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Abstract
CO2 injection into oil reservoirs is widely accepted as an effective enhanced oil recovery 
and  CO2 storage technique. While oil recovery and  CO2 storage potential of this technique 
have been studied extensively at the core-scale, complex multiphase flow and fluid–fluid 
interactions at the pore scale during near-miscible  CO2 injection have not, and this area 
needs more study. To address this, a unique high-pressure microfluidic system was imple-
mented which allows for the optical visualisation of the flow using optical microscopy. The 
results show that during tertiary near-miscible  CO2 injection, when  CO2 phase contacts the 
oil, the oil spreads as a layer between the  CO2 phase and water preventing  CO2 phase from 
contacting the water phase. This is attributed to the positive value of the spreading coef-
ficient. Furthermore, due to the presence of pore-scale heterogeneity in the chip, an early 
breakthrough of  CO2 was observed causing a large amount of oil to be bypassed. How-
ever, after  CO2 breakthrough,  CO2 gradually started to diffuse and flow inside the bypassed 
oil zones in the transverse directions which is a characteristic of capillary crossflow. The 
driving force for this capillary crossflow was the interfacial tension gradient formed by 
the diffusion of  CO2 into the oil phase and the extraction of light to medium hydrocarbon 
components from the oil into the  CO2 phase. The same mechanism led to the recovery of 
the bypassed oil trapped in dead-end pores. This unique mechanism produced the majority 
of the bypassed oil after  CO2 breakthrough and significantly increased the oil recovery. In 
our three-phase flow water-wet system,  CO2 flow displaced the water through a multiple 
displacement mechanism which is unique to three-phase flow.  CO2 displaced the oil in oil-
filled pores thorough bulk flow, and the spreading oil layers were gradually produced by 
layer flow.
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1 Introduction

With the continuous increase in atmospheric  CO2 concentration, interest in underground 
 CO2 storage has been raised. While there is a motivation to store  CO2 in underground for-
mations, there is a need to enhance the oil recovery from the majority of mature oil fields. 
Primary oil recovery in the majority of oil reservoirs is low. Even after waterflooding, a 
significant amount of oil will remain in place. The average global oil recovery factor by 
waterflooding is in the range of 45–50% of the original oil in place (Sandrea and San-
drea  2007). One promising scenario to produce some part of the residual oil is through 
 CO2 injection.  CO2 injection is the most well-known enhanced oil recovery (EOR) sce-
nario and has been applied in various oil fields around the world. In the USA, the Permian 
Basin has been under  CO2 injection for around 50 years (Tenasaka 2011). By injecting  CO2 
into the oil reservoirs, some volume of the injected  CO2 will be trapped and retained in the 
reservoir due to its dissolution into the formation brine (Mojtaba et al. 2014) and crude oil, 
geochemical reactions (Welch et al. 2018; Seyyedi et al. 2020a, b) and capillary and struc-
tural trapping (Seyyedi et al. 2020b; Al-Menhali and Krevor 2016). Therefore, by injecting 
 CO2 into oil reservoirs not only the  CO2 can be safely stored underground but additional 
oil can be produced that creates a revenue stream for the storage operation (Bachu 2003, 
Kuuskraa et al. 2013; Hill et al. 2013).

According to previous studies (Nobakht et al. 2008; Yongmao et al. 2004),  CO2 injec-
tion into oil reservoirs can enhance the oil recovery through three major oil recovery mech-
anisms which are oil swelling, oil viscosity reduction and development of miscibility. Mis-
cibility occurs only if the reservoir pressure is above the minimum miscibility pressure 
(MMP) for the crude oil and  CO2 at a given reservoir temperature. Under the miscible 
condition, the maximum oil recovery by  CO2 injection can be obtained (Metcalfe and Yar-
borough 1979). However, not all the oil reservoirs have pressures above MMP. Some of 
them have pressures much lower than MMP, and some have pressures slightly lower than 
MMP (near-miscible condition), and therefore, their crude oils are immiscible with  CO2 
under reservoir conditions. Moreover, the presence of impurities such as  N2 and methane 
will negatively impact the MMP value (Zhang et al. 2004; Metcalfe 1982). The presence of 
these impurities in  CO2 stream is common as making a purified  CO2 stream is expensive 
(Zhang et al. 2004). Therefore, although a reservoir may have a pressure above MMP when 
purified  CO2 is used, it may have a near-miscible condition when the  CO2 stream has impu-
rities. Several researchers (Grigg et al. 1997; Shyeh-Yung 1991) have shown that when the 
reservoir pressure is below the MMP, the  CO2 oil recovery potential decreases as a result 
of the loss of miscibility. Under this condition,  CO2 injection as an EOR scenario may 
not be considered viable for these reservoirs as a low pore-scale displacement, and thus, 
low oil recovery is expected. As such, little attention has been given to near-miscible  CO2 
flooding and its oil recovery mechanisms.

