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'School of Resources and Geosciences, China University of Mining and Technology, Xuzhou,
221116, China
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Abstract: The process of CO,-SAG flooding involves conventional miscible CO; flooding
until breakthrough (BT), followed by a period of CO, soaking or shut-in, and then a
continuation of the miscible CO; flooding. The SAG process provides different improvement
in the oil recovery for different positions of each layer in multilayer reservoirs, and has different
effects on the distribution of pore throat blocking and adsorption of asphaltene to mineral
surfaces. In this paper, both miscible CO,-SAG and conventional CO, flooding experiments
have been carried out at reservoir conditions and on multi-layer systems composed of parallel
connection of long cores. After CO,-SAG flooding oil recovery factors (RF) of the low,
medium and high permeability cores were 7.7%, 8.3%, and 7.6% higher compared to the RFs
after CO» flooding. The respective fractional oil production (FOP) of each long core were
10.6%, 27.7%, and 61.6% after CO,-SAG flooding, with less difference between each long
core than CO; flooding. After CO» flooding, the permeability of the high permeability core at
the injection end dropped by 24.5-25.8%, which is 5.5-14.3% higher than the value at the outlet.
The permeability decrease due to CO»-SAG flooding was 0.7-9.7% higher than that due to CO»
flooding, and the distribution of permeability decline is more homogeneous. The contribution
of the total permeability decrease attributable to asphaltene particle blockage due to CO,
flooding was 84.7-62.7%, 5.2-10.1% higher than that due to CO,-SAG flooding, gradually
decreasing along the flow direction. Complex two phase flow of oil and gas is more likely to

cause pore throat blockage instead of causing the adsorption of asphaltene precipitation.
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Keywords: CO,-SAG flooding, multilayer reservoirs, asphaltene precipitation, blockage and

absorption, permeability decline.

Introduction

The injection of CO; into reservoirs is a proven effective enhanced oil recovery (EOR)
method!!%!, Oil viscosity and interfacial tension reduction, volume swelling, light-hydrocarbon
extraction during CO; flooding are all important effects which contribute to the EOR processt*
31, Continuous miscible CO, flooding is a practical and efficient displacement technology!®.
Regrettably, conventional CO; injection suffers from flow instability and viscous fingering,
and consequently, early CO» breakthrough!”. Especially, most oil reservoirs are composed of a
series of relatively layers with variable permeabilities. In these reservoirs, CO, breakthrough
occurs first from layers of high permeability. The gas pathway is established through these high
permeability layers, which results in a large volume of crude oil in lower permeability layers

being by-passed and, consequently, unproduced 5.

The COs-soaking-alternating-gas flooding process (CO,-SAG) is a combination of
conventional continuous miscible CO; flooding with a CO; soaking stage from the CO» huff-
and-puff process!!?. In the first stage CO, is continuously injected into the reservoir in the same
way as in the conventional miscible CO, process. The CO,-SAG process differs from
conventional CO; flooding by being stopped at breakthrough. The second stage of the CO»-
SAG process is a soaking period, in which both the injector and producer are shut in. During
this period the injected CO» diffuses into the residual oil and water in the reservoir, accessing
those fluids with which the gas was not in contact during the dynamic first stage of the process.
The oil becomes larger in volume and significantly more mobile, allowing it to leave some of

the smaller and more inaccessible pores and occupy instead the CO; saturated high permeability
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channels opened up by the initial flooding in Stage 1 to CO, BT . The third stage is another

simple miscible CO flood to displace and recover the residual oil that was freed in Stage 2112,

The CO,-SAG process results in better dissolution of CO» in crude oil than either the CO; huff-
and-puff process, which depends only on the diffusion of molecular CO,, or conventional CO»
flooding, where CO; only dissolves in the crude oil in direct dynamical contact with the flood
front. The improved interaction between CO, and crude oil that occurs during the soaking
process substantially promotes the miscibility of oil and CO,, and increases the CO;
displacement efficiency during secondary CO, flooding, with higher CO, utilization efficiency
and lower injection cost 3],

No matter what kind of CO; flooding method is adopted, the CO, dissolution or light
component stripping of crude oil perturbs crude oil thermodynamically, which promotes the
precipitation and flocculation of asphaltenes '], A proportion of these particles of asphaltene
become adsorbed onto mineral surfaces within the rock matrix altering the wettability and
hence capillary properties and permeability of the rock. The remaining asphaltene agglomerates
remain suspended in the fluid and are transported by the pore fluids until they become trapped
in pores and pre throats leading to blockages. These blockages can result in extremely

significant drops of permeability!!¢17!,

Moreover, heterogeneity has a markedly important influence on the final efficacy of the CO»-
SAG process®. In multilayer reservoirs the enhancement depends on the quality of the
reservoir rock in a given layer and its position along the core as well as the proximity of other
layers with different flow characteristics. Reservoir heterogeneity between layers with different
permeability also affects the distribution and amount of reservoir damage after flooding!!%-2),
In addition, the adsorption and blockage of asphaltene precipitation cause different damage to
the permeability at different locations within the reservoir, with different adsorption and

blockage mechanisms!?!,
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In order to formulate more targeted and effective measures in heterogeneous layered reservoir,
as well as to prevent or reduce the damage to rock permeability caused by asphaltene
precipitation, distinguishing the damage to permeability from blockage and adsorption is
required. As aresult, the quantification of the influence of the CO,-SAG process on oil recovery

must also be balanced by any deleterious effect on permeability.

There is a relatively small number of core-flooding experiments which have focused on the
technical potential of CO,-SAG flooding. Nevertheless, they permit a number of key issues to
be targeted for further study, such as CO» injection flow rate and pressure, the parameters which
control the optimal CO» soaking period, the effect of water pre-flooding, cores with different
permeability were subjected to CO»-SAG flooding experiments under different conditions [>22],
We have carried out SAG flooding experiments on cores with similar permeability but different
pore throat structures and single heterogeneous long cores, and studied the effects of pore
structure and linear heterogeneity on the micro and macro crude oil production improvement
of CO,-SAG flooding and the distribution of permeability damage!'®!%!, Furthermore, there has
been no previous study of the combined improvement in hydrocarbon recovery and progress of
permeability damage in heterogeneous reservoirs consisting of multiple layers of rocks with

different pore microstructures after both types of flooding. In particular, there is a lack of

research on the distribution of asphaltene precipitation in the blocked and adsorbed state.

