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Abstract: Sandstone oil reservoirs with huge bottom water and high permeability are generally developed with high 
flow rate. After long-term water flooding (LTWF), the water flooding characteristics are quite different from that of 
original reservoir. In this paper, the effects of the PV number, viscosity, and displacement rate during LTWF are studied 
through experiments. The mechanism is analyzed based on analysis of changes in oil composition, rock mineral 
composition and wettability. The oil-water relative permeability curves, oil recovery and wettability were obtained with 
new experiments methods, which avoids the oil metering error by measuring oil and water separately. The research 
indicates that when the viscosity increases, the water phase permeability decreases, the residual oil saturation increases, 
and the water content rate increases earlier. A higher water flooding rate results in a higher ultimate recovery. A higher 
asphaltene content results in a higher viscosity and more oil-wet reservoir conditions. After LTWF, the wettability tends 
to water-wet, which is more favorable for heavy oil recovery. Moreover, LTWF reduces the clay content, which creates 
a more water-wet surface and a larger reservoir pore throat environment. This research provides insightful 
characteristics of offshore sandstone oil reservoirs, which can be used to enhance oil recovery. 
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1 Introduction 
 

With the growing worldwide demand for oil, 
field developments have focused on offshore 
oilfields [1−3]. Enhanced oil recovery (EOR) 
processes have been applied for many years. EOR 
involves the displacement of crude oil by other 
fluids in a heterogeneous reservoir. Generally, water 
flooding or chemical flooding is used to improve 

recovery in an offshore oilfield, and water plays a 
critical role in the management of operations 
throughout the life of an oilfield [4−6]. However, 
offshore sandstone reservoirs usually have strong 
edge-bottom water, and water flooding is more 
economical and environmentally friendly than 
chemical EOR flooding. Thus, more attention has 
been paid to natural water flooding in offshore 
oilfield development. 

Conventional water flooding, which involves 
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artificial water flooding and natural water flooding, 
is an important process used to recover additional 
oil and to maintain reservoir pressure for a longer 
productive life. CARLL [7] concluded that the 
water entering sands will flow through the oil sands 
and increase oil recovery. Until the early 1950 s, 
water flooding was recognized and generally 
applied to oil fields. Early researchers extensively 
investigated the fundamental displacement 
mechanism behind water flow in porous media and 
determined that water flooding involves the 
substitution of water for oil [8, 9]. However, some 
researchers have found that the different properties 
of rocks and fluids, such as the wettability and 
relative permeability, dramatically influence oil 
recovery [10]. 
    In light of these early methods of water 
flooding, several studies have found that the quality 
of water injected into petroleum reservoirs is as 
important as the quantity injected, which is called 
low-salinity water flooding (LSWF) [11]. A number 
of studies have shown that during low-salinity 
water flooding, ions can be exchanged between the 
injected water and the rock. This leads to the 
adsorption of divalent ions and mineral dissolution, 
which changes the wettability to water-wet and 
enhances oil recovery [12−15], and it can also lead 
to changes in the relative permeability [16−20]. 
    Wettability is an important factor, which 
affects oil recovery in water flooding. In the past, 
oil reservoirs were commonly interpreted to be 
strongly water-wet because the water phase is 
generally the initial fluid in contact with the 
reservoir rock. However, several researchers have 
found that many reservoir rocks are not strongly 
water-wet [21, 22]. The latter results were obtained 
without considering the natural surfactants in crude 
oil, such as asphalt and paraffin substances, which 
are easily absorbed on the solid-liquid interface and 
change the reservoir rocks to oil-wet [23−25]. 
BUCKLEY et al [24] used one-dimensional water 
flooding experiments to confirm that a higher water 
flooding recovery can be obtained for a strongly 
water-wet core. 
    Recently, with the large-scale development of 
offshore oilfields, an increasing number of scholars 
have found that wettability can be similarly 
changed through natural water flooding instead of 
LSWF. Thus, reservoir engineers came up with the 
concept of long-term water flooding (LTWF), 
which means that the pore volume (PV) of water 