Furthermore, so far, oil recovery potential of  CO2 injection under different injection sce-
narios (i.e. huff and puff, continuous  CO2 injection or  CO2–water alternating gas (WAG) 
injection) has been mainly investigated through core flooding studies (Huang et al. 2017; Gha-
semi et al. 2018; Seyyedsar and Sohrabi 2017; Zhang et al. 2018; Ma et al. 2016). Core flood-
ing is a powerful tool for evaluating the oil recovery potential of almost any EOR scenario; 
however, due to its “black box” nature, little information regarding the multiphase flow behav-
iour, displacement mechanisms and fluid–fluid interactions at pore scale can be obtained. 
Medical X-ray CT can be used to capture more data from the experiments (Tovar et al. 2014; 
Akai et al. 2015; Khather et al. 2018). Unfortunately, the voxel size of the medical CT rigs is 
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usually around 0.13 * 0.13 * 0.4 mm3 which is not sufficient to reveal the fluids flow behaviour, 
displacement mechanisms and fluid–fluid interactions taking place at the pore scale. Micro-
CT rigs for coreflooding tests have better resolution (Rahman et al. 2016; Perrin and Benson 
2010; Li et al. 2015) with the majority of studies focused on either brine–CO2 interaction or 
 CO2 capillary trapping (Rahman et al. 2016; Perrin and Benson 2010; Li et al. 2015). Further-
more, flooding experiments conducted in micro-CT are very time-consuming and expensive.

In this study, a microfluidic approach is used to investigate  CO2–oil interactions, oil recov-
ery and displacement mechanisms at pore scale under reservoir pressure and temperature. 
Using this tool, we have directly observed the phenomena that take place at the pore scale dur-
ing and after injection. Using this approach, Sohrabi et al. (2009), Seyyedi et al. (2017a, 2019) 
and Seyyedi and Sohrabi (2017) investigated the oil recovery mechanisms and fluids flow in 
porous media during carbonated  (CO2-saturated) brine injection at various reservoir condi-
tions. AlQuaimi and Rossen (2018) studied foam flow in a porous medium. Song ad Kovscek 
(2015) used a kaolinite functionalized chip to study the oil recovery process of low salinity 
brine injection.

Robin et al. (2012) studied fluid distribution during immiscible  CO2 injection into a micro-
fluidic chip under different wettability conditions. Their study was mainly focused on the role 
of the spreading coefficient on  CO2 oil recovery. In their observation, they observed oil spread-
ing on the brine and asphaltene precipitation as a result of  CO2–oil interactions. Work pub-
lished by Hamidi and Awang (2017) focused on oil recovery by low-temperature  CO2 injec-
tion into a high-temperature reservoir using a microfluidic chip. Their results showed that this 
injection method can increase the oil recovery which is attributed to the  CO2 expansion in the 
porous medium that leads to stronger invasion of oil-filled pores by  CO2. Sohrabi et al. (2008) 
investigated the oil recovery mechanisms of secondary and tertiary near-miscible methane 
injection in a microfluidic chip partially saturated with n-decane. Their results showed sig-
nificant oil recovery potential for near-miscible methane injection with better performance 
for the secondary scenario compared to tertiary recovery. They reported a strong crossflow of 
bypassed oil into the main flow stream leading to good recovery of the  CH4-contacted decane. 
As they used methane and a model oil (i.e. n-decane), their results cannot be necessarily 
applied to the case of  CO2 injection in a live reservoir crude oil system where multiple-contact 
miscibility is the typical mechanism by which miscibility is reached. Seyyedi et al. (2017b) 
through a series of phase behaviour (i.e. PVT) and microfluidic experiments investigated the 
oil compositional variations that occur during carbonated brine and  CO2 injection EOR sce-
narios. Their results showed that the strong extraction of oil components that happen during 
 CO2 injection does not occur with carbonated brine injection.

