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	1. Study on the  mechanism of
improved oil recovery by nitrogen
foam ﬂooding in bottom water
reservoirs
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and Aiqng Cao2,3
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There are abundant bottom water reservoirs in China. Unlike conventional oil
reservoirs, bottom water reservoirs have various problems, such as early water
breakthrough, short water-free oil recovery period, and rapid water cut increase.
For example, during water ﬂooding, the injected water easily breaks into the
bottom water and does not effectively displace the upper crude oil. The recovery
rate is generally low. Based on this phenomenon, an experimental study of
nitrogen foam ﬂooding in bottom water reservoirs is conducted in this paper.
The seepage characteristics of nitrogen foam in oil and water layers are studied
through one-dimensional core tube experiments. Through two-dimensional plate
oil displacement experiments, we have revealed the ﬂuid migration and
distribution characteristics in the plane and vertical directions during nitrogen
foam ﬂooding in bottom water reservoirs; additionally, we have summarized the
mechanisms of nitrogen foam in bottom water reservoirs involved in improving oil
recovery characteristics. The research results show that the seepage resistance of
foam in the water layer is much greater than that in the oil layer, effectively
increasing the displacement strength of the oil layer. During the development
stage of bottom water ﬂooding in bottom water reservoirs, the water cut increases
rapidly, the bottom water coning is obvious, and the residual oil is mainly
distributed between the oil wells and the upper part of the oil layer near the
wellbore. During nitrogen foam ﬂooding, the foam enters the water layer to form
an effective plug so that the subsequent foam is diverted into the oil layer;
additionally, the oil is displaced laterally to the production well for production.
When the foam enters the oil layer, it defoams and ﬂoats to form a secondary gas
cap; this effect causes displacement of the residual oil at the top and effectively
improves the displacement efﬁciency by weeping volume of the injected ﬂuid”
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bottom water reservoirs, nitrogen foam ﬂooding, ﬂuid migration, secondary gas cap,
improved oil recovery
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	2. 1 Introduction
During the  bottom water reservoir development, the existence of
bottom water affects the recovery efﬁciency of the reservoir. Various
problems such as early water breakthrough, short water-free oil
recovery period, rapid water cut increase, high oil recovery cost and
low economic beneﬁt have led to the recovery rate being generally
low and increasing the risk of oil ﬁeld exploitation (Wang et al.,
2019a; Alyousef et al., 2020). The core problem to be solved during
the development of bottom water reservoirs is to effectively inhibit
the bottom water coning or ridging and enhance the oil recovery.
Horizontal well is an effective method to exploit the residual oil in
bottom water reservoirs, but it also only delays the water
breakthrough time, and more oil can be produced before the
water breakthrough of oil wells. Once water breakthrough occurs,
the water cut increases signiﬁcantly, which inhibits the ﬂow of oil,
and a large amount of residual oil remains in the middle and upper
part of the reservoir, reducing the production efﬁciency (Liu et al.,
2016; Wang and Liu, 2020; Zoeir et al., 2020). To address this
problem, nitrogen foam ﬂooding is an effective method for
improving oil recovery in the middle and late stages of bottom
water reservoir development. Nitrogen foam ﬂooding has the
characteristics of both nitrogen and surfactant ﬂooding and has
the unique properties of rheology and plugging (Liu et al., 2015;
Zhao et al., 2017; Zhang et al., 2019; Wang et al., 2023). Gas ﬂoating
signiﬁcantly improves the production degree of residual oil at the
top of the reservoir. Foam can effectively plugging the water layer,
reducing the large amount of injected ﬂuid into the bottom water,
improving the displacement strength of the top oil layer, and
providing a strong guarantee for the development of bottom
water reservoirs (Qu et al., 2018; Wen et al., 2019; Li et al., 2020).
To develop this kind of reservoir efﬁciently, scholars have
conducted many studies (Lotfollahi et al., 2016; Autxu et al.,
2017; Wei et al., 2017; Xu et al., 2017; Hematpur et al., 2018;
Wang et al., 2019b; Cao et al., 2022a; Wang et al., 2022). L.W.
Holm (Holm, 1970) found that foam injected with a mixture of gas
and foaming agent solution was a better displacement agent than a
single gas, resulting in more oil recoverey from the reservoir; this
process improves the oil displacement efﬁciency. Craig (Craig and
Lummus, 1965) conducted an indoor experimental study on foam
ﬂooding, adopting a method of injecting foam into an injection well
to drive oil to one or more production wells to recover oil from the
reservoir. The results showed that the development effect of foam
injection was better than that of water injection under the same
conditions, and foam injection could effectively improve the oil
recovery. (Xiao et al., 2020) conducted an experimental study on
nitrogen foam ﬂooding to solve the problems of poor injection
ability and unsuitable polymer injection in low-permeability
reservoirs. After injecting nitrogen foam, it was found that
nitrogen foam ﬂooding improved the oil recovery by
approximately 9.63%. The water cut of the Cao 20–10–18 well
group in the Shengli Oilﬁeld increased to 90% after development.
In 1994, a nitrogen foam ﬂooding experiment was conducted, and
nitrogen foam was injected into the well group by coinjection. After
this measure was taken, the water cut of the well group decreased to
85%, and the oil production increased by more than 6,000 t in 1 year.
Foam ﬂooding has the dual functions of improving the oil
displacement and sweep efﬁciencies, which is an effective method
for improving oil recovery (Liu and Min, 1996). The heavy oil
reservoir of the Karamay Oilﬁeld has strong heterogeneity, a thin oil
layer and low natural energy. In 1985, the ﬁeld application practice
of nitrogen injection-assisted huff and puff began, and eight
production wells were fully effective. As of November 2013, the
statistics showed that the cumulative oil increase was 970.8 t (Xiang
et al., 2017). According to the actual situation of the test well group,
foam proﬁle control has exhibited an obvious oil increasing effect,
long duration and good economic beneﬁts; this indicates that
nitrogen foam ﬂooding technology is relatively mature and can
be widely used. However, the current research only focuses on the
experimental comparison of the macro development effect, and
there is still a lack of research on its micro mechanism and action
mode. Therefore, it is extremely important to study the mechanism
of this technology in this paper (Chen et al., 2020; Zhang et al.,
2023).
Based on this phenomenon, this paper studies the seepage
mechanism, inﬂuencing factors and adaptability of nitrogen
foam ﬂooding in bottom water reservoirs by means of indoor
one-dimensional core tube experiment and two-dimensional
visualization experiment, so as to further improve the nitrogen
foam ﬂooding technology, clarify the ﬁuid migration and
distribution characteristics of nitrogen foam ﬂooding, and
discover the mechanism of nitrogen foam ﬂooding to enhance
oil recovery, which is of great signiﬁcance to improve the
application level of nitrogen foam ﬂooding in bottom water
reservoirs (Sanders et al., 2017; Shah et al., 2020; Cao et al.,
2022b).
2 Experiment
2.1 Experimental materials
The nitrogen used in the experiments was produced by Qingdao
Hengyuan Gas Co., Ltd. with a purity of ≥99.8%. The water used in
the experiments was deionized water made by an ultrapure water
apparatus with a resistivity of 18.25 MΩ cm. The oil used in the
experiments was made of heavy oil and kerosene with a viscosity of
300 mPas at 25°C; the foaming agent solution was an HY-2 solution
produced by Shandong Ruiheng Xingyu Petroleum Technology
Development Co., Ltd.
2.2 Experimental apparatus
Sand pack model: The inner diameter was 25.4 mm, the length
was 300 mm, and the inside was ﬁlled with 80-mesh quartz sands.
Two-dimensional visualization model: This model was self-
developed by the laboratory with a size of 250 × 250 × 10 mm,
and it was hermetically designed for a front and rear two-layer glass
with a maximum pressure of 0.8 MPa. The inside was ﬁlled with
glass beads, and the bottom of the injection and production wells
was perforated.
Other experimental apparatuses included a high-pressure
plunger pump (ISCO plunger pump) (Model 100DX, Teledyne
Technologies Company), pressure gauge, gas ﬂowmeter, one-way
valve, three-way valve, foam generator, high-deﬁnition camera, gas
Frontiers in Energy Research frontiersin.org
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	3. pressure reducing valve,  white luminous plate, intermediate vessels
and experimental glass apparatus.
