
60.0 2.5 38.52 503

formula,*® respectively. Subsequently, they were preheated in
an oven for 3 hours. After that, the experimental oil sample was
injected into the sandpack at a constant flow rate of 0.1 mL/
min to conduct oil saturation treatment. Flooding experiment
started with water flooding of 1.5 PV was conducted at the rate
of 1 mL/min. Then, different chemical agents were injected to

improve the oil production performance, (a) ISCF systems of
0.25, 0.50, 0.75, 1.00, and 1.25 PV were injected at a rate of
1 min/min by slug injection method, (b) conventional foam was
injected at a rate of 2 mL/min with an optimum foam quality
of 50%,>" and (c) ISC system of 1.00 PV was injected at a rate
of 1 min/min by slug injection method. Finally, 1.25-2.25 PV
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FIGURE 5 Reaction of the formula

subsequent water flooding treatment was carried out at a rate of
1 mL/min. The produced liquids at different stages for the dif-
ferent systems were collected and recorded. In the experiment,
the oven control temperature was 60°C (temperature control
accuracy + 0.5°C).

2.3.2 | PVT test experiment

Firstly, the PVT cell was vacuumed for 5 hours before
measurement. The gas was injected into the PVT cell with
a precise volume control by ISCO and gas flowmeter.

FIGURE 6

saponins of camellia oleifera

biological surfactant:

Because of the relatively high viscosity of oil sample, it was
heated for half hours at 313.15 K before injecting into the
PVT cell. After the injection of gas and oil, the oven was
set to target temperature (313.15, 333.15, and 353.15 K),
and the magnetic mixer equipped inside the PVT cell was
operated to enhance the efficiency of mixing of compo-
nents. The PVT cell pressure was set high sufficiently to
exceed to bubble point pressure at the interested tempera-
ture in order to have the mixture as a single liquid phase.
The system was left for at least 6 hours while using the
magnetic mixer. An equilibrium state of the mixture was
confirmed by constant temperature, pressure and volume

\\\\\\
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FIGURE 7  Acid resistance performance of surfactant A2

in the PVT cell. Then, the viscosity of oil sample after CO,
sufficient dissolution at different temperature and pressure
was measured by in-line viscometer.

3 | RESULTS AND DISCUSSION

3.1 | Feasibility analysis of ISCF system on
enhanced oil recovery

Figure 8 shows the total oil recovery against injected volume
curves for 0.25, 0.50, 0.75, 1.00, and 1.25 PV (Test no 1#, 2#,
3#, 44, and 5# in Table 1). The total oil recovery was initially
zero before the injection of water. During initial water flooding,
the oil recovery increased rapidly at the beginning. As more
water was injected, more oil was produced from the sandpacks;
hence, there was a steady increase in total oil recovery as ob-
served in Figure 8. As oil was continuously produced from the

80
——0.25 PV
70 H=—=—0.50 PV
——0.75 PV
60 1.00 PV
——1.25PV
S 50t P
c B
z 40 - Water flooding )
S L |
= L ' Subsequent
o L i
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L L
L I
— =
1 (L 1
I I
ISIbFJﬂODdlpg | - 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
PV

FIGURE 8 Total oil recovery against injected volume curves for
0.25, 0.50, 0.75, 1.00, and 1.25 PV

sandpacks, the water cut increased, and when it reached about
98%, injection of foaming agents was commenced.

The foaming agents were injected using 2, 4, 6, 8, and 10
slugs for 0.25, 0.50, 0.75, 1.00, and 1.25 PV, respectively. When
the first slug was injected, the total oil recovery for both sand-
packs remained constant. This is because the first slug injected
was sodium carbonate; hence, there was no reaction leading to
foam generation in the sandpack. Upon injection of hydrochlo-
ric acid as the second slug, the generated energy (pressure) in
the sandpacks started to increase rapidly leading to an increase
in the total oil recovery. This showed that the reaction between
sodium carbonate and hydrochloric acid successfully generated
foam in the sandpacks. With further injection of the foaming
agents, the total oil recovery continued to increase due to the
foam increase forcing more oil to be recovered.