As shown above, little information exists regarding the multiphase flow, fluid displacement 
mechanisms and fluid–fluid interactions at the pore scale during near-miscible  CO2 EOR/
storage in oil reservoirs. This study aims to address these shortcomings in the scientific lit-
erature. An in-house designed high-pressure and high-temperature microfluidic rig was used. 
The experiments were performed under the pressure of 2500 psi and temperature of 37.8 °C 
(achieving supercritical  CO2) using a live reservoir crude oil.
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2  Materials and Methods

2.1  Materials

As the majority of oil fields have live crude oil (oil with dissolved gas) (Ahmed 2013), a 
live crude oil was utilized in this work. The dissolved gas in most live crude oils is mainly 
methane (Ahmed 2013). Therefore, to make the live crude oil, a reservoir crude oil with 
an API of 22 was fully saturated with methane at a pressure of 2450 psi and a temperature 
of 37.8 °C using a rocking cell. The saturation pressure was chosen 50 psi lower than test 
pressure to avoid any gas nucleation due to possible slight pressure variations. The meth-
ane content of live crude oil was around 30 mol%. The MMP of this live crude oil with 
pure  CO2 was estimated to be around 2800 psi. The oil properties are shown in Table 1. 
The  CO2 solubility in this oil at test conditions is 54 mol%. The live  (CH4-saturated) oil 
viscosity at test conditions was around 12 cP.

A brine with a total salinity of 10,000 ppm (8000 ppm NaCl and 2000 ppm  CaCl2) was 
used for the waterflooding step. As the oil was fully saturated with methane, to avoid any 
methane mass transfer between the oil and brine, the brine was fully saturated with meth-
ane at the pressure of 2450 psi and temperature of 37.8 °C. The methane content of live 
brine was around 0.2 mol%.  CO2 with a purity of 99.99 mol% was used in this work. The 
 CO2 viscosity at test conditions was around 0.07 cP. The  CO2 solubility in used brine at 
test conditions was around 2 mol%.

3  Method

3.1  Glass Chip Fabrication

A random porous pattern was fabricated on a glass with a very smooth surface using a wet 
etching method with hydrogen fluoride (Ceyssens and Puers 2009) (Fig. 1). This porous 
pattern was used on purpose since it has permeability heterogeneities which mimic low 
sweep efficiency for waterflooding causing oil to be bypassed. This replicates the low 
performance of waterflooding in oil reservoirs. The average pore depth of the etched sub-
strate measured by a light scattering method was estimated at 50 µm and the pore–throat 

Table 1  Properties of used crude oil

Saturates (wt%) Aromatics (wt%) Resins (wt%) Asphaltenes (wt%)

30.00 40.10 24.20 5.70

Fig. 1  Schematic of wet etching method with hydrogen fluoride
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diameters ranged from 30 to 500  µm. The microfluidic chip dimensions are shown in 
Table 2.

A flat glass plate with a very smooth surface matching the size of the etched substrate 
was used to seal the system. After etching the glass, both etched and flat substrates were 
cleaned with detergent (Decon 90) and sonicated in deionized water for 15  min. The 
water was changed every 5 min. Next, the clean substrates were dried, and then, they were 
brought into contact (Fig.  2). As the glass substrates had outstanding flatness and very 
optically smooth surfaces, when they were combined, they attached strongly to each other. 
Next, the inlet and outlet ports were connected to the combined substrates (microfluidic 
chip) and the chip (Fig. 3) was placed inside a high-pressure visual chamber. The chamber 
was filled with glycerol oil. The pressure of glycerol oil was slowly increased to 400 psi 
using a high-resolution pump (Quizix Q5000 Series), while the pore pressure inside the 
microfluidic chip was kept at atmospheric conditions. The confining pressure on the micro-
fluidic chip was kept constant for a few hours, while the pump flow rate was monitored. 
This step was done to ensure that the combined substrates do not leak and are completely 
sealed.