In this paper, CO,-SAG and conventional CO, flooding have been carried out at reservoir
conditions on two assemblages of three long cores with different permeability ,which are
arranged in parallel in separate core holders and representing three parallel layers in a reservoir.
The porosity and permeability between the analogue cores in the two assemblages are almost
the same. The results presented in this paper cover the comparison of the efficiency of
miscible CO;-SAG flooding with simple miscible CO; flooding, focusing on (i) fluid
displacement, (ii) oil production enhancement and its distribution, (iii) the distribution of

permeability damage due to the blockage and adsorption of asphaltene precipitation. The
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progress and extent of each effect has been compared across each of the three different pore
microstructures (layers). The results furnish information allowing the advantages,
disadvantages, benefits and risks of different CO, flooding methodologies to be judged in
heterogeneous layered reservoir, especially with regard to reservoir damage and the saturation

of residual oil.

Methodology

Materials

A crude oil sample taken from the Jilin oilfield in the northeast of China and analyzed to obtain
its composition(table 1). The compositional results were used to synthesize a live oil, which
was subsequently used in all of the experiments. The proportion of n-Cs-insoluble asphaltene
in the Jilin oil sample was 3.18 wt% %I, The minimum miscible pressure of the CO,-crude oil
system was measured by slim-tube apparatus and discovered to be 20.6+0.4 MPa at
90+0.1°C!"% The relationship between asphaltene precipitation and the crude oil CO;
concentration has also been measured previously!'?, asphaltenes begin to precipitate from crude
oil at a dissolved CO; concentration of 29.5mol%, and completely precipitate at 60 mol%. as
well as being predicted using the Flory-Huggins model"!. We note that the measured and
predicted values differ by <5%. The CO; solubility in the Jilin crude oil is 68.3 mol% and the
oil viscosity decreases from 2.11 mPa-s (0 mol% CO>) to 0.62 mPa-s (68.3 mol% CO) at 23

MPa and 90°C 11,
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This study used two types of brine. The first was prepared to the compositional recipe given in
Table 21'%, The second was prepared from the same compositional recipe but with the addition
of Mn**, which was added to remove the signal arising from water when making nuclear

magnetic resonance (NMR) measurements in order to obtain the oil distribution in the corel**!.

Table 1. Basic physical properties of live oil together with its compositional analysis (n-C5

insoluble asphaltene content =3.18 wt%).

Property Value
Density (g/cm?®) 0.731+0.002 (90°C)
Viscosity (mPa-s) 2.11£0.04 (90°C)
Solutlo(rrln %}':1;1—3(;11 ratio 447
Bubble point pressure
?MPa)p 6.95
Composition
Carbon Carbon Carbon
number wt% number wt% number wi%
CO, 0.053 C9 4.640 C21 2.16
N2 0.422 C10 4.531 Cc22 2.304
C1 1.741 Cl1 3.947 Cc23 2.104
Cc2 1.126 C12 3.615 C24 2.088
C3 0.998 C13 3.261 C25 1.948
iC4 0.178 Cl4 2.908 C26 1.872
nC4 0.525 C15 2.633 C27 1.896
iC5 0.942 Cl16 3.615 C28 1.766
nC5 0.353 C17 3.567 C29 1.882
C6 1.365 C18 3.222 C30+ 26.363
c7 2.52 C19 2.484 Total 100

C8 4.409 C20 2.563

Table 2. Physicochemical properties of the reservoir brine.

Item Value
Density (g/cm?) 1.005
Viscosity at 25°C (mPa-s) 1.02
pH 7.04
K* (mg/L) 1473
Na* (mg/L) 3546

Ca% (mg/L) 116
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Mg?* (mg/L) 33

CI' (mg/L) 5261
SO4* (mg/L) 1288
HCOs (mg/L) 1559
TDS (mg/L) 13276

TDS = Total dissolved solids.

The artificial long cores used in the tests are composed of epoxy resin and quartz sand with
different grain size distributions, which were cold isostatically pressed?¥ (Figure 1). The
petrophysical characteristics of these core samples are shown in Table 3. The long cores are
approximately homogeneous (the difference between the porosity or permeability at any
position in the sample is within £2.7% and £3.3% of the mean porosity or permeability value
for the core, respectively). Three cores with different permeabilities and porosities were used
in a triad to represent three reservoir layers with different permeabilities. Consequently, though
the results discussed in this paper refer to three different cores, they represent analogue layers

1n a reservoir.

Figure 1. Schematic diagram of an artificial homogeneous long core.

Table 3. Fundamental characteristics of the core samples used in this work.

Flooding Core Length Diameter  Permeability = Porosity
method number (cm) (cm) (mD) (%)
Hi 50.2 2.52 25.7 14.4
CO:; flooding H> 50.4 2.52 51.8 16.7

H; 50.1 2.52 75.7 19.2
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I 50.3 2.52 26.3 14.1
CO»-SAG
. I 50.1 2.53 50.1 17.1
flooding

I3 49.8 2.52 76.2 18.8

Core-flooding tests

The flow diagram of core flooding apparatus used in this study is shown in Figure 2. In this
arrangement, three core holders (Hongda, China, L=75 cm, Tna=130°C, Pmax=80 MPa) are
positioned horizontally and connected in parallel in order to simulate a multilayer reservoir.
Process fluids (CO», live oil, and brine with MnCl, (Mn**, 15g/L)) were delivered
independently to the cores (Figure 2) using three separate high-pressure cylinders (Hongda,
China; Tmax=130°C; Prnax=80 MPa). The temperature of all core holders and tanks was ensured
by placing them in an oven (Hongda, China; Tma=120.0£0.1°C). Displacement of CO,, crude
oil, and brine into the multilayer core system was implemented using a dual ISCO syringe
pump. A second pump was used to apply a constant confining pressure. A third pump was used
together with three back pressure valves to ensure that the backpressure was controlled and
constant. A set of gas-liquid separators and mass flow meters was used to measure the fluids
produced from each core. All data, including pressure and flow data were collected and logged

using a computer.
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Figure 2. Schematic diagram of flooding experiments.

Conventional miscible CO» core flooding tests were carried out on cores Hi, H, and Hs in the

following two steps.

