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a b s t r a c t

Accelerating mass exchange between matrix and fractures is the essence of enhanced oil recovery (EOR)
in tight formations after natural depletion. Low salinity water (LSW) injection has been commercially-
proven in conventional reservoirs EOR, with scale projects in progress worldwide. There is, however, a
lack of understanding of the EOR effect in tight formations. Therefore, in this work, we introduced LSW-
EOR to a target tight formation using huff-puff mode. Spontaneous imbibition (SI) tests were firstly
performed on homogenous Berea sandstone cores with decreasing salinity brine to observe the pro-
duction response. The results indicated that the oil recovery of the tight rock was boosted by tuning brine
salinity. Of all the used brines with salinity ranging from 0.021% to 2.1% TDS (total dissolved salinity), the
0.21% TDS brine showed a rapid increase in oil production over imbibing time, which finally led to an
incremental oil recovery of 4.5% OOIP (original oil in place). Core-scale modeling was conducted by
history-matching the oil recovery dynamics of the SI results through modifying capillary pressure and
relative permeability. A full-scale reservoir model was constructed using micro-seismic data to model
fracture geometry combing fracturing results and scaling parameters obtained from core scale history-
matching. It is proven that LSW huff-n-puff stimulated the oil production after natural depletion and
improved MEE (mass exchange efficiency) of the target formation, but the EOR benefit was not com-
parable to CO2 and surfactant-assisted water huff-puff methods.

© 2020 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With the continuous growth of oil and gas demand, conven-
tional reservoirs are struggling to meet global energy consumption.
Tight resources, as one of the most significant unconventional oil/
gas resources, have drawn increasingly research attention in past
decades [1e3]. Currently, horizontal wells coupled with multistage
hydraulic fracture is still the most widely used strategy to stimulate

tight oil recovery [4]. Despite the mature application of this tech-
nology, the primary recovery of tight reservoirs relying on natural
energy remains quite low, for example, <10% OOIP in Bakken and
<5% in Mahu sag, as predicted [5]. Rapid decline in well production
and formation energy leads to prematurely abandonment of pro-
ducing wells leaving a large fraction of resources underground.
Given this issue, EOR technologies are urgently needed to further
unlock these resources.

Recently, quite a few experimental and numerical studies have
been conducted to seek the optimum EOR methods for tight for-
mations and attempt to reveal the underlying mechanisms such as
CO2, solution gas, surfactant injection using huff-puff mode, etc.
[4,6e8]. Although exciting results can be easily obtained in labo-
ratory, insufficient gas sources and costly operations often hinder
the implementation of these technologies in oil fields especially in
China. Therefore, alternatives to the conventional EOR methods
should be quickly developed for the successful development of
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tight reservoirs.
In general, the rock surface of an oil reservoir is water-wet

before oil migration, while some reservoirs are converted to oil-
wet or mixed-wet state due to the interactions between oil/brine
or brine/rock interface after oil migration, which thus leads to
significant oil trapping in porous media [9]. Hence, wettability
alteration should be the primary consideration in this case to
achieve EOR. As an emerging EOR method, LSW flooding (LSWF)
has received significant attention since it has been recognized as an
environmental-friendly and economical method [10]. Accordingly,
smart water flooding, designer waterflooding, and ion-tuning
waterflooding were successively proposed and studied at aca-
demic and even industrial levels [11]. The EOR mechanisms behind
LSW were also intensively investigated in the research community
[12e17], for example, Tang and Morrow claimed that fine mobili-
zation played a critical role in LSW effect, and proved that the
adsorption of crude oil and initial water saturation were highly
necessary for LSWF [18]. Based on field test results, McGuire et al.
concluded that LSWF was comparable with alkaline flooding,
which could reduce oil-water interfacial tension (IFT) and increase
pH value leading to more water-wet rock [19]. Lager et al. stated
that fine mobilizations, pH increase, and IFT decrease were
responsible for the benefit of LSW, and proposed that cation ex-
change reaction between mineral surface and injected brine was
the dominate mechanism [20]. Ligthelm et al. found that by
reducing the overall brine salinity especially multivalent cations,
the double electric diffusion layer surrounding clay and oil would
expand, which accordingly raised the electrostatic repulsion be-
tween clay particles and oil. When the repulsion exceeded the
binding force of the cation bridge, the oil would desorb from clay
surface, and therefore increased the water-wetness of rock surface
[21,22]. This brief review firmly confirmed the EOR effect of LSW
although there is still no consensus on the dominant mechanisms
so far.