3.2  Microfluidic Rig

The schematic of the microfluidic rig is shown in Fig. 4. Initially, the pore pressure of the 
microfluidic chip was slowly increased by injecting deionized water into the chip while 
increasing the overburden pressure. A net confining pressure of 400 psi was always kept 
on the chip during the operation. The pore pressure of the chip was increased to 2500 
psi which is the test pressure. The whole set-up was housed inside an oven with a visual 

Fig. 2  Microfluidic chip

Fig. 3  The microfluidic chip before pressurizing the overburden fluid to remove the air bubbles
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window. A separate oven at the same temperature was used for the fluids to minimize 
temperature variations during the experiment. Both ovens were kept at a temperature of 
37.8 °C. Fluids were kept in high-pressure/temperature accumulators placed inside the cor-
responding oven. To keep the pressure of the accumulators at the test pressure and inject 
the fluids at low rates into the microfluidic chip, a series of high-resolution pumps (Quizix 
Q5000 Series) were used. To maintain the backpressure on the chip’s pore pressure con-
stant, the outlet of the chip was connected to a retraction cell that was connected to a pump 
(Quizix Q5000 Series) set on a constant pressure receive mode. A high-resolution micro-
scope kit was utilized for capturing high-quality images and videos at the microscale dur-
ing experiments. The microscope had a built-in fine focus. The kit was fixed at the desired 
position by utilizing a manual camera mount and positioning system. The camera was con-
nected to a PC where Streampix software was used for recording videos and pictures.

3.3  Experimental Procedure

Since any type of pore patterns can be etched onto the glass and any live fluids can be 
used in this rig, multiphase flow behaviour, displacement mechanisms and fluids phase 
behaviour occurring in the oil reservoirs can be well identified by using this microfluidic 
rig. Prior to the test, the micromodel chip was thoroughly cleaned by acetone, toluene and 
methanol. Next, it was dried by  N2 and vacuumed. Then, it was fully saturated with brine 
at test conditions and brine was displaced by  CH4-saturated brine. Then, live crude oil was 
injected from the bottom of the chip towards its top to establish the initial water and oil 
saturation. This step replicates oil migration into a sedimentary formation and displace-
ment of the brine with oil that created the oil reservoir itself.

To replicate waterflooding operations in oil fields,  CH4-saturated water was injected into 
the chip from the bottom port, while fluids (oil and brine) were produced from the top port. 
Usually, in field applications, waterflooding continues until the water-cut passes a specific 
value and oil production is no longer economically viable. In the laboratory, we do not 

Fig. 4  Schematic of the high-pressure and high-temperature microfluidic rig
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have such limitations and the waterflooding stage was continued until oil recovery com-
pletely ceased. As mentioned in the introduction section, to produce the trapped oil in an 
oil reservoir after the waterflooding step (i.e. secondary flooding), an enhanced oil recov-
ery scenario such as  CO2 injection will be applied. To mimic this case,  CO2 was injected 
from the bottom port of the model and the fluids (brine, oil and  CO2) were produced from 
the top port. The injection was continued until oil recovery was ceased. During the whole 
operation, images and videos from the fluids inside the chip were frequently recorded.

4  Results and Discussion

4.1  Waterflooding

As expected waterflooding of the chip led to very low oil recovery, and Fig. 5 shows a sig-
nificant amount of oil was bypassed by water and remained in the porous medium after oil 
production had completely ceased. Figure 6 is a close-up image showing that the chip wet-
tability state was mainly water-wet. Having analysed the captured images and videos, there 
are some areas in the chip showing indications of neutral wetting conditions; however, the 
majority of the chip shows a water-wet behaviour.

4.2  Tertiary Near‑Miscible  CO2 Injection

Interestingly, during tertiary near-miscible  CO2 injection, oil spread between water and 
 CO2 interfaces preventing contact between the  CO2 phase and water. This behaviour shown 
in Figs. 7 and 8 can be attributed to the positive value of the spreading coefficient (SC). 
The spreading coefficient can be measured as:

Oil

Water

Etched 
glass

Fig. 5  Significant amounts of oil remained in the porous medium after waterflooding had been completed 
(i.e. oil production had ceased)
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where � is the interfacial tension (IFT) between the phases  (CO2, water and oil). For 
immiscible and near-miscible gas injection scenarios, depending on the spreading coeffi-
cient value and the wettability state of the system, the gas phase can spread differently 
between the water and oil which directly affects the surface contact area of the gas phase 

