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a b s t r a c t

Formation damage due to fines migration results, potentially, in significant decreases in reservoir
permeability and, hence, the recoverability of crude oil from reservoirs. On the other hand, low salinity
brine injection is a promising technique for increasing oil recovery from clay-rich sandstones in an
economic manner. Clay detachment at low salinity conditions, however, drastically alters fluid flow. In
this work, clay-functionalized etched-silicon micromodels are used to visualize directly the mobilization
of clay at low salinity conditions in (i) the absence of oil, and (ii) the presence of oil. Study results include
clay mobilization and pore plugging in the absence and presence of oil visualized by saturating the clay-
functionalized micromodel with high salinity brine followed by injections of reduced salinity brines. Clay
detachment and migration was observed in oil-free systems for 4000 ppm NaCl low salinity injection
brine. The extent of fines detachment was quantified to determine the types of clay structures affected.
Furthermore, fines migration, flocculation, and re-deposition were visualized directly. The types of
structures formed (i.e., pore-plugging, pore-lining, etc.) by the re-deposited clay particles are charac-
terized to determine their impact on formation damage. Clay detachment in the presence of oil was also
visualized. Initial conditions analogous to clastic reservoirs were established by allowing the crude oil,
brine, and solids to interact (i.e., age). Clay detachment occurred during 4000 ppm NaCl low salinity oil
recovery. Real-time, pore-level visualization revealed significant mechanisms during oil recovery pro-
cesses and their influence on multiphase flow. Specifically, pore plugging particles in water-filled pores
obstructed preferential flow paths and diverted injection fluid to unswept regions thereby increasing oil
production.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Petroleum reservoirs often contain large quantities of both
swelling and nonswelling clay (Khilar and Fogler, 1984; Kia et al.,
1987; Mohan et al., 1993). Surface interactions between clay and
its surroundings, i.e., brine, crude oil, and the bulk matrix signifi-
cantly influence the petrophysical properties of the reservoir and
the transport of fluids through the reservoir. Specifically, clays such
as kaolinite and montmorillonite are prone to migration and
swelling, respectively, as a result of contact with injection brines of
altered compositions (Tang and Morrow, 1999; Schembre and
Kovscek, 2004, 2005; Lager et al., 2008; Lever and Dawe, 1984).
In reservoir engineering, formation damage, i.e., permeability
reduction in the reservoir, is a key problem that arises during low
ek).
salinity waterflooding (i.e., injection of brines with reduced salinity
compared to the connate water or initial injection brine) in clay-
rich sandstones (Khilar and Fogler, 1984; Mohan et al., 1993;
Lemon et al., 2011; Hussain et al., 2014; Zeinijahromi et al., 2015).

Three main mechanisms have been proposed to explain reser-
voir formation damage under low salinity conditions: fines
migration, particle swelling, and swelling-induced migration
(Mohan et al., 1993). First, fines detachment and mobilization
within the pore space may result in pore plugging phenomena that
reduce the availability of flow paths. Specifically, the detachment
and subsequent transport, flocculation, and redeposition of the free
clay particles leads to significant pore-plugging, and ultimately
formation damage. Kaolinite is particularly susceptible to this type
of behavior under low salinity conditions. Second, clay swelling in
the absence of stabilizing salt ions reduces the amount of pore
space available to flow, and in severe cases of formation damage,
blocks the smaller pore throats and hence reduces significantly the
permeability of the reservoir. Montmorillonite is a smectite clay
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prone to swelling under low salinity conditions. Third, the swelling
of pore-lining clays that subsequently break off fines during flow
may lead to pore blockage and formation damage.

Low salinity brine injection, on the other hand, is a promising
technique to increase oil recovery in clay-rich reservoirs. Specif-
ically, Tang and Morrow (1999) first reported increases in oil re-
covery of an additional 5e20% of the original oil in place. Several
mechanisms have been proposed to delineate the increase in oil
recovery due to low salinity waterflooding, including fines migra-
tion, cation exchange, and emulsion formation. The effects of fines
migration and possible formation damage on oil recovery, however,
are not well understood. Disagreement in the literature and field-
scale experiments suggests that fundamental understanding of
the mechanisms dictating the low salinity effect is required
(Mcguire et al., 2005; Boussour et al., 2009; Hadia et al., 2011;
Skrettingland et al., 2011).

