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The main purpose of this investigation is to study the dynamic characteristics of shut-in and restart process in reservoirs with high
water cut and strong vertical heterogeneity. The physical model, which includes three layers with low, medium, and highpermeability from top to bottom, was made according to the similarity law. Water drive test, the ﬁrst restart test, and the second
restart test were conducted, respectively. Water cut, oil recovery, and saturation distribution of the remaining oil were obtained
during the tests. On this basis, mechanisms of shut-in and restart process of the reservoir were analyzed. It is concluded that
appropriate developing plan such as layering mining and cyclic waterﬂooding should be implemented for developing strong
heterogeneity reservoirs. The shut-in and restart tests showed that closing the water-ﬂooded layer is beneﬁcial for enlarging the
sweep volume. Besides, water cut of 98% does not mean the economic limits of waterﬂooding. Under the eﬀect of capillary force
and gravitational diﬀerentiation, oil and water will redistribute in the formation. The redistribution of the oil and water, the
ﬂuctuation of the pressure diﬀerence, and the rebuild of the ﬂow path, which produce parts of the bypassed oil, are the main
mechanisms of the recovery enhancement by shut-in and restart operation. It should be noted that the shut-in and restart
process indeed prolongs the waterﬂooding development. However, simply replying on the oil and water distribution under static
conditions cannot greatly enhance the oil recovery.

1. Introduction
Water ﬂooding is one of the main methods for enhancing oil
recovery after depletion drive. Due to the advantages of low
pollution to the environment and low damage to the formation, it is widely applied in the oilﬁelds all over the world [1,
2]. For some reservoirs with good geological conditions (permeability is more than 100 × 10−3 μm2 , reservoir porosity is
greater than 15%, no phenomenon of water sensitivity,
etc.), water ﬂooding can increase recovery of over 60%. However, due to the complexity and heterogeneity, phenomena
such as ﬁngering, tonguing, and water channeling are very
common in most reservoirs. The reduction of the sweep eﬃciency greatly decreases the ﬁnal oil recovery. Typically,
when the water cut of the production well reaches 98%, the
actual oil recovery is only 20%-40% by the way of waterﬂood-