(1)SC = �
CO

2
-water

− �
CO

2
-oil

− �
oil-water

Water

Oil

Etched glass

Fig. 6  Close-up view of the chip at the end of water flooding showing the wettability state was mainly 
water-wet

Fig. 7  CO2 flow in a pore with trapped water-shielded oil ganglia.  CO2 phase flows inside the oil, and the 
oil phase spreads between the  CO2 phase and water. To better indicate the presence of oil layer between the 
 CO2 phase and water, figure (a) was turned to black and white (b)

Fig. 8  Images showing oil spreading over  CO2 preventing the contact of the  CO2 phase with water
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with the oil and therefore the oil recovery. Maximum oil recovery occurs when the oil has 
maximum contact with  CO2 phase (i.e. SC > 0, where the  CO2 phase is flowing inside the 
oil and the oil is spread on the  CO2 phase). In a water-wet porous medium when SC > 0, oil 
forms a layer between water occupying the corners and cervices and the gas phase flowing 
at the centre of the pore. This fluids’ configuration is shown in Fig. 9. Therefore, the hydro-
carbon phase, which is spread as a layer between water and gas interfaces, prevents direct 
contact between the  CO2 phase and water.

As shown in Eq. 1, one determining factor on the spreading coefficient value is the IFT 
between the oil and  CO2 ( �CO2-oil ). As it has been shown by several researchers (Nemati 
Lay et al. 2006; Hemmati-Sarapardeh et al. 2014; Golkari and Riazi 2017), as the pressure 
increases, the IFT between  CO2 and crude oil decreases, and at near-miscible conditions, 
very low IFTs between  CO2 and crude oil are expected as opposed to the immiscible condi-
tion where high IFTs between oil and  CO2 exist. The lower IFT between  CO2 and crude oil 
favours the spreading coefficient and therefore the oil recovery.

As shown in Fig. 5, the residual oil after waterflooding step is in the form of bypassed 
residual oil and/or disconnected oil ganglia surrounded by water. When  CO2 injection was 
started, it flowed in the porous medium inside the oil phase and was surrounded by oil lay-
ers, and oil was pushed ahead of the  CO2. Therefore, each pore was first filled with the oil 
(1st drainage), and then,  CO2 invaded the pore (2nd drainage). This is a double drainage 
event since the chip was water-wet. During this three-phase flow,  CO2 displaced the brine 
through a multiple displacement mechanism. Multiple displacements refer to several piston 
events, where a  CO2 segment displaces an oil segment which in turn displaces a brine seg-
ment as shown in Fig. 10. Because of this three-phase flow mechanism, some of the iso-
lated oil ganglia were reconnected and an oil bank was formed ahead of the  CO2 front that 
led to further redistribution and reconnection of other isolated oil ganglia. This three-phase 
flow at the pore scale is shown in Fig. 10.

During the tertiary  CO2 injection, an early breakthrough of  CO2 was observed. Fig-
ure  11 shows fluids distributions in the whole microfluidic chip just after  CO2 break-
through. There is only one  CO2 flow path that is almost continuous in the entire section 
of the chip, while a significant amount of oil was bypassed (residual oil saturation = 0.64). 

Fig. 9  Fluids configuration in 
a three-phase flow water-wet 
system with SC > 0

CO2
Oil

Water

Etched glass

Fig. 10  Reconnection of isolated oil ganglia through double drainage mechanism
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Fig. 11  Early breakthrough of  CO2 led to bypassing of a large volume of residual oil in the microfluidic 
chip. a To differentiate between water and  CO2, which both originally had a white colour, the water phase is 
digitally coloured in blue
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This indicates that  CO2 flow was completely dominated by pore-scale heterogeneity of 
the chip. Due to the near-miscible condition of our system, although IFT between the 
oil and  CO2 is low, it is not zero. Therefore, there is a threshold entry pressure for each 
pore determined by the pore diameter. As such,  CO2 (the non-wetting phase) tends to flow 
through the easiest flow path determined by the entry pressures available at each stage of 
the advance of the  CO2. Once  CO2 establishes its easiest flow path (Fig. 11), it continues 
to flow through that path and diffuses to the bypassed oil contacted. Note that the adverse 
viscosity ratio (200 in our case) also plays a role in the early breakthrough of  CO2, but it is 
not the cause of the  CO2 flow path shown in Fig. 11.

