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Chemical flooding experiment after the polymer
flooding in offshore oilfield

The offshore oilfield are mostly viscous oil reservoirs.
Tertiary oil recovery technology is mainly composed of the
injection of the polymer solution. It isa problem to be solved
for researchers to improve the oil recovery further. In the
current study, we designed the heterogenetic physical model
for the typical offshore area. The comparative study was
carried out by experiments. In the meantime, we discussed
the plan optimization of the chemical flooding after the
polymer flooding in an offshore oilfield and evaluated the
production level under different injection mode. The
experimental results proved that the alkaline-polymer
flooding is the preferred mode of chemical flooding after the
polymer flooding in offshore typical area.
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1. Introduction

n recent years, the exploitation of offshore oilfields
I developed rapidly and was respected by people gradually.

There have also been some problems that many main
offshore oilfields enter high water-cut stage. However, it has
become an important technical problem to be resolved that
improving production in offshore oilfield production within
the validity period of the platform due to the platform life
span, complicated offshore conditions, geological conditions
and other factors [1-4].

The Bohai ailfield is the viscous oil reservoir with wide
well spacing, high porosity and high permesability. Due to the
complexity of life span, space and offshore platform condition
restriction, it is unable to mine from onshore oilfields in the
same way. As much as possible, it is necessary to improve
the speed and recovery of the reservoir. Many indoor
experiments and ashore field practices demonstrate that
alkaline-polymer flooding is an effective means of further
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improve oil recovery after the polymer flooding. It is more
suitable for the characteristics of the offshore oilfield. So it
has become one of key research directions to improve oil
recovery of the offshore ailfield [5-8]. The 0.13 PV polymer
solution had been injected since the end of 2007 in Bohai
oilfields X well X9. Then it changed to inject alkaline-polymer
solution in the early 2011. The field test result showed that
alkaline-polymer flooding effectively suppressed adverse
trends of the oilfield water cut rising and oil production
declining. This led to a fall of 11% water cut and daily oil
production increasing by 1.16 times. Alkaline-polymer
flooding has now accumulated an increase of 16159.7msand
brought huge economic benefit for oilfield[9-12].

We designed the heterogenetic physical model for the
typical offshore areg[10-11]. Additionally, the comparative
study was carried out by experiments. We discussed the plan
optimization of the chemical flooding, the opportune moment
of conversion and the optimization of the injection mode.
Then we evaluated the production level of different injection
modes. This paper provides the basis for the further
improvement of recovery measures for offshore
oilfields[13-14].

2. Experiment part
2.1. EXPERIMENTAL CONDITIONS
Experimental temperature: 65°C.

The physical model: the core with unequal thickness of
heterogeneity of three layersin the layer. Core specification:
300mmx45mmx110mm. Permeability of three layers: 500x10°3
um?, 2200x10°3 um?, 4800x10°° um?. Mean permesability:
2500%10°% um2. The corresponding thickness; 30 mm, 30 mm,
50 mm.

Standard cylindrical core with demarcated porosity,
permeability and saturation: 25 mm in diameter and 100 mmin
length.

Saturated water and displacement water: the oil simulates
the formation of water with the salinity of 9947.74 mg/L.

Experimental oil: ssimulated oil with viscosity 70 mPa-s at
65°C.
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The polymer used in the step of polymer flooding:
hydrophobic associating polymer AP-P4 (2000 mg/L).
Binary system: the polymer ap-p5 with molecular weight

1100x10* (1750 mg/L) and the surface acting agent BH-M2
(0.2%) provided by CNOOC.

Injection rate: ImL/min.
2.2. EXPERIMENTAL APPARATUSES

Incubator, agitator, beaker and Brookfield viscometer.
2.3. EXPERIMENTAL SCHEMES

Scheme 1: Water drives until the water content rises to
95%.

Scheme 2: Water drives until the water content rises to
70% + 0.3PV polymer flooding (2000 mg/L) + follow-up water
drive until the water content rise to 95%.

Scheme 3. Water drives until the water content rises to
70% + 0.3 PV polymer flooding (2000 mg/L) + 0.3 PV polymer
flooding (2000 mg/L) + follow-up water drive until the water
content rise to 95%.

Scheme 4: Water drives until the water content rises to
70% + 0.3 PV polymer flooding (2000 mg/L) + 0.24 PV high-
concentration polymer flooding (2000 mg/L) + follow-up water
drive until the water content rise to 95%.

Scheme 5: Water drives until the water content rises to
70% + 0.3PV polymer flooding (2000 mg/L) + 0.3 PV dkdine-
polymer flooding (polymer 1750 mg/L and surface acting
agent 0.2%) + follow-up water drive until the water content
rise to 95%.

The price of each displacement agent is as follows:

The polymer AP-P4 used for polymer flooding: RMB
220001t

The price of polymer AP-P5 used for the alkaline-polymer
flooding: RMB 25000/t.

The price of surface acting agent BH-M2: RMB 33000/t.

Through the calculation of the price, you can see that, the
price of polymer flooding of is concentration and
concentrated polymer flooding after the polymer flooding in
scheme 3 and scheme 4 is the same.Meanwhile, the price of
the alkaline-polymer flooding in scheme 5is 2.49 timesthat in
scheme 3 and scheme 4.

The viscosity of displacing agent and core parametersin
the scheme are shown in Table 1.

TaBLEL: VISCOSITY TABLE OF DISPLACEMENT AