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Abstract

Low Salinity Water Flooding (LSWF) is an improved water flooding technique that enhances the oil
recovery with a relatively cheaper cost. Such technique becomes vital as the oil price keeps falling
significantly at the global scale. Although plenty of research work has been devoted towards LSWF in
conventional sandstone reservoirs, the research on LSWF in fractured reservoirs is still at its beginning
stage and a lot needs to be explored in this direction. In this context, an attempt has been made in
order to deduce the conceptual model that will describe the mechanism of LSWF in a fractured aquifer
using dual-porosity approach. Unlike the conventional sandstone reservoirs, which are based on single-
continuum concept, the fractured reservoirs are associated with a multi-continuum based concept and
hence, the mechanism of LSWF still becomes complex. Two different types of conceptual models have
been proposed in the work. The mechanism of LSWF technique takes place only within the low-
permeable rock-matrix, while the high-permeable fracture just acts as a conduit and carries the
released oil towards the production well in Model 1. However, in Model 2, the mechanism of LSWF technique
takes place both within the low-permeable rock-matrix as well as on walls of the high-permeable
fracture. In this context, a detailed list of possible queries that may arise during the experimental/field
investigations of LSWF in a fractured reservoir has been discussed in detail. This work is expected to
provide further insights for carrying out the LSWF in a complex fractured reservoir.
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1. Introduction

Due to the enhanced increment in energy consumption at the global-scale, various methods
of energy resources are required in order to successfully meet the global energy growth as
well as demand. The role of fossil fuels would remain inevitable at least for the next few
decades in meeting these elevated global energy demand. It is well known that the global
extraction of oil from petroleum reservoirs is nearing about 30%, while the rest of it, i.e.,
nearly 70% of the Original Oil in Place (OOIP) remains trapped in oil reservoirs. It can be
noted that the efficiency primary and secondary oil recovery processes remains conditional as
a function of initial average reservoir pressure and the compressibility characteristics of the
concerned reservoir fluids. Thus, in conventional sandstone reservoirs, nearly two third of the
OOIP is trapped due to the complex chemical equilibrium associated with the in-situ crude oil,
reservoir formation water and the reservoir’s fluid-rock interaction that includes the rock wet-
tability; the interfacial tension; and the capillary pressure. The presence of heterogeneity as
well as the nature of oil-wet makes the oil extraction even from conventional sandstone res-
ervoirs to be very difficult. In addition, when the oil extraction is associated with a fractured
reservoir, the complexity becomes multi-fold. In general, the fractured reservoirs are charac-
terized by the multiple continuums as against the conventional single-continuum approaches.
However, the fluid flow through fractured reservoirs are so complex in nature and it requires
a large number of operational parameters in order to have a better control over an enhanced
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oil recovery unlike the conventional sandstone reservoirs. The fundamental problem associ-
ated with a fractured reservoir is that the low-permeable rock matrix stores all of the oil
reserves, while the high-permeability fractures serves as a conduit in order to transmit the
mobilized oil towards the production well. Thus, in a fractured reservoir, the fluid flow mech-
anism is fundamentally distinct from that from a sandstone reservoir, where the fluid storage
as well as the transmission takes place at the same location. The oil extraction using Enhanced
Oil Recovery (EOR) methods have generally yielded an increased oil recovery [1-15] but at the
expense of an enhanced investment. Thus, the concept of cost-effectiveness plays a crucial
role in extracting the oil from mature fields using secondary and tertiary recovery methods.
In this context, it is essential to follow the method that will yield an enhanced oil recovery,
while the associated cost should be significantly less in comparison with the other Improved
Oil Recovery (IOR) techniques. Low Salinity Water Flooding (LSWF) is an improved form of
water-flooding with a relatively lower-cost technique used in the field widely [16-24], Mostly, in
LSWF, the vastly available sea water with a well-controlled salinity is used in order to introduce
the wettability reversal from oil- to water-wet; and subsequently to enhance the migration of
fines leading to an enhanced production of crude oil. However, it is to be noted that the LSWF
technique has been explored significantly in conventional sandstone reservoirs, while the
mechanism of LSWF in a fractured reservoir remains poorly understood and deserves special
attention for further investigation. In this context, the objective of the present manuscript is
to deduce the conceptual modelling of LSWF associated with a fractured reservoir using dual-
porosity approach; and also, to deduce its associated complexities. This study aims to inves-
tigate the feasibility of using LSWF technique in a typical multi-continuum reservoir using a
dual porosity approach by mitigating the water production following the breakthrough of the
low-saline injected brines.