2.3 Experimental procedures
2.3.1 One-dimensional core tube experiment
1) The experimental instruments and apparatus were debugged to
ensure their normal operation.
2) The sand pack was cleaned, 80-mesh quartz sand was ﬁlled into
the sand pack according to the preset core permeability
(approximately 1,000 × 10−3
μm2
) and compacted, and then
the dry weight of the sand pack was determined.
3) A small amount of nitrogen was injected into the sand pack, and
a small amount of foam was smeared to the joint at both ends of
the sand pack to check the airtightness. After inspection, the sand
pack was connected to a vacuum pump and vacuumed for 4 h.
4) The sand pack was taken down after vacuuming to self-suck the
saturated water, the wet weight was determined and the pore
volume was calculated.
5) Experimental devices were connected, the sand pack was
displaced with formation water at a ﬂow rate of 1 mL min-1
,
the pressure value was recorded after the injection pressure was
stable, and the core permeability was evaluated to verify if it was
within the required range (see Table 1 for parameters of
experimental sand ﬁlling cores).
6) The sand pack was saturated with crude oil, the specimen was
placed in a constant-temperature environment for 1 day, and the
initial oil saturation was calculated.
7) The experimental devices were connected as shown in Figure 1.
Oil was displaced with formation water at a ﬂow rate of
1 mL min-1
until the water cut at the outlet reached 98%, and
the production data were recorded.
8) The sand pack was continuously displaced by nitrogen foam
until the water cut at the production end increased to 98%, and
the production data were recorded.
9) The sand pack was replaced, a sand pack was added to replace the
parallel displacement mode, and steps 1–8 were repeated.
2.3.2 Two-dimensional visualization experiment
1) The model was cleaned, an injection well and a production well
were arranged in the upper part of the model (the two wells were
produced simultaneously in the bottom water ﬂooding stage, a
well was injected, and a well was produced in foam ﬂooding), and
the bottom water injection end was arranged at the bottom.
2) Glass beads were ﬁlled into the two-dimensional ﬂat model; after
compaction, a small amount of gas was introduced to check the
airtightness of the model.
TABLE 1 Sand ﬁlling core parameters table.
Core numbers Permeability/(10–3
μm2
) Porosity/Decimal Initial crude oil saturation/%
1 1023.12 0.388 0
2 1012.45 0.401 97.6
3 997.85 0.385 0
4 1095.65 0.395 97.8
FIGURE 1
Flow diagram of the one-dimensional core tube experiment.
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	4. 3) The model  was saturated with water and oil at a rate of 1 mL
min-1, and the pore volume, water saturation and oil saturation
were calculated.
4) The intermediate vessel ﬁlled with formation water was connected
to the bottom water injection end at the bottom of the model, the
bottom of the intermediate vessel was connected to the gas cylinder
simultaneously, and the pressure reducing valve was used to
maintain the bottom water pressure during the experiment to
simulate the bottom water production, as shown in Figure 2.
5) Other valves were closed, a luminous plate on the back of the
model was installed and the gas cylinder switch connected with
bottom water was opened for bottom water ﬂooding until the
water cut at the outlet reached 98%, and the oil production, water
cut and other extraction characteristics were recorded.
6) The bottom water pressure was maintained, foam was injected
into the injection well at a rate of 1 mL min-1, and crude oil was
displaced. After displacement started, all experimental
parameters were recorded, and the distribution, migration and
produced liquid states of oil, gas and water were recorded at
different times with a high-deﬁnition camera.
7) The experimental device was arranged, and the experiment was
completed.
3 Analyses of the experimental results
3.1 Analyses of the one-dimensional core
tube experiment results
3.1.1 Study on the characteristics of nitrogen foam
seepage resistance
Core No. 1 was a saturated water core, and a seepage resistance
characteristic experiment of nitrogen foam water layers was
conducted. First, a water ﬂooding experiment was conducted
with a cumulative water injection of 1 PV, and then 4 PV foam
was injected into the core. After foam ﬂooding, a 1.5 PV water
ﬂooding experiment was conducted, and the experimental results
are shown in Figure 3.
