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A B S T R A C T

Chemical-assisted waterflooding enhances the ultimate recovery of a conventional waterflooding process
through several mechanisms such as reducing interfacial tension between water and oil, formation of in-situ
emulsions, treatment of adverse mobility ratio, and wettability modification. Application of chemical-assisted
waterflooding for recovery of heavy oil is still an active research topic. A new chemical technology (i.e. IPC
Technology as referred to in this paper) has been developed. A proprietary mixture of surfactants is used in
several techniques associated with surface extraction as well as in-situ recovery of heavy oil and bitumen. This
formulation of solvents and surfactants is reusable, low foaming, non-flammable, not acutely toxic, and non-
carcinogenic. The efficacy of using IPC as an additive for waterflooding was presented earlier through a sys-
tematic coreflooding study, which showed increased ultimate recovery of different types of oils when compared
with commercial surfactant and alkali flooding. In order to investigate the mechanisms behind the enhanced
macro-scale oil recovery, a series of pore-scale tests were designed and conducted in this study. Glass micro-
model type of porous media was used in the presence of brines with different ion compositions. The pore-scale
chemical-assisted waterflooding tests were carried out in four consecutive stages: brine flooding, chemical
flooding, soaking period, and extended brine flooding. High quality pore-scale images were captured for qua-
litative and quantitative analysis of the IPC-assisted waterflooding at the pore-level. IPC intensified water
wettability of grain particles in the presence of NaCl; however in the presence of MgCl2, use of IPC makes solid
surfaces oil-wet. The phenomenon of water-in-oil and oil-in-water emulsification was observed when IPC was
used along with different brine compositions. This phenomenon is weakened for lighter oils. When the acid
number of the oil was low, extension of soaking period intensified wettability alteration and emulsification
mechanisms. Other pore-scale phenomena were also observed during visualization tests such as coalescence of
microdroplets during the extended waterflooding stage, snap-off mechanism creating daughter droplets during
the extended waterflooding stage, occasional flow of bulk oil films toward the production end, and wettability
reversal during various flooding stages. Attempts were also made to conduct statistical analysis of emulsion
droplet sizes under different test conditions. Several parameters, including chemical concentration as well as ion
concentration in brines, were found to significantly affect the emulsion droplet size distribution.

1. Introduction

Recoveries of reserves of heavy oils can potentially be facilitated by
use of the waterflooding method. However, displacement of heavy oil
by water alone can be an inefficient process due to adverse mobility

ratio, unstable displacement process in combination with significant
bypassing of the oil phase, and capillary trapping of oil blobs. To mo-
bilize these trapped oil blobs as well as to rectify the adverse mobility
ratio issue, use of chemical additives could be helpful in the form of
surfactants and polymers to attain greater recovery factor [18–20].
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Chemical-assisted waterflooding, especially in the presence of sur-
factants, is one of the prominent methods for enhanced oil recovery
(EOR) that is used to reduce residual oil saturation by a combination of
mechanisms including Interfacial Tension (IFT) reduction, wettability
alteration, and in-situ oil emulsification [17,2,6]. As far as IFT reduc-
tion is concerned, the concentration of surface active agent(s) in in-
jected water is usually between 0.05 and 2wt%, depending on the type
of chemical, its cost and design parameters of the displacement process.
To achieve significant reduction in residual oil saturation, it is typically
necessary to reduce the IFT by three to four orders of magnitude,
reaching to values of 10−2 to 10−3mN/m. Injected and/or in-situ
generated surfactants can also change the wettability of the formation
rock through chemical reactions, ion exchange and adsorption me-
chanisms. Changes in wettability lead to changes in patterns of fluids
distribution and relative permeability to oil and water, which can often
result in enhanced mobilization of the “trapped oil”. In-situ emulsifi-
cation of oil can also decrease the residual oil saturation which facil-
itates increased oil flow toward the production well.

There have been numerous studies of displacement mechanisms and
parameters affecting ultimate recovery during chemical-assisted re-
covery processes. In most of these studies, the porous medium con-
taining heavy oil has been flooded with water to establish a waterflood
recovery, followed by a chemical-assisted waterflood to reduce the
water cut by blocking off the pre-formed water channels using micro-
emulsion and entrapment in the porous medium. This increases the
microscopic sweep efficiency of the displacement processes that leads
to greater recovery factor compared to waterflooding alone [21]. Sev-
eral surfactants were used in EOR processes, especially in high salinity
conditions [1]. Specifically, the role of chemical structures of surfac-
tants on the magnitude of IFT has been reviewed [4]. The rate of ca-
pillary imbibition of surfactant and polymer solutions were compared
[3]. For the studied cases, adding surfactant resulted in increasing ul-
timate recovery for various rock types. However in carbonate rocks, the
effect of various fracture characteristics such as fracture dimension and
orientation on recovery efficiency was not studied. Chen et al. [5]
showed that oil recoveries by dilute non-ionic surfactant solutions were
greater than that obtained by saline water flooding. The effects of types
and concentrations of surfactants on incremental oil recovery were
studied by Hirasaki and Zhang [6]. Even though the authors presented a
comprehensive investigation of uses of surfactant flooding for oil re-
covery, there are some important aspects that need further discussion to
justify recovery variations such as displacement mechanisms associated
with surfactant flooding as well as surfactant-oil interactions.

Use of micromodels for studying fluid flow in porous media has
been a common practice over the past 5 decades. Glass-etched micro-
models have been used extensively to study various aspects of fluid flow
in porous media such as effect of wettability on oil recovery [12], in-
cremental oil recovery by near miscible gas injection [16], effect of
surfactant, alkaline and polymer on incremental oil recovery [13–15],
and use of steam and steam-solvent processes for recovery of heavy oil
and bitumen [7–10]. Even though such models lack some three-di-
mensional aspects such as lesser connectivity compared to the 3D
skeleton of pore structure, they facilitate means to study micro-
mechanics of displacement processes at the pore-scale. Only a limited
number of pore-scale waterflooding studies have been conducted
[16,22–26] using glass-etched micromodels, pore doublets, and thin
visual cores, sandwiched between two glass plates. There have been a
few visual studies of water-alternating-gas (WAG) process using glass
micromodels [26,16]. The majority of visual waterflooding experiments
have been conducted with thin cores. Although porous cores offer the
advantages of realistic wettability and pore structure, they lack flex-
ibility for systematic research on the pore-scale aspects such as the ef-
fect of pore size, aspect ratio, and pore-to-pore distance. Moreover,
these limited visual studies sometimes exhibit contradictory results

[27]. They often envision a macro-scale prospective although micro-
models are used in such investigations. For example, the effect of pore
structure is often neglected and the pore-scale cascade of water-oil
displacement events such as direct invasion, imbibition and capillary
drainage, and snap-off are not analyzed. Furthermore, they usually
focus on mobilization of residual oil and not the whole spectrum of the
waterflooding process. Visual chemical-assisted waterflooding experi-
ments using heavy oil are expected to be even more interesting than
those using conventional crude, since there are possible occurrences of
viscous fingering, asphaltene precipitation and deposition, and wett-
ability alteration. The strong dependency of oil viscosity to temperature
and asphaltene content also increases complexities of such a system and
offers further motivation for the pore-scale visual study. In addition, it
is expected that results of such a study will benefit assessment of
technical feasibility of chemical-assisted waterflooding for use in heavy
oil reservoirs.

In an earlier study, a proprietary chemical formulation, referred to
as IPC formulation in this paper, was used as a chemical additive in the
waterflooding process using coreflooding experiments to investigate its
effectiveness in recovery of medium- and high-viscosity oil [11]. The
IPC formulation (Patent US 2013/0157920 A1) is a proprietary, liquid
cleaning, degreasing, and disinfecting concentrate composition, com-
prised of: (1) caustic soda in a range of about 0.181% to about 5.45% by
volume; (2) a de-emulsifier in a range of about 0.028% to about 9.09%
by volume; (3) an alkyl glucoside surfactant of about 0.090% to about
7.27% by volume; (4) a phosphated alkyl ethoxylate surfactant of about
0.028% to about 1.81% by volume; (5) a tridecyl alcohol surfactant in a
range of about 0.363% to about 9.09% by volume; (6) a non-polar
bonding agent of about 0.028% to about 1.81% by volume; and, (7)
water forming the remainder percentage by volume. A systematic ap-
proach was followed in the previous study, which included character-
ization and physical properties measurement of IPC formulation, com-
patibility tests for IPC formulation with different brine types and
concentrations, IFT measurements for IPC solution in brine-oil fluid
pairs, and coreflooding tests to study the performance of IPC solution in
brine for oil recovery [11].

Table 1
Properties of oils used in this study.

Oil type Acid number
(mg KOH/g)

Temperature (°C) Density
(kg/m3)

Viscosity
(mPa.s)

Medium oil B 1.20 15 948.5 928
25 942.1 737
40 932.1 150

Heavy oil C 1.13 15 986.9 22,800
20 983.7 12,500
40 971.5 1,620

Medium oil E 2.443 25 959 1121

Table 2
Fluid properties and operating conditions for pore-scale chemical-assisted wa-
terflooding tests.

Run # Oil Micromodel
PV (mL)

Brine Chemical
slug (wt%
IPC)

Injection
rate (μL/
min)

1 Heavy oil C 0.3 4% NaCl 2 0.3 – 1.8
2 Medium oil B 0.3 8% NaCl 0.5 1.8
3 Heavy oil C 0.3 6% NaCl 2 0.3 – 1.8
4 Heavy oil C 0.3 6% NaCl 0.5 0.3 – 1.8
5 Medium oil E 0.3 8% NaCl 0.5 1.8
6 Heavy oil C 0.3 4% NaCl

1% MgCl2
0.5 0.3– 1.8
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1.1. Review of the IPC characterization tests, compatibility and coreflooding
tests