2. Low salinity water flooding

Water-flooding is a typical secondary recovery method that is used to maintain the (lost)
initial reservoir pressure; and subsequently to maintain the reservoir pressure to be at a level
that is greater than the bubble-point pressure so that the dominant viscous forces drive the
trapped residual oil towards the production well; and thereby improving the sweep efficiency
of the reservoir. In general, the efficiency of a secondary recovery method using water-flood-
ing technique is critically influenced by reservoir rock properties (porosity, permeability, aerial
and vertical heterogeneity); reservoir fluid properties (connate-water and viscosity); and the
mineralogical properties (the amount of swelling clay contents). However recent studies on
water flooding have practiced a varying chemical composition to the injected brine, which
subsequently disturb the established chemical equilibrium of the reservoir fluids; and in turn,
yield in an enhanced oil production. Such usage of smart water that is used to enhance the oil
recovery is widely known as the LSWF technique, which essentially involves the controlling on
the chemical salinity and the mineralogical composition of the injected brine water. This tech-
nique is relatively cheaper and environmental-friendly in comparison with the conventional
high-salinity water flooding and other Enhanced Oil Recovery (EOR) processes. The presence
of clay particles in the reservoir formation; and the presence of divalent cat-ions in the connate
water (calcium and magnesium cations can lead to oil-cation-oil; oil-cation-mineral; & min-
eral-cation-mineral interactions) are very critical for the successful LSWF technique, while the
crude oil should contain the acids and bases (the polar interaction between the polar functional
group of oil and the polar mineral solid surface sites). Martin [25]1 and Bernard [26] were the
earliest authors to modify the composition of the injected brine and subsequently they proved
that the same mechanism resulted in an Improved Oil Recovery (IOR). Tang and Morrow [27]
concluded that the release of mixed-wet fine particles (with attached oil droplets) from the
solid surface grains helped in improving the oil recovery, while the same release also paved
the way for the wettability reversal from oil-wet to more water-wet. Simultaneously, British
Petroleum successfully injected the low saline brine with less than 3000 ppm in a clastic res-
ervoir and this LSWF technique was able to mitigate the residual oil saturation significantly in
a field trial. McGuire [?8] noticed the enhancement in the pH value of the formation fluid
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following the injection of LSWF; and the subsequent generation of hydroxyl ions during the
interaction of low salinity injected brine with the in-situ (reservoir) formation fluid (connate-
water). The increased pH value not only helped in reducing the interfacial tension by acting
as a surfactant (the polar components in the oil gets saponified, when the oil gets in contact
with the high pH - low-saline brine) but also in reversing the rock wettability from oil-wet to
more water-wet. Lager [2°11 concluded that Multi-component Ion Exchange (MIE) [between
the crude-oil, rock-surface and the brine] takes place during the LSWF process that improves
the oil recovery. In general, the efficiency of the LSWF technique can be enhanced by altering
the chemical composition of the injected brine; and in particular, by reducing the salinity of
the injected bring to be between 1000 and 5000 ppm (as against the reservoir formation
salinity of around 2,00,000 ppm and sea-water salinity of around 35,000 ppm) with the opti-
mal ionic composition that significantly diminishes the residual oil saturation. However, it can
be noted that the enhancement in oil recovery remains conditional upon reducing the salinity
of the injected brine; on the presence of multivalent ions in the formation brine; and on the
presence of swelling clay minerals within the sandstone reservoir formation. The LSWF tech-
niqgue involves wettability alteration (measurement of fluid contact angles before and after the
injection of low saline brine); the reduction in Inter Facial Tension (IFT) between the crude-
oil and the brine; fluid pH; zeta potential of mineral surfaces; the Cation-Exchange-Capacity
(CEC); the adsorption isotherms; and the imaging of the solid mineral surfaces at different
scales. And, the analysis becomes further complicated for a fractured reservoir in order to
deduce the optimum value of the injected brine composition for a coupled fracture-matrix
system, where the interaction between stored immobile crude oil and the formation brine
within the low-permeable rock matrix; and the interaction between mobile crude oil and the
formation brine within the high-permeable fracture dictates the resultant efficiency associated
with the LSWF. Thus, the conceptualization itself becomes very critical in a fractured reservoir
that describes the successful LSWF technique.

3. Physical system and conceptual model of LSWF

A fractured reservoir fundamentally differs from that of a sandstone reservoir in the sense
that the storage and transmissivity in a fractured reservoir takes place in two different funda-
mental entities namely ‘fracture’ and rock-matrix’, while both the storage as well as transmis-
sivity in a sandstone reservoir takes place at the same pore-space. The high permeable frac-
tures act as conduits.

All the trapped residual oil has been
stored within the low-permeable rock-
matrix. In LSWF technique, the low
saline brine will be injected through an
Injection Well (IW). The brine would
first reach the high-permeable frac-
ture. Since, the permeability of the
fractures are relatively high, the ad-
vective forces will drive the low saline
brine within the fracture along the
flow direction from the injection well
(IW) as shown in Fig 1 and this pro-
cess is represented as (1) in Fig 1; and
it is represented as horizontal arrows

Fig. 1. Conceptual model of LSWF mechanism in a frac- nearer to the Injection Well (IW).
tured reservoir using dual-porosity approach

During the travel along the flow direction, the low saline brine will also get transported in
a direction perpendicular to the basic fluid flow direction as shown as (2) in Fig 1 and it is
indicated by vertical upward arrows at the fracture-matrix interface. The fluid mass exchange
in this direction involves the transfer of injected low saline brine from the fracture into the
rock-matrix either by diffusive means (for very tight rocks) or by advective means (if the rock-

w Fracture

@ Low salinity brine entering the fracture

@ Low salinity brine getting diffused into rock-matrix from fracture
@ Released oil from rock-matrix getting diffused back into fracture

@ Additional crude oil moving towards the PW
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matrix is having significant permeability). Once, the low saline brine gets diffused into the
rock-matrix, then, the actual effect of LSWF technique starts. Fractures will be having 100%
porosity at the scale of a single-fracture, while the concept of ‘fracture-porosity’ refers to the
ratio between the pore-volume occupied by the fractures to the total bulk rock volume. The
porosity and permeability of rock-matrix will be much smaller than the porosity and permea-
bility of a single fracture. The LSWF technique is expected to reduce the residual oil saturation
within the rock-matrix; and in turn, the released residual oil will get transported back from
the rock-matrix into the fractures as shown as (3) in Fig 1 and the same is indicated as vertical
downward arrows at the fracture-matrix interface. Having reached the fractures, these re-
leased oil components will be transported towards the production well as shown as (4) in Fig
1 and it is represented as horizontal arrows nearer to the production well (PW). In the present
work, the authors have made an attempt to investigate the feasibility of low salinity effect in
a fracture reservoir using dual-porosity approach [30-6°1, For conventional sandstone reser-
voirs, the salinity of the injected water is maintained at a rate of less than 5- 6 g/I, while the
optimum range hangs around 1 -2 g/L. However, in a fractured reservoir this rate would vary
significantly as it will be a strong function of fracture and rock-matrix parameters. The low
permeable rock-matrix should be associated with a significant amount of sensitive clay min-
erals associated with the formation water and enough divalent ions, while the crude oil is
supposed to contain a significant amount of polar compounds.

Upon the diffusion of the low saline brine into the low-permeable rock-matrix, the electro-
static forces will be weakened; and it essentially disturbs the equilibrium of the attached par-
ticles on the solid surfaces of the mineral rock grain. Initially, these fine particles were in
‘mechanical equilibrium’ that consisted of drag force, lift force, electro-static force and gravi-
tational forces. Once the equilibrium is disturbed, the initially attached fine particles get de-
tached from the solid surface and find its way within the pore-spaces. Now, these fine particles
are getting dragged within the rock-matrix pore volume. During this process, these fine par-
ticles may clog the narrow pore throats and subsequently, may further reduce the rock-matrix
permeability. In a fractured reservoir, the permeability reduction within the rock-matrix may
be very significant resulting from the injection of low saline brine and it may reduce the rock-
matrix permeability by about 100 - 1000 times from its initial value. The problem becomes
very complex here in the sense that the detached oil droplets requires some minimum thresh-
old rock-matrix permeability in order for its effective mobility towards the fracture.