ing. For these reservoirs entering high water cut stage, how to
enhance the waterﬂooding recovery is one of the key issues
for the petroleum engineers [3, 4].
Tertiary oil recovery, including miscible ﬂooding, chemical ﬂooding, and thermal ﬂooding, is a good way to enhance
the waterﬂooding recovery. It is reported that the cumulative
oil recovery attains about 60%-80% [5, 6]. However, for an
oilﬁeld with steady, economical, and long-term development
plan, water ﬂooding is still one of the most potential recovery
methods [7]. Thus, extensive research has been conducted on
how to improve the waterﬂooding eﬀect [8, 9].
Generally, there are two main kinds of methods to
enhance the waterﬂooding development eﬀect. One is readjustment of injection and production pattern, proﬁle control
and water shut-oﬀ, and slicing mining [10–15]. Another one
is to change the working schedule, namely adopting diﬀerent
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water injection patterns based on the formation characteristics. The main injection pattern includes alternating water
injection, alternating injection and production, and intermittent injection and production [16–18]. Unstable water injection can improve the water displacement eﬀect by changing
the water injection and production rate cyclically. An
unsteady pressure ﬁeld was built, and the ﬂuid was redistributed in the formation. Because of the pressure drops between
the layers, the interlayer ﬂow occurs and capillary imbibition
eﬀect strengthens, which ﬁnally enhance the sweep eﬃciency.
According to the stages, it can be referred to as cyclic
water injection, impulsive water injection, and intermittent
injection [19–21].
Cyclic water injection is a water injection method which
changes the working schedule of the oil and water wells regularly based on the existing well pattern. The injection patterns of the well groups as the unit are varied alternately.
An unsteady pressure drop was built in the formation which
brings the unswept regions back into development and then
enhances the sweep eﬃciency of the heterogeneity formation.
It is widely used in the strong heterogeneity reservoir. The
coupling eﬀect of cyclic injection and ﬂuid division brings
the water into lower permeability layers. It also creates favorable conditions for the cross-ﬂow between the layers of lower
permeability and higher permeability [22, 23]. Cyclic water
ﬂooding is mostly better than conventional water ﬂooding,
typically 1%-10% higher in oil recovery. The main characteristics of cyclic water ﬂooding are as follows: (1) the increase
in recovery rate decreases as the degree of water ﬂooding
deepens; (2) if the heterogeneity for the reservoir is strong,
the eﬀect of the cyclic water ﬂooding is important; (3) the
earlier the cyclic water ﬂooding, the higher increase in oil
recovery [24, 25].
The mechanism of cyclic production to improve the displacement eﬀect of vertical heterogeneity is the interlayer
cross-ﬂow caused by capillary force and additional pressure
[26, 27], while the mechanism of cyclic production to
improve the displacement eﬀect of areal heterogeneity is the
activation of the dead oil region by periodic change of pressure ﬁeld. Due to the periodic production and shut-in, the
existence of the additional pressure drop generates certain
disturbance, which varies with the form, location, and size
of the dead oil region. The remaining oil zone shrinks with
the shut-in and restart of the production well. The macromechanism of the capillary force during the periodic production
is to cause the ﬂuid exchange between the higher permeability layer and low-permeability layer. And the micromechanism is to arouse the ﬂuid exchange between closed pores, thin
network channels, and coarse network channels [28]. The
mechanism of additional pressure during the period production is very similar with cyclic injection, which includes two
parts: one is the cross-ﬂow of the oil and water from the lower
permeability layers to the higher permeability layers at the
initial stage of shut-in, and the other one is the cross-ﬂow
of the oil and water from the higher permeability layers to
the lower permeability layers at the initial stage of restart.
Cyclic injection and production are the combination of
cyclic injection at the injection well and cyclic production
at the production well at the same time. It means that it not
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only generates additional pressure drop at the injection well
region but also generates additional pressure drop at the production well region. The additional pressure drop between
the higher and lower permeability layers causes the oil and
water exchange and seeps into the seepage channels [29].
Thus, with the activation of the dead oil region by periodic
variations of the additional pressure ﬁeld, the capillary force
eﬀect and elastic eﬀect are fully used. And ﬁnally, the water
displacement eﬀect of the formation with both the vertical
heterogeneity and areal heterogeneity is improved.
Hydrodynamic methods like shut-in and restart process
were greatly adopted and promoted in the oilﬁelds, which
achieved great improvements [19]. After the implement of
these operations when the water cut of the production well
achieved 98%, either it was shut-in or tertiary recovery
methods are conducted [15]. However, what will happen to
the formation during the well shut-in? Has the production
well or the reservoir really approach the economic limits of
waterﬂooding? What the water cut of the production well
changes if it is re-opened after a period of time? Is it still
higher than 98%? There are plenty of similar questions.
To answer the above questions, waterﬂooding experiments of the heterogeneous reservoir after well shut-in are
conducted. The objective of this study is to evaluate the eﬀect
of shut-in and restart on the recovery of oil reservoir with
high water cut and high heterogeneity. Firstly, a physical
model with three diﬀerent layers was simpliﬁed and made
according to the physical characteristics of the potential reservoir. On this basis, waterﬂooding, ﬁrst-time shut-in and
restart, and second-time shut-in and restart were carried
out. Cumulative oil recovery, water saturation distribution,
and remaining oil saturation of three diﬀerent layers before
and after the well restart are obtained and analyzed. Besides,
the macro- and micromechanisms of the shut-in and restart
were studied. Moreover, some enlightenments of the study
for the economic and eﬀective development of the formation
were presented accordingly. The novelty of this investigation
is that the dynamic characteristics of shut-in and restart process in reservoirs with high water cut and strong heterogeneity are learned. In addition, we have made it clear that the
process of shut-in and restart the reservoir has a signiﬁcant
impact on the redistribute of oil and water in the formation.