Spontaneous imbibition (SI) is a well-recognized process, in
which the wetting phase enters porous medium driven by capillary
force [23]. Capillary force is defined by the Young and Laplace
equation as shown in Eq. (1), where s is interfacial tension, q de-
notes contact angle, and r represents capillary radius [24]. For oil-
wet or mix-wet reservoirs, surfactant is commonly used to
change rock wettability to enhance SI, so-called surfactant-assisted
SI [7,25]. Prior to field scale test, a comprehensive work should be
conducted to optimize the operational parameters surfactant since
IFTandwettability alteration usually impose contradictory effect on
SI (Eq. (1)) [26,27]. In addition, the cost of surfactants especially the
customized surfactants for high temperature and high salinity
reservoirs is still one of the major obstacles to scale application.

Pc ¼2scosq
r

(1)

Following up our earlier works on tight formation EOR, the
attention of this paper was given to the oil recovery dynamics of
LSW in a target formation from core scale to field scale. SI experi-
ments were initially conducted on tight rocks to observe the pro-
duction response to LSW followed by core-scale modeling.
Capillary pressure and relative permeability curves were modified
through history-matching and then applied to the field-scalemodel
constructed by micro-seismic data. The effects of injection timing,
volume, soaking time and cycles on oil productionwere thoroughly
investigated to assess the technical viability of LSW in this forma-
tion. It should be emphasized that this work was not a mechanistic
study; therefore, our attention was primarily placed on the effi-
ciency of LSW in the target formation aiming to optimize the field
scale EOR effect of LSW.

2. Experimental methodology

2.1. SI experiment protocols

The core plugs used in this work were homogenous Berea
sandstone. Table 1 lists their basic petrophysical properties. All core
plugs were dried in an oven at 150�C overnight to eliminate any
moisture followed by the measurements of permeability (k to air)
and porosity (F). The stock synthetic brine composed of an inor-
ganic salt mixture (NaCl, Na2SO4, MgCl2 and CaCl2) were prepared
and then diluted with deionized (DI) water to LSW as shown in
Table 2. Xinjiang Oilfield kindly provided the oil sample with the
basic properties shown in Table 3.

In a typical SI test, the dried core plugwas subjected to a vacuum
to 10�1 MPa for one week using a vacuum pressurization saturation
device (KDZB-II, Kedi Co., China) followed by pressurization
(35.0 MPa) for 4 days to saturate water (2.1% TDS brine). The
parameter of pore volume (PV) was subsequently determined by
mass balance. Coreflooding experiment was later carried out to
saturate the core plug with crude oil at 24.0 cm3/h. After oil
breakthrough, the rate was switched to 48.0 cm3/h to minimize the
capillary end effect until water was unmeasurable in the effluent
[28]. The oil-saturated coreswerewrapped using plastic membrane
and aged at 50 �C for one week. Table 4 gives the initial oil satu-
ration (Soi) and connate water saturation (Swi) of these cores. After
that, the core was placed in an Amott cell, which was filled with
different salinity brines as previously described. All the SI tests
were conducted in an oven at 80 �C and the recovered oil amount
was periodically measured during this process.