Pore-scale understanding of crude oil-brine-rock (COBR)
behavior is critical to the optimal design of oil-recovery techniques
with respect to formation damage. Core-flooding experiments have
been conducted to study the fluid-fines interactions on clay
detachment. Specifically, Khilar and Fogler (1984) studied the effect
of injection brine salinity on overall fines migration and identified a
critical salt concentration (CSC) that was required to mobilize
kaolinite particles in Berea sandstone based on indirect pressure
and effluent analysis. More recently, Hussain et al. (2014) per-
formed both single- and two-phase low salinity waterflooding ex-
periments in Berea sandstone cores to study the effect of fines
migration on oil recovery. Specifically, significant permeability loss
and slight increase in oil recovery were found. Core-scale experi-
ments, however, are unable to resolve the fundamental formation
damage mechanisms at the pore-scale. Current imaging technolo-
gies such as x-ray computed tomography cannot reach the spatial
and temporal resolution that is required to visualize directly the in-
situ, real-time pore-scale phenomena related to the behavior of the
clay particles.

Microfluidics is an emerging technology that enables the direct
visualization of pore-scale phenomena in real time (Buchgraber
et al., 2012a, 2012b; Sinton, 2014). Recently, glass and silicon
microfluidic devices with representative pore-scale geometries
have enabled the study of petroleum fluid behavior in the subsur-
face (Buchgraber et al., 2012a, 2012b; Song and Kovscek, 2015; Song
et al., 2014a,b). Specifically, Buchgraber et al. (2012a) described the
creation of two-dimensional microfluidic platforms with etched
geometries identical to those of real rock pores. These micromodels
are unique microfluidic devices with the pore networks of real
sandstones or carbonates etched into silicon and enable real-time,
direct visualization of pore-scale phenomena that could not
otherwise be observed in a core. Recently, Song and Kovscek (2015)
incorporated clay particles within the micromodel to enable a
visualization platform with both representative pore geometries
and surface properties of real sandstone. These surface-
functionalized micromodels incorporate the pore-scale surface
heterogeneities that are associated with the presence of clays and
enable the direct visualization of pore-level clay behavior such as
clay sensitivity to injection brine composition, particle mobilization
and swelling, and formation damage.

In this work, clay-functionalized micromodels were used to
visualize directly the response of clay to low salinity brine injection.
Montmorillonite and kaolinite clays were deposited onto the pore-
wall surfaces of micromodels to enable the study of swelling and
dispersive clays under low salinity conditions, respectively. Simi-
larly, kaolinite and montmorillonite were deposited into the pore
space to enable pore-scale study of crude oil/brine/rock in-
teractions in a microfluidic platform with both realistic pore ge-
ometry and surface properties. Specifically, the effect of low salinity
injection in rock rich in swelling clays (e.g., montmorillonite) and
non-swelling clays (e.g., kaolinite) was studied through single-
phase brine injection experiments, and the effect of fines migra-
tion and formation damage during low salinity oil recovery was
studied through waterflooding experiments (i) the absence of oil,
and (ii) the presence of oil. The extent of fines detachment was
quantified to determine the types of clay structures affected.
Structures formed (i.e., pore-plugging, pore-lining, etc.) by the re-
deposited clay particles were characterized to determine their
impact on formation damage. Clay detachment in the presence of
oil was also visualized. Initial conditions analogous to clastic res-
ervoirs were established by allowing the crude oil, brine, and solids
to interact (i.e., age). Clay detachment occurred at roughly similar
salinity. Real-time, pore-level visualization revealed significant
mechanisms during oil recovery processes and their influence on
multiphase flow. Specifically, pore plugging particles inwater-filled
pores obstructed preferential flow paths and diverted injection
fluid to unswept regions thereby increasing oil production.