2. Experiments
The SD 3/7 block is mainly composed of the Yabus and
Samaa groups, which include several sand layers. To simulate
the reservoir heterogeneity of inner layer and its inﬂuence on
water ﬂooding, experiments based on the simpliﬁed physical
model with the basic reservoir characteristics were
conducted.
2.1. Materials. It should be noted that the reservoir temperature is 85.5°C. However, the temperature resistance of the
epoxy resin which cemented the model is very limited; thus,
the actual experimental temperature is 55°C. Oil sample
was recombined with the crude oil and kerosene, and the viscosity is 1.25 MPa s. The recombination is to reduce the oil
viscosity. On the one hand, oil with higher viscosity will
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adhere to the electrode and aﬀect the measurement results;
on the other hand, the pressure-bearing capacity of the model
is limited, and the injection pressure must not be too high.
The salinity of the brine is 10000 mg/L, and the viscosity is
0.554 MPa s.
2.2. Apparatus. The plane geometry size of the model is 31
cm × 31 cm × 7:42 cm, which consists of 3 layers with equal
thickness and is suppressed by quartz sand and epoxy resin.
Diﬀerent permeability values of the model are realized
through compaction of sandstone with diﬀerent particle sizes
under diﬀerent pressures in the seal mold. Then, as the pressure gradually increases, we need to monitor the gas permeability changes during compaction in real time. When
permeability reached our desired value, we stopped adding
pressure. From top to bottom, the permeabilities of the three
layers are 100 × 10−3 μm2 , 450 × 10−3 μm2 , and 1400 × 10−3 μ
m2 , respectively. For permeability test in each layer, we
obtained it by injecting air at a constant pressure in a seal
mold that can apply diﬀerent pressures. For porosity test in
each layer, we obtained it by saturating every layer with brine
at a constant pressure in a seal mold. The model belongs to
positive rhythm sedimentation. We place ﬁlter paper
between two adjacent small layers to reduce the inﬂuence of
the layer-to-layer interface. It means that two adjacent layers
within the model are connected to each other. They can inﬂuence each other in the actual displacement process. At last,
we used epoxy to seal the entire model. Honestly, the inﬂuence of layers in between is only reduced, not eliminated.
So, we think that there is no interlayer between two adjacent
layers. The variation coeﬃcient is 0.72. Table 1 shows the
basic parameters of the physical model, which contains 137
pairs of electrodes. No electrode was located at the coordinates (1, 1), (1, 7), (7, 1), (7, 7), and (4, 4), as is shown in
Figure 1. The resistance values are calculated by that of the
adjacent coordinates.
Considering the big permeability diﬀerence, oil is easy to
advance along the high-permeability layer. To fully saturate
the model and truly simulate the original state of the reservoir, there are 19 wells placed in the model. Both general
water injection and separate water injection can be well modelled. The well numbers of the layers from top to bottom are
5, 9, and 5, which means both the ﬁve-spot pattern and ninespot pattern can be simulated. Figure 2 shows the schematic
of the test.
2.3. Procedure. Calibration experiments are needed before
the experiment. The oil and water are injected into the calibration model of each small layer in a certain proportion.
When the pressure is stable, the average resistance of multiple electrodes is taken as the resistance value under the oil
saturation. Then, the oil-water ratio was changed to get the
resistance value at diﬀerent oil saturations, so as to get the
relationship curve between the resistance value and oil
saturation.
Firstly, weight the model, and test the gas permeability
and gas porosity. Then, evacuate the model, and test the pressure endurance and leakage. After that, saturate the model
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with brine, and test the pore volume (PV), water relative permeability, and single-phase water resistance.
Secondly, saturate the physical model with oil, and shut
down the high-permeability layer, medium-permeability
layer, and low-permeability layer one by one when it is fully
saturated, test the brine production, and then obtain the irreducible water saturation. As is shown in Figure 1(d), we use
switches installed from each small layer to control the opening and closing of each small layer. Since the entire model is
sealed by epoxy resin, there is no leakage in a low-pressure
environment. Age the model for 24 hours, and test the electrode resistance value when the brine and oil is stable in the
model.
Thirdly, for the waterﬂooding process of the model, the
three layers will produce at the same time. Then, close the
injection and production valves of the high-permeability
layer when no oil is produced in this layer. Similarly, close
the injection and production valves of the media permeability layer and the low-permeability layer when no oil is
produced, respectively. All the tests were conducted at a constant pressure of 0.3 MPa.
Finally, restart the production after half a month and ﬁve
months, and keep the production until the water cut is over
98%, respectively. Record the resistance value, oil production
rate, and water production rate during the tests.