It can however be noted that the attaching torque (gravitational force and electrostatic
forces) should be less than or equal to the detaching torque (drag and life forces) for the fine
particles to remain on the solid rock-matrix grain surface so that the condition of ‘mechanical
equilibrium’ is satisfied. Otherwise, the hydrodynamic forces (i.e., the drag force and the lift
force) will tend to release these adsorbed fine particles. These hydrodynamic forces depend
on the fluid flow velocity, while the electrostatic forces (which is the summation of van der
Waals, electrical double layer and Born forces) remains a function of the compositions of fine-
particles as well as the rock-mineralogy apart from the composition of the in-situ fluid (pH,
salinity and temperature). Thus, either the fluid velocity or fluid chemistry may disturb the
equilibrium between the attaching and detaching torques; and subsequently, the initially ad-
sorbed fine particles will get released. Following the release, the hydrodynamic forces drive
the fine-particles as the presence/injection of low saline brine suppresses the electrostatic
force. Finally, these released droplets get transported from rock-matrix into high permeable
fracture.

Figure 2 represents the sensitivity of the rock mineral surfaces containing the clay contents
(which contain a sheet of tetrahedral silica and octahedral aluminium layers and producing
structural imbalances in either of them apart from the presence of negatively charged particles
on the edges) within the low permeability rock-matrix that lead to an enhancement in the oil
recovery. Thus, the clay surfaces within the rock-matrix remain in an unstable condition as
shown in Fig 2a. Thus, upon the intrusion of low saline brine within the low-permeable rock-
matrix, a new chemical equilibrium is established under the real reservoir conditions as a
function of reservoir pressure, reservoir temperature & pH of the formation fluid.
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Fig. 2. Multicomponent ion exchange phenomenon in a coupled fracture-matrix system (a) before the
injection of low saline brine near the Injection Well (IW) and (b) after the injection of low saline brine
towards the production well

This new chemical equilibrium essentially disturbs the already existing rock-brine equilib-
rium; and subsequently, this disturbance lead to a resultant desorption of divalent cations,
particularly calcium and magnesium ions. Hence, for a given pH, these clay surfaces tend to
attract these desorbed Ca?* and Mg?* divalent cat-ions (the maximum value pertains to cat-
ion exchange capacity) from its surrounding pore volume in order to neutralise the unstable
charges. Thus, it can be observed from Fig 2b that the oil components get released from the
ionic exchange process; and subsequently, the pore fluid within the rock-matrix tends to have
more and more released oil components. These pore fluids containing the enhanced oil against
the water slowly get transported towards the high permeable fracture either by concentration
gradient or by advective forces depending on the permeability of the rock-matrix. Once, the
oil pool reaches the high permeable fracture, they are being advected towards the production
well; and subsequently enhancing the oil recovery. In addition, there will be an addition of
protons from the formation fluid on the clay surfaces in order to compensate the desorbed
divalent cations; and eventually leads to an enhancement in pH close to the clay surfaces.
This enhancement in pH also paves way for the enhanced oil recovery. However, it is not clear
whether how these mechanisms will happen at the fracture-matrix interface as there is a
migration of low saline brine from fracture to matrix; along with the migration of released oil
from the rock-matrix to the fracture in the opposite direction. Also, the fraction of the fracture
length along which these fluid mass transfer takes place between the fracture and the rock-
matrix will be very critical in deciding the resultant additional oil recovery.