2. Experimental methods

Pore-scale visualization of formation damage in clay-rich
sandstones due to low salinity waterflooding was achieved using
surface-functionalized micromodels. The surface-functionalized
micromodels are two-dimensional microfluidic visualization plat-
forms with pore geometries and surface properties representative
of those found in real reservoir rock. The micromodels consisted of
a 5 cm � 5 cm porous matrix with a pore network etch depth of
30 mm to allow for pore-scale flow visualization. The porous matrix
is constructed from repeating a base image of the sandstone ge-
ometry. Square areas of increasing widths were sampled and the
associated porosities were calculated to determine the represen-
tative elementary volume (REV) of the system (see Supplementary
Material). Specifically, the REV of the micromodel geometry here
was determined to have a width of ~300 mm. The micromodel has a
porosity of 54% and permeability of 2 Darcy.

The micromodels were fabricated in silicon and glass to achieve
representative wettability properties of sandstone rock. Fabrication
methods for the micromodel are as described by Buchgraber et al.
(2012a) and Buchgraber et al. (2012b). Clay particles were depos-
ited onto the pore walls to achieve representative surface wetta-
bility and structural properties of real reservoir rock. Kaolinite and
montmorillonite were chosen to study the effect of low salinity
injection on formation damage due to fines migration and swelling,
respectively. The clay-functionalization of the micromodel pore
surfaces in this work is similar to the methodology described in
previously published work (Song and Kovscek, 2015). Specifically, a
1 wt% kaolinite solution was prepared by adding kaolinite powder
(Kaolin, K2-500, Fisher Scientific) to 15,000 ppm NaCl (sodium
chloride, S271-3, Fisher Scientific) solution and vigorously stirred at
atmospheric conditions. The solution was sonicated (Bransonic
220) for 1 h before injection into the micromodel to prevent par-
ticle flocculation and pore plugging. The solution was then injected
into the brine-saturated micromodel at 20 m/day to maintain
particle dispersion and to minimize pressure buildup (Song and
Kovscek, 2015). Montmorillonite was deposited into the micro-
model in a similar fashion by injecting a solution with 1 wt%
montmorillonite (Montmorillonite K 10, powder, CAS: 1318-93-0,
Sigma-Aldrich) in 15,000 ppm NaCl into the brine-saturated
micromodel to prevent swelling. Alternating air/brine injections
were conducted to remove mobile clay particles; this ensured that
the remaining clay particles were firmly adhered to the silicon
surface. The clay-coated micromodel was continuously flushed
with several pore volumes of the high salinity brine using the sy-
ringe pump to create a fully brine saturated system. The motivation
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of saturating the micromodel with brine typical of a reservoir was
two-fold: (1) to replicate the initial conditions in the reservoir, and
(ii) to avoid clay detachment as a result of low salinity shock. All
experiments were performed with constant injection rates and the
micromodel outlets were maintained at atmospheric pressure.

2.1. Single phase montmorillonite experiments

Once sufficient montmorillonite was deposited onto the pore
space, the surface-functionalized microfluidic network was flooded
with 15,000 ppm NaCl solution to determine the initial single-
phase permeability of the system. Specifically, the high salinity
brine was injected at constant flow rate corresponding to a su-
perficial velocity of 30 m/day using a 60 mL syringe (BD 60 mL
syringe, 309653) and a syringe pump (Harvard Apparatus, Hollis-
ton, MA) setup, as shown in Fig. 1. The superficial velocity was
determined using the injection flow rate, Q, and the cross sectional
area, A, of the micromodel, i.e., v ¼ Q/A. The system outlets were
maintained at atmospheric pressure. Permeability was determined
by measuring the pressure drop across the micromodel at constant
injection rate. The micromodel was then imaged using a confocal
microscope (Sensofar S neox 3D optical profiler) at 100 fixed lo-
cations across the micromodel to visualize the clay particle struc-
ture and distribution at initial conditions.

Formation damage due to clay swelling during low salinity brine
injection was studied by flooding the system with deionized (DI)
water to create a salinity shock. Pressure drop was measured across
the micromodel to determine the impact of low salinity water-
flooding on formation damage in the presence of swelling clays.
The micromodel was imaged at the same locations to visualize any
changes in the structure and distribution of the clay particles
following the freshwater flood.