3. Results and Discussion
The heterogeneous model was water ﬂooded for 1.24 HCPV
(hydrocarbon pore volume) when the water cut is 98.03%.
Then, it was shut-in for half a month before restarting again.
The experimental conditions are just the same as the original
water ﬂooding.
3.1. Water Cut. As is shown in Figure 3, for the original water
drive, water breakthrough occurs after 0.2 HCPV; then, the
water cut increases sharply to 80% at 0.3 PV and 100% at
0.38 PV, respectively. It was labeled as the 1st stage. The
production of both water and oil is mainly from the highpermeability layer. After that, the high-permeability layer
is closed. Then, it enters the 2nd stage, in which the oil
was mainly produced by the medium-permeability layer.
The comprehensive water cut declined rapidly to 10% until
0.4 PV, then went back to 80% after 0.55 PV. Finally, the
water cut increases gradually to 96% until 0.85 PV. It is
concluded that cross-ﬂow occurs between mediumpermeability layer and low-permeability layer, which results
in this steady stage.
Similarly, the medium-permeability layer is closed. And
the 3rd stage, which is mainly produced by lowpermeability layer, is achieved. The water cut decreases
sharply to 5% and then increases rapidly until the production
stage ends.
Half a month later, the ﬁrst restart begins, and the water
cut decreases a little bit initially and then changes smoothly.
After 0.46 HCPV of water was injected (the accumulative
volume is 1.70 HCPV), the water cut of production well is
96.61%.
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Table 1: Basic parameters of the physical model.

Type

Geometry size (cm)
(length × width × height)

Porous volume
(cm3)

Porosity
(%)

Permeability
(10-3μm2)

Irreducible water
saturation (%)

31 × 31 × 7:42

1701.45

23.85

100
450
1400

37.245
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Figure 1: The distribution of the electrodes and wells injectors: well (1, 1); producers well (7, 7). (a) k = 100 × 10 − 3 μm2 . (b) k = 450 × 10
− 3 μm2 . (c) k = 1400 × 10 − 3 μm2 . (d) The model.

Then, the well was shut-in and restarted again after 5
months. The experimental conditions keep constant. The
water cut of the 2nd restart changes more signiﬁcantly. At
the beginning, the water cut is very high and then decrease
with some oil production. The unsteady water cut after that
is mainly caused by the cross-ﬂow between diﬀerent layers.
After 0.68 HCPV of water was injected (the accumulative
volume is 2.38 HCPV), the water cut of production well is
99.12%.

3.2. Oil Recovery. The oil recovery is the ratio of the production oil to the original oil in the model. Figure 4 shows
the oil recovery changes with the injection volume. Obviously, for the original water ﬂooding process, oil recovery
was contributed by the high-, medium-, and lowpermeability layers one after another. Because of the
cross-ﬂow in between, the three diﬀerent stages are not
totally corresponding to the oil recovery of each layer.
As is shown in Table 2, the 1st stage is mainly produced
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Figure 2: The schematic of the test.
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Figure 3: The variation law of water cut during the whole water ﬂooding process (1, the whole oil layers are perforated; 2, the perforated layers
are closed; 3, the perforated layers are closed; 4, 1st restart; 5, 2nd restart).