At the water ﬂooding stage, the seepage resistance of injected
water in the core tube was low, and the water ﬂooding pressure was
only 3.5 × 10−3
MPa when it was stable.
At the nitrogen foam ﬂooding stage, the displacement pressure
difference increased rapidly with increasing volumes of injected
foam. When the volume of injected foam reached 3 PV, the
displacement pressure difference reached a maximum of
0.45 MPa. At this time, the core tube was completely ﬁlled with
foam, and the injected foam was trapped in the pores of the
FIGURE 2
Flow diagram of the two-dimensional visualization experiment.
FIGURE 3
Pressure differences between water ﬂooding and foam ﬂooding
under oil-free conditions.
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	5. formation core in  large quantities, forming a good plug. According
to Eq. 1, the foam ﬂow resistance factor reached 130.11 at this time,
and the plugging performance of the injected nitrogen foam was
remarkable. After the injection pressure of nitrogen foam peaked
and then the foam was continuously injected for 1 PV, the foam ﬂow
resistance basically did not increase, and the injection method
changed to water ﬂooding.
At the stage of subsequent water ﬂooding, the injected water
started to ﬂush the nitrogen foam trapped in the formation pore
space; since part of the nitrogen foam was washed by the injected
water, the displacement pressure began to decrease signiﬁcantly at
this time. After 1.5 PV water was injected, the displacement pressure
difference decreased from 0.45 MPa to 0.306 MPa, and the pressure
decrease was obvious. According to Eq. 2, the residual resistance
factor of nitrogen foam ﬂooding was 87.43 at this time, and the
resistance factor decreased by 32.24%. Based on the above analysis of
the experimental results, it was found that injected nitrogen foam
formed an effective plug in water layers, and it had good anti-
scouring abilities. After nitrogen foam ﬂooding ﬁnished, it played a
certain proﬁle control role in the subsequent water ﬂooding stage,
forming an effective plug.
RF 
ΔPf
ΔPb
(1)
where RF is the resistance factor, which represents the plugging
strength of foam; ΔPf is the pressure drop of nitrogen foam ﬂowing
through the core at the same ﬂow rate, MPa; and ΔPb is the pressure
drop of injected water ﬂowing through the core at the same ﬂow
rate, MPa.
RRF 
ΔPa
ΔPb
(2)
where RRF is the residual resistance factor, which represents the
anti-scouring ability of foam; ΔPa is the core pressure drop after a
certain volume is displaced by a certain medium after foam
plugging, MPa; and ΔPb is the pressure drop of injected water
ﬂowing through the core at the same ﬂow rate, MPa.
Core No. 2 was a saturated oil core. First, Core No. 2 was driven
by water to over 98% water cut at the outlet, and then it changed to
nitrogen foam ﬂooding. The experimental results are shown in
Figure 4.
In the early stage of water ﬂooding, the displacement pressure
difference increased rapidly. At this stage, the injected water did
not rush to the outlet of the core tube; thus, the water ﬂooding
resistance was large. As the injected water rushed into the
formation and reached the core outlet, the displacement
pressure difference of water ﬂooding began to decrease
rapidly and ﬁnally stabilized at 0.61 MPa; at this time, the
water cut of the core tube outlet basically reached 98%. From
the perspective of oil recovery, after the displacement pressure
difference of water ﬂooding reached a stable level, the oil
recovery of water ﬂooding basically did not increase;
additionally, the oil recovery of water ﬂooding ﬁnally reached
19%, which was at a low level.
When the displacement mode changed to nitrogen foam
ﬂooding, the displacement pressure difference started to increase
obviously. From the speciﬁc form, in the early stage of nitrogen foam
injection, the displacement pressure difference increased slowly. At
this stage, the nitrogen foam that was injected into the core quickly
defoamed after encountering oil, which could not be effectively
plugged. With the increase in the PV number of the injected
nitrogen foam, crude oil in some formations started to be
produced gradually, and the injected nitrogen foam began to be
trapped in formation pores. Under the superposition of the Jamin
effect, the displacement pressure difference started to increase
rapidly with increasing injected ﬂuid volume; ﬁnally, the
displacement pressure difference reached 2.85 MPa, which was
much higher than the stable pressure difference of 0.61 MPa in
the water ﬂooding stage. For the recovery rate curve, the recovery
degree of core crude oil increased signiﬁcantly after changing to
nitrogen foam ﬂooding and ﬁnally increased from 19% in the water
ﬂooding stage to 65%, and the recovery degree increased
signiﬁcantly.