2.2. Single phase kaolinite experiments

Formation damage due to clay mobilization during low salinity
brine injectionwas studied by flooding the kaolinite-functionalized
Fig. 1. Experimental setup for visualizing the mobility of clay particles within the
micromodel. Saline solutions were injected using a syringe pump at a superficial ve-
locity of 30 m/day. The microfluidic system was open to atmosphere downstream.
Fluids and solids distributions were monitored throughout the duration of the flow
experiments at a fixed location using the microscope-camera setup. The micromodel
was imaged at a minimum of 25 fixed locations across the micromodel after each flow
experiment to obtain spatial averages of the system response.
micromodel with high and low salinity brines. Specifically, the
micromodel was first saturated with high salinity brine
(15,000 ppm NaCl) and imaged at 25 fixed locations across the
micromodel to determine the initial clay distribution throughout
the system. The basis for choosing the 25 locations was to create an
evenly distributed grid of sampling locations throughout the
micromodel. Specifically, the imaging grid formed 5 rows and 5
columns, each separated by 1 cm. We chose the origin to be at the
bottom left corner of the 5 cm � 5 cmmicromodel and coordinates
of the first imaging location was (x ¼ 0.5 cm, y ¼ 0.5 cm). The 25
fixed pore locationswere spaced evenly across themicromodel (i.e.,
a grid of 5 � 5 locations across the micromodel) to minimize the
impact of pore-level heterogeneities. The selection process of the
imaging locations was unbiased and thus allows for a more
representative understanding of the pore-level behavior such as
fluid saturations. Low salinity brine with 4000 ppm NaCl was
injected into the micromodel to study the behavior of kaolinite
under low salinity conditions. This salinity is below the critical salt
concentration required to mobilize kaolinite in sandstone cores
(Khilar and Fogler, 1984) and was thus chosen here. Images were
taken at the same 25 fixed locations across the micromodel to
determine the effect of low salinity brine injection on formation
damage in the presence of dispersive clays.
2.3. Two phase kaolinite experiments

Kaolinite was chosen to study oil recovery mechanisms in the
presence of clay due to its prevalence in sandstone and the abun-
dance of edge charges on the particle surface. The kaolinite-
functionalized micromodel provided a two-dimensional visualiza-
tion platform that was well representative of a real reservoir rock.
Initial conditions representative of real reservoirs were required to
conduct meaningful low salinity waterflooding experiments. In
order to establish the initial conditions that were representative of
clastic reservoir systems, the kaolinite-functionalized micromodel
was saturated with formation brine and crude oil as follows. Table 1
lists the composition of the formation brine used. This is the for-
mation brine composition that corresponds to the crude oil we
chose to test.

The brine-saturated system was then imaged using confocal
microscopy at 25 locations distributed evenly across the micro-
model to determine the initial pore-scale clay distribution. The
micromodel was then flooded with crude oil by injecting the crude
oil at 30 m/day until residual water saturation was reached. The
system was imaged during this process to observe the drainage
process. The crude-oil properties are described in Table 2. This
particular crude oil/brine system is of industrial relevance and was
chosen here.

Low salinity experiments were conducted using crude oil due to
the importance of surface interactions between kaolinite and the
acid/base groups and asphaltenes in the crude oil. The micromodel
was imaged immediately following the drainage process at the
same 25 fixed locations to provide a basis for studying the effect of
aging. The micromodel was aged for two weeks to allow for
Table 1
Composition of brine used to simulate initial conditions analogous to clastic
reservoirs.

Reagent Concentration (g/L)

CaCl2$2H2O (Calcium chloride dihydrate) 0.183
MgCl2$6H2O (Magnesium chloride hexahydrate) 0.585
NaCl (Sodium chloride) 20.461
KCl (Potassium chloride) 0.611
Na2SO4 (sodium sulfate) 0.109



Table 2
Crude oil characterization (Peng, 2009).

Crude oil properties Value

Acid number (mg/g) 2.36
Base number (mg/g) 6.02
Asphaltene content (wt%) 2.69
Density (�API) 21
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sufficient surface interactions between the various components in
the crude oil, brine, clay, and silicon. Specifically, the system was
submerged in a closed container of crude oil to avoid air from
invading the pore space. The same 25 pore spaces were re-imaged
after the aging process (i) to determine the effect that the in-
teractions between the various phases had on the fluid distribution
and wettability of the system and (ii) to obtain a pore-scale visu-
alization of the initial condition.