As  CO2 diffuses into the bypassed oil contacted, initially the IFT between the  CO2 phase 
and oil decreases. However, soon after  CO2 breakthrough,  CO2 starts to extract the light-to-
intermediate (extractable) oil components from the bypassed oil phase adjacent to the flow-
ing  CO2 stream. This extraction leads to an IFT gradient across the oil phase with the high-
est IFT region which is placed at the  CO2–oil interface, and the lowest IFT is at the bulk 
of the oil phase away from the  CO2–oil interface. This IFT gradient leads to a capillary 
crossflow which causes the invasion of  CO2 into the bypassed oil and production of the oil 
through the spreading oil layer shown in Fig. 9. The same mechanism helps the production 
of the oil trapped in dead-end pores as shown in Fig. 12. This mechanism was also reported 
by Campbell and Orr (Campbell and Orr 1985) and is responsible for the significant extra 
oil recovery after  CO2 breakthrough as shown in Fig. 13. Around 50% of the undisplaced 
oil after  CO2 breakthrough was produced by the end of the test. During the  CO2 flow,  CO2 
displaced the oil in oil-filled pores by bulk flow and the spreading oil layers were gradually 
produced by layer flow.

It should be noted that the IFT gradient across the oil phase decreases over time which 
is due to the depletion of the oil phase from its extractable oil components. As  CO2 phase 
extracts hydrocarbon components from the oil adjacent to the  CO2 phase, a concentra-
tion gradient of the extractable oil components in the oil phase will be formed which pro-
vides a driving force for the diffusion of extractable oil components through the oil phase 
towards the oil adjacent to the  CO2 phase and their consequent extraction to the  CO2 phase. 
When  CO2 has been flowing past undisplaced oil for an extended period, as the bulk of 
the oil phase gets depleted from the extractable oil components, the IFT gradient across 
the oil phase decreases. Therefore, the capillary crossflow becomes weaker and the rate of 
advancement of  CO2 meniscus into the bypassed oil zone decreases as shown in Fig. 12. 
Eventually, the oil will become depleted from the extractable oil components and IFT gra-
dient across the undisplaced oil phase becomes zero and the capillary crossflow will be 
stopped, and the residual oil remains unproduced.

Fig. 12  Oil recovery by  CO2 capillary crossflow into the bypassed oil-filled pores
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Water Enriched CO2

A

Fig. 13  Ultimate oil recovery after 24 h  CO2 injection. a To differentiate between water and  CO2, which 
both originally had a white colour, the water phase is digitally coloured in blue
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Note that capillary crossflow during  CO2 injection can occur at injection pressures 
lower than near-miscible pressures as long as there is a driving force (i.e. IFT gradient in 
oil phase). However, due to the weaker extraction of oil components at lower pressures, 
the driving force will be smaller, and therefore, the capillary crossflow would be weaker. 
The same mechanism could also occur during multiple-contact miscible injection cases. 
In these cases, as  CO2 contacts the oil, it extracts its lighter fractions and dissolves in the 
oil which at some point creates a miscible zone ahead of  CO2 front. The heavier oil lags 
behind, and there is a two-phase flow at the rear of the miscible zone. In this two-phase 
flow region, there is the extraction of extractable oil components into the  CO2 stream and 
therefore an IFT gradient across the undisplaced oil phase which leads to  CO2 capillary 
crossflow.

During  CO2 flow, due to the swelling of the oil layer in the narrowest regions of the 
porous medium,  CO2 snap off occurred which led to the trapping of  CO2 (Fig. 14).  CO2 
residual trapping occurs during  CO2 underground injection which leads to the safe storage 
of  CO2 in the porous medium. Note that  CO2 bubbles can coalesce when they get close to 
each other and we observed this phenomenon.