exceeds 100PV [26−28]. One-dimensional 
displacement experiments with high pore volume 
(PV) of injected water show that the changes in the 
wettability and pore structure during long-term 
water flooding reduced the critical capillary number 
and the residual oil saturation [29]. Great 
significance is attached to the proposal of LTWF for 
increasing fluid production in offshore oilfields. 
However, the microscopic interaction between the 
different components of the fluids and rocks has 
rarely been investigated after long-term water 
flooding. 
    In this paper, the conventional water flooding 
experimental procedures were modified to simulate 
the process of LTWF in order to investigate the 
characteristics of the oil-water relative permeability, 
wettability, and displacement efficiency during the 
process. Moreover, the influences of the core 
permeability, oil viscosity, and displacement 
velocity on these characteristics were also studied. 
Finally, the contact angle measurement, mercury 
intrusion method, and SARA (saturates, aromatics, 
resins, and asphaltenes) analyses were conducted to 
study the mechanisms of the wettability alteration 
of heavy oil reservoirs from a microscopic 
perspective. 
 
2 Materials and methods 
 
2.1 Materials preparation 
    In this study, the brine is formation water with 
a salinity of 32109 mg/L, and the ion content is 
shown in Table 1. 
 
Table 1 Ion content and salinity of brine 

Ion Concentration/(mgꞏL−1) 

K+, Na+ 11267 

Ca2+ 935 

Mg2+ 225 

Cl− 19196 

SO4
2− 1 

HCO3
− 485 

 
    The oil is degassed oil from a reservoir in the 
eastern South China Sea. The composition and 
viscosity of the crude oil at the formation 
temperature are shown in Table 2. 
    The cores are underground core samples of 
heavy oil sandstone reservoirs. The basic 
parameters of the cores are shown in Table 3. 
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Table 2 Physical properties of crude oil at formation 

temperature 

Number Viscosity/(mPaꞏs) Density/(gꞏcm−3) Temperature/°C

A 3 0.8829 87 

B 80 0.9012 81 

C 150 0.9332 78 

D 250 0.9393 76 

E 450 0.9430 77 

 

Table 3 Parameters of cores 

Number 
Permeability/ 

(10−3 μm2) 
Porosity Length/cm Diameter/cm

1 3761 0.309 5.01 2.56 

2 4098 0.338 4.55 2.55 

3 5631 0.312 6.92 2.56 

4 4774 0.311 5.08 2.56 

5 4792 0.310 4.60 2.54 

6 5152 0.313 6.71 2.55 

 
2.2 Experimental schemes and procedures 
    In traditional water flooding experiments, the 
limit of water flooding is generally selected as the 
point when 30 multiples of the pore volume (PV 
number) water are injected. For long-term water 
flooding, the mirror rule was used to determine the 
pore volume of the injected water. The bottom 
water reservoir, which has a 2226 m3/d daily fluid 
production rate, has been produced for 5 years, and 
the length and diameter of the core are 6 and 2.5 cm, 
respectively, so the PV number of the injected water 
is 2000. In addition, the displacement speed can be 
obtained as 2 mL/min. To better analyze the LTWF 
phase, we define the traditional water flooding 
stage as (0−30)PV and the LTWF stage as (30−  

2000)PV. 
    In order to study the effects of the different 
factors, five viscosities and two displacement 
speeds were selected. The experimental schemes 
are shown in Table 4. 
 
Table 4 LTWF experimental design 

Number
Permeability/

(10−3 μm2)
Viscosity/ 
(mPaꞏs) 

Speed/ 
(mLꞏmin−1) 

Displacement 
multiple (PV)

1 3761 3 

2 
30−2000 

2 4098 80 

3 5631 150 

4 4774 250 

5 4792 450 

6 5152 150 1 

 
    The experiment equipment used for the LTWF 
experiments consists of a liquid supply system, a 
displacement system, and a metering system. The 
liquid supply system includes a high-pressure 
constant-current pump (500 HP, Teledyne ISCO,. 
SA), an intermediate water container, and an 
intermediate oil container (ZR-2, HKY, China). The 
volume of the intermediate container is 20 L to 
ensure continuous displacement during the LTWF. 
The displacement system includes a core holder, a 
hand pump to provide confining pressure, and an 
incubator to provide formation temperature. The 
metering system mainly includes two pressure 
gauges and an oil-water separator. 
    As shown in Figure 2, the oil-water separator 
system includes an oil phase meter and a water 
phase meter. The oil and water are measured 
independently, which avoids the metering error 
caused by the oil-water mixing zone. 