Upon the injection of low saline brine into a fractured reservoir, once the low saline brine
gets diffused into low-permeable rock-matrix from the high-permeable fracture, it influences
the electrical charges at the oil-brine interfaces within the rock-matrix; and subsequently
causes the expansion of the double layer (consists of an inner adsorbed layer with positive
ions along with an outer diffusive layer of dominant negatively charged ions as shown in Fig 3).
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Fig. 3. Impact on the electrical double layer expansion (a) Before LSWF near the IW with high saline
formation water (b) Expansion of double layer due to LWSF in a coupled fracture-matrix system

The inner adsorbed layer contains divalent cations such as Calcium and Magnesium, which
essentially act as tethers in between the clay-mineral and the oil-component. Upon the injec-
tion of low saline brine, the diffusive layer gets opened. And, as a result monovalent ions such
as Sodium displaces these divalent ions; and subsequently, the electrostatic repulsive forces
between the clay-minerals and the oil components starts increasing. When these increasing
repulsive forces become significantly larger, the tethers between the clay-minerals and oil-
components get broken; and thus, the oil-components are getting desorbed from the clay-
minerals; and leads to the reversal of wettability; and in turn enhancing the oil recovery [7°],
However, it should be noted that the electrical surface charges depends on the pH of the low
saline brine. In addition, the thickness of the electrical double layer is a function of electrical
charges that exists between mineral-brine and oil-brine interfaces. The value of the ‘Zeta
potential’ (the potential that exists at the shear plane of the electrical double layer) needs to
be measured at the mineral-brine and oil-brine interfaces for varying pH values along with the
measurement of the contact angle in order to find how exactly the initially more oil-wet res-
ervoir gets transformed into a more water-wet reservoir by releasing the oil components from
the mineral and brine surfaces as shown in Fig 3. However, these measurements within the
low-permeable rock-matrix remains challenging. Further, crude oils remains positively charged at
lower pH values; and hence, it is mandatory to ensure that the crude oil remains negatively
charged for an efficient low salinity effect. It is not clear whether the potential of a low saline
brine injection into a fractured reservoir would remain potential by both secondary injection
as well as tertiary mode.

The concept of LSWF mechanism in a fractured reservoir can be conceptualized using 2
different models. In Model 1, it can be assumed that all the low salinity effect is taken place
within the low-permeable rock-matrix, while the fracture is treated only as a conduit that
collects the additional oil recovery resulting from the low salinity effect associated with the
rock-matrix. In Model 2, it can be assumed that the low salinity effect is taken place in both
high-permeable fracture as well as low-permeable rock-matrix. The Model 1 will be more re-
alistic as the low-permeable rock-matrix is similar to a porous medium; and subsequently, all
the mechanism of low salinity effect can be expected to happen within the rock-matrix only.
The distinction between Models 1 and 2 have been tabulated in Table 1.
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Table 1. Injection of low saline brine in a fractured reservoir using Models 1 and 2

Model 1

Model 2

The flow rate of the injected low saline brine is
adjusted in such a way that it diffuses into rock-
matrix significantly.

The additional oil recovery resulting from low sa-
linity effect takes place only within the rock-ma-
trix.

The presence of clay mineral surfaces is expected
only within the rock-matrix.

A relatively larger additional oil recovery can be
expected from the low salinity effect associated
with the rock-matrix.

More realistic as the fracture-matrix interface
nearer to the IW can be assumed to be involved
in the diffusion of the injected low saline brine
into rock-matrix, while the fraction of the inter-
face towards the PW can be assumed for the mass

The flow rate of the injected low saline brine is
adjusted in such a way that it diffuses into rock-
matrix significantly, while it gets advected within
the high-permeable fracture.

The additional oil recovery resulting from low sa-
linity effect takes place in both the rock-matrix as
well as on the fracture walls.

The presence of clay mineral surfaces is expected
in both rock-matrix and on the fracture walls.

A relatively smaller additional oil recovery can be
expected from the low salinity effect associated
with the fracture.

The fluid mass transfer process at the fracture-
matrix interface is too complicated as both the
fracture and matrix are involved in producing the
additional oil resulting from the low salinity effect.

transfer of the released oil into the fracture.

4. Discussion on complexities associated with LSWF

1.

2.

10.

How to estimate the diffusive mass transfer of injected low saline brine from high-perme-
able fracture into low-permeable rock-matrix?

What will be the time required by the injected low saline brines in order to get diffused
into low-permeable rock-matrix from high-permeable fractures? Can this diffusive mass
transfer be assumed to be one-dimensional?

What would be the optimal fracture and matrix parameters in order to deduce a significant
increase in pressure drop within the high-permeable fracture (along the flow direction) for
the given residual oil saturation associated with the low-permeable rock matrix; and that
enhances the resultant reservoir oil recovery or that reduces the residual oil saturation
present in the rock-matrix?