Injection of 0.25 and 0.5 PV of the foaming agents gener-
ated small amount of foam which could not effectively block
the high permeability sandpack resulting in low total oil re-
covery values compared with the injection volume of 0.75,
1 and 1.25 PV. Therefore, it should be noted that the more
the quantity of the foaming agents injected, the more effec-
tive the reaction and the higher the oil recovery. After the
injection of the last slug of foaming agents, subsequent water
flooding was performed to recover the remaining oil.

During subsequent water flooding stage, water was injected
into the sandpacks to produce the remaining oil. At this stage,
the foam created could control the mobility of the water injected
allowing more oil to be recovered from the sandpacks. The CO,
gas generated dissolved in the oil reducing the viscosity of the
oil, hence allowing more oil to be recovered. The total oil recov-
ery increased slightly during this stage depending on the quan-
tity of the foaming agent injected. It is observed that the total oil
recovery for 0.25 PV in the subsequent water flooding stage is
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FIGURE 9 Bar chart used for total oil recovery for different
injection systems

85U801 SUOWWOD SAIIER.D 3{dedl|dde ) Aq peusenob e S9ie YO 8sn Jo Sejni Joj Akeid1T8uIIUQ A1/ UO (SUONIPUOD-PUR-SLLISYWO A8 | IM Aleq1jeulUo//SdNy) SUONIPUOD pue SWe 1 84} 88S *[z202/TT/20] Uo ARigiiauliuo A8|im ‘(ouleAnde T) sqnopesy Aq 0/G'€889/200T 0T/I0p/L0o" A3 1M Alelq 1 jpuljuo//Sdiy wolj pepeojumod ‘v ‘0202 ‘0500502



CHEN ET AL.

Energy Science & Engineering

TABLE 2 Oil displacement efficiency performance for different injection systems

Water flooding Enhanced oil Final oil
Experiment no Foaming agents Injection volume/PV  recovery/% recovery/% recovery/%
#1 ISCF 0.25 333 9.0 423
#2 ISCF 0.50 33.1 14.7 47.8
#3 ISCF 0.75 32.7 18.9 51.6
#4 ISCF 1.00 33.0 21.6 54.6
#5 ISCF 1.25 33.1 21.9 55.0
#6 Foam 1.00 32.9 16.6 49.5
#7 ISC 1.00 33.0 10.8 43.8

1099

Note: Enhanced oil recovery by foaming agents and subsequent water flooding.
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Interfacial tensions for generated CO, foam

bigger than that for 1.25 PV since large quantity of remaining
oil results in more effective recovery in this stage.

Figure 9 and Table 2 show the bar chart used for total
oil recovery and oil displacement efficiency performance
for different injection systems, respectively. It can be seen
the water flooding recoveries for different systems were
all around 33.0%, which depended on the similar physical
properties of sandpacks. The oil production performance
was improved after injection foaming agents, and the final
oil recovery of the parallel sandpacks increased with the
increase in injection volume of ISCF system. The final oil
recovery of ISCF system at 0.25, 0.50, 0.75, 1.00, and 1.25
PV injection volumes were 42.3%, 47.8%, 51.6%, 54.6%,
and 55.0%, respectively, where the enhanced oil recovery
by foaming agents was 9.0%, 14.7%, 18.9%, 21.6%, and
21.9%, respectively.

The results indicated that the final recovery of ISCF sys-
tem almost got to the maximum performance at the ISCF
injection volume of 1.0 PV. Continuing to increase the in-
jection volume will not significantly improve the recovery
effect. This is because the mechanism of enhanced recovery
of the ISCF system mainly depended on the foam generated

by the internal reaction. The foam could temporarily block
the high permeability sandpack by foam destruction and
foam regeneration, and then contributed to the exploitation
of crude oil in low permeability sandpack. After the system
was injected for a period of time, it would reach a stable
state in which the foam was destroyed and regenerated. At
this time, the pressure would not increase continuously as
the injection amount of the system increased, and the block
effect tended to be stable. Besides, compared with the final
oil recovery in parallel sandpacks in conventional foam of
49.5%, and in ISC system of 43.8%, the incremental oil re-
covery by ISCF was much greater than that of conventional
foam or ISC system. ISCF could increase oil recovery by
21.6% from heterogeneous multilayer formations of perme-
ability ratio over 6.