from the high-permeability layer, and the injection volume
and the oil recovery are 0.36 PV and 37.03%, respectively.
The 2nd stage is mainly produced from the mediumpermeability layer, and the cumulative volume and the
cumulative oil recovery are 0.84 PV and 54.50%, respectively. The 3rd stage is mainly produced from the lowpermeability layer, and the cumulative volume and the
cumulative oil recovery are 1.24 PV and 77.12%, respectively. It is concluded that due to the cross-ﬂow and gravitational diﬀerentiation, parts of the water ﬂowing into the
bottom high-permeability layer are from the top low- and
medium-permeability layers near the injection well. The
changing curves of the oil recovery are very similar, which
increase slightly. It indicates that the remaining oil redistributes in the model during the shut-in periods, which
results in the production of parts of the remaining oil.
3.3. Distribution of Oil Saturation. As is shown in Figure 5,
after the water displacement process, the oil saturation of

high-permeability layer is very low. Parts of the mediumpermeability layer are of low water cut and with high oil saturation, but the whole sweep eﬃciency of this layer is still
very high. However, for the low-permeability layer, because
of the interlayer interference and gravitational diﬀerentiation, both the overall displacement eﬃciency and sweep eﬃciency are very limited with large local diﬀerence. Obviously,
it is the main potential area for the adjustment of the later
development stage.
Figure 6 is the distribution of the remaining oil before
ﬁrst restart. It can be seen that after shutting in a period of
time, parts of the oil and water redistribute in the model.
Parts of the remaining oil in the corner which is diﬃcult to
displace diﬀuse towards the middle part. Both the remaining
oil and water in the model converge locally.
Figure 7 presents the distribution of the remaining oil
after ﬁrst restart. Apparently, the water saturation of all three
layers changes, especially for medium-permeability layer and
low-permeability layer. In other words, parts of the
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Figure 4: Oil recovery vs. injection volume.
Table 2: Oil saturation in diﬀerent periods.
Stage

Low permeability, %
(100 × 10−3 μm2 )

Medium permeability, %
(450 × 10−3 μm2 )

High permeability, %
(1400 × 10−3 μm2 )

Total oil recovery,
%

1st
2nd
3rd

97.94
85.55
43.22

43.98
18.66
8.31

11.54
3.21
0.79

36.54
54.95
75.82

remaining oil after waterﬂooding can be displaced by shutting in for a period of time.
Similarly, Figure 8 shows oil saturation of all three layers
after shutting in for 5 months. Parts of the oil and water
redistribute in the model. Parts of the remaining oil in the
corner which is diﬃcult to displace diﬀuse towards the middle part. Both the remaining oil and water in the model converge locally. However, the remaining oil distribution for the
2nd restart is basically the same as that of the ﬁrst time, as
indicated in Figure 9. After the 1st restart process, there is less
remaining oil left; thus, the change of the remaining oil saturation is not as signiﬁcant as the initial. There are only very
small parts of the oil diﬀuse into the middle part of the
model.

ally the dynamic adjustment of the oil-water contact. For the
initial stage of the restart process, the balance of the oil and
water in the model was destroyed. With the continuous water
displacement, water keeps moving forward, and some oil was
produced until the new balanced reestablishment. In addition, some remaining oil drops in the water injection channels were taken away with the water production. During
the enlargement of the waterﬂooding, the oil displacement
did not cease in the waterﬂooding paths. Under the eﬀect of
hydrodynamics, the remaining oil was cut oﬀ and coalesces
over and over again. Finally, some oil drops were displaced.
Therefore, signiﬁcant oil saturation gratitude forms between
the upstream and downstream along the injection channels.
Obviously, the remaining oil residuals at the channels and
ﬂows around the unﬂooded layers are very high.