What would be the optimal amount of clay content that is expected within the low-perme-
able rock-matrix and on the fracture walls that will enhance the resultant oil recovery?
Will it be feasible to observe the low salinity effect within the fractures in the absence of
clay minerals but with the surface properties of the fracture wall been modified by a chem-
ical agent by other than the conventional clay minerals such as ‘organic materials’?

What should be the optimal amount of mono- and divalent-ions that should be associated
with the injection brine with reference to the composition of the rock-matrix formation
brine?

Will it be feasible by the low permeable rock-matrix clay particles to get detached and
mobilised with the oil by an enhanced adhesion of polar oil components to rock-clay min-
erals during the low salinity injection?

Will the adhesion of crude oils on the fracture surfaces or on the solid matrix grains within
the low permeable rock-matrix would remain pH dependent during the injection of low
salinity brine - following the DLVO theory that determines the colloidal stability using elec-
trostatic and van der Waals forces? If so, under what circumstances?

Will the injected low salinity brine into a coupled fracture-matrix system would first invade
the entire fracture or will it invade both fracture as well as rock-matrix first simultaneous?
Having diffused into the low-permeable rock-matrix, will the injected low salinity brine
displace the oil from the smallest water-wet pores to the largest water-wet pores; and
then, displace the oil from the largest oil-wet to the smallest oil-wet pores OR the vice-
versa? Will the capillary entry pressure within the low-permeable rock-matrix always re-
main larger than the driving pressure?
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Having diffused into the low-permeable rock-matrix, will the injected low salinity brine try
to reduce the contact angle; and in turn, will decrease the capillary entry pressure of the
oil-wet pores? Will it subsequently lead to the displacement of oil from the smallest pores
associated with the rock-matrix?

In a coupled fracture-matrix system, do we still need to reduce the salinity of injected
brine to be under 5000 ppm; or even a relatively higher salinity will lead to wettability
reversal; and in turn, will reduce the residual oil saturation? Will it be feasible to deduce
the threshold value for the lower salinity for a fractured reservoir?

Having diffused into the low-permeable rock-matrix, will the injected low salinity brine be
able to reduce the residual oil saturation within the rock-matrix in the absence of multiva-
lent ions in the formation water associated with the rock-matrix? Will those ions that were
initially adsorbed onto the solid mineral surfaces within the rock-matrix be sufficient to
initiate wettability reversal; and in turn, to reduce the residual oil saturation?

What should be the optimal initial pH; and in turn, the optimal initial brine saturation within
the low-permeable rock-matrix that will promote the adsorption of polar oil compounds;
and in turn, will facilitate the wettability reversal?

Is there a way to estimate or measure the “enhanced pressure drop” within the low-per-
meable rock-matrix resulting from the injection of low salinity brine into a coupled fracture-
matrix system?

Rock-matrix being very tight (having negligible porosity and permeability), will it be fea-
sible for the low salinity brine to lead to wettability reversal in the absence of producing
fines; and its subsequent fines migration? Will it further reduce the permeability of the
rock-matrix? If so, will the fluid mass transfer from rock-matrix to fracture will further get
mitigated?

Having diffused into the low-permeable rock-matrix, will the injected low salinity brine be
able to alter the pH value to be greater than 9 (with its corresponding elevated acid num-
ber) that will facilitate the saponification?

Will the diffusion of low saline brine from the fracture into the rock-matrix would facilitate
the adsorption of divalent ions on the rock-mineral clay surfaces; and thereby releasing
the already adsorbed oils?

Will it be feasible to estimate the dilution of the injected saline brine that facilitates the
desorption of divalent ions within the rock-matrix?

Will it be feasible to estimate or measure the enhanced pH values within the low-permeable
rock-matrix and high-permeable fracture explicitly upon the injection of low saline brine?
Will it be feasible to capture; and subsequently to estimate or measure the expansion of
electrical double layer at the mineral-brine surfaces within the low-permeable rock-matrix
and on the fracture walls within the high-permeable fracture explicitly upon the injection
of low saline brine? Whether the enhanced electrostatic repulsion between the charged
rock-mineral surfaces and the adsorbed polar oil components within the high-permeable
fracture and low-permeable rock-matrix would remain the same? If not, what would be
the possible reasons?