In an earlier study, physical properties of IPC formulation were
characterized. Density and viscosity of IPC were measured at several
temperatures. Density of IPC at relevant temperatures was similar to
those of many oil reservoir brines. Dynamic viscosity of IPC was ap-
proximately 3 to 4 fold that of water at similar test conditions. Based on
results of several Thermal Gravimetric Analysis (TGA), Differential
Scanning Calorimetry (DSC) and Simulated Distillation (SD) tests con-
ducted on IPC, it was found that about 80% of the chemical was lost at
temperature less than 100 °C as a volatile solvent mixture. The re-
maining material appeared to be stable at high temperatures as great as
220 °C. It appears that all the surface active agents in IPC formulation
begin to degrade at temperatures greater than 220 °C. The IPC for-
mulation was incompatible with brines containing large amounts of

divalent ions; however, it performed very well in the presence of brine
comprised primarily of NaCl, reducing the IFT between different visc-
osity classes of oil, especially medium- and high-viscosity oils, and IPC-
in-brine solution. The reduction of IFT was more effective for more
viscous oils as well as greater salinity brines. Results of several core-
flooding tests indicated that IPC formulation performed much better
than other chemical additives such as alkali and a commercial surfac-
tant customized for chemical EOR [11]. The results did not reveal the
mechanisms responsible for improved performance of the IPC-assisted
waterflooding compared to conventional waterflooding as well as use of
other commercial surfactants. Therefore, a mechanistic study was
conducted to elucidate the mechanisms causing enhanced performance
of IPC-assisted waterflooding at the pore-scale. A series of pore-level
chemical-assisted waterflooding tests were performed using a glass-
etched micromodel as the porous medium and several combinations of
brine (with different compositions) and IPC as the displacing fluid

Fig. 1. Schematic diagram of the experimental setup.

Fig. 2. Dynamic IFT versus time for 2 wt% IPC in brine solutions and Medium Oil B.
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system.

2. Materials and methods

2.1. Properties of porous medium and fluid system

A micromodel setup was used for this pore-scale chemical assisted
waterflooding study. The major part of the setup is a glass-etched mi-
cromodel, made of fused glass plates with irregular pore shapes and a
coordination number of 4 (i.e. each pore is connected to 4 other pores
through pore constrictions). The micromodel dimensions are 10.2 cm
long and 4.7 cm wide. All the experiments were conducted at room

temperature, and the outlet of the micromodel was open to atmospheric
pressure.

Three types of oil, Medium Oil B, Heavy Oil C, and Medium Oil E
were used in this study (Table 1). Since IPC proved to be more efficient
when used to recover heavier viscosity crude oils, we selected two
medium viscosity as well as one heavy oil sample for these pore-scale
flooding tests. As for the aqueous phase, various concentrations of IPC
in brine were used. We mainly used sodium chloride to make the brine
phase in this study, except in one test, that IPC was mixed with brine
containing divalent ions that resulted in precipitation of fine solid
particles. Details of operating conditions and a summary of fluid
properties used in each pore-scale chemical-assisted waterflooding test

Fig. 3. Dynamic IFT versus time for different concentrations of IPC in 8 wt% NaCl solution and Medium Oil B.

Fig. 4. Variation of dynamic IFT with time for 2 wt% IPC in brine solutions and Heavy Oil C.
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are presented (Table 2). The spinning drop method was used to measure
IFT between IPC-in-brine solutions and the three oil types.

2.2. Experimental procedure for pore-scale chemical assisted waterflooding
tests

Six pore-scale chemical-assisted waterflooding tests were con-
ducted. The schematic diagram for the experimental setup is shown in
Fig. 1. Before each test, the micromodel was thoroughly flooded with
toluene and then acetone to wash off the oil left behind from the pre-
vious test. The cleaned micromodel was then flooded with several pore
volumes of acetone. The model was then dried out in an oven while

nitrogen was blowing through it. Before oil saturation, the micromodel
was evacuated for several minutes, followed by slow and smooth in-
jection of oil to reduce the likelihood of formation of trapped air
pockets. This procedure resulted in thorough saturation of the model
with oil. The oil-saturated micromodel went through three consecutive
flooding stages, the initial waterflooding stage in which brine with
specific ion content and concentration was injected into the model. The
initial waterflooding stage was continued for up to 5 days or until no
significant oil flow was observed in the model. During this stage, up to
30 pore volumes (PVs) of brine were injected. When Heavy Oil C was
used, initial waterflooding was performed at 0.3 µL/min to avoid ex-
cessive channeling and early breakthrough. However for the tests with

Fig. 5. Variation of dynamic IFT with time for different concentrations of IPC in 8wt% NaCl solution and Heavy Oil C.

Fig. 6. Variation of dynamic IFT with time for 0.5 wt% IPC in brine solutions and Heavy Oil C.
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medium-viscosity oils, brine was injected at a greater rate of 1.8 µL/min
into the porous medium during the initial waterflooding stage. At the
end of the initial waterflooding stage, i.e. reaching to final oil recovery
by waterflooding only, injection of the chemical slug was started
through which a solution of IPC in brine with pre-determined compo-
sition was injected to displace the oil. The surfactant flooding stage
continued for about 15–18 h (i.e. approximately 5 PVs). The chemical
slug was injected at a flow rate of 1.8 µL/min in all the pore-scale
flooding tests. The surfactant flooding stage was then followed by an
extended waterflooding stage through which about 8 PVs of brine were
injected into the model in a duration of 24–48 h. The brine injection
flow rate for all the pore-scale flooding tests was set at 1.8 µL/min.

Durations of each flooding stage were selected such that to observe

formation of microemulsions and their transport in the pore structure in
order to evaluate different displacement patterns. When significant
changes in the status of microemulsion generation, transport and flow
behavior were no longer observed, the next flooding stage was com-
menced after recording several snapshots (pore-scale as well as full
model surface) from the prior flooding stage. All the flooding stages

Fig. 7. Variation of dynamic IFT with time for different concentrations of IPC in brine solutions and Medium Oil E.

Table 3
Magnitudes of IFT for IPC-in-brine solution and Medium Oil B as a function of
time and IPC and NaCl concentration.

IPC concentration (wt%) NaCl concentration (wt%) IFT (mN/m)

30min Equilibrium

2 2 0.181 0.325
2 4 0.091 0.328
2 6 0.023 0.093
2 8 0.048 0.151
2 10 0.042 0.097
1 8 0.111 0.131
0.5 8 0.056 0.032

Table 4
Magnitudes of IFT for IPC-in-brine solution and Medium Oil E as a function of
time and concentration of IPC and NaCl.

IPC concentration (wt%) NaCl concentration (wt%) IFT (mN/m)

30min Equilibrium

0.5 8 0.004 0.004
0.25 8 0.015 0.007
0.5 6 0.004 0.008

Table 5
Magnitudes of IFT for IPC-in-brine solution and Heavy Oil C as a function of
time and IPC and NaCl concentration.

IPC concentration (wt
%)

NaCl concentration (wt
%)

IFT (mN/m)

30min 50min Equilibrium

2 2 0.104 0.115 0.196
2 4 0.060 0.065 0.069
2 6 0.086 0.034 0.086
2 8 0.012 0.011 0.173
2 10 0.028 0.011 0.106
0.5 8 0.004 0.023 0.011
0.25 8 0.022 0.021 0.021
0.5 6 0.004 0.010 0.004
0.5 4 0.003 0.002 0.010

Fig. 8. Formation of the microemulsions around spinning drop during IFT
measurement for Medium Oil B.
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Fig. 9. Pore-scale snapshots taken in RUN # 1 (Heavy Oil C, 2 wt% IPC solution in 4wt% NaCl) at the end of (a) waterflooding, near the production well, (b)
waterflooding, near the injection well, (c) surfactant flooding, (d) soaking period post surfactant flooding, and (e) extended waterflooding; along with full-model
snapshots taken at the end of (f) initial waterflooding, (g) surfactant flooding, and (h) extended waterflooding.

Table 6
Statistical data on emulsion droplets formed in RUN # 1 after
soaking period (post surfactant flooding stage).

Statistical parameter Diameter (microns)

Minimum 5.55
Maximum 355.54
Mean 85.97
Smp Std Dev 67.02
Smp Variance 4492.01
Std Error 4.16
Count 260

Table 7
Statistical data on emulsion droplets formed in RUN # 3 after
soaking period (post surfactant flooding stage).

Statistical parameter Diameter (microns)

Minimum 5.55
Maximum 328.36
Mean 61.42
Smp Std Dev 53.94
Smp Variance 2909.02
Std Error 2.58
Count 436
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were video-recorded, and pore-scale digital images were also captured
through optical microscopy. The captured images and videos were
stored on a computer using an automated data acquisition unit. The
images presented in this paper were taken immediately after the com-
pletion of the associated flooding stage. To study the status of micro-
emulsion creation and transport at the end of the ageing period (i.e.
after chemical slug flooding) in all the tests, images were captured from
the micromodels. These images were analyzed using SimplePCI v6.1.0
program (developed by Compix Inc.). The image processing stage
provided further information about the size distribution of micro-
emulsion droplets using statistical analysis.

3. Results and discussion

The main focus of this study was to determine the mechanism(s)
involved in oil mobilization in the IPC-assisted waterflooding process
through qualitative analysis of the pore-scale snapshots. The experi-
ments were not primarily designed with the purpose of systematic
quantification of the process performance (i.e. recovery factor) through
parametric sensitivity analysis. It is widely accepted that the use of
coreflooding is a more appropriate testing procedure when production
performance analysis of a recovery process is concerned. On the other
hand, the quantitative results obtained from pore-scale micromodel
studies cannot be readily upscaled and generalized due to time- and
length-scale incompatibility with real field conditions. These two con-
cerns can be addressed with the use of coreflooding at real reservoir
conditions, followed by proper use of dimensionless groups and/or
modelling. Therefore in this study, the focus was directed toward

mechanistic study of IPC-assisted waterflooding using visualization
experiments with glass-etched micromodel. Note that no real-time vo-
lumetric or pressure measurements were conducted during these tests.
However, the injection flow rates and temperature were being mon-
itored to ensure consistency between the tests. In this section, the me-
chanistic investigation of the oil mobilization is presented through
qualitative analysis of the pore-scale snapshots.