 

 
Figure 1 Schematic of LTWF experiment (1, 3, 5, 6, 10, 14−Valves; 2−Constant flow pump; 4, 9, 15, 16−Pressure 

gauges; 7−Intermediate container (Water); 8−Intermediate container (Oil); 11−Core holder; 12−Incubator; 13−Hand 

pump; 17−Measuring bottle) 
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Figure 2 Oil-water separator (The oil and water are 

measured independently, which avoids the oil metering 

error caused by the oil-water mixing zone existing in the 

existing device due to the density difference separation 

[30]) 

 
    The detailed procedures for the water flooding 
experiments are as follows. 
    1) The cores were completely dried in a 
108 °C incubator. Then, their weights, lengths, 
diameters, and gas permeabilities were measured. 
    2) The cores were saturated with water for  
12 h using a vacuum pump, and then they were 
driven by formation water for 10PV at low speed 
with 2 MPa of confining pressure. The wet weights 
of the cores were measured to determine their 
porosities. 
    3) The cores saturated with water were driven 
by the oil until the bound water saturation had a 
flow rate of 0.5 mL/min. Then, the cores with 
established irreducible water saturation were placed 
in an incubator and aged for 15 d at the formation 
temperature. 
    4) The aged cores were driven by the brine to 
2000PV at a constant flow rate (1 or 2 mL/min). 
The breakthrough time, the cumulative oil/fluid 
production, and the displacement pressure 
difference at both ends of the core were accurately 
recorded. The recording density was increased in 
the initial stage of water flooding. As the oil 
production decreases, the recording time interval 
gradually increases. 
 
3 Results and discussion 
 
    The effects of LTWF on the reservoir 
production dynamics are mainly characterized by 
changes in the oil recovery (ΔS), the residual oil 
saturation (Sor), and the water content (fw). In 
addition, the variation in the relative permeability 

curves at different water flooding stages can be 
used to characterize the changes in the interaction 
between the reservoir rocks and fluids. The 
production dynamic statistics can be obtained by 
recording the fluid and oil production during the 
experiment, and the relative permeability curves 
can be obtained using the J.B.N (Johnson, Bossler, 
and Neumann) method. 
 
3.1 Effect of PV number 
    In order to study the effects of PV number on 
the reservoir production dynamics and the relative 
permeability curves, cores with different 
experimental conditions were selected for analysis. 
    As shown in Figure 3, as the PV number 
increases, the water content increases rapidly, and 
the water content has reached 90% or more before 
the PV number reaches 30PV. At the end of the 
traditional water flooding stage, the reservoirs 
 

 
Figure 3 Effect of PV number on oil recovery/water 

content/residual oil saturation (fw was measured from the 

fluid and oil produced, and ΔS and Sor were measured 

from the original oil saturation and oil production):    

(a) Core with 3 mPaꞏs and 2 mL/min; (b) Core with  

150 mPaꞏs and 1 mL/min 
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are usually already in the high water cut stage. In 
semi-logarithmic coordinates, the displacement 
efficiency and residual oil saturation change with 
the PV number, exhibiting a two-stage 
characteristic. When the PV number is small, the 
displacement efficiency increases rapidly. As the 
PV number increases, the rate of increase of the oil 
displacement efficiency becomes slower. There are 
obvious differences in the reservoir production 
dynamics of the traditional water flooding stage and 
the LTWF stage. 
    These changes are related not only to the 
changes in the oil saturation of the reservoir but 
also to the properties of the crude oil and reservoir 
rocks. The relative permeability curve is one of the 
characteristics of the interaction between the 
reservoir rocks and fluids. 
    As shown in Figure 4, as the PV number 
increases, the range of the simultaneous flow 
increases, the residual oil saturation decreases, and 
the water phase permeability under the residual oil 
 

 
Figure 4 Effect of PV number on relative permeability 

curve (The relative permeability curves were calculated 

using the JBN method): (a) Core with 3 mPaꞏs and     

2 mL/min; (b) Core with 150 mPaꞏs and 1 mL/min 

saturation increases. When the PV number is 
greater than 30, the tendency of the relative 
permeability curve to change with PV number 
becomes slower. 
 