3.4. Phenomena of Restart Process
3.4.1. Change of Pressure and Flowing Rate. The pressure of
the model decreases gradually after shut-in for a period of
time. Once the well was restarted, the ﬂowing rate suddenly
increases in the model, and then, the steady state breaks.
The injection water shocks and crushes the oil in the pore
channels. Thus, parts of the oil which is very diﬃcult to produce were displaced, and the oil recovery increased.
3.4.2. Change of Water Cut and Oil Recovery. The increase of
the oil recovery after restart mainly depends on two parts.
Firstly, sweep eﬃciency increases with the expanding of
water ﬂooding. The enlargement of the ﬂooding area is actu-

3.4.3. Jamin Eﬀect. During the process of the two-phase seepage ﬂow, if one phase is dispersed as droplets in another
phase, additional capillary resistance will generate when the
droplets are deformed due to the pressure or move at the
porous channels with the changing diameters. The phenomenon of water locked is named the Jamin eﬀect. After water
breakthrough, the two-phase seepage of oil and water forms,
and the residual oil droplets or oil columns exist at the waterﬂooded pores. When aﬀected by external forces or ﬂows
through pore throat, deformation occurs, and additional capillary pressure resistance generates; the accumulation of these
forces will have great inﬂuence on the waterﬂooding process.
During the test, the water is injected at a constant pressure;
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Figure 6: The distribution of the remaining oil before the ﬁrst restart (the permeability of the layers from left to right: 1400, 450, and
100, ×10-3 μm2).
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Figure 7: The distribution of the remaining oil after the ﬁrst restart (the permeability of the layers from left to right: 1400, 450, and
100, ×10-3 μm2).

therefore, with the resistance of waterﬂooding, the ﬂowing
rate gets smaller and smaller. Besides, the retentions also
occur for some deformed oil drops, which cannot migrate
out of the model; it is also the result of the Jamin eﬀect. In
sum, the existence of Jamin eﬀect not only stops the
movement of some oil drops but also deadlocks some of
the displacement channels. Consequently, the waterﬂood-

ing eﬀect is greatly inﬂuenced, and the production declines
greatly.
Therefore, in the actual production process, according to
the experimental phenomenon, ﬁrstly, we should open the
injection well and then the production well. Secondly, we
suggest opening the wells in the middle of the reservoir ﬁrst
and then the wells at the corner. Thirdly, we open the
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Figure 8: The distribution of the remaining oil before the second restart (the permeability of the layers from left to right: 1400, 450, and 100,
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Figure 9: The distribution of the remaining oil after the second restart (the permeability of the layers from left to right: 1400, 450, and 100,
×10-3 μm2).
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Oil

Figure 10: The capillary force eﬀect for water wet reservoir.

injection well with a lower ﬂowing rate, while we open the
production well with a higher ﬂowing rate. On the one hand,
the pressure in the model rises, the seepage velocity is very
high when it is opened, and the injected water hits the crude
oil in the pores, making the crude oil that is diﬃcult to
recover during the original water ﬂooding easier to recover.
On the other hand, remove the crude oil at the corners eﬀectively, reduce water cut, and prolong breakthrough time to
increase oil recovery.
3.5. Restart Mechanism. Before the shut-in of the well, the oil
distributes mainly as a continuous oil phase, oil segments, or
oil drops scattered in some pores. However, most of the oil
was bypassed or trapped due to the capillary force during
water displacement. After that, the shut-in of well decreases
the ﬂowing pressure diﬀerence, the movement of the liquids

in the model slows down gradually and ceases ﬁnally. However, for the reservoirs with edge and bottom water, oil and
water will still move towards the bottom of the production
well due to the existence of the pressure funnel. As time goes
on, under the eﬀect of capillary pressure, there exists microscopic migration of water and oil. For oil-wet reservoirs, the
redistribution of oil and water will be much slower. For reservoirs with inner layer heterogeneity, the cross-ﬂow in
between is a beneﬁcial mechanism, which pushes the oil from
the low-permeability layer to higher permeability layers. Speciﬁcally, based on the shut-in and restart dynamic test, three
mechanisms can be concluded as follows.
3.5.1. Capillary Force Eﬀect. Laboratory test shows that the
movement velocity of the oil-water contact in two parallel
pore channels with diﬀerent radius is diﬀerent. One contact
arrived at the junction ﬁrst and then continued to move
along the channel, but the other one was trapped in the channel. Thus, if the pressure is high enough, the ﬂowing rate in
the bigger pore channel is higher while the oil in the smaller
channel retained. Such water ﬂows along the bigger channels
to displace the oil in the bigger channels, while the oil in the
smaller channels is left untapped during the water ﬂooding.
However, for the water wet reservoir, if the pressure is too
low, the capillary force dominates and controls the ﬂowing
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(a)