How exactly the variation in the thicknesses of the diffusive part of the electrical double
layer; and the ‘zeta potential’ will vary within the low-permeable rock-matrix and on the
fracture walls within the high-permeable fracture explicitly upon the injection of low saline
brine?

What should be the optimal injection rate of brine salinity into the high-permeable fracture
that leads to desorption of oil and its subsequent wettability alteration, while preventing
the onset of fines release and its associated formation damage?

Will the injection of low saline brine into a fractured reservoir would lead to a favourable
shift in relative permeability curves and its associated enhanced oil recovery? It should be
clearly noted whether the ‘initial crude oil permeability’ at connate water saturation is
used; or the ‘permeability of the brine’ is used for normalizing the relative permeability
curves — apart from the variations in results that is associated with the procedure on ini-
tializing the cores and its associated ‘aging time’.
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25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Having diffused into the low-permeable rock-matrix, how long will the injected low salinity
brine will consume to release the trapped oil? What will be approximate time-scale required
for desorption/detachment, coalescence; and its subsequent diffusive/advective transpor-
tation of oil droplets from the low-permeable rock-matrix into high-permeable fracture?
Whether the modification on the ionic content of the injected brine has a direct/inverse
correlation with the thickness of the fracture aperture and the fracture spacing?

What would be enhancement in oil recovery resulting from a LSWF associated with a frac-
tured reservoir?

Whether the nature and intensity of variations associated with the adhesive forces and the
resultant release/desorption of oil components from the solid surfaces of rock-matrix and
from that of the fracture walls would remain the same? If not, what could be the possible
parameters that control the changes in adhesive forces upon injection of low saline brine
in a fractured reservoir?

Will it be feasible to capture the variations in contact angles and its associated interface
curvatures within the low-permeable rock-matrix upon the injection of low saline brine?
Assuming that the concept of “initially wettability state” dictates the resultant nature of
low salinity effect within the low-permeable rock-matrix, how will it feasible to translate
such sub-pore scale wettability effect into a larger continuum-scale associated with the
Representative Elementary Volume (REV)?

How far, the breakthrough time will get delayed for the low saline brine injection in a
fractured reservoir? How will the profile of water-cut behave at the producing well? Can
the reservoir response from the injection of low saline brine be successfully modelled using
Buckley-Leverett analysis? Would it lead to a significant variation in the resultant fractional
flow?

In general, the additional oil recovery from a fractured reservoir requires additional pore
volumes even for a conventional water flooding. In this context, how many additional pore
volumes may be required for a low salinity effect to take into place as it involves the
stripping of cat-ions resulting from ion exchange? If so, what would the additional pore
volumes required would depend on?

Will it be feasible to consider the conventional LSWF mechanisms such as (a) migration of
fine particles; (b) pH effect; (c) Multiple-Ion-Exchange (MIE) effect; (d) Expansion of dou-
ble-layer phenomena; (e) Dispersion at the pore-scale; (f) Dissolution of rock-minerals;
(g) Viscosity and Inter-Facial-Tension (IFT) variation and (h) Osmosis - both within the
low-permeable rock-matrix as well as within the high-permeable fracture? In addition, will
it be feasible to quantify the contribution from each of the above mechanisms towards
altering the wettability from an initially more oil-wet state to a more water-wet state in
both fracture and rock-matrix?

Can we expect a significant change in Capillary Number upon the injection of low saline
brine? How exactly the behaviour of capillary desaturation profiles for a fractured reservoir
(at constant wettability) will be differing from that of a conventional sandstone reservoir?
Will the approach of moving towards more water-wet from more mixed-wet and more oil-
wet would really reduce the trapped residual oil in a fractured reservoir upon the injection
of low saline brine?

Will it be feasible for the capillary waves (resulting from snap-off phenomena) to establish
the continuity of fluid fluxes at the fracture-matrix interface? Or the fracture-matrix inter-
face will tend to distort the connected pathways and eventually would lead to the formation
of an individual oil ganglia?