3.2 Effect of displacement rate 
    The injection rate is one of the important 
production system parameters of the reservoir. As 
shown in Figure 5, when the displacement speed is 
higher, the breakthrough recovery is lower, and the 
water-rising rate is faster. The ultimate recovery 
from a reservoir with a lower speed is slightly lower. 
However, the two-stage characteristics of the two 
speeds vary widely. 
    As shown in Figure 6, the lower the 
displacement speed, the earlier the characteristic 
 

 
Figure 5 Change in water content with oil recovery for 

different displacement speeds (The experimental 

parameters of the two groups are the same except for the 

displacement speed) 

 

 
Figure 6 Change in oil recovery with PV number for 

different displacement speeds (The displacement speed is 

one of the factors influencing the two-stage 

characteristic) 
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appears, which leads to a higher oil recovery from 
low-speed water flooding at a lower PV number. 
This may be due to the fact that the increase in 
water content is well controlled when the 
displacement speed is low, and more crude oil can 
be recovered in the early stage than at a higher 
displacement rate. This phenomenon led us to 
investigate the different displacement speeds in the 
different stages. 
    The dimensionless fluid productivity index is 
the ratio of the fluid productivity index at a certain 
water content to the initial fluid productivity index, 
which can be used to evaluate the oilfield’s fluid 
productivity ability at a certain water content. The 
characteristic curve characterizes the fluid 
extraction ability of the oil wells and the optimal 
fluid extraction timing. As shown in Figure 7, the 
dimensionless fluid productivity index increases 
faster, which indicates that the reservoir has a 
higher fluid extraction ability in the high water 
content stage. For reservoirs developed by pure 
water flooding, in the early stage of water flooding 
development, low-speed water flooding should be 
used. After the breakthrough, high-speed water 
flooding can be used. 
 

 
Figure 7 Dimensionless fluid productivity index of 

different speed changes with water content 

 
3.3 Effect of oil viscosity 
    Viscosity is an important factor affecting the 
reservoir production dynamics in different stages. 
When the viscosity of crude oil is low, the 
breakthrough recovery is high, and the increase rate 
of the water content is slow. The breakthrough 
recovery is fairly low when the viscosity is larger 
than 250 mPaꞏs (Figure 8). At the same PV number 
(30PV, 2000PV), as the viscosity increases, the oil 

recovery efficiency decreases continuously, and the 
residual oil saturation increases accordingly  
(Figure 9). In addition, the two-stage characteristic  
 

 
Figure 8 Variation in water content with oil recovery for 

different viscosities (The PV number corresponding to 

the endpoint of oil recovery is 2000PV) 

 

  
Figure 9 Residual oil saturation and oil recovery 

efficiency at different viscosities for same PV number 

(30PV and 2000PV): (a) Residual oil saturation at 

different viscosities; (b) Oil recovery for different 

viscosities 
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appears backward until it disappears (within   
2000PV). As shown in Figure 10, when the 
viscosity is 80 mPaꞏs, the two-stage characteristic 
occurs when the PV number is 30. This 
characteristic disappears when the viscosity of the 
oil reaches 250 mPaꞏs. This indicates that the higher 
the crude oil viscosity, the greater the contribution 
of the LTWF stage to the oil recovery. 
 

 
Figure 10 Change in oil recovery with PV number at 

different viscosities (The viscosity of crude oil ranges 

from 30 mPaꞏs to 450 mPaꞏs) 

 
    In order to clarify the contribution of the 
LTWF stage to oil recovery from reservoirs with 
different viscosities, the oil recovery and the 
contribution rates of the different water flooding 
stages are shown in Figrures 11 and 12. Based on 
the contribution rates of the different stages to the 
oil recovery (Figure 11), as the viscosity of the 
crude oil increases, the contribution rate of the 
 

 
Figure 11 Contribution rates of different stages for 

different viscosities (The contribution rates of the 

different stages were calculated as the recovery in the 

corresponding stage divided by the ultimate recovery) 

 

 
Figure 12 Oil recovery for different PV number and 

viscosities (Here, (0−30)PV is traditional water flooding 

stage, and (30−2000)PV is LTWF stage) 