2.2. Numerical simulation

2.2.1. Theoretical analysis: ion exchange in LSW-SI
In subterranean environment, the existing cations would adsorb

on clay surface forming ionic bridges with the negative charge of
clay surface. The polar oil components are subsequently adhered on
the clay minerals via ionic bridge, which makes the rock surface
more affinitive for oleic phase [10]. During LSWF, multiple ion ex-
change and wettability alteration are responsible for the oil pro-
duction benefits of LSW. Under reservoir conditions, there exists a
chemical equilibrium between ions in solution and ions adsorbing
on the surface of clay minerals. Therefore, when the ionic compo-
sition of the injected water is changed, the pre-formed equilibrium
would be interfered leading to the occurrence of ion exchange re-
actions. In general, two representative ion exchange reactions occur
in the system as given below [29]:

Naþ þ 1
2
ðCa�X2Þ4 ðNa�XÞ þ 1

2
Ca2þ (2)

Naþ þ 1
2
ðMg�X2Þ4 ðNa�XÞ þ 1

2
Mg2þ (3)

where X represents clay mineral.
These reaction are reversible since they proceed forward when

high salinity brine is present in the formation and Naþ will take the
place of Ca2þ and Mg2þ. Adversely, if low salinity brine is injected,
the brine-rock equilibrium is altered and ion exchange between
divalent ions and monovalent ions would produce a new equilib-
rium [29]. As a consequence, the polar oil components are released
from divalent ions, which converts the rock wettability to be water-
wet. Similar to chemical equilibrium reactions, the concept of
equilibrium constants can also be applied to define ion exchange
reactions as described below:
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KNa=Ca ¼
�
a
�
Ca2þ

��0:5
aðNa� XÞ

aðNaþÞ½aðCa� X2Þ�0:5
(4)

KNa=Mg ¼
�
a
�
Mg2þ

��0:5
aðNa� XÞ

aðNaþÞ½aðMg � X2Þ�0:5
(5)

ai ¼gimi (6)

where a is the activity, and the activity of a component (ai) is
associated with the activity coefficient giand the molality of
component i. Generally, the activity coefficients of Naþ and Ca2þ in
the aqueous phase can be calculated by the Debye-Huckel model or
B-dot model. However, it remains challenging to obtain the activity
coefficients of Na-X, Ca-X2 and Mg-X2, which are relevant to Naþ,
Ca2þ andMg2þ on the clay surface. Hence, the selectivity coefficient
was proposed to replace the equilibrium constant as shown in Eqs.
(7) and (8):

K ’
Na=Ca ¼

zðNa� XÞ�m�
Ca2þ

��0:5

½zðCa� X2Þ�0:5mðNaþÞ
�
�
g
�
Ca2þ

��0:5
gðNaþÞ (7)

K ’
Na=Ca ¼

zðNa� XÞ�m�
Mg2þ

��0:5

½zðMg � X2Þ�0:5mðNaþÞ
�
�
g
�
Mg2þ

��0:5
gðNaþÞ (8)

z(Na-X), z(Ca-X2) and z(Mg -X2) are the equivalent fractions of
Naþ/Ca2þ and Naþ/Mg2þ on the clay mineral, respectively. The
selectivity coefficient can be estimated from experimental data
[30].

2.2.2. Core-scale modeling
To respect the core-scale SI conditions, a

5.41 cm � 5.41 cm � 7.14 cm SI model was built up using CMG-
IMEX as depicted in Fig. 1. This mode mainly consists of two
parts, core matrix and fluid. Both 4 and Swi of the grids surrounding
the core matrix were set to 0.999 to simulate the fluid in the Amott
cell, named Sector (K ¼ 10 Darcy). For the sector, the relative
permeability curves are two diagonal lines and the capillary pres-
sure is negligible. The core-scale model was built into a cuboidal
shape based on the equivalent volume (Fig. 1), and all the grids
were assigned to the same 4 and k. The relative permeability curves
of the core are created base on the Brooks and Corey’s model as
[31]:

krw ¼ kerw

�
Sw � Swi

1� Swi � Sor

�nw

(9)

kro ¼ kero

�
1� Sw � Sor
1� Swi � Sor

�no

(10)

where krwand kro represent the water and oil relative permeability,
respectively; kerw and kero represent the endpoint of water and oil
relative permeability, respectively; nw and no represent the expo-
nent of water and oil relative permeability, respectively.

To delineate imbibition oil-water capillary pressure curve, the
normalized water saturation (Sw*) was initially defined followed by
the determination of capillary pressure as follows [32]:

S*w ¼ Sw � Swi

1� Swi � Sor
(11)

Pc ¼p0
�
1� S*w

�n
(12)

Where Swi is the initial water saturation, Sor is the residual oil
saturation, p0 is the endpoint of capillary pressure, and n is

Table 1
Petrophysical properties of the core plugs.