After establishing the initial conditions that are representative
of clastic reservoirs, the micromodel was subjected to a conven-
tional high salinity waterflood. The high salinity waterflood was
performed to serve as a benchmark against conventional oil re-
covery for subsequent flow experiments. Specifically, a 10,000 ppm
brine was injected at a superficial velocity of 30 m/day for many
pore volumes to benchmark the experiments against conventional
waterflooding techniques. Pore-level saturations were directly
visualized at the same 25 locations using confocal microscopy. To
assess the effect of low salinity brine injection on the clay-
functionalized micromodel system, a 4000 ppm low salinity brine
was then injected. All experiments were conducted at ambient
conditions with the outlets of the micromodels open to
atmosphere.

2.4. Image processing

Images were processed to provide both quantitative and quali-
tative insight into the experimental results. Imaging at fixed loca-
tions across the micromodel allowed for visualization of fluid
distribution evolution due to altered injection conditions. Specif-
ically, images of fixed pore spaces were aligned to enable com-
parison of pore-level fluids/solids distributions between each stage
of the flow experiments. Furthermore, images from two-phase
experiments (i.e., waterflooding oil reservoirs) were binarized to
distinguish between the various phases, i.e., crude oil, brine, and
pore matrix. These image sequences provided (i) quantitative data
on the saturations of the phases, and hence, oil recoveries after each
injection process, and (ii) qualitative data on the pore-scale oil/
brine distribution and preferential regions for clay and oil mobili-
zation. All image processing was performed using Matlab and
ImageJ.

3. Results and discussion

Kaolinite and montmorillonite particles were deposited into the
microfluidic network to study directly the effect of low salinity
brine injection on formation damage in clay-rich rock and its
impact on oil recovery. The deposition techniques described by
Song and Kovscek (2015) successfully achieved the representative
fines structures, wettability properties, and salinity response
resembling real sandstone. Specifically, montmorillonite particles
were deposited as pore-lining particles and kaolinite particles
exhibited both pore-lining and pore-plugging behavior. These
deposition patterns correspond to the clay structures found in real
sandstones. Second, wettability alteration of themicromodel due to
the presence of clay was observed. Specifically, clay-dense pore-
spaces were found to be non-wetting to the water phase in the
presence of air. Third, a critical salt concentration (CSC between
4000 ppm NaCl and 6000 ppm NaCl) for kaolinite mobilization
from the pore surface was identified and corresponds well to the
literature for Berea sandstones. The clay deposition process was
thus deemed valid to replicate rock properties within amicromodel
and flow experiments were henceforth carried through to visualize
directly the effect of low salinity fluids on the system.

3.1. Montmorillonite response to low salinity shock

Montmorillonite-functionalized micromodels were first satu-
rated with a 15,000 ppm high salinity brine and subsequently
flooded with a 4000 ppm low salinity brine. Pressure drop mea-
surements across the clay-functionalized micromodel indicated
significant formation damage due to the low salinity shock. Spe-
cifically, a 6-fold decrease in system permeability was measured
from ~800 mD to ~130 mD. Alignment of the images at fixed lo-
cations before and after the low salinity waterflood allowed for
direct monitoring of the effect of low salinity brine injection at the
pore scale. Clay particle swelling was not visualized in this system,
however significant fines migration was observed. Specifically,
detachment of montmorillonite particles was highly sensitive to
the injection brine salinity, as shown in Fig. 2 where the stably
attached montmorillonite particles at high salinity (Fig. 2(a)) were
released with the introduction of the low salinity brine (Fig. 2(b)).
The visualization results here suggest that the dominant formation
damage mechanism in the montmorillonite-rich micromodel was
caused by swelling-induced fines migration, where clay swelling
causes the detachment of other particles within the pore structure.
Interestingly, low salinity core flooding experiments performed
elsewhere (Mohan et al., 1993) concluded that swelling-induced
fines migration contributed significantly to formation damage in
montmorillonite-rich sandstones.