 
LTWF stage ((30−2000)PV) gradually increases, 
indicating that the effect of LTWF on improving the 
oil displacement efficiency in reservoirs with a high 
crude oil viscosity is more significant. 
    By comparing the absolute value of the oil 
recovery in different water flooding stages for 
different oil viscosities (Figure 12), it was found 
that as the viscosity of the crude oil increases, the 
ultimate recovery and the oil recovery of the 
traditional water flooding stage decrease. However, 
the oil recovery in the LTWF stage initially 
increases and then decreases when the viscosity 
increases. This indicates that for certain reservoir 
conditions, there is an optimal oil viscosity, which 
results in the highest oil recovery in the LTWF 
stage. 
    There is also a large difference in the 
permeability curves for the different viscosities 
(Figure 13). The higher the crude oil viscosity, the 
higher the irreducible water saturation, and the 
lower the water saturation corresponding to the 
point of equal permeability. The range of the 
simultaneous flow decreases with increasing crude 
oil viscosity. The right sides of the water phase 
permeability curves of crude oils with different 
viscosities differ significantly, the thin oils are 
higher, and the heavy oils are extremely low. 
    The influence of oil properties is determined 
by the composition of the oil. In order to analyze 
the effects of the oil components, the SARA 
fractions of the oil were obtained using TLC/FID 
analysis [31]. 
    As shown in Figure 14, the asphaltene and 
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Figure 13 Relative permeability curves for different 

viscosities (The water phase permeability of thin oil is 

significantly higher than that of heavy oil): (a) Relative 

permeability curves for different viscosities; (b) Relative 

permeability curves for heavy oil 

 

 
Figure 14 Saturates-aromatics-resins-asphaltenes 

(SARA) composition of oil (A higher crude oil viscosity 

corresponds to higher asphaltene and gum contents) 

 
resin content increases, resulting in increasing of 
crude oil viscosity. Changes in the asphaltene and 
resin content can also cause dramatic changes in the 

viscosity-temperature characteristics of the oil [32]. 
As the resin and asphaltene content increases, the 
viscosity of the crude oil increases, and the 
permeability of the oil phase on the relative 
permeability curve decreases, which contributes to 
the decrease in oil recovery. Changes in the 
asphaltene content also affect the wettability of the 
rock’s surface [33] as well as the characteristics of 
the water flooding development. 
 
3.4 Mechanism of fluid-rock property changes 

during LTWF 
    As was previously discussed, the production 
dynamics and relative permeability in the LTWF 
stage are quite different from those in the traditional 
water flooding stage. This is due to the modification 
of the reservoir rock and fluid properties by water 
flooding. In order to analyze the transformation 
mechanism, the oil composition, wettability, 
mineral composition, and pore throat structure were 
analyzed before and after the LTWF. 
3.4.1 Mechanism of water-wet enhancement 
    Wettability is one of the important factors 
affecting the water flooding characteristics. It is 
generally believed that neutral-wet to slightly 
water-wet is favorable wetting conditions for water 
flooding [34]. The wettability is measured using the 
contact angle measurements [35]. To eliminate 
surface roughness and the mineral composition of 
the different core sections , a 5-point fitting method 
was used to determine the core contact angle [30, 
36]. For cores 1−5, the core’s initial wettability was 
measured before displacement, and then the 
wettability was measured a second time after  
2000PV of continuous displacement to obtain the 
final wettability. DAI et al [30] performed a 
separate analysis of the wettability. 
    As shown in Table 5, the contact angles of the 
cores increase with increasing viscosity, which 
indicates that the reservoir becomes more oil-wet as 
the viscosity increases. This can be explained based 
on the changes in the composition of the crude oil. 
As the viscosity increases, the content of polar 
materials like asphaltenes increase, which 
experience strong interfacial activity and can be 
adsorbed onto the rock’s surface, promote oil-wet 
enhancement [37]. 
    After water flooding, the range of contact 
angles changes from 78.4°−110.7° to 60.2°−81.9°. 
This is caused by the scouring and reforming effect  
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Table 5 Change in contact angle before and after LTWF 

[30] 

Viscosity/ 
(mPꞏs) 

Before LTWF  After LTWF 

Contact 
angle/(°) 

Picture 
 Contact 

angle/(°) 
Picture 

3 78.4 
 

60.2 

80 82.3 
 

61.7 

150 88.7 
 

63.2 

250 97.1 
 

72.5 

450 110.7 
 

81.9 

 
of the water on the rock’s surface and the fluid. 
Prior to water flooding, polar substances are 
adsorbed onto the rock-fluid interface exhibiting 
oil-wet characteristics. After the water flooding 
progresses, the polar materials at the interface are 
washed away weakening the oil-wet characteristics. 
The influence of the changes in wettability is 
different for the different cores. As shown in  
Figure 15, for heavy oil reservoirs, as the PV 
number increases, the wettability gradually changes 
from oil-wet to neutral-wet, which is always 
beneficial for EOR. However, for light oil 
reservoirs, as the PV number increases, the 
wettability changes from neutral-wet to water-wet, 
transitioning from favorable for EOR to 
unfavorable. This indicates that LTWF is more 
 

 
Figure 15 Effect of crude oil viscosity on contact angle 

of long-term water flooding (Wettability classification 

basis: wetting angle <75° (water wet), 75°<wetting angle 

<105° (neutral wet), and wetting angle >105° (oil wet)) 

necessary for heavy oil than for light oil. 
    In order to analyze the impact of the changes 
in wettability on enhanced oil recovery, a plot of 
viscosity versus the relative change in the contact 
angle and oil recovery was plotted (Figure 16). The 
relative change in the contact angle has a good 
correlation with the oil recovery during the LTWF 
stage, indicating that the change in wettability is an 
important factor affecting oil recovery during the 
LTWF stage. 
 

 
Figure 16 Effect of viscosity on relative change in 

contact angle and oil recovery (The relative change in 

contact angle is the decrease in contact angle divided by 

original contact angle) 

 
3.4.2 Mechanism of clay mineral composition 

decrease 
    The clay mineral composition has an important 
influence on the reservoir water flooding characters. 
Many studies have been conducted on the 
properties of clay minerals before and after water 
flooding [38]. The variation in the clay mineral 
content mainly affects the characteristics of water 
flooding from two aspects: reservoir wettability and 
reservoir pore throat structure. 
    Sandstone consists mainly of quartz, feldspar, 
and clay minerals. Quinoline adsorption studies on 
the different mineral components of sandstone were 
performed by MAMONOV et al [39]. As shown in 
Figure 17, the clay material (illite) more effectively 
absorbs the organic material. As the clay content 
increases, the reservoir surface tends to become 
more oil-wet. In order to evaluate the changes in the 
mineral composition during LTWF, core 1 was 
selected to determine the clay mineral content 
(Figure 18). The experimental results confirm that 
the content of the clay minerals (I/s mixed layer, 
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Figure 17 Comparison of quinoline adsorption onto illite, 

albite, and quartz (The clay mineral (illite) more 

effectively adsorbs the organic materials (quinoline) 

[39]) 

 

 
Figure 18 Changes in clay mineral composition before 

and after water flooding (The clay mineral content is 

significantly lower after water flooding) 

 

illite, kaolinite, and chlorite) decreased significantly 
after LTWF, which is an important reason for the 
enhancement of water-wet conditions. 
    In addition, sandstone cementation is mainly 
argillaceous cementation, and the clay minerals 
play an important role in the cementation of the 
clastic particles. As the clay mineral content 
decreases, the cohesion and strength of the 
sandstone decrease (Figure 19). Due to the erosion 
of water flow, part of the sandstone structure is 
destroyed, and the pore throats are enlarged [40]. 
    Mercury injection experiments on sandstone 
cores before and after LTWF have been performed 
to analyze the influence of LTWF on the pore throat 
structure (Figure 20). According to the mercury 
pressure curve, after water flooding, the median 
pressure and the maximum injection pressure of the 

 

 
Figure 19 Average mechanical parameters of samples 

with and without water flooding (elastic modulus (E), the 

unconfined compression strength (UCS), and Poisson 

ratio. After LTWF, the average elastic modulus and the 

UCS of the formation rocks are lower [40]) 

 

 
Figure 20 Mercury pressure curves before and after 

water flooding 

 

core are lower, indicating that the pore throat radius 
increases. 
    The changes in the mercury injection curves 
before and after water flooding reflect the changes 
in the reservoir’s micropore throats. As shown in 
Figure 21, after LTWF, the content of clay minerals 
between the rock particles decreases significantly, 
and the porosity of the rock increases significantly. 
    The effect of the clay mineral mechanism on 
the changes in the pore throat structure, water 
flooding characteristics, and reservoir wettability is 
similar to the potential mobile fines that TANG et al 
studied experimentally [41]. 
    Before water flooding, the polar components 
are adsorbed onto the potentially mobile fines at the 
oil-water interface, which causes the rock surface to 
be oil-wet. As the water flooding progresses, some 
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of the fines fall off the pore walls and are 
distributed in the oil-water interface, which is 
conducive to the peeling of polar materials off the 
rock’s surface, enhancing the hydrophilicity of the 
rock surface and increasing the radius of the rock’s 
pore throats. As the water flooding progresses 
further, the fines fall off the wall continuously, 
which is beneficial to the recovery of residual oil 

[41]. In contrast to potential mobile fines, clay 
minerals play a cementing role in sandstone. As the 
clay minerals fall off, the strength of the sandstone 
weakens, resulting in a larger variation in the pore 
throat structure. In addition, the degree of residual 
oil extraction varies with the stage of water 
flooding (Figure 22). 
    During the conventional water flooding stage, 

 

 
Figure 21 SEM images of samples before (a, b) and after (c, d) water flooding, showing changes in micropores [40] 

 

 
Figure 22 Comparison of fluid-rock interactions of conventional and long-term water flooding processes (More crude 

oil is produced during the LTWF stage) 
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the oil produced is mainly from the fraction of oil 
that has not been adsorbed onto the wall. The oil 
adsorbed onto the wall is less produced at this stage. 
With further water flooding, continuous water 
erosion results in some of the polar material being 
lost and being produced with the clay minerals, 
which enhances the rock surface’s hydrophilicity 
and enlarges the radii of the pore throats. These 
changes lead to more crude oil being produced 
during the LTWF stage. 
 
4 Conclusions 
 
    In this paper, we analyzed the effects of 
different factors on the LTWF characteristics, and 
the mechanism from the microscopic perspective. 
From the results of this study, we draw the 
following conclusions. 
    1) LTWF is conducive to improving oil 
recovery, and the contribution rate of the LTWF 
stage gradually increases as the viscosity of the 
crude oil increases indicating that the effect of 
LTWF in the EOR of high viscosity crude oil is 
more significant. When the crude oil viscosity is 
greater than 250 mPaꞏs, the contribution rate of the 
LTWF stage is higher than 30%. 
    2) Factors affecting of LTWF include 
displacement parameters and oil properties. 
Low-speed water flooding is beneficial to the initial 
water content control, and high-speed water 
flooding is beneficial to oil recovery with strong 
scour after breakthrough. When the viscosity 
becomes higher, the oil recovery after LTWF is 
lower, and the water content increases faster. 
During LTWF of thin oil, the flooding efficiency 
curve with increasing pore volume number exhibits 
a two-stage characteristic. This characteristic 
gradually weakens as viscosity increases, indicating 
that the effect of LTWF in the EOR of high 
viscosity crude oil is more significant. 
    3) Under erosion of physical scour and water- 
rock reaction during LTWF, the content of the clay 
minerals (I/s mixed layer, illite, kaolinite, and 
chlorite) in rock and the polar components in 
oil-water interface decreased significantly, which 
causes the pore throat to become larger and the rock 
surface to be more water-wet. These changes are 
conducive to the enhanced oil recovery of heavy 
oil. 
    4) In the process of LTWF experiments, it is 

necessary to ensure that the water flooding volume 
multiple is large enough to accurately reflect the 
changes in the physical properties of the on-site 
reservoir. Besides, it is necessary to ensure the 
accurate measurement of oil production and water 
production to ensure the reliability of the 
experimental results. 
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中文导读 
 

长期水驱砂岩油藏的生产动态及变化机理 
 
摘要：强底水砂岩储层通常采用大排量水驱开发，长期水驱后储层水驱特征发生巨大变化。本文采用

新的实验方法获得了油水相渗、采收率以及润湿性曲线，并基于试验结果研究了水驱体积倍数、原油

黏度及驱替速度对长期水驱的影响。通过对原油组成、岩石矿物组成以及润湿性变化进行分析，明确

了长期水驱过程中流固相互作用机理。研究表明，随着原油黏度的增加，水相渗透率降低，剩余油饱

和度增加，含水率上升提前。较高的水驱速度会导致较高的最终采收率。沥青质含量越高，黏度越高，

储层越偏油湿。长期水驱后后润湿性趋于水湿，更有利于稠油开采。此外，长期水驱降低了粘土含量，

形成了更偏水湿的岩石表面以及更大的储层孔喉环境。本研究为海上砂岩油藏开发及提采提供了一定

的理论依据。 
 
关键词：长期水驱；砂岩油藏；相渗曲线；润湿性 