3.1. IFT between IPC-in-brine solutions and oil

Dynamic IFT values for various IPC-in-brine solutions and oil fluid
pairs are shown (Figs. 2 to 7). The IFT data for Medium Oil B and E are
reported at 30min as well as at equilibrium when there had been
nominal change in IFT for at least 10min and for a maximum of
120min (Tables 3 and 4, respectively). There are some IFT measure-
ments in which the final IFT values at the end of the 2-hour period were
not fully stabilized (a few concentrations in Figs. 4, 5 and 6); however,
the magnitudes of IFT change were in the order of accuracy of mea-
surement. For Heavy Oil C, the measurements are reported at 30 and
50min as well as at equilibrium (Table 5). The least values of IFT were
observed between IPC-in-brine solutions and Medium Oil E. The IPC
formulation was able to significantly reduce IFT between IPC-in-brine
solution and different types of oils. Reduction in IFT should be of an
order of magnitude or greater to be considered effective meaningful
enhancement in achieving increased oil recovery. In general, the IPC
formulation appears to have been more effective in reduction of IFT at
concentrations less than 1wt% than at greater concentrations in brine.
Greater concentrations of IPC in brine appears to react with all oil types
and form a cloud of microemulsions that interfered with measurements
(Fig. 8). This phenomenon was more pronounced when measuring IFT
between IPC-in-brine solution and Medium Oil B. The amount of mi-
croemulsions (and hence the interference with the IFT measurement)
increased with concentration of IPC in brine as well as brine salinity.
Maximum interference with measurement was for the test with Medium
Oil B. Optimal salinity of brine was between 6 and 8wt% of NaCl for
the oils tested in this study (Tables 3, 4, 5).

3.2. Displacement mechanisms at the pore-scale

Several pore-scale snapshots were captured at the end of each dis-
placement stage in RUN # 1 to 6. Each test was composed of several
consecutive flooding and soaking stages, designed considering the
specifications of fluid pair to maximize sweep efficiency. As expected
during the oil saturation stage, the clean micromodel was strongly
water-wet. During initial waterflooding, the injecting wetting phase
front invaded the main pore bodies in a manner that represented im-
bibition of a wetting phase into a non-wetting-filled porous structure.
Even though the injection flow rates were regulated during initial wa-
terflooding to avoid excessive viscous instability (originated from
higher than usual viscosity of the oil phase), the immiscible displace-
ment process exhibited characteristics of a typical heavy oil water-
flooding. These included formation of oil ganglia even at small capillary
number values, snap-off of oil droplets, and oil entrapment (red dotted
ovals in Fig. 9a and 9b; 11a, 12a, 13a and 14a).

After reaching the final waterflood recovery factor, the chemical
slug flood was started for all the tests for a fixed duration of about 5 PV
injection. Flooding with the surfactant slug was then continued with a
24-hr soaking period in which the injected chemical was allowed to
reside in the pore structure in contact with the remaining oil. At the end
of the surfactant flood and after the soaking period, severe pore-level
emulsification was observed where stable oil in water emulsion phase
increased the pore-scale sweep efficiency (green solid ovals in Fig. 9c,
11c, 12c). In the snapshots where interface between bulk oil and che-
mical slug is still present, significantly less curved interfaces were ob-
served, which suggests reduced IFT between the two phases (Fig. 10b,
magnified view of the interface in 10d, and 13b). Emulsified oil droplets

Table 8
Statistical data on emulsion droplets formed in RUN # 4 after
soaking period (post surfactant flooding stage).

Statistical parameter Diameter (microns)

Minimum 5.55
Maximum 656.51
Mean 58.80
Smp Std Dev 74.41
Smp Variance 5537.54
Std Error 3.84
Count 376

Table 9
Statistical data on emulsion droplets formed in RUN # 5 after
soaking period (post surfactant flooding stage).

Statistical parameter Diameter (microns)

Minimum 0.39
Maximum 28.07
Mean 2.49
Smp Std Dev 2.55
Smp Variance 6.51
Std Error 0.11
Count 562

Table 10
Statistical data on emulsion droplets formed in RUN # 6 after
soaking period (post surfactant flooding stage).