€]

2

The oven and the core-flooding flow rig it contains was raised to 90°C and kept at this
temperature for 24 hours to ensure a constant starting temperature in all parts of the
apparatus inside the oven and all process fluids. Cores Hi, H» and H; were cleaned and
dried, and then placed in their core holders. Each core was subjected to separate evacuation
for 24 hours. Brine with MnCl, was injected into each core, separately. A maximum of 30
HCPYV of crude oil was then pumped into each core separately in order to attain the connate
water saturations (Swc) and initial oil saturations (S.i) in each core. Subsequently, all core
holders were left undisturbed for 24 hours in order to obtain equilibrium at reservoir
conditions (90°C, 23MPa).

A constant flow of CO, was injected at a rate of 18 cm?/h (This injection rate is based on
the oilfield injection rate and the previous experiments %!, This rate will not lead to a rapid

breakthrough of CO, BT, but a higher oil RF.) into all three cores at the same time from
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the same inlet and at the same input pressure. The produced fluids from each core were
collected and measured individually but at the same output pressure (23 MPa) using the
back pressure pump and back pressure valves on each output line. The flow of CO, was
stopped when there was no further oil production from the multilayer system. Steps (1)
and (2) represent the core-flooding experiment using the conventional miscible CO;

flooding process.

The miscible CO>—SAG core flooding tests were carried out on cores Ji, Jo, J3 using the

following four steps.

3)
“

&)

(6)

Step (1) was repeated, but using cores Ji, J2, J3.

Step (2) was conducted on the cores Ji, Jo, J3, but stopping the core-flood as soon as CO,
breakthrough (BT) occurred. This CO» injection will be called the primary injection.

All three core holders were isolated during the CO; soaking stage by closing all input and
output valves. The length of time for this shut is a critical parameter which is discussed
later in the paper.

The input and output valves were reopened, and CO» injection was recommenced into all
three cores at a constant flow rate of at 18 cm’/h as in Step (4). This secondary CO; flood

was continued until no further crude oil was produced.

The fluid volumes, injection pressures and production pressures and were monitored and

recorded continuously during the entire flooding process. The asphaltene content of all

produced oil was also measured.

Post-flooding tests

All the long cores were divided into 10 core plugs with the same length after flooding, the

resulting short cores were subjected to NMR testing (Mini-MR, Niumag, China) to obtain the

residual oil distribution by transverse relaxation time (T») spectrum analysis.
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Asphaltene is soluble in aromatic hydrocarbons but not in alkanes. Other components of crude
oil are soluble in alkanes. Consequently, n-heptane can be used to clean cores of their non-
asphaltene oleic components!®!. In this work, the short cores were cleaned with n-heptane using
the Soxhlet method (Soxhlet Extractor SXT-02, Shanghai Pingxuan Scientific Instrument CO.,
Ltd., China) which removed all oleic fluids remaining in the cores after flooding, but leaving
the asphaltene precipitation blocking pore throats and adsorbed to pore walls. Methanol was
used to remove any aqueous fluids remaining after the floods. Subsequently, all of the short
cores were dried. Their gas permeability was then measured. This permeability was the
permeability that had been affected by asphaltene precipitation both blocking pore throats and

due to adsorption to mineral surfaces.

It should be noted that due to the non-polar nature of cyclohexane on asphaltene dissolution,
cyclohexane reversal flooding can remove the asphaltene blocking pore throats. By contrast,
reverse flooding using toluene can remove any asphaltene adsorbed on mineral surfaces.
Cyclohexane reverse flooding was performed (flow rate =30 cm®/h until a stable differential
pressure was sustained) to measure any formation damage that had accrued from the
mechanical blocking of pores and pore throats!!”). It was found that this process removed
asphaltene due to mechanical blockage of pore throats in all cores. The cores were then cleaned,
allowing the decline in permeability decline associated with asphaltene pore throat blockage to

be quantified.

Subsequently, the cores were subjected to reverse flooding with toluene!'®, in order to remove
adsorbed asphaltenes that could not be removed with cyclohexane. The cores were then cleaned
again, and the permeability was remeasured in order to obtain the permeability decline due to

the adsorption of asphaltenes directly to mineral surfaces.

Results and Discussion
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Differential pressures (AP)

Figure 3 shows that the dynamic trend of the AP values during CO; and SAG flooding are very
similar during the continuous COs injection before CO, BT. The similar behavior is attributed
to the matched physical properties of the two groups of cores composing the three-layer system
(see Table 3), and suggests that their similar petrophysical properties result in similar
distributions of fluids at the start of the experiment and progressively during initial CO,

flooding.

In the SAG flooding process, the CO, soaking stage was started after the CO, BT (occurring at
0.4961 PV), and then the secondary CO; flooding was performed (until 1.192 PV). During the
CO, soaking stage, the crude oil that had not previously interacted sufficiently with CO, had
the opportunity to adsorb CO,. As a consequence, the volume of this crude oil expanded and
its viscosity decreased, leading to the redistribution of fluids within the pores. The saturation
of the oil in the pores that had composed the well-connected and larger pore size gas channels
formed by the initial CO, flooding increased. Consequently, the displacement resistance of
SAG secondary flooding was greater than that during CO, flooding at same injected CO»
volume, and less than that before CO, BT. The secondary CO, BT occurred more quickly due
to the higher gas saturation and lower oil viscosity in the rock at the beginning of the secondary
flooding. It is worth noting that the CO, BT only occurs in the high permeability layers during
CO; flooding and SAG flooding. There is no obvious CO, BT in the medium and low
permeability layers, and the displacement front of CO» flooding does not advance to the outlet

end.
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Figure 3. Measured differential pressure (AP) during CO: flooding and SAG flooding.
Vertical dashed lines show CO, BT for each flood.

Pressure decay during the CO2-soaking process

Figure 4 shows that the core fluid pressure declines rapidly as soon as the CO»-soaking process
begins, becoming progressively slower. The pressure-time curve can be approximated by a
power-law, fits of which are also shown in the figure. This behavior arises from (i) dissolution
of gas in the oil near the gas-oil interface, and (ii) gas diffusion deeper into the oil. Both of
these processes depend on the partial pressure of gas already in the oil. As a result, dissolution

becomes progressively less efficient until a steady-state is reached?%-".

In our case, the cores were soaked in brine and cleaned before the laboratory experiments were
carried out. This process makes the cores water-wet, with water preferentially coating the
surfaces of rock grains and completely filling the smallest pores. By contrast, crude oil and CO,
are non-wetting phases. Such non-wetting phases occupy the center of large and medium-sized
pores and pore throats as far from the mineral surfaces as possible. The injected CO; prefers to
be in contact with the crude oil in the center of the large pores and throats. Under these

conditions, we expect that the initial swift pressure drop occurs as the result of efficient
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dissolution of gas in oil with which it is in direct contact. Once the partial pressure of CO»
within this oil approaches saturation, further decay will be controlled by gas diffusion within
the 0il®*%, However, gas diffusion through oil in small pores and between pores with small
pore throats will be slowed down by the greater tortuosity of the oil pathways through which
the gas must diffuse. The process of gas diffusion is therefore relatively slow**31, As a
consequence, there exists an optimal soaking time (7¢) at which the dissolution of CO; in oil is
maximized, allowing the oil to swell and develop greater mobility, while avoiding slow

pressure decay stage. This 7. is exhibited as an inflexion in the pressure decay.

The determination of the 7. value can improve the efficiency of SAG flooding in oilfield
development. Usually, a pressure decay rate threshold value is established, and the soaking
stage is stopped when the decay rate is lower than this value. For example, in the results of this
experiment, when the pressure decay rate in the core J3 is lower than 1 MPa/h (the pressure
decay of J; is the slowest among the three cores), 7.=2 h. When threshold value is applied in
oilfield development, the threshold value should be determined according to the specific

characteristics of the reservoir and the characteristics of pressure attenuation.

The greater the permeability, the greater the pressure decay rate. This is due to there being less
residual oil in the high permeability core at the beginning of the soaking stage, as well as to the
fact that the higher the CO, saturation, the larger the contact area between CO; and the fluid in
the core, and the better connectivity between the pores, the faster the diffusion of CO, in the
fluid in high-permeability core. By contrast, the lower the core permeability, the poorer the
connectivity between the pores, the lower the pressure decay rate, and the lower the final
equilibrium pressure, the greater the 7. value. Such a scenario is an indicator that lower

permeability cores require longer soaking times in order for the process to be effective.
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Figure 4. Measured CO; pressure in the core plugs with respect to soaking time ¢, with best-

fit power laws.

Oil recovery and produced fluids

Figure 5 and Table 4 show that the dynamic production of crude oil during the two flooding
processes had similar characteristics up until CO, BT. The high-permeability layer had the
highest oil RF as well as the fastest increase in RF. The fractional oil production (FOP) of high
permeability layer is the largest, and gradually increases, while the FOP of medium and low
permeability layers decreases gradually. This is because the high permeability layer presents
the smallest capillary resistance, the resistance of CO, flooding is small, and as the
displacement front advances faster in the high permeability layer, this displacement resistance
becomes smaller®. The difference in displacement resistance between layers with smaller

permeabilities is greater. A larger proportion of injected CO, enters the high-permeability layer.

It is worth noting that there is a large difference between the ratio of the FOP of each layer
(67:25:8) and the ratio of the initial permeability (75:52:26), which means that a relatively small
difference in initial permeability would result in a huge difference in the FOP. In other words,

the influence of the initial permeability difference on the oil production effect is magnified
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334 CO; is continuously injected (Table 4). The oil production after CO> BT mainly comes from
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Figure 5. The cumulative oil RF and FOP of each long core. The vertical dashed line shows
the CO, BT at the end of the preliminary flood.

Table 4. Oil RF and FOP of each long core.

Flooding Timi Oil RF % Oil FOP %
imin
method 8 High Medium Low High Medium Low
Simple CO; AtCO, BT  67.8 28.8 12.2 66.4 249 8.7
At flooding
74.6 322 13.9 67 24.8 8.2
end
ARF\AFOP; 6.8 3.4 1.7 0.6 -0.1 -0.5
AtCO, BT 689 294 12.9 66.2 25.7 8.1
At flooding
SAG 82.2 40.5 21.6 61.6 27.7 10.6
end
ARFMNAFOP;  13.3 11.1 8.7 -4.6 2 2.5
SAG-Simple
co ARF\AFOP 7.6 8.3 7.7 -5.4 29 2.4
2

ARF = Oil RF at flooding end-Oil RF at CO, BT

AFOP;= Oil FOP at flooding end-Oil FOP at CO, BT

ARF= Qil RF at flooding end (SAG)-Oil RF at flooding end (Simple CO»)
AFOP = Qil FOP at flooding end (SAG)-Oil FOP at flooding end (Simple CO5)

During the secondary flooding process after the soaking stage in SAG flooding, the cumulative
recovery of each layer continued to increase, and the increased RF was 13.3%, 11.1%, and
8.7%, respectively (Table 4). Compared with CO, flooding, the medium and low permeability
cores attained relatively higher improvements in oil production, while the FOP of these layers
also increased after CO, BT. This is due to the soaking stage alleviating the problem of
inadequate contact between CO; and crude oil in the low and medium permeability layers. We
observe, particularly, that the high permeability layer has the best oil production improvement
after the soaking stage, while the FOP is reduced, indicating strongly that SAG not only
improves effectively the RF of the overall multi-layer system, but can also improve effectively
the oil production in low and medium permeability layers, reducing the difference in oil

production in each layer caused by the difference in initial permeability.
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We found that the final oil RF of each layer of SAG flooding is 7.6%, 8.3%, and 7.7% higher
than that of CO, flooding, i.e., approximately the same improvement for all of the layers,
irrespective of their petrophysical properties (Table 4). Moreover, the difference in the FOP of
each long core is, relatively speaking, smaller, which indicates that in the multi-layer reservoirs
with different permeability CO»-SAG flooding is generally more effective than miscible CO,
flooding in displacing oil, helping to tap the oil production potential of medium and low

permeability layers.

Figure 6 shows the progression of the conventional CO, flooding process and the CO,-SAG
flooding process. In both cases the initial state is shown on the left-hand side of the figure and
injected CO, flows from left to right. The figure does not include changes due to asphaltene
precipitation or pore blocking. The rock is assumed to be water-wet, and formation water is
shown in blue. Oil is shown in two shades of green, according to whether it is accessible or
trapped. For the purposes of this discussion ‘accessible oil’ is that which is mobile under normal
CO:; flooding conditions. This implies that the fluid pressure differences during flooding are
greater than the capillary pressures retaining the oil in the pores, and further implies that
accessible oil is to be found in the larger pores, and these pores are also linked by larger pore
throats. By contrast, ‘trapped oil’ is that which occupies the smaller pores or pores only
accessed by small pore throats. These oil accumulations are subjected to capillary pressures

which are too high for them to be moved by the normal process of CO; flooding.
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Figure 6. The progression of conventional CO; flooding and CO,-SAG flooding processes

exemplified using a microstructural/microfluidic model.