FIGURE 4
Nitrogen foam ﬂooding characteristic curves.
FIGURE 5
Experimental results of the parallel ﬂow of core pipes.
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	6. 3.1.2 Study on  the characteristics of nitrogen foam
diversion
Core No. 3 was a saturated water core, and Core No. 4 was a
saturated oil core. First, Core No. 4 was driven by water to the
residual oil stage, and then it was connected with Core No. 3 in
parallel. Water ﬂooding was conducted at a ﬂow rate of 2 mL min-1
ﬁrst, and then it changed to nitrogen foam ﬂooding at the same ﬂow
rate after the diversion rate of the water ﬂooding core tube stabilized.
The experimental results are shown in Figure 5.
After parallel connection, the difference between the diversion
rate of the oil-bearing core tube and saturated water core tube was
obvious in the early stages of water ﬂooding. With the increase in
injection volume, the diversion rate of the two core tubes gradually
stabilized; ﬁnally, the diversion rate of the saturated water core tube
reached 1.7 mL min-1
, and the diversion rate of the oil-bearing core
tube was 0.3 mL min-1
. There was a signiﬁcant difference in the
diversion rate between oil-bearing and saturated water core tubes.
In the stage of nitrogen foam ﬂooding, the diversion rate of the
oil-bearing core tube started to increase rapidly with the injection
volume, and the diversion rate of the saturated water core tube
decreased rapidly. The diversion rate of the two core tubes ﬁnally
reached stability, and the diversion rate of the saturated water core
tube remained at 0.9 mL min-1
. The diversion rate of the oil-bearing
core tube remained at 1.1 mL min-1
, which was always higher than
that of the saturated water core tube. By analysing the reasons for
this phenomenon, at the early stage of nitrogen foam injection, the
injected foam in the core tube of saturated water quickly
accumulated to form an effective plug, and the seepage resistance
of the injected nitrogen foam increased rapidly. However, the foam
injected into the oil-bearing tube was affected by crude oil and
quickly defoamed when exposed to oil, and there was no obvious
change in seepage resistance in the oil-bearing tube; thus, the
subsequent foam began to enter the oil-bearing tube in large
quantities, resulting in the rapid approach of the diversion rate
between the oil-bearing tube and the saturated water tube. With the
increasing injection volume of nitrogen foam, the seepage resistance
in the saturated water core tube gradually reached the peak value,
and the diversion rate of the two core tubes gradually stabilized.
However, there was still a certain amount of residual oil in the oil-
bearing tube, and the seepage resistance of the foam was always
smaller than that in the water-bearing tube; thus, the diversion rate
of the oil-bearing tube was always higher than that of the saturated
water core tube in the stabilization stage.
In the subsequent water ﬂooding stage, with the increase in the
injected water volume, the diversion rate in the oil-bearing tube
increased rapidly, and the diversion rate in the saturated water core
tube decreased rapidly. This phenomenon occurred because in the
subsequent water ﬂooding process, compared with the saturated
water core tube, the nitrogen foam in the oil-bearing tube was less
stable due to the inﬂuence of crude oil; additionally, the nitrogen
foam was quickly removed by the ﬂushing of injected water,
resulting in a rapid decrease in seepage resistance. However, in
the saturated water core tube, the nitrogen foam had a relatively
good stability, a strong anti-scouring ability, and a small reduction in
the seepage resistance in the tube; thus, many subsequent injection
ﬂuids entered the oil-bearing tube.
From the above experimental analysis, it could be seen that
under the oil–water colayered condition, nitrogen foam could exist
stably in the water layer and form an effective plug. When nitrogen
foam encountered the residual oil in the oil layer, it defoamed
rapidly; thus, more subsequent injected ﬂuids could be diverted into
the oil layer, balancing the diversion rates of oil and water layers,
effectively displacing the residual oil in the oil layer and thus
effectively improving the recovery degree of crude oil from the
formation.