Statistical parameter Diameter (microns)

Minimum 5.55
Maximum 575.17
Mean 62.69
Smp Std Dev 82.38
Smp Variance 6787.13
Std Error 5.36
Count 236

O. Mohammadzadeh et al. Fuel 239 (2019) 202–218

209



Fig. 10. Pore-scale snapshots taken in RUN # 2 (Medium Oil B, 0.5 wt% IPC solution in 8wt% NaCl) at the end of (a) initial waterflooding, (b) surfactant flooding, (c)
24-hr soaking period post the surfactant flooding, (e) extended waterflooding, with two magnified pore-level views captured at the end of the (d) soaking period, and
(f) extended waterflooding. The full-model snapshots were taken at the end of (g) initial waterflooding, (h) surfactant flooding, and (i) extended waterflooding.
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could trap in narrow pore constrictions by capillary trapping me-
chanism (Fig. 12b). However, this seems not to be a persistent occur-
rence especially after soaking where the size distribution of emulsion
droplets is much wider but the mean size is smaller than the ones de-
veloped at the end of the chemical slug flooding stage (Fig. 9d, 10c, 11c,
12c). In two of the pore-scale tests (RUN # 5 and RUN # 6), an unusual
emulsification phenomenon was observed. In RUN # 5, the oil phase
kept the pore-scale continuity even after the chemical slug flooding
stage such that it was displaced as bulk oil flow as well as through bulk
film drainage around the corners of water saturated pore bodies. The
extensive oil in water emulsification did not happen in this test; and in
fact, an inverted emulsion case was seen which suggests inversion of the
external phase from water to oil. This phenomenon can be seen in
Fig. 13e where a magnified snapshot of the oil layer between two ad-
jacent solid bodies shows encapsulation of isolated water (or chemical
solution) droplets. This unusual behavior might be attributed to unique
properties of the oil phase used in this test. A more severe inverted
emulsion was observed during RUN # 6 where Heavy Oil C was used
along with a brine containing a divalent ion. The size distributions of
water (of chemical solution) droplets in the oil continuum for this test
were much larger than the one observed in RUN # 5 (Fig. 14b and c).
The presence of divalent ions, such as Ca and Mg in the brine phase
seemingly influenced the wettability conditions in this test, which will
be described in more details in Section 3.3.

Having the soaking period, at the end of the surfactant flood, as a
part of the flooding strategy helped to emulsify more of the remaining
oil in the continuum of the injecting aqueous phase by increasing the

residence time for the chemical slug in the pore structure. The more
severe state of in-situ emulsification at the end of the soaking period is
evident (Fig. 9d, 10c, 11c, 12c), so is the inverse emulsion formed when
divalent alkali metal ions were present in the aqueous phase (Fig. 14c).
A magnified view of the emulsion droplets accumulation inside a par-
ticular pore body is presented in Fig. 12d which was captured at the end
of the soaking period. Including a soaking period, right after injecting
the chemical slug, resulted in formation of a very fine microemulsion
phase with an average droplet size of about 5 µm. Due to very high
number density of these droplets, they might coalesce when flowing
toward the production end but rarely formed a continuous film of oil at
the pore-scale which is a characteristic of the dispersed phase dis-
placement in a chemical flooding process.

Chemical flooding was followed by an extended waterflooding stage
in which about 8 PVs of brine were injected into the model in a duration
of 24–48 h with similar injection flow rate of 1.8 µL/min in all the tests.
From the pore-level snapshots, it can be concluded that the dispersed
microemulsion droplets coalesced during flooding the models with
NaCl brine and formed larger oil droplets (Fig. 9e, 10e, 11d, 12e). As a
result of this pore-scale coalescence of the microemulsion droplets,
some isolated oil blobs formed which were eventually trapped in some
pore bodies, resulting in formation of residual oil saturation at the end
of the extended waterflooding stage. Alternatively, some other isolated
oil blobs were initially mobilized during the extended waterflooding
stage in the main flow direction toward the producer; however due to
breakage phenomenon, they split into several small oil droplets when
passing through narrow pore constrictions due to snap-off mechanism

Fig. 11. Pore-scale snapshots taken in RUN # 3 (Heavy Oil C, 2 wt% IPC solution in 6wt% NaCl) at the end of (a) waterflooding, (b) surfactant flooding, (c) soaking
period post the surfactant flooding, and (d) extended waterflooding, along with full-model view at the end of (e) initial waterflood, and, (f) surfactant flood.
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(solid red ovals in Fig. 9e, 10e, 11d, and 12e).
In most pore-scale flooding tests, injection of the surfactant resulted

in a significant reduction in the residual oil saturation. In RUN # 1
(Heavy Oil C with 2 wt% IPC solution in 4 wt% NaCl brine), a coarse
oil-in-water emulsion was created, with the size of oil droplets being in
the range of 40 to 100 µm which is comparable with the size of the pore
throats. Oil droplets of this size range were able to travel through the
pore structure and be produced during the surfactant flooding stage as
well as right after the soaking period, which resulted in enhanced
productivity and decreased oil saturation in the areas contacted by
surfactant slug. However as noted above, these very fine oil droplets
coalesced once the surfactant solution was washed off during the ex-
tended waterflooding stage, which created larger size oil blobs, some as
big as one oil droplet per pore body. Even though this may result in

increased population of trapped large oil blobs in some pore bodies by
capillarity, it can potentially reduce the relative permeability to water
in the affected areas at the same time, diverting flow to un-swept zones.
Therefore, injecting multiple small slugs of chemical solution, separated
by periods of brine injection, can potentially increase the oil recovery.
To reduce the number of parameters in this study, all the tests were
conducted at room temperature. Increasing the operating temperature
changes the displacement process performance in various ways,
namely, (1) it will decrease the oil viscosity, hence helps the micro-
scopic sweep efficiency by increasing the mobility; (2) it will reduce the
IFT between the chemical solution and oil, hence decreases the residual
oil saturation during the surfactant flooding as well as the extended
waterflooding stages. These of course will be affected by the geometry
of the pore structure, and the detailed impact on oil recovery, beyond