Due to the extreme variations in permeability between fracture and rock-matrix, will the
interfacial forces and viscous forces associated with the oil-brine displacement act over
varying length-scales? Whether the spatial and temporal scales of a Haines jump deserve
a special attention in the context of a low saline effect in a fractured reservoir?

How precisely the problem such as low salinity water injection that is associated with a
multiple length- and time-scale can be efficiently used in a fractured reservoir in order to
deduce the optimal composition of the injected brine?
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39. What will be the threshold enhancement in pressure drop required for the additional oil
recovery upon the injection of low saline brine in a fractured reservoir? To what extent the
reservoir temperature; the injected composition of the saline brine; and the initial water
saturation would influence the increment in pressure drop associated with the wettability
alteration?

40. What will be the optimal composition of the injected saline brine that would initiate the
recovery of oil at a higher water-cut?

41.How does the low salinity effect associated with the injection of low saline brine in a frac-
tured reservoir differ from that of an alkaline flooding?

42.The transition from more mixed-wet and oil-wet to more water-wet upon the injection of
low saline brine require the presence of clay minerals associated with an elevated reservoir
temperature for a fractured carbonate reservoir?

43.The transition from more mixed-wet and oil-wet to more water-wet upon the injection of
low saline brine require the presence of more divalent cat-ions (such as Calcium, Magne-
sium and Sulphate ions) also in addition to the injection of low saline brine in a fractured
carbonate reservoir?

44, What will be the most decisive factor in reducing the adhesive forces upon the injection of
low saline brine in a coupled fracture-matrix system? Will it be the expansion of double
layer or the multiple ion exchange mechanism?

45. Will it be feasible to have a low salinity effect in the absence of reversal of wettability in a
fractured reservoir?

46.To what extent, the reservoir geology (sandstone or carbonate reservoirs) would influence
the resulting low-salinity effect in a fractured reservoir?

47.To what extent, the fracture-parameters (fracture length, fracture width, fracture spacing,
fluid velocity within the fracture) as well as the rock-matrix parameters (matrix diffusion
coefficient, matrix porosity and matrix tortuosity) will dictate the resulting low salinity
effect in a fractured reservoir?

48.To what extent, the macro-dispersion resulting from the differential advection (having very
high fluid velocity within the high-permeable fracture and a near-zero or very low fluid
velocity within the rock-matrix) will influence the low salinity effect associated with a frac-
tured reservoir?

49.0n top of controlling the salinity of the injected brine outside the reservoir, whether the
diffusive fluid mass transfer at the fracture-matrix interface would really alter the resultant
salinity of the injected brine?

5. Conclusions

An attempt has been made in order to deduce the possible conceptual model associated
with a fractured reservoir using the dual-porosity approach for implementing the LSWF tech-
nique. Since, a fractured reservoir is characterized by multi-continuum concept as against the
conventional single-continuum concept based LSWF in sandstone reservoirs, the various com-
plexities associated with a fractured reservoir during the LSWF has been listed in detail. The
following conclusions have been drawn from this study.

1) Low salinity water flooding technique requires a lot of experimental investigations before
venturing into field-scale studies in order to consider this as a potential EOR technique in
a fractured reservoir.

2) The dominant physical and chemical processes associated with the injection of low saline
brine needs to be deduced explicitly for high-permeable fracture and low-permeable rock-
matrix.

3) Considering the effect of low-salinity only within the rock-matrix seems to be more mean-
ingful rather than considering the effect simultaneously in both fracture and rock-matrix.

4) Deducing the injection rate of low saline brine as a function of fracture and rock-matrix
parameters has the potential to be a "game changer” in fractured reservoirs.

5) Out of the two proposed models, Model 1, where the recovery of the additional oil result-
ing from the low salinity effect associated with the low-permeable rock-matrix only -
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seems more realistic, rather than Model 2, where the contribution of additional oil results
from both fracture and rock-matrix.

6) The injection of low saline brine will be a strong function of fracture-parameters (fracture
length, fracture width, fracture spacing, fluid velocity within the fracture) as well as the
rock-matrix parameters (matrix diffusion coefficient, matrix porosity and matrix tortuos-
ity).

The authors strongly believe that these discussions will provide more insights to further
investigate LSWF in a complex fractured reservoir.
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