3.2 Analyses of the two-dimensional
visualization experimental results
3.2.1 Study on the characteristics of bottom water
ﬂooding and oil–water distribution
The two-dimensional model used in the experiments is shown in
Figure 6. The injection well and the production well were distributed
on both sides of the upper part of the model, and the bottoms of the
tubes were perforated. The injection and production wells were
arranged in the upper area of the oil layer. The production method
in the bottom water ﬂooding stage involved double wells for
simultaneous production, and the production method in the
nitrogen foam ﬂooding stage involved one well for injection and
one well for production.
The states of the saturated water and oil of the model after sand
ﬁlling are shown in Figure 7.
In the bottom water ﬂooding stage, the pressure of the bottom
water was controlled by a pressure reducing valve, and the injection
and production wells were produced as production wells
simultaneously. In the picture of the experimental results, the
bright white part was the initial bottom water area; the grey
white part was caused by the fact that after the crude oil was
displaced in the bottom water ﬂooding process, part of the
residual oil remained in the formation under the backlight.
The results of bottom water oil ﬂooding at different ﬂow rates
are shown in Figure 8 By analysing the oil displacement results at
different ﬂow rates, it could be found that under the ﬂow rate of
1 mL min-1
, the oil–water interface was irregularly distributed in the
results of bottom water ﬂooding. The oil was slightly ﬁnger-in, but
the bottom water coning phenomenon was not obvious;
additionally, no obvious water coning development was observed.
However, as the ﬂow rate increased to 5 mL min-1
, the ﬁnal results of
bottom water ﬂooding showed that a well-developed water coning
began to appear at the bottom of the production wells. When the
ﬂow rate of bottom water further increased to 10 mL min-1
, the
phenomenon of bottom water coning became more obvious. At a
ﬂow rate of 10 mL min-1
, the water coning formed after the bottom
water coning was more completely developed, and a large amount of
crude oil at the bottom of the production wells was displaced; this
phenomenon left a large grey‒white area at the bottom of the well
after being swept by bottom water ﬂooding.
Figure 9 shows the process of bottom water ﬂooding under a
ﬂow rate of 10 mL min-1
. In the early stage of bottom water ﬂooding,
the crude oil at the bottom of the formation was ﬁrst displaced and
produced; the oil–water interface began to move upwards slightly at
this stage, and the formation in the swept range appeared greyish
white. With the gradual increase in the bottom water injection
volume, the oil–water interface started to move upwards gradually,
showing that the two wings of the oil–water interface moved
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	7. FIGURE 6
(A) Two-dimensional  plate model and (B) well layout diagram.
FIGURE 7
Model saturated water and saturated oil states. (A) Full water saturation. (B) Full oil saturation.
FIGURE 8
Results of water ﬂooding with different ﬂow rates. (A) 1 mL min−
, (B) 5 mL min−
, (C) 10 mL min−
.
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	8. upwards slightly more  than the middle interface. When the
injection volume of the bottom water reached 1.0 PV, the
bottom water coning was fully developed, and the oil–water
interface was pushed to the bottom of the production wells. At
this time, the water cut of the production wells increased to
more than 98%, and the production wells basically stopped
producing oil. Figure 9C shows that when the oil–water
interface was not pushed to the bottom of the well, the crude
oil in the formation displaced by bottom water was basically
completely displaced and appeared greyish white under
backlight conditions. After the oil–water interface was
pushed to the bottom of the well, a typical bottom water
coning phenomenon formed. At this stage, after the water
coning advanced to the bottom of the well, the water layer
completely communicated with the well. At this time, the
injected bottom water entered the well directly along the
inside of the water coning, and the subsequent injection of
bottom water could no longer effectively improve the swept
range of bottom water ﬂooding. In addition, the water coning
basically stopped pushing upwards after it reached the bottom
of the well, and the shape of the water coning basically did not
change; however, the oil recovery rate basically did not increase.
According to the distribution of residual oil, after the bottom
water coning fully developed, the crude oil in the swept range at the
lower part of the water coning basically displaced completely, and
the oil–water interface moved up signiﬁcantly. In the lower part of
the oil–water interface, only a small amount of residual oil existed, a
large amount of residual oil in the reservoir was distributed in the
non-swept range of the upper part of the oil layer, and a large
amount of residual oil that was not swept and displaced was left
between the water coning on both sides.