Core No. Length,
L (cm)

Diameter, D (cm) Pore Volume, PV (cm3) Porosity 4 (%) Permeability, k (mD)

1 5.1 3.8 7.64 13.2 0.25
2 5.1 3.8 5.39 9.3 0.39
3 5.1 3.8 5.66 9.7 0.22
4 5.1 3.8 5.79 10.0 0.25

Table 2
Chemical composition of the brines.

Brines (wt% TDS) NaCl (mM/L) Na2SO4 (mM/L) MgCl2 (mM/L) CaCl2 (mM/L)

2.1
Formation salinity

294 0.63 9.45 28.9

0.42 58.8 0.13 1.89 5.77
0.21 29.4 0.063 0.95 2.89
0.021 2.94 0.0063 0.095 0.289

Table 3
Basic properties of the oil sample used in this work.

Parameter Value Unit

Live-oil density 637 kg/m3

Live-oil viscosity 2.0 mPa$s
Bubble point 22 MPa
Dead oil density (25 �C) 824 kg/m3

Dead oil viscosity (25 �C) 5.1 mPa$s

Table 4
Initial oil saturation and connate water saturation of these cores.

Core No. Initial oil saturation, Soi (%) Connate water saturation, Swi (%)

1 42.0 58.0
2 41.0 59.0
3 46.0 54.0
4 39.0 61.0
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exponent of imbibition capillary pressure.
The capillary pressure and relative permeability curves were

modified to match the oil recovery dynamics of the SI results. Both
curves were constructed by manual trial and error method on the
core model [33].

2.2.3. Field-scale modeling
The field-scale model was constructed using micro-seismic data

of two wells to model facture geometry combining scaling pa-
rameters obtained from core-scale history-matching. Micro-
seismic data are mainly composed of location coordinates and
magnitude, which can control the range of volume fracturing. Fig. 2
shows the schematic diagram of the constructed field-scale model.
The color represents the stages of hydraulic fracturing (Fig. 2(a)). A
reservoir domain of 1080.36 � 1080.36 � 63 m was meshed by a
tartan grid (70 � 70 � 3 in I, J and K directions, respectively). Two
horizontal wells with a well spacing of 463 m and lateral length of
802.55 m and 848.85 m respectively were placed in the model.
Logarithm spaced local refined (LS-LR) method was used to
describe the fractures, and the number of refinements in the I, J and

K directionwas set to 5� 5� 3, which intends to precisely simulate
the mass exchange between the matrix and fractures. The equiva-
lent principle of fracture conductivity was applied to describe the
flow capacity of the fracture since the grid cell width of field-scale
model in CMG was not able to reach fracture width grade. In this
work, the fracture conductivity was set to 50 mD$m and the

Fig. 1. Schematic of (a) Amott cell in the SI experiment and (b) core-scale SI model.

Fig. 2. (a) Micro-seismic data of two horizontal wells were used to construct (b) the 3D field-scale model.

Table 5
Reservoir and fractures properities of the field-scale model.

Parameter Value Units

Model dimension (I � J � K) 1080.36 � 1080.36 � 63 m
Number of grid blocks (I � J � K) 70 � 70 � 3 e

Initial reservoir pressure 56 MPa
Reservoir temperature 80 oC
Matrix porosity 9% e

Matrix permeability 0.1 mD
Initial oil saturation 0.65 e

Lateral length (Well 1) 802.55 m
Lateral length (Well 2) 848.85 m
Well spacing 463 m
Fracture conductivity 50 mD$m
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effective permeability was 82.02 mD based on the data provided by
Xinjiang Oilfield. The parameter setting in the simulationwas given
in Table 5. The temperature and initial pressure of this formation
were 80 �C and 56.0 MPa, respectively. The bottom hole pressure
(BHP) was set to be slightly above the bubble point pressure.