3.2. Kaolinite response to low salinity shock

Kaolinite-functionalized micromodels were initially saturated
with a 15,000 ppm NaCl high salinity brine and subsequently
subject to reduced salinity brine injections by order of decreasing
salinity. Specifically, the single-phase brine injection experiments
showed significant kaolinite mobilization at 4000 ppm NaCl. Fine
clay particles were stably attached on the pore surface for injection
brines from 15,000 ppm NaCl to 8000 ppm NaCl. Initial clay
detachment was observed after 6000 ppm NaCl injection, and
significant kaolinite mobilization was found for brine salinities at
and below 4000 ppm NaCl. These results correspond well to
experimental core data and theoretical particle stability calcula-
tions in the existing literature on the sensitivity of kaolinite
mobilization to salinity (Schembre and Kovscek, 2005; Khilar and
Fogler, 1984; Mohan et al., 1993).

Pore-level clay mobilization was quantified through image
analysis of fixed pore spaces after each flow experiment. Regions
affected by clay mobilization (e.g., detachment and redeposition)
were recorded for each fixed pore location. Pore-scale images were
obtained at each of the 25 fixed locations after high salinity
(15,000 ppm NaCl) brine injection and low salinity (4000 ppm
NaCl) brine injections were compared. Formation of pore-lining
deposits and pore-bridging structures were observed. The regions
affected by clay mobilization were aligned to the base image of the
micromodel pore network. Summation of the images enabled
characterization of the regions that were particularly susceptible to
formation damage due to clay particle redeposition during low
salinity waterflooding. Comparison between the formation damage
map and single-phase flow simulation through the porous medium
is shown in Fig. 3. Initial clay particle distributions within the pore



Fig. 2. Fines release and mobilization due to low salinity brine injection in a montmorillonite-rich sample. Initial clay particle distribution at 15000 ppm high salinity conditions (a)
and mobilized montmorillonite distributions after the 4000 ppm low salinity waterflood (b) at the same pore location show significant fines release due to the low salinity shock.

Fig. 3. Formation damage due to kaolinite mobilization during low salinity waterflooding. Initial clay particle distribution at 15000 ppm high salinity conditions (a) and mobilized
kaolinite particles after 4000 ppm low salinity waterflooding (b) at the same pore location are compared with the single-phase velocity map from pore-scale simulation. Regions (i)
and (ii) show the redepsotion of mobilized particles as pore-lining clays in the pores that were experiencing intermediate/slow velocities, while regions (iii) and (iv) show the
formation of pore-bridging structures across high velocity flow paths. All simulated velocities shown in (c) are normalized against the maximum velocity of the porous system.
Pore-scale simulations provided by Soulaine (2016).
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space are shown in Fig. 3(a), while the effect of low salinity
waterflooding is shown for the same pore space in Fig. 3(b). Fig. 3(c)
shows the single-phase velocity map of the pore space obtained by
solving the full Navier-Stokes equations for the micromodel pore
geometry under the corresponding experimental conditions
(Roman et al., 2015). All velocities shown in Fig. 3(c) are normalized
against the maximumvelocity of the simulation and thus vary from
0 (blue) to 1 (red). Furthermore, all velocities shown are consistent
with the scale bar.

Formation damage due to clay mobilization was observed
following the low salinity waterflood. Specifically, formation
damage due to clay particle redeposition was most prevalently
found in large pores that were experiencing flow of intermediate
velocity (e.g., Fig. 3(i) and (ii)). Fig. 3(iii) and (iv) show that for-
mation damage due to pore-bridging structures, however, were
found to span small pores with high fluid velocity. While pore-
bridging structures were not found at every pore with high fluid
velocity, there was a higher probability of clay particles to form
pore-bridging structures in those regions (i.e., the constrictions).
These observations are consistent with current theories on pore-
plugging mechanisms due to fines migration for non-swelling
clays such as kaolinite (Mohan et al., 1993).

3.3. Oil recovery from kaolinite- and montmorillonite rich systems
in response to low salinity shock

Two-phase experiments were conducted with kaolinite- and
montmorillonite-functionalized micromodels, respectively. The
system was saturated with the formation brine and subsequently
injected with the corresponding crude oil. The system was aged at
ambient conditions for two weeks to establish initial conditions
representative of clastic reservoirs. Two weeks of aging allowed for
sufficient interactions between the various components in the
crude oil, brine, and solids and to reach thermodynamic equilib-
rium. No significant changes in the pore-level fluid behavior were
observed for longer interaction time. Images were obtained at the
25 fixed locations across the micromodel after the aging process to
establish the pore-level initial conditions.