FIGURE 9
Results of 10 mL min-1
ﬂow water ﬂooding. (A) 0.1 PV, (B) 0.3 PV, (C) 1.0 PV, (D) 1.2 PV.
FIGURE 10
Recovery curves at different displacement stages.
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	9. Figure 10 shows  the recovery curves at different displacement
stages. By analysing the experimental results, it could be seen that
the stage of waterless oil recovery was short during bottom water
ﬂooding, and the water cut increased quickly to 85.7% after the
injected volume of bottom water reached 0.15 PV; additionally, the
water cut of bottom water ﬂooding production wells increased
extremely fast. With the increasing volume of bottom water
injection, the water cut of the production wells continued to
increase gradually and exceeded 92%. In terms of stage oil
production, the oil production in the early stage of bottom water
ﬂooding was relatively high, and the oil production could reach
8.6 mL in the ﬁrst two counting points. However, with the rapid
increase in the water cut in the production wells, the oil production
in the middle and late stages of bottom water ﬂooding decreased
signiﬁcantly. The oil production throughout the middle and late
stages remained between 2 and 3 mL, and the recovery degree in the
bottom water ﬂooding stage was lower at only 18.8%.
To compare the oil displacement effects of water ﬂooding and
nitrogen foam ﬂooding under different conditions during water
invasion, ﬁrst, after the water cut of the production wells reached
92%, the right well of the two production wells was restored to be an
injection well. The bottom water pressure was kept unchanged, and
water ﬂooding was conducted. The production curve of the water
ﬂooding stage is shown in Figure 10. According to the analysis of the
production curve in the water ﬂooding stage, under the condition of
bottom water intrusion, the water cut of the production well further
increased from 92% to 98.3% after adopting the water injection
development method of water injection wells. After water injection
of 0.3 PV, the recovery degree increased from 18.8% to 20%, with a
1.2% improvement. In terms of stage oil production, the stage oil
production decreased from 2–3 mL to 0.5–1 mL at the same
counting points of the water injection development stage. The
results indicated that under the condition of bottom water
intrusion, the residual oil could not be effectively produced by
water injection development; additionally, the contribution of
water injection development to improved oil recovery was
extremely low.
3.2.2 Study on the characteristics of nitrogen foam
ﬂooding and ﬂuid migration characteristics
At the end of the water ﬂooding stage, the water cut of the
production well exceeded 98%, at which point it was diverted to
nitrogen foam ﬂooding (to identify the foam distribution, the
foaming agent was dyed blue with bright blue dye); the
experimental results are shown in Figure 11.
According to the analysis of the experimental images, when the
volume of the injected foam was 0.05 PV, some of the foam could be
observed near the bottom of the injected wells, the brightness started
to increase, and some of the crude oil was cleaned by the foam. This
phenomenon occurred because the foaming agent HY-2 had both
foaming and emulsifying effects, and the formed nitrogen foam had
a stronger oil washing ability than water, which could effectively
displace the residual oil formation pores that could not be
completely displaced in the water ﬂooding stage. Additionally,
since there a large amount of crude oil remained in the oil layer
that had not been produced, the injected foam was prone to
FIGURE 11
Results of nitrogen foam ﬂooding at different stages. (A) 0.05 PV, (B) 0.2 PV, (C) 0.4 PV, (D) 0.6 PV, (E) 0.8 PV, (F) 1.0 PV.
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	10. defoaming when encountering  oil. Under the action of gravity
differentiation, the nitrogen ﬂoated on the top of the oil layer to
form a secondary gas cap (which is the red dotted line in
Figure 11A), displacing the residual oil at the top. In the initial
stage of nitrogen foam ﬂooding, the gas formed by injecting nitrogen
foam defoaming moved in the direction of the production well,
forming a small secondary gas cap in the oil lay range at the top of
the production well. When the injection volume of nitrogen foam
reached 0.2 PV, the range of nitrogen foam cleaning at the bottom of
the injection well increased, the brightness gradually increased, and
the gas cap volume at the upper part of the oil layer further increased
and developed near the injection well. More formation crude oil was
displaced to the production well, and the oil–water interface
obviously moved downwards. When the injection volume of
nitrogen foam reached 0.4 PV, a blue area appeared in the water
layer, which was generated by a large amount of dyed nitrogen foam
accumulating in the water layer (the blue oval part in Figure 11C). As
the injected nitrogen foam formed an effective plug in the water
layer, the lateral displacement ability of the injected foam increased,
effectively improving the lateral ﬂow ability of crude oil. When the
foam injection volume reached 1.0 PV, the crude oil around the
injection well was basically displaced cleanly, the volume of the gas
cap at the upper part of the oil layer and the volume of blue foam in
the water layer further increased, and the downwards movement
distance of the oil–water interface reached a maximum value.