Fig. 12. Pore-scale snapshots taken in RUN # 4 (Heavy Oil C, 0.5 wt% IPC in 6wt% NaCl solution) at the end of (a) waterflooding, (b) surfactant flooding, (c) soaking
period post surfactant flood, (e) extended waterflooding; with one magnified pore-level view at the end of surfactant flooding (d), along with full-view snapshots
taken at the end of (f) initial waterflood, (g) surfactant flood, and, (h) extended waterflood.
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these qualitative trends, can be obtained by a series of tests executed at
various operating temperatures.

From a macroscopic point of view, severe fingering was observed in
all the tests with Heavy Oil C due to significant viscosity contrast be-
tween the displacing and displaced phases during initial waterflooding
(Fig. 9f, 11e, 12f and 14e). However for RUN # 2 and RUN # 5 in which
Medium Oils were used, less viscous fingering was evident during the
initial waterflooding stage (Fig. 10g and 13f). Introducing surfactant to
the porous system widened some of the main macroscale flow pathways
that were created during the initial waterflood, resulting in enhanced
sweep efficiency (Fig. 9g, 10h, 11f, 12g, 13g, 14f). When Heavy Oil C
was used, lesser salinity of brine and greater concentrations of IPC in
the chemical slug resulted in comparatively greater macroscopic sweep
efficiency.

3.3. Wettability change at the pore-scale

During the oil saturation stage, as expected, the clean micromodel
was strongly water-wet. However, it appears that a change in wett-
ability occurred toward mixed oil-wet conditions at later flooding
stages. One may look into the details of pore-scale distribution of fluid
phases at the end of the initial waterflooding stage. For the areas ac-
cessed by water during the initial waterflooding stage, the oil left be-
hind mostly occupied the core portion of the pores while the solid
surfaces were predominantly covered by water. Moreover in the areas
accessed by water, the film flow of water phase at the proximity of the
solid walls of the pores, already occupied by oil, was a frequently-seen
occurrence. This pore-scale event, which was mostly observed ahead of
the bulk-water interface invasion during the initial waterflooding stage,

Fig. 13. Pore-scale snapshots taken in RUN # 5 (Medium Oil E, 0.5 wt% IPC in 8wt% NaCl solution) at the end of (a) initial waterflood, (b) surfactant flood, (c)
soaking period post surfactant flood, (d) extended waterflood, with one magnified pore-level view taken at the end of surfactant flood (e); along with full-model
snapshots taken at the end of (f) initial waterflood, (g) surfactant flood, and (h) extended waterflood.

O. Mohammadzadeh et al. Fuel 239 (2019) 202–218

213



is a typical characteristic of wetting phase imbibition process. This is
also supported by the structure of oil-water interfaces formed during
the initial waterflooding stage. Analyzing the snapshots taken at the
end of the initial waterflooding stage, one can see the contact angle
between the oil phase and the solid surfaces (Fig. 9a and 11a) which
shows water wetness of the pore structure. This was observed in all the
tests before injecting any chemical slug into the model.

During chemical flooding, the strongly water-wet conditions were
re-established in the main flow channels exposed to a large volume of
the chemical slug, with the exception of RUN # 5 and RUN # 6. In RUN
# 6 in particular, the model exhibited strong oil wetness at the end of
the chemical flood as well as extended waterflooding. This wettability
alteration can be attributed to the presence of Mg2+ ion in the brine
that had drastically altered phase behavior of the emulsion to the extent
of inverting the emulsion from O/W to W/O emulsion as well as the
intermolecular forces/interactions between the chemical and the glass

surfaces (red dotted rectangles in Fig. 14b to 14d). In almost all the
pore-scale flooding tests, the model retained strong water wetness until
the end of the extended waterflooding stage. As depicted in Fig. 9e, 10e,
11d, and 12e, the solid surfaces are predominantly covered with the
aqueous phase, with some localized exceptions such as the one pre-
sented in Fig. 10f where the solid surface shows preferential oil wetness.
In RUN # 5 and RUN # 6 in which inverted emulsification was ex-
perienced during the surfactant flood stage, there were numerous lo-
calized preferential oil wetted surfaces (Fig. 13d and 14d).