Fig. 4 shows the direct visualization of the fluid distributions at a
particular pore location near the center of the micromodel. Spe-
cifically, Fig. 4(a) shows the kaolinite-functionalized micromodel
saturated with formation brine and Fig. 4(b) shows the initial
condition at the same pore location. To understand the impact of
low salinity waterflooding experiments and formation damage on
the system, an initial 10,000 ppm high salinity waterflood was
performed to provide a basis for comparison with conventional
waterflooding results. The result of the high salinity brine injection
is shown in Fig. 4(c). Next, a 4000 ppm low salinity brine was
injected to investigate the effect of low salinity waterflooding on
the system. The result of the low salinity brine injection is shown in
Fig. 4(d). Oil was collected at the outlets of the microfluidic system,
corresponding to a decrease in oil saturation throughout the
micromodel and thus an increase in oil recovery.

Overall clay mobilization in the oil-brine systemwas difficult to
quantify due to the relative opacity of the crude oil combined with



Fig. 4. Direct visualization of pore-level water-oil-clay-silicon phenomena at a fixed pore location near the center of the micromodel. The clay-functionalized pore space that is fully
saturated with formation brine (a) is injected with crude oil until residual water saturation is reached and aged to create initial conditions analogous to clastic reservoirs (b). High
salinity (10000 ppm brine) waterflooding of the system is performed to standardize the experimental results (c). Low salinity (4000 ppm) brine injection shows decreased pore-
level oil saturation, i.e., increased oil recovery and (d) injection of low salinity (4000 ppm) brine injection shows decreased pore-level oil saturation, i.e., increased oil recovery. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the visual artifacts associated with the adhesion of oil on the pore
surface. Mobilization of kaolinite particles in regions with high clay
density, however, was observed following the low salinity brine
injection, as shown in Fig. 5. Specifically, Fig. 5(a) shows the initial
clay particle distribution in formation brine. No clay particle
mobilizationwas observed after the high salinity brine injection, as
shown in Fig. 5(b). Clay particle distributions after the low salinity
brine injection, however, show that fines mobilization occurred in
this case. Comparison between the boxed regions in Fig. 5(b) and
(c) shows a deficit of clay particles after the low salinity flood. This
correlates well with the mobilization of particles at low salt con-
centrations in the single-phase experiments.

The minimal local oil mobilization associated with the detach-
ment of clay particles, however, does not correlate well with the
significant increase in oil production observed. Because the
micromodel was constructed by repeating a single unit of pore
geometries across the micromodel, comparison of fluid behavior in
repeated pore structures across the micromodel allows for the
Fig. 5. Mobilization of pore-plugging kaolinite particles as a result of low salinity waterfl
formation brine (a). The deficit of clay particles in the white box after the 4000 ppm low salin
(b) show that similar to the single-phase experiments, clay particles in the two-phase expe
identification of specific pore geometries that were most sensitive
to the experimental conditions. In other words, if a pore geometry
was consistently affected by clay mobilization across the micro-
model then it was identified as a problematic pore, and similarly, if
a pore was consistently affected by oil mobilization across the
micromodel then it was deemed an oil mobilization pore. A com-
parison map identifying the locations of pore-level formation
damage was generated at each of the 25 fixed locations across the
micromodel by comparing the experimental images before and
after the low salinity waterflood. The pores were then matched to
the pore geometry map of a single base unit to identify the pores
that were most commonly affected by formation damage due to
single-phase low salinity waterflooding. A similar treatment of the
oil mobilization pores was performed to identify the pores that
were most susceptible to increased oil recovery due to low salinity
waterflooding. These results are shown in Fig. 6. Specifically, the
pores that were consistently affected by formation damage are
highlighted in red, while the pores where the brine consistently
ooding. The initial clay particle distribution is shown for the pore-space saturated in
ity flood (c) in comparison to the clay particles after the 10000 ppm high salinity flood
riments were also sensitive to the salinity of the injection brine.