Combined with the analysis of the liquid production
characteristic curve in the nitrogen foam ﬂooding stage in
Figure 10, it was found that the water cut of the produced ﬂuid
in the production well started to drop rapidly as the nitrogen foam
started to be injected into the oil layer. After injecting 0.05 PV of
nitrogen foam, the water cut of the production well rapidly
decreased to 67%; when the injection volume reached 0.2 PV, the
water cut of the production well decreased to 4.3%, which was 94%
lower than that of bottom water ﬂooding. Then, the water cut of the
production well began to increase gradually and ﬁnally reached 87%,
but it was still lower than the water cut of 98% under the condition of
water ﬂooding. After injecting nitrogen foam, the oil production in
each stage increased rapidly, from 0.3 mL in the water ﬂooding stage
to 11.1 mL; there was a cumulative oil increase of 51.5 mL in 0.4 PV
of injection volume, and the oil recovery increased by 17.2%. After
the end of the whole foam ﬂooding stage, 96.3 mL of crude oil
increased in total, and the overall recovery degree increased by
32.1%, with an obvious effect of increasing oil and production.
Figure 12 shows the state of produced liquid in nitrogen foam
ﬂooding stage. The water cut of the produced liquid was related to
the colour of the produced water in the produced liquid overall. The
colour of the water in the produced ﬂuid gradually deepened, and
the water cut of the produced liquid gradually decreased during the
stage from water ﬂooding to nitrogen foam ﬂooding. This
phenomenon indicated that the injected nitrogen foam could
effectively displace the residual oil in the formation; furthermore,
the surfactant formed after defoaming could effectively displace
crude oil to improve a part of the crude oil recovery.
4 Conclusion
During the bottom water reservoir development, injecting
nitrogen foam can effectively plug the water layer, solve the
water channeling problem, play a good role in proﬁle control
and anti-scouring, and greatly enhance the oil recovery. The
speciﬁc conclusions are as follows.
1) The single-pipe displacement experiments showed that nitrogen
foam could effectively enter the pores of the water-bearing
formation and be trapped in it. The plugging was effectively
produced by superimposing the Jamin effect, and the resistance
factor reached 130.11; this phenomenon could play a certain
anti-scouring role in the subsequent water ﬂooding process.
After continuous water injection of 1.5 PV, the residual
resistance factor could be maintained at 87.43.
2) In the double-tube parallel experiments, the injection of nitrogen
foam could effectively solve the problem of injected water channeling
into the water layer under the oil–water colayered condition;
additionally, it could produce effective plugging in the water layer
so that more injected water could enter the oil layer. The effect could
help control the oil-water proﬁle in the subsequent water ﬂooding
process and effectively improve the crude oil recovery.
3) In the development stage of bottom water ﬂooding in the bottom
water reservoir, the water cut increased rapidly, the bottom water
coning phenomenon was obvious, the recovery degree of the reservoir
was low at 20%, and the residual oil was mainly distributed between
the oil wells and the upper part of the oil layer near the wellbore.
4) During nitrogen foam ﬂooding, the foam could enter the water layer
to form an effective plug so that the subsequent foam diverted into
the oil layer, and the oil displaced laterally to the production well for
production. When the foam entered the oil layer, it defoamed and
ﬂoated to form a secondary gas cap; this phenomenon displaced the
residual oil at the top, effectively improving the displacement
efﬁciency and swept volume of the injected ﬂuid.
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FIGURE 12
Produced ﬂuid status in nitrogen foam ﬂooding stage.
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