3.4. Quantitative analysis of in-situ microemulsions

To elucidate the state of in-situ creation of the microemulsion due to
injection of IPC, the pore-scale snapshots taken at the end of the soaking
period were digitized using SimplePCI v6.1.0 program. The diameter of
all individual droplets of the dispersed phase, along with their area

Fig. 14. Pore-scale snapshots taken in RUN # 6 [Heavy Oil C, 0.5 wt% IPC in a brine (composed of 4 wt% NaCl and 1wt% MgCl2)] at the end of (a) initial
waterflooding, (b) surfactant flooding, (c) soaking period post surfactant flooding, (d) extended waterflooding, along with full-model view captured at the end of (e)
initial waterflooding, (f) surfactant flooding, and (g) extended waterflooding.
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were calculated. A sample of the digitized pore-scale snapshots, from
RUN # 3 is shown in Fig. 15. The pore-level snapshots captured in this
section do not cover the entire area of the etched porous pattern; hence,
the calculated size distributions of emulsion droplets are neither exact
nor real average of the size distributions observed in each run. How-
ever, a relative comparison of these size distributions can provide some
insight into the effect of process variables (i.e. IPC concentration, oil
type, and flow rate) on dispersed phase distribution considering similar
location and timestamp associated with these snapshots. A part of the
statistical data for each digitized pore-level snapshot are presented
(Tables 6 to 10). The droplet size distributions for emulsions created at
the end of the surfactant flooding stage are presented (Figs. 16 to 20).
Note that in RUN # 2, the quantification of droplet size distribution was
not possible due to very fine sizes of the droplets which were not re-
cognizable using the available microscope. Moreover, an inverted
emulsion (i.e. water in oil emulsion in this case) was observed in RUN #
6 in which divalent ions were used in the composition of the brine

phase.
Comparatively, the droplet size distributions for emulsions created

in RUN # 1 and RUN # 3 were similar, which was expected since all the
process and operating variables for these two tests are the same, except
the brine salt concentration. In RUN # 3 with a greater salt con-
centration, the oil droplets seem slightly finer, but more uniform in size
compared to those analyzed in RUN # 1 with slightly smaller salt
concentration. The greater salinity is known to stabilize the dispersed
phase more homogeneously. In RUN # 4, however, a smaller con-
centration of IPC was used at a greater level of brine salinity. Even
though the distribution of oil droplet sizes may seem slightly different
than the corresponding test at greater concentrations of IPC (RUN # 3),
the impact seems insignificant considering the mean oil droplet size as
the objective parameter.

The oil droplet size distribution for RUN # 5 shows that use of a
lighter oil, along with slightly greater salinity of brine, resulted in
generation of finer oil droplets stabilized in the brine continuum when
smaller level of IPC concentration (0.5 wt%) was used. When a brine
phase containing divalent ions was used, an inverted emulsion (i.e.
water droplets dispersed in oil continuum in our case) was created
(RUN # 6). Characteristics of the droplet size distribution for RUN # 6
are very similar to its counterpart test in which NaCl brine was used
(i.e. RUN # 4). The presence of divalent ions in brine in RUN # 6 did
not influence the size nor the homogeneity of the dispersed droplets,
only flipped the system and created an inverted emulsion.

4. Conclusions

A novel surfactant formulation, referred to as IPC in this paper, was
used in a series of pore-scale chemical-assisted waterflooding tests with
different types and compositions of brine solutions, to recover various
oil types from a glass-etched micromodel. The following main conclu-
sions can be drawn from this study:

- Use of IPC intensified the water wettability of the micromodel in the
presence of NaCl; however in the presence of MgCl2, IPC made the
solid surfaces oil wet.

- The phenomenon of water-in-oil and oil-in-water emulsification was

Fig. 15. Digitized pore-level snapshot taken at the end of soaking period (RUN
# 3).

Fig. 16. Droplet size distribution for the oil in water emulsion formed after the surfactant flooding stage in RUN # 1 (Total number of the analyzed droplets is 260).
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observed when IPC was used along with different brine types and
compositions. This phenomenon is weakened for lighter oils.

- During the soaking period, the emulsification was intensified due to
longer residence time of the chemical in the porous medium in
contact with brine and oil. When the acid number of the oil was low,
the extension of soaking period intensified the wettability alteration
and emulsification mechanisms.

- Other key pore-scale phenomena observed during the course of
pore-scale microscopy investigation were coalescence of micro-
droplets during the extended waterflooding stage, snap-off me-
chanism that created daughter droplets during the extended

waterflooding stage, occasional flow of bulk oil films toward the
production end, and wettability reversal during various flooding
stages.

- Presence of IPC with greater concentrations of NaCl in brine created
a relatively more homogeneous distribution of the dispersed oil
droplets when used for recovery of low acid number heavy oil.
Decreasing the IPC concentration at similar levels of NaCl brine
composition led to creation of smaller dispersed oil droplets even
though the uniformity of such emulsion was deteriorated. Moreover,
presence of divalent ions in brine created inverted emulsion of
dispersed water droplets in the continuum of oil phase.

Fig. 17. Droplet size distribution for the oil in water emulsion formed after the surfactant flooding stage in RUN # 3 (Total number of the analyzed droplets is 436).

Fig. 18. Droplet size distribution for the oil in water emulsion formed after the surfactant flooding stage in RUN # 4 (Total number of the analyzed droplets is 376).
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