3. Results and discussion

3.1. SI experiments

A well-accepted idea is that the imbibition forces are mainly
consisted of gravity and capillary forces, which are believed to play
a decisive role under different imbibition conditions and at
different stages. The inverse Bond number is widely used to roughly
evaluate the dominance of these two forces in during SI. The in-
verse Bond number is defined as the ratio of capillary to gravity
forces (Eq. (13)), where C ¼ 0.4 for the capillary tube model, s is
interfacial tension, 4 and k represent porosity and permeability,
respectively, Dr is the density difference of liquid, and H is the
height of the core. When N�1

B is larger than 5, capillary forces

dominate the SI process [34,35]. In our experiment, N�1
B is much

greater than 5, implying that the proceeding of SI was driven by
capillary force.

N�1
B ¼C

s
ffiffiffiffiffiffiffiffi
4=k

p
DrgH

(13)

SI experiments were carried out at core scale as shown in Fig. 3.
Fig. 4 plots the oil recovery and oil production rate as a function of
imbibing time, from which the oil recovery dynamics upon brine
salinity can be readily observed. Surprisingly, the increment of oil
recovery with the decrease of brine salinity was not very remark-
able as expected (see Fig. 4 (a)), but it did lead to the disparity in SI
efficiency. Briefly, the oil recovery gradually increased with imbi-
bition and then reached a plateaued value after roughly 250 h. Of all
the used brines with salinity ranging from 0.021% to 2.1% TDS, the
0.21% TDS brine produced the highest incremental oil recovery of
4.5% OOIP in 515 h. Fig. 4 (b) shows that the oil production rate
steeply declined over time and the 0.21% TDS brine apparently
exhibited the largest rate among all the brines especially in the first
100 h. This fact implied that the mass exchange process between
the core matrix and ambient LSW (fractures) was noticeably
accelerated when this salinity brine was present. Unfortunately, we

have not figured out the reasons behind this tendency because of
the complicated mechanisms involved in LSW.

3.2. Core-scale modeling

Fig. 5 shows the history-matching results of the core sale SI
experiments. Overall, the simulated oil recovery production agreed
with the experimental data, and the deviation between these two
set of data was believed to be caused by oil adsorption on the core
surface and Amott cell in the early stage as we observed during this
process. Based on the history-matching, the capillary pressure and
relative permeability curves were modified as shown in Fig. 6. The
related parameters are shown in Table 6. These curves were then
applied to the field-scale model in the following section.

Fig. 7 shows the water saturation in the core during the SI
experiment using 0.21% TDS brine. It was noted that with SI pro-
ceeding the water (wetting) phase slowly entered the core matrix
and expelled the oil (non-wetting) phase toward the core surface
(see Fig. 3). At the early SI stage (t � 168 h), the water saturation
across the core was found to be uniform, whereas at the end of the
experiments (t ¼ 515 h), the water saturation at the top became
slightly greater probably due to the gravitational effect. Fig. 8 shows
the evolution of the oil saturation in themiddle cross-sectional area
over imbibing time. It is clear that as the water phase imbibed into
the core matrix, the oil saturation radially decreased from interior
core to surface.

3.3. Field-scale modeling

Based on the earlier results, the field-scale EOR performance of
LSW in the target tight formation using huff and puff mode was
numerically simulated. Some key variables to economical produc-
tion including injection timing, fluid volume, soaking time, and
cycles were evaluated and optimized within a reasonable range. To
simplify the arithmetic, only two brine salinities (2.1% TDS and
0.21% TDS) were selected for comparison.

3.3.1. Injection timing
The economic benefit of any EOR projects is strongly dependent

on the implementation timing or the current formation pressure.
Therefore, in this simulation, we allowed the formation pressure
(Pi) to naturally deplete to 80% (T1), 70% (T2), 60% (T3), 55% (T4),
and 50% (T5) of Pi, and then conducted a series of LSW huff-puff