In the case of conventional CO; flooding process, injected CO, is not the wetting fluid. It
preferentially moves through pores with lower capillary pressures, either displacing oil or
occupying space between the oil and undisplaced oil. Since CO; has a much lower density and
viscosity than either oil or water, it is able to penetrate into small pores, even if it has little
ability to displace the oil from them. Consequently, by the time the CO; has broken through
(centre top panel of the Figure 6), there are three observations (i) CO» has displaced (and
produced) a large proportion of the accessible oil in the large pores, (ii) the flooding pathway
now predominantly contains gas, and this gas channel has a high permeability, which by-passes
oil in the remainder of the rock, and (iii) a small amount of residual accessible oil exists, for
which production depends on a marginal interplay between flooding pressures and the capillary
pressure. If flooding progresses after breakthrough, these final accumulations of oil will be

eventually produced (top left panel of the Figure 6).

In the case of CO,-SAG flooding, the story up until CO, breakthrough is the same as described

previously. During the soaking procedure, the remaining accessible and trapped oil undergo
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two changes. First, the oil expands as CO; dissolves in the oil. The limited space in pores
implies that some of the oil moves in response the subsequently increased fluid pressures.
Second, solution of CO;in the oil also reduces the oil viscosity, making it more mobile. The
result of these two effects results in the remaining accessible oil and some of the trapped oil
extruding towards and into the high permeability gas channel. This situation is shown in the
bottom third panel from the left. The presence of the CO, around the oil has changed its
properties and brings the oil towards the high permeability channel. The promotion of oil RF
by the miscible effect requires a certain amount of time and space for the interaction of CO,
and crude oil, the soaking stage provides longer time of interaction. The second CO» flood is
now capable of producing the more mobile extruded oil (bottom right-hand panel in the Figure

6).

The asphaltene content of the produced crude oil decreases rapidly before CO, BT, as shown
in Figure 7, with the production of crude oil, while the asphaltene content in the produced oil
in the initial stage remained at 90%, and this part of the crude oil hardly came into contact with
the injected CO,. There is an increase in the CO» dissolved in the crude oil as the displacement
front progresses, which leads to increased asphaltene precipitation in the core and less

asphaltene in the produced oil.

The asphaltene content of the produced oil after soaking was found to be smaller than that for
miscible CO, flooding at the same amount of injected CO,. This may be ascribed to the larger
amounts of CO; dissolved in the residual oil as a result of the soaking process, resulting in
greater asphaltenes precipitation, more asphaltenes are deposited in the core during SAG

flooding.
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Figure 7. Asphaltene content in produced oil and PV of injected CO, during flooding.

Oil RF distribution

The NMR spectrometry provides the 75 relaxation time signal amplitude of the oil in each short
core plug (long cores are cut equally) after the experiments®¥. The oil RF of the cores at
different locations was calculated according to the volume of produced oil, saturated oil, and

the total intensity of the residual oil signal amplitude (Figure 8).
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The oil RFs in the high permeability long core after conventional CO, flooding (Figure 8 upper
panel) decreases gently along the injection direction. However, the oil RFs towards the middle
(L=22-27 cm) of the medium permeability layer exhibits a large variation, and the oil RF
distribution along the injection direction is divided into two parts with gradual decrease, which
may be attributed to the displacement front staying in this part of the rock (L =22-27 cm) rather
than advancing to the outlet at the end of the displacement by the development of fingering
sufficient to ensure at least one gas channel breaks through. The same observation occurs at L
=12-17 cm in the low permeability long core, but this variation is smaller. For the medium and
low permeability cores there is little variation of the oil RF in the latter half of the core, implying
that the crude oil in the core with L >17 cm is not driven directly by CO,. Compared with the
medium permeability long core, the displacement front in the low permeability long core is

closer to the injection end.

For CO,-SAG flooding, the oil RFs in each long core is large than that after conventional CO,
flooding (Figure 9 lower panel). The curve variation (L =17-32 cm) also appears in the high
permeability layer. However, the soaking stage causes this variation to become flat, but the
variation range becomes larger. There are two trends in the distribution of oil RF in high
permeability layer. The pattern of oil RF in the rocks towards the injection end is relatively
uniform, and varies little. The amount of oil RF near the outlet end shows an obvious gradual
downward trend along the injection direction, and shows that the soaking process improves the
efficiency of the residual oil at the injection end and middle being driven out during the

secondary displacement process.

If the position of the displacement front in the same permeability core after CO, flooding is
compared to that after SAG flooding, we observe that the displacement front in the low and
medium permeability layers is not advanced significantly during secondary flooding as a result

of the soaking stage. The soaking does not significantly expand the CO, sweept volume, but
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only enhances the CO, displacement effect in the core pores that have been swept by CO» before

CO; BT.
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Figure 8. Oil recovery calculated according to the signal amplitude in 7> spectrum by NMR

tests along the cores.

The distribution of the difference between the final oil RF of the two floods is shown in Figure

9. The parameter ARF (ARF(%) = RF (SAG)—RF (CO»)) represents the degree of improved oil
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production of SAG flooding compared to conventional CO; flooding. For the high permeability
long core, the improvement in oil production along the injection direction gradually increases,
reaches a maximum value in the middle (L =27 cm), and then slightly decreases. The
improvement in RF that occurs during the soaking stage is controlled by several factors, (i) the
amount of residual oil at the start of the soaking phase, and (ii) the amount and distribution of

CO; retained in the pores at the beginning of the soaking.
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Figure 9. The difference in oil RF between the flooding processes as a function of length

along the cores.