3.2 | Mechanism analysis of ISCF system on
enhanced oil recovery

3.2.1 | Reduction of interfacial tension

Teclis Tracker H, a drop shape tensiometer with full scale of
20 MPa and 200°C, was used to measure the interfacial tension
of oil sample at 60°C. The calculation of interfacial tension was
based on Laplace equation.38'42 More details surface proper-
ties measurement was presented in paper.43 Figure 10 presents
the interfacial tensions of generated CO, foam and crude oil at
60°C. The results showed that the interfacial tension decreased
with the rising surfactant concentration, and it decreased from
32.31 to 8.82 mN/m when the surfactant concentration reaches
0.5%.

Capillary number or critical displacement ratio is a
dimensionless number indicating the ratio of the viscous
force to the capillary force experienced by the displaced
phase. It reflects the balance between different forces in the
two-phase displacement process of porous media, which is
an important concept of tertiary oil recovery. It can be ex-

pressed by:
N,=vu/oc 1)
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where N, is capillary number, v is displacement velocity, y is
the viscosity, and ¢ is the interface tension between the dis-
placement phase and the displaced phase. It can be seen from
the above formula that the way to increase the capillary num-
ber is to increase the displacement speed, increase the viscos-
ity of the displacement phase (such as water), and weaken the
interfacial tension between the displacement and the displaced
phase. So when the interfacial tension decreased from 32.31 to
1.35 mN/m at the surfactant concentration of 2.0%, the capil-
lary number increased about 24 times, which contributed to the
tertiary oil recovery.

3.2.2 | Reduction in crude oil viscosity

Figure 11 shows the viscosity of oil sample changing with CO,
dissolved gas-oil ratio (GOR) at different temperatures. It can be
seen that the viscosity decreased rapidly with the increased CO,
dissolved GOR, and the degree of reduction in the viscosity of
crude oil was more pronounced at a low dissolved GOR. The vis-
cosity of crude oil saturated with CO, decreased with increasing

TABLE 3 Ca®" concentration of produced liquid after flooding
Test no. System Collection time
4# ISCF I: After injecting 0.5 PV
II: After injecting 0.75 PV
III: After injecting 1.0 PV
6# Foam I: After injecting 0.5 PV
III: After injecting 1.0 PV
T# ISC I: After injecting 0.5 PV

II: After injecting 0.75 PV
III: After injecting 1.0 PV

temperature. CO, had significant effects in reducing the viscosity
of crude oils, and the maximum viscosity reduction rate in the test
range was 98.49%. This is because the intermolecular forces of
the crude oil after CO, dissolution have changed from the original
system, changing from the original liquid-liquid intermolecular
force to the liquid-gas intermolecular force. The macromolecular
layered structures of resin and asphaltene are destroyed after dis-
solving CO,, which resulting in the great reduction in intermo-
lecular forces and intermolecular frictional resistance. Therefore,
the degree of viscosity reduction was extremely significant.

In order to analyze the effect of dissolved gas-oil ratio on
viscosity reduction effect, the relationship between dissolved
gas-oil ratio and viscosity reduction rate at different tempera-
tures was plotted, as shown in Figure 12. The viscosity reduc-
tion rate can be expressed as follows:

n= (= Hyn)/ H; X 100% @)

where y; is the initial viscosity of oil sample at no dissolved
CO,, mPaes, and u,, is the viscosity of oil sample at measured
dissolved GOR, mPaes. The results show that the viscosity re-
duction rate increased with the increase in dissolved gas-oil
ratio at each temperature. The reason for the analysis is that the
more dissolved carbon dioxide, the smaller the corresponding
intermolecular force and intermolecular friction, as well as the
better the viscosity reduction effect. Moreover, as the dissolved
gas-oil ratio increased, the rate of decrease in viscosity reduc-
tion was different. When the dissolved GOR was <50 sm3/m3,
the viscosity reduction effect increased rapidly with the dis-
solved GOR, and the viscosity reduction rate reached over 90%
at the dissolved GOR of 50 sm’/m”’, which indicating that the
viscosity reduction performance was good even at low in situ
CO, dissolution condition.

3.23 | “Intelligent” acidification

In order to study the “intelligent” acidification in parallel
sandpack flooding process, the produced liquid samples were

Ca’* concentration for high Ca®* concentration for low

permeability (mg/L) permeability (mg/L)
29.4 22.7

36.1 31.3

39.7 329

<0.1 <0.1

<0.1 <0.1

39.1 8.6

452 10.1

44.6 9.7
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collected and analyzed. Sixteen produced liquids were col-
lected from three groups of flooding experiments (4#, 6#, and
7# in Table 1) based on different flooding conditions, and the
Ca”" concentration for each sample was measured by ICP-MS
in WeiPu Analysis Testing Center, Shanghai. The parameters
were measured for three times, and average values are presented
in Table 3. The results displayed Ca”" concentrations of four
samples collected from conventional foam experiment were
<0.1 mg/L, which was because weak carbonic acid formed by
CO, in water could not cause effective reaction with CaCOs;.
Figure 13 shows the Ca®" concentration of produced
liquid at different collection time for ISCF and ISC sys-
tems. The average Ca** concentration of produced liquid
collected from high permeability sandpacks of 43.0 mg/L
(black solid line in Figure 13) in ISC system was much
higher than that in low permeability sandpack of 9.5 mg/L

(black dash line in Figure 13), because lower flow resis-
tance existed in high permeability sandpack for injection
liquids. Whereas in ISCF system, the average Ca** concen-
tration of produced liquid collected from high permeability
sandpacks of 35.1 mg/L (red solid line in Figure 13) was
just little higher than that in low permeability sandpack of
29.0 mg/L (red dash line in Figure 13). Because the plug-
ging caused by viscosity of foam made more agents flow
into low permeability sandpacks, which was one expres-
sion of “intelligent” acidizing, namely evenly distribute the
acid solution in heterogeneous formations. Moreover, the
big difference of flow amount of agents in high permeabil-
ity sandpacks between ISCF and ISC systems did not cause
a huge difference in Ca** concentration of produced liquid.
This is because that the high apparent viscosity in situ foam
can increase the swept volume which contributed to the
even distribution of limited acid in homogeneous forma-
tion, which also presented the “intelligent” acidification.

4 | CONCLUSIONS

In situ CO, foam was firstly proposed by combining so-
dium carbonate anhydrous, hydrochloric acid, and bio-
based surfactant. The performance for ISCF system EOR
was investigated systematically in heterogeneous sand-
packs at 60°C. The primary conclusions in this work were
as follow:

1. ISCF could increase oil recovery from heterogeneous
multilayer formation of permeability ratio over 6, and
displacement efficiency increased with the injection vol-
ume increased before injection of 1 PV. The incremental
oil recovery by ISCF was much greater than that of
conventional foam or in situ CO, (ISC) without foam
under the same injection conditions.

2. The generated CO, foam could reduce the interfacial ten-
sion between displacement phase and displaced phase
effectively which contributed to the great reduction of
capillary number.

3. The CO, dissolution could greatly reduce the viscosity of
crude oil, and the highest viscosity reduction rate at 60°C
could be as high as 98%.

4. The Ca** concentration of produced liquids analysis pre-
sented the “intelligent” acidification of ISCF, and the
spontaneously generated CO, foam contributed to the “in-
telligent” distribution of acid solution in heterogeneous
sandpacks.
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