Fig. 3. SI experiments at (a) beginning and (b) termination (Brine salinity decreased from left to right).
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operations to observe the production response. For comparison, the
other parameters remained constant (total injection volume of a
single well ¼ 9000 m3, maximum injection rate ¼ 150 m3/day,
soaking time ¼ 30 days, and maximum oil production
rate ¼ 150 m3/day). Fig. 9 plots the cumulative oil production (COP)
of LSW huff-puff with time at different timings, from which the
improvement in oil recovery by this method can be observed.
Fig. 10 presents the incremental oil production (IOP) and MEE
(volume of injected water over volume of produced oil) of 2.1% and
0.21% TDS brines. From Fig. 10, we found that the EOR effect of LSW
huff-puff in the target formationwas closely related to the depleted
pressure. The values of IOP and MEE nearly increased linearly from
480 m3 to 0.06 m3/m3 to 1400 m3 and 0.16 m3/m3, respectively,
with the formation pressure depleting from 80% (T1) to 50% (T2) for
the 0.21% TDS brine. Agreeing with core-scale results, the LSW IOP
and MEE magnitudes were improved by 7.7%e51.1% for all the
protocols compared to those of 2.1% TDS brine. It must be admitted
that LSW huff-puff did stimulate tight oil production as an EOR
mode, but the EOR effect was not as significant as CO2 injection or
surfactant-assisted SI.

3.3.2. Fluid volume
The injected volume of water was varied from 3000 m3 to

18,000 m3 with a constant injection rate and soaking time. Fig. 11
presents the COP response with the increasing volume compared
to natural depletion. As a reasonable response, more noticeable
COP could be observed with the increasing water volume. The
increment in oil production using LSW is depicted in Fig. 12. As
indicated, the IOP magnitude was linearly responsive to water
volume, whereas MEE was found to increase firstly to a maximum
value (MEEmax ¼ 0.165) and then tended to drop slightly after
15,000 m3, where the largest gap between these two brines
occurred. The MEE results convincingly revealed the EOR effect of
LSW inmobilizingmatrix oil as shown in core-scale SI experiments.
Besides imbibition effect, another dominant mechanism behind
this process was to re-pressurize the depleted formation and pro-
vide sufficient forces to drive matrix oil toward fractures in the puff
phase. Fig. 13 presents the pressure fields after the natural deple-
tion (T5), water injection and soaking. The contribution of pres-
surization mechanism to COP should be identical for these two
brines, and thus the incremental oil production was mainly due to

Fig. 4. (a) Oil recovery and (b) oil production rate over time in the SI experiments.

Fig. 5. History-matching of the core-scale SI experimental data: (a) 2.1% TDS, (b) 0.42% TDS, (c) 0.21% TDS and (d) 0.021% TDS.
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the events that occurred on the rock surfacewhen LSWwas present
as described in Section 2.2.

3.3.3. Soaking time
Soaking time directly determines the EOR effect of huff-puff

processes especially when imbibition occurs, but also causes
costly downtime for production in oilfield. Hence, this parameter

must be optimized and economically designed prior to field tests.
For field scale, soaking time can be ranged from several days to
months depending on reservoir properties and EOR mechanisms of
the injected fluids. In the simulation, we varied the soaking time
from 0 days to 40 days, the COP response to this variation is illus-
trated in Fig. 14. It is surprising that soaking hardly affected the COP
of this process even the 0.21% TDS brine was used, the LSW IOP was
increased bymerely 90m3 after soaking 20 days (see Fig. 15). Fig.15
also indicates the limited benefit of LSW with soaking in this for-
mation. It was deduced that the result was mainly caused by the
insignificant changes occurred on the capillary curves with brine
salinity decreasing (see Fig. 6). This fact implies that this method is
not sufficient to improve the oil recovery of tight reservoirs sub-
stantially as CO2 injection or surfactant-assisted SI processes.

3.3.4. Huff-n-puff cycles
In practice, huff-puff process is usually conducted in multi-cycle

Fig. 6. Relative permeability and capillary pressure curves of different salinity brines: (a) 2.1% TDS, (b) 0.42% TDS, (c) 0.21% TDS and (d) 0.021% TDS.

Table 6
Relative permeability and capillary pressure parameters of different salinity brines.