(b)

Figure 11: Flow directions during pulse water injection. (a) Pressure increase stage. (b) Pressure decrease stage.

rate and direction of the oil-water contact, and then, the oil in
the bigger pore channel was retained [30]. For example, as is
shown in Figure 10, the pressure is low, and the capillary
force predominates during the shut-in. Depending on the
capillary force, water gradually enters the small pore to displace the oil.
3.5.2. Plug Removal of Pressure Diﬀerence Mechanism. Firstly,
enhance the pressure of the oil layer, inject ﬂuids, and then
decrease the injection rate to reduce the pressure after a
period of time. It has an impulsive eﬀect on the oil layer.
Water injection and pressure increase are highest in the
high-permeability layer, which results in the ﬂowing of the
oil and water into the lower permeability layers under the
additional pressure diﬀerence [31]. On the contrary, when
the water injection ceased and the formation pressure
decreased, the pressure of the high-permeability layer
decreased fastest, and then, parts of the oil and water ﬂow
towards the higher permeability layer under the eﬀect of this
backward additional pressure diﬀerence and are then produced on the next pressure increase process, as is shown in
Figure 11.
3.5.3. Elastic Displacement Mechanism. Impulsive eﬀect of
the cyclic variation of the water injection pressure to the oil
layer can enhance the elastic energy of the oil formation
[32]. Pressure decrease can degas the remaining oil locked
at the pore walls and throats, then release the elastic energy,
and displace the oil in the pore channels.

4. Conclusion
Based on the shut-in and restart test, the following conclusions can be drawn:

shut-in and restart test, with two times restart process, the cumulative recovery increased by 7% after
the water cut of the production well attained 98%
(3) During the shut-in period, oil and water in all three
layers redistribute. Oil in the intermediate- and lowpermeability layers mainly moves towards highpermeability layer. It can be seen that the eﬀect of
capillary force is much more obvious than that of
gravitational diﬀerentiation. The redistribution of
the oil and water, the ﬂuctuation of the pressure
diﬀerence, and the rebuild of the ﬂow path, which
produces parts of the bypassed oil, are the main
mechanisms of the recovery enhancement by shutin and restart
(4) The shut-in and restart process are very similar to
cyclic water injection. It can decrease the water cut
and increase the oil production to some extent. However, the shut-in period is adjustable. It should be
noted that although the shut-in and restart process
indeed prolonged the waterﬂooding development,
the enhanced oil recovery is only 7% in the test,
which means that simply replying on the oil and
water distribution under static conditions cannot
greatly enhance the oil recovery
(5) For the working schedule after restart, it is recommended as follows: Firstly, open the injection well
ﬁrst, then the production well. Secondly, open the
wells in the middle of the reservoir, then the wells at
the corner. Thirdly, open the injection well with
lower ﬂowing rate, while open the production well
with higher ﬂowing rate.

(1) For developing strong heterogeneity reservoirs, appropriate developing plan such as layering mining and
cyclic waterﬂooding should be designed. The shut-in
and restart test showed that closing the waterﬂooded layer is beneﬁcial for enlarging the sweep eﬃciency and eﬀectively employing the remaining oil

Data Availability

(2) Typically, the production wells are closed when the
water cut attained 98%. However, under the eﬀect
of the capillary force and gravitational diﬀerentiation,
oil and water will redistribute in the reservoir. Parts
of the remaining oil can be produced again. In the
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