Proximally to the injection end, there is a larger saturation of retained CO,, but production from
this zone has been good (at least for the high permeability core), so there is only a small amount
of residual oil. Consequently, there is less scope for the soaking process to be effective, which
leads to values of ARF = 7.62% for the high permeability core. However, more residual oil is
present for the low and medium permeability cores, which results in a larger improvement in
recovery factor (ARF = 12.55%, ARF = 10.78%, respectively); the medium permeability core

performing better than the low permeability core because it allows access to more CO,.
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The amount of residual oil at the start of the soaking phase gradually increases along the
injection direction, but the amount of CO; retained at the beginning of soaking gradually
decreases. Consequently, the central portions of the high and medium permeability long cores
provide the best oil production enhancement and hence the greatest ARF (about 14.85% and
15.53%, respectively). The low permeability core does not exhibit this behaviour because its
low permeability reflects the fact that its pores are sufficiently small that even though a large
saturation of residual oil is retained after initial flooding, there is little invasion of CO, to enable

much of it to be produced after soaking.

The values of ARF fall again towards the output end of each long core, reflecting that although
the retained oil saturation is high, the CO, saturation is low. It is here that there is the greatest
difference between the three different permeability long cores, with the greatest improvement

occurring for the high permeability long core (ARF=12.96%).

In summary, the soaking stage leads to an overall improvement in the recovery factor for cores
of all permeability and at all locations, but the best improvements were in the middle of the
medium and high permeability cores (around 15%) and proximally to the injection end of the

low and medium permeability cores (around 12%).

Permeability damage

We defined a permeability decline parameter as Ky after flooding (K4 = 100 X% (Kv—Ka)/Kp, which
is reported as a percentage, and where Ky is the pre-flooding permeability of the core and K, is

permeability of the core after flooding, Figure 10 ).
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Figure 10. The spatial distribution of the reduction in permeability along the cores due to

precipitation of asphaltene.

It would be expected that permeability decline is associated with the precipitation of asphaltene
which reduces the water wettability of the rock as well as blocking flow pathways . It has been
hypothesized!!”! that the amount of permeability reduction is controlled by (i) the extent of the
precipitation of asphaltene, (ii) the efficiency of asphaltene particle migration (initial

permeability of the rock which depends on its pore microstructure), and (iii) the efficiency with
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which such particles can block pore-throats. We also recognize that cores and reservoir
formations with higher oil recovery factors have, hosted the passage of more CO; during initial
flooding. It would therefore be expected that these rocks would be more likely to exhibit

increased asphaltene precipitation and hence a greater decline in permeability"38],

After conventional CO> flooding, the permeability near the injection end (L=0-27 cm) of the
high permeability long core underwent a reduction of about 25%. Moving more distally from
the injection face, the degree of permeability reduction decreases until it is 11.5% at the output
face (Figure 10 top panel). This pattern of permeability damage is the result of the continuous
advancement of the CO, flooding front, the continuous solution of CO, in the crude oil, the
consequent formation, precipitation and migration of asphaltene particles, followed by the

adsorption of asphaltene onto grain surfaces and their blockage of pore throats.

The permeability decline of the medium and low permeability long core follows a similar
pattern, but undergoes a slightly smaller permeability reduction at the injection end (about 23%
for L=0-7.5 cm), but then steadily declines until the permeability reduction only about 4% at

the output face.

It is clear from Figure 10 that CO,-SAG flooding causes greater damage to permeability than
conventional miscible CO, flooding for all positions along all three cores. The SAG flooding
process provides a similar pattern of permeability reduction for all locations in all three long
cores. This is because during the soaking process larger amounts of CO, are dissolved in the
residual oil, which leads to a concomitant increase in asphaltene precipitation, and which then
narrows and blocks pore throats more effectively®>>¢!. This view is supported by the decrease
in the amount of asphaltene in the produced oil compared to that in the initial oil(Figure 7).

Previously!!”

it has been noted that, the pattern of permeability decline along the cores was
smoother for CO,-SAG flooding compared to CO; flooding, and this has been associated with

the soaking leading to a more homogeneous precipitation of asphaltene.
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It is possible to quantify the percentage difference in Kq between the two flooding processes!!”!

using AKqy(%) = Ka(SAG)— Ka(CO»), which is shown in Figure 11.

The AKq value in the high permeability layer increases in the direction of injection. The closer
to the outlet end, the more residual oil at CO; BT. Compared with CO» flooding, the additional
precipitation of asphaltene associated with the soaking stage of the CO,-SAG process is greater,
and the asphaltene precipitation during the secondary flooding process has a relatively large

impact on the core permeability at the outlet end.
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Figure 11. The difference in permeability decline (AKq) between the two flooding processes.

The distribution trend of AKj in the low and medium permeability long cores decreases along
the injection direction, which is exactly the opposite of the trend of AKjy distribution in the high
permeability long core. This also suggests that interaction of CO; and oil during the soaking
stage occurs mainly in the pores swept and affected by injected CO; before CO, BT, that is, in

the core near the injection end in low and medium permeability long cores. The processes of
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CO; soaking and secondary flooding increased the permeability decline of these cores, and did
not have a substantial influence on the reduction in the permeability of the cores near their

outlet end.

The AKjq of the cores proximal to the injection face in the medium and low permeability cores
is higher than the AKj near the injection face of the high permeability long core. The significant
additional permeability decline near the injection face in the low permeability core is worthy
of attention, and corresponding measures should be taken at the corresponding injection well
during the SAG flooding process. It shows that CO, soaking and secondary flooding has a
substantial influence on the permeability decline of the injection end and middle in medium
permeability long core, while only affects AKq at the injection end in low permeability. It also
shows that the CO, soaking and secondary flooding have a weak propulsion effect on the
displacement front, but it significantly increases the permeability decline of the cores that has
been swept by CO, at CO; BT. In short, the distribution characteristics of AK; and ARF are

basically similar.

In this work we confirm the earlier observation!!” that CO,-SAG flooding produces greater
permeability damage and a higher oil recovery factor than simple miscible CO, flooding. As

beforel!?

, we have used a single parameter (Kg,) to take account of both oil recovery
improvement and permeability damage. Here, Kig, = K4«RF measures the amount of
permeability decrease, or damage, per unit increase recovery factor, and is shown for both

flooding processes in Figure 12.

The K4, value of the high permeability core is the smallest, and the K4y value of the low
permeability long core is the largest. This indicates that the large permeability not only leads
to high oil recovery, but also weakens the decline in permeability resulting from precipitation
of asphaltene. It is clear that high initial permeabilities are relatively insensitive to permeability

decline caused by both adsorption of asphaltene precipitation and blockage of pore throats by
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asphaltene particles. The value of Kqp in the high permeability core changes only slightly along
the injection direction, while its value shows a marked decrease in the flow direction for the

low and medium permeability cores.

These observations arise because the gasflood front has advanced as far as the outlet face in the
high permeability long core but has only advanced partially along the other two cores even
though viscous fingering ensures that breakthrough has occurred. The value of Kgp, falls rapidly
in the vicinity of the flood front, which occurs at approximately 20+7 cm and 2747 cm for the
low and medium permeability cores, respectively. As a consequence, it may be said that
although some oil is produced from the injection end of the low and medium permeability long

core, damage to the core permeability is more significant than for the high permeability core.
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Figure 12. The distribution of the K, value along cores after flooding. The Ky, parameter
represents the percentage permeability decline per unit increase in recovery factor, and for

which large values are worse than small values.

In the high permeability long core, the difference in Ky, after CO; flooding and SAG flooding

only exists in the cores near the outlet end, which shows that although the CO, soaking and
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secondary flooding at the outlet end have effectively improved the oil production effect, they
have caused relatively greater damage to permeability. Also, compared with CO, flooding, the
improvement in oil production of SAG flooding in the middle cores is less than the damage to

permeability.

Blockage and adsorption of asphaltene precipitation

The permeability decline due to adsorption and blockage effects of asphaltene precipitation can
be separated in order to calculate the two kinds of decline percentage values through cleaning
and flooding after the flooding experiments using special solvent (the cleaning process and

calculation are shown in the “Post-flooding tests™ section)®”.

Figure 13 shows the decrease in permeability caused by asphaltene precipitation blockage of
pore throats after flooding (Ka-100x(Kane — Ka)/ Kv ), where Kane is the permeability after the
sample has only been cleaned of blockages. The parameter Kq, is the decrease in permeability
caused by asphaltene precipitation adsorption (Kga=100x(Katc — Kane)/ Kb), where Ky is the
permeability after the sample has been fully cleaned of blockages and adsorbed precipitation.
It will be noted that K¢= Kap+Kaa. In addition, we define R,=100xKq/Kq, which represents the
percentage of permeability decline caused by asphaltene particle blockage with respect to the
total permeability decline (Figure 14). Here, R,=100-R, is the fractional decrease in
permeability caused by the adsorption of asphaltene with respect to the total permeability

decline.
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Figure 13. The distribution of the reduction in permeability due to asphaltene pore blocking
along cores after flooding, quantified by K, where small values represent small effects from
the pore blocking mechanism.

It is commonly considered“**!! that the degree of asphaltene precipitation required to block
pore throats is related (i) to the overall extent of asphaltene precipitation, (iii) the asphaltene
particle size distribution, and (iii) the asphaltene particle mobility, all of which are inter-
dependent. The longer the migration distance of the fluid carrying asphaltene precipitation in
the pore throats, the greater its velocity, the longer the flooding time, the smaller the size of the
pore throats, and the more fluid that flows through the pore throat, the higher probability the
pore throat will be blocked, the more serious the blockage will bel*?!. However, in the same
core, the permeability decline caused by asphaltene precipitation adsorption is only related to
the scale of asphaltene precipitation. Moreover, small particles have less ability to block pore
throats, but are very mobile (Stokes law), while large particles block pores throats easily but

are less mobile™3].

Figure 13 shows that the fall of permeability caused by the asphaltene particle blockage in each

layer at the injection end is similar. The high permeability core has low resistance to CO, flow
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resulting in more CO; being injected, which in turn leads to the deposition of more asphaltenes.
Hence, it would be expected that the permeability decline caused by blockage should be greater
for this high permeability core than the other cores, which is not observed. It is possible that
the initial large permeability of the rock protects it from permeability damage even if there is a
greater deposition of asphaltene!®). By contrast, the lower permeability cores flow less CO, and
hence less asphaltene is deposited. However, the asphaltene has a greater potential to cause
permeability decline because the pathways for fluid flow are smaller and less well connected.
Hence, the similarity in Ka, between all cores near the injection face is simply due to the
proportionality between initial permeability and the potential for damage which that

permeability provides through asphaltene precipitation.

In the high permeability long core, K4 gradually increases along the injection direction, and
then drops rapidly after reaching its maximum in the middle of the core (L=17 cm), and finally
the value at the outlet end is smaller than at the inlet end. One possible reason for this is that
the COs injected at the injection end and the middle part interacts with the crude oil to a greater
extent, resulting in a large amount of asphaltene precipitation, which is continuously captured
and accumulated during the migration of the fluid, blocking or reducing pores and throats, and
which then accelerates the capture of asphaltene precipitation particles. Consequently, the
asphaltene precipitation trapped by the pore throats accumulates in a large amount in the middle
of the long cores. The amount of asphaltene precipitation along the injection direction becomes
progressively less, and the Kg, value also becomes smaller. The value of Ky, after the CO,-
SAG process is higher than that after miscible CO; flooding. The CO- soaking produces more
asphaltene precipitation, and the secondary flooding increases the movement of the fluid
carrying the asphaltene precipitation, enhancing the filtration of the asphaltene precipitation in
the fluid by the pore throats. The value of Ky in the low and medium permeability long cores
decreases continuously along the injection direction, and the Kq, value of the low permeability
layer decreases rapidly. this is also due to the position of the displacement front that determines

the distribution of Kgp.
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The Ka, values at the middle of the three long cores are quite different, while the Kq, values of
the middle and low permeability long cores at the outlet end are similar, but are different from
those values for the high permeability long core. The distribution of Kq, at the middle and outlet
is similar to that of Kq. This is also due to the position of the CO- flooding front in the medium
and low permeability layers. It also shows that blockage is the dominant factor in determining

K in the middle of the long cores and at their outlets.

In addition, there is a certain difference in Kg at the inlet end of the low and medium
permeability layers after CO,-SAG and miscible CO; flooding, indicating that CO» soaking and
secondary flooding increase the degree of asphaltene precipitation to block pores. At the outlet
end, CO, soaking and secondary displacement have little effect on the degree of asphaltene

precipitation to block pore throats.

After CO, flooding, the R}, values at the injection end of the three long cores are similar, the
difference between them becoming larger along the core in the direction of flooding (Figure
14). The Ry, of the core at L=0-27 cm in the high permeability long core remains almost
unchanged, and the R}, value of the cores decreases slowly at L =27-50 cm. However, R}, in the

low and medium permeability long cores gradually decreases along the injection direction.



708

709
710

711

712

713
714
715
716
717
718
719
720
721
122
123

95 | —e+— High permeability core (CO,) —o— High permeability core (SAG)
—— Medium permeability core (CO5) —a— Medium permeability core (SAG)
—u— Low permeability core (CO,) —0O— Low permeability core (SAG)

85 | = n
o —
o F——p—0—

\:\’
3 S~

Ry (%)

75 F
\. A\ &
— A
. T
65 l\!§5
55 1 1 1 1
0 10 20 30 40 50

Length (cm)

Figure 14. The distribution along cores after flooding of the amount of permeability
reduction attributed to pore throat blocking with respect to the total permeability reduction

and expressed as a percentage, Rp.

Although CO; BT occurred in the high permeability layer, the flooding front advanced to the
outlet end. However, compared with the cores at the injection end and the middle, the
interaction between crude oil and CO; at the outlet end is not so strong, and the pores swept by
CO; are also fewer. In the low and medium permeability long cores, the locations near the outlet
end are not even swept by CO». It seems that the sweeping and flooding of CO, is the key factor
for pore throat blockage by asphaltene precipitation. It is possible that the complex two phase
flow of oil and gas is more likely to cause pore throat blockage instead of causing the adsorption
of asphaltene. The two phase flow of gas and oil near the outlet end is less than at the injection
end, hence the influence of asphaltene adsorption on the permeability damage gradually

increases towards the outlet end of the core**.
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The Ry value exhibited by the high permeability long core is the largest of all three. This is
because (i) the injected CO» flows predominantly through this core, (ii) the flow rate in this
core is largest, (iii) the two phase flow of oil and gas is more complex, and (iv) asphaltene
precipitation blockage in this core leads to a higher percentage of permeability decline. In
addition, the Ry, value after SAG flooding is lower than that of CO- flooding. This is due to the
fact that no fluid migration occurs during the soaking stage, and the asphaltenes produced

during the soaking stage reduce the permeability in an adsorbed state.

After SAG flooding, the Ry, values of the three layers at the injection end are relatively close,
and the Ry, value of the high permeability layer is the largest. The distributions of Ry in the low
and medium permeability long cores are relatively close, and the difference between the high
and medium permeability long cores in the middle of long cores is larger. After CO; flooding
and SAG flooding, the Ry, distribution trend of the medium permeability layer is quite different,
which indicates that the CO» soaking in the middle of the medium permeability long core has
a greater influence on the adhesion state of asphaltene particles, which leads to an increase in
the proportion of adsorbed asphaltene. It is worth noting that Ksw(SAG)> Kap(CO,), however

Ry(SAG)< Ry(CO»)

Regardless of the displacement method, the damage to rock permeability (>55%) caused by
asphaltene precipitation blockage in pore throats is higher than the damage caused by
asphaltene adsorption. This is because pore blockage damages the connectivity between the
pores and pore throats in a targeted manner. By contrast, asphaltene adsorption only reduces
the size of both pores and pore throats wherever the precipitation occurs. While rock
permeability will occur by such a mechanism most of the adsorption has no effect on overall
pore connectivity and that which happens to occur at the site of pore throats closes them only

slowly and often partially, thus retaining much of the previous connectivity**,
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During the process of recovering the core permeability by cleaning the core of asphaltene

deposits and hence removing pore throat blockages and adsorbed asphaltene precipitation,

which occurred after flooding, it was observed that the asphaltene blocking pore throats was

easier to remove than the adsorbed asphaltene precipitation, the latter of which required a large

volume of solvents for long-term cycle cleaning. It is worth noting that the permeability values

of all core plunger were tested again after being thoroughly cleaned, the permeability of the

same long core at different positions fluctuates less than 3%, and the homogeneity of the long

cores is confirmed.

The values of AKya (AKda (%) = Kaa(SAG)- K4a(CO»)) are the difference in permeability (Kaa)
of the layers with the same permeability caused by asphaltene adsorption after the two types of
flooding process. The distributions of AKq. along each of the three long cores are shown in
Figure 15. The AKq. in the high permeability long core gradually increases along the injection
direction, which indicates that compared with CO; flooding, the closer to the outlet end, the
stronger the tendency of asphaltene precipitation absorption caused by CO» soaking. This is
due to there being more residual oil with higher asphaltene content in the cores near the outlet

end at the beginning of the CO, soaking process.
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Figure 15. The distribution of the difference in the permeability damage caused by asphaltene
adsorption, AK4, between the two flooding processes.

However, the distribution trends of AKj, in the low and medium permeability cores are just the
opposite, showing a downward trend along the injection direction. This pattern is also partially
the effect of the CO» flooding front stays in the cores after CO, BT in the high permeability
long core, which causes CO, soaking to increase asphaltene precipitation adsorption at the
injection end and also towards the middle of the medium and low permeability long core. This
is also confirmed by the fact that the AKq4, of the high-permeability layer at the injection end is

much larger than that of the low and medium permeability long core.

Conclusions

Reservoir condition miscible CO; flooding and CO,-SAG flooding experiments have been
carried out on ‘multilayer’ sandstone system. The distributions of differential pressure, residual
oil, recovery factor and permeability damage by asphaltene precipitation blockage and

adsorption were quantified. The main findings are summarized below.
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The overall oil recovery factors after CO,-SAG flooding for the high, medium and low
permeability long cores, are 7.6%, 8.3%, 7.7% higher than conventional CO; flooding. The
fractional oil production of the high, medium and low permeability long cores were 61.6%,
27.7%, 10.6% after CO>-SAG flooding, the difference between each layer is less than for

conventional CO; flooding.

The displacement fronts in the low and medium permeability layers are not significantly
advanced due to the soaking stage, which does not significantly expand the sweeping volume,
and only enhances the CO» displacement effect in the pores that have been swept by CO, before

CO, BT.

After conventional CO; flooding, the permeability of the high permeability core near the
injection end has a relatively homogeneous drop distribution by 24.5-25.8%, which is 5.5-
14.3% higher than that of the core near the outlet end, and gradually decreases. The reduction

in permeability for CO,-SAG flooding is larger than that for conventional CO» flooding.

The percentage permeability drop caused by asphaltene precipitation blockage is 84.7-62.7%
of the total permeability drop after CO, flooding, which represents 5-10% greater decrease in

permeability than that caused by CO»-SAG flooding.
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