Salinity 2.1% TDS 0.42% TDS 0.21% TDS 0.021%
TDS

Phase W O W O W O W O
Endpoint of Kr 0.16 0.6 0.16 0.6 0.16 0.6 0.16 0.6
Kr Exponent 1.2 3 1.3 2.9 1.4 2.8 1.5 2.7
Endpoint of Pc (kPa) 175 55 220 115
Pc Exponent 2.7 2.5 3 2.1

Fig. 7. Water saturation of the core during 0.21% TDS brine imbibition process.
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mode until an economic limit is reached. In this simulation, five
cycles in total were performed with other parameters remained
identical. Fig. 16 shows the oil production rate (OPR) of LSW in each
cycle (0.21% TDS brine). As observed, the injection of LSW did

increase OPR compared to the natural depletion but it dropped
steeply with production time and cycles. Fig. 17 shows that the COP
of this process slowly increased with huff-puff cycles, the EOR ef-
fect, however, quickly decreased from the third cycle implying that
it was not sufficient to further mobilize matrix oil any more. Fig. 18

Fig. 8. The distribution diagram of oil saturation in the middle cross section with imbibing time.

Fig. 9. Effect of injection timing on the COP of LSW huff-puff (0.21% TDS brine was
used).

Fig. 10. IOP and MEE of water huff-puff process as a function of timing and brine
salinity.

Fig. 11. Effect of fluid volume on the COP of LSW huff-puff (0.21% TDS brine was used
at T5).

Fig. 12. IOP and MEE of water huff-puff as a function of volume and brine salinity.
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gives the IOP and MEE of two brines in five cycles, from which we
found that MEE rapidly decreased with cycles. This result can be
explained by the following two points. Firstly, the oil saturation of

the matrix in the proximity of fractures continuously decreased as
huff-puff process proceeded. Secondly, the equilibrium of the crude
oil-brine-rock (COBR) system (Eq. (2) and Eq. (3)) was interfered
once LSWwas present in the formation. This consequently resulted
in low salinity effect and EOR effect as we simulated earlier until
another equilibrium of the COBR systemwas re-established shortly.
In LSW flooding process, this equilibrium can be readily achieved
near the displacing front due to a fact that LSW always encounters
HSW (high salinity water) during mitigating forward. As a conse-
quence, the LSW EOR effect keeps increasing as the displacing
process proceeds. However, as for huff-puff mode, LSW is not able
to contact the HSW in place continuously especially after the first
cycle due to the limited sweep regions. This is believed to be the
main difference behind these two modes (huff-puff and flooding).

4. Conclusions

LSW EOR effect was investigated from core scale to field scale to

Fig. 13. Pressure fields (a) after natural depletion, (b) water injection and (c) soaking (0.21% TDS brine was used at T5 with the injection volume of 15,000 m3).

Fig. 14. Effect of soaking time on the COP of LSW huff-puff (0.21% TDS brine was used
at T5).

Fig. 15. IOP and MEE of water huff-puff process as a function of soaking time and brine
salinity.

Fig. 16. OPR in each cycle of the LSW huff-puff (0.21% TDS brine was used at T5).

Fig. 17. Effect of huff-puff cycles on the COP of LSW huff-puff (0.21% TDS brine was
used at T5).

Fig. 18. IOP and MEE of water huff-puff process as a function of huff-puff cycle and
brine salinity.
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evaluate its technical viability in a target formation. Some key
operational parameters determining economic benefits of this
process were focused. Based on the experimental results, the
following conclusions can be generally drawn:

(1) The results of core-scale SI experiments demonstrated the
LSW EOR effect. The 0.21% TDS brine produced the highest oil
recovery and oil recovery ratio compared to other three
salinity brines, which means that there exists an optimal
salinity for LSW EOR.

(2) Capillary forces functioned on brine salinity, whereas insig-
nificant changes occurred on the relative permeability
curves.

(3) The EOR effect of LSW huff-n-puff was very sensitive to in-
jection timing, fluid volume and cycles. COP, IOP and MEE of
this formation after natural depletion can be improved using
this method. However, it is still not comparable to CO2 or
surfactant-assisted water huff-puff processes.

(4) Further works can be conducted on the influence of indi-
vidual ions on oil recovery to optimize brine composition
and maximize EOR effect.
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