Since  CO2 was injected into the waterflooded microfluidic chip, some trapped oil gan-
glia were shielded by water layers and were inaccessible to the  CO2 stream (Fig. 15). For 
 CO2 to meet these isolated oil ganglia, it must first diffuse into the oil layer surrounding the 
 CO2 stream; then, from the oil layer, it must diffuse into the water layer surrounding the oil 
ganglia, and finally, from the water layer, the  CO2 must diffuse into the oil. As  CO2 compo-
nent reaches the oil, if the oil swelling is sufficient to rupture the water layer and bring the 
oil in contact with the main  CO2 stream, the oil ganglia are then produced. Therefore, the 
recovery of water-shielded oil ganglia is controlled by diffusion rates of  CO2 between dif-
ferent phases and the extent of oil swelling. As a result, the recovery rate of water-shielded 
oil ganglia is slow. These findings are consistent with the Campbell and Orr observations 
(Campbell and Orr 1985).

During near-miscible  CO2 injection, a strong extraction of light-to-intermediate (extract-
able) oil components into the  CO2 stream was detected which caused the  CO2 to become 

Fig. 14  CO2 snap off that leads 
to  CO2 residual trapping
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enriched in hydrocarbon components and oil becomes heavier (as seen by the change in the 
colour of the oil shown in Fig. 12). As more  CO2 came in contact with the interacting oil, 
this extraction continued and its effects on oil quality became more visible. Figure 16 is 
taken after several pore volumes of  CO2 came in contact with the oil. Since the light condi-
tion and camera settings were constant during the whole experiments, the only reason for 
the change in oil colour is the transfer of its extractable hydrocarbon components into the 
 CO2 stream. The same extraction behaviour was reported in micromodel work conducted 
by Bahralolom and Orr (1986). The observed extraction in this work was not significant 
enough to lead to miscibility. Interestingly, this extraction did not cause any detectable 
asphaltene precipitation or wettability change as opposed to the asphaltene precipitation 
reported by Robin et al. (2012). This reveals that these effects are a function of oil type and 

Fig. 15  Water-shielded oil 
ganglion (dashed region) during 
 CO2 injection

CO2

Water
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composition. Note that at some places, a yellowish colour in the  CO2 stream was observed 
(refer to Figs. 13 and 16). This could be due to the films of heavy oil components left as a 
residue on the pore walls.

5  Conclusions

The outcomes of this study provide further insights on multiphase flow during near-mis-
cible  CO2 EOR/storage showing that near-miscible  CO2 injection is potentially viable. 
Although miscibility does not occur during this scenario and pore-scale heterogeneity and 
adverse viscosity ratio lead to poor sweep efficiency for  CO2 at early times of injection, the 
diffusion of  CO2 into the oil phase and the extraction of light to medium oil components 
into the  CO2 phase create an interfacial tension gradient across the undisplaced oil phase. 
This interfacial tension gradient acts as the driving force for  CO2 capillary crossflow into 
the undisplaced oil and consequent production of the oil through the spreading oil layer. 
The same mechanism helps the production of the oil trapped in dead-end pores. As such, 
after  CO2 breakthrough, a significant amount of bypassed oil is produced via this mecha-
nism. Capillary crossflow could also occur during immiscible and multiple-contact mis-
cible scenarios as long as there is a driving force. It is expected that the driving force (i.e. 
interfacial tension gradient) and therefore additional oil recovery by capillary crossflow 
will be stronger at near-miscible conditions than immiscible.

At near-miscible conditions, the spreading coefficient value and wettability will deter-
mine the fluids’ configuration in each pore for any sequence of the  CO2 invasion. As such, 
these factors will determine the  CO2–oil surface contact area and therefore will directly 
impact the oil recovery. In a water-wet porous medium when the spreading coefficient has 
a positive value, oil forms a layer between water occupying the corners and cervices and 
the gas phase flowing at the centre of the pore. Under this condition, the  CO2 flows inside 

Water

Water

Enriched CO2

Downgraded oil

Fig. 16  CO2–crude oil interactions during near-miscible  CO2 injection. Oil losses its light to medium 
hydrocarbon components to  CO2
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the oil, and a layer of oil spreads on the  CO2 stream which avoids  CO2 phase contacts 
the brine. As  CO2 flows and invades each pore, oil will be pushed ahead of the  CO2 front 
which leads to redistribution and reconnection of trapped oil ganglia and the formation of 
an oil bank ahead of  CO2 front. Under this three-phase flow condition,  CO2 displaces the 
brine through a multiple displacement mechanism and displaces the oil via a mix of bulk 
flow and layer flow.
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