Fig. 6. Comparison of regions affected by clay mobilization (red) and regions of
increased oil recovery (blue) compiled on a single base image unit for a kaolinite-
functionalized micromodel (a) and a montmorillonite-functionalized micromodel (b).
Macroscopic comparisons between the regions that were most susceptible to forma-
tion damage with the regions that were most susceptible to oil mobilization of the
kaolinite-functionalized system suggest that flow diversion due to formation damage
plays a dominant role in low salinity increased oil recovery. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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displaced the oil phase during low salinity waterfloods are high-
lighted in blue. This analysis was performed for both kaolinite- and
montmorillonite-functionalized systems, as shown in Fig. 6(a) and
(b), respectively.

Importantly, for the kaolinite-functionalized micromodels, the
pores most affected by pore-level formation damage showed
minimal increases in oil recovery, and vice versa. Low salinity brine
injection most commonly mobilized oil in the smaller pores, i.e.,
pore radius between roughly 30e80 mm, whereas formation dam-
age most commonly occurred in the larger pores, i.e., pore radius
between ~50 mm and 150 mm. These results suggest that the sig-
nificant redeposition of the mobilized clay particles as pore-
plugging structures resulted in drastic blockage of preferential
flow paths within the micromodel. As a result, injected brine was
diverted to previously unfavorable paths (i.e., pores that were filled
with oil) and therefore contribute to the increase in oil recovery
observed at concentrations below the critical salt concentration.

Similarly, low salinity waterflooding in montmorillonite-
functionalized micromodels showed an 8.5% increase in oil recov-
ery. The pores most affected by clay detachment also showed
minimal increases in oil recovery, and vice versa. In this case,
however, oil was mobilized in larger pores as a result of low salinity
waterflooding, i.e., pore radius between ~80 mm and 130 mm,
whereas formation damage most commonly occurred in the
smaller pores, i.e., pore radius between ~20 mm and 80 mm. Pore-
lining montmorillonite was most commonly found in smaller, low
velocity pores at initial conditions and was less prevalent in larger,
high velocity flow paths. The mobilization of swollen montmoril-
lonite did not appear to result directly in improved recovery under
the conditions studied.

The contrast of results obtained using kaolinite and montmo-
rillonite illustrates, potentially, important effects of the clay type on
low salinity waterflooding. Such differences may be related to the
nature of nonswelling versus swelling clays and/or the micro-
structure of clay deposition on pore walls.
4. Conclusion

In this work, pore-level clay particle behavior was visualized
directly to delineate the mechanisms contributing to formation
damage under low salinity conditions. In contrast to many prior
studies, two-phase flow conditions were employed. Montmoril-
lonite- and kaolinite-functionalized pore spaces were subject to
low salinity waterfloods. Pressure measurements showed 6-fold
reductions in permeability, i.e., significant formation damage in
the system accompanying fines mobilization. Drastic swelling-
induced fines migration was observed in the montmorillonite-
rich system and fines migration was observed in the kaolinite-
rich system as brine salinity was reduced below the critical salt
concentration. These direct visualization results correspond well to
those obtained from previous core-flooding experiments in the
literature. Kaolinite detachment and flocculation resulted in (i) the
formation of pore-bridging structures across small pores that
experienced high velocities and (ii) the redeposition of pore-lining
structures on larger pores that experienced intermediate velocities.
Two-phase experiments showed increased oil recovery in
kaolinite- and montmorillonite-rich rock during low salinity
waterflooding where fines mobilization occurred. Mechanisms
dictating the increased oil recovery due to low salinity water-
flooding were explored by characterizing the pores that were most
susceptible to oil mobilization and comparing those to the pores
that were most susceptible to formation damage in the kaolinite-
and montmorillonite-rich micromodels. Flow diversion from pref-
erential flow paths that became partially blocked with clay to
smaller pores containing oil was a major mechanism for increased
oil recovery during low salinity waterflooding in kaolinite-rich
systems, whereas mobilization of pore-lining swollen montmoril-
lonite did not appear to result directly in improved recovery under
the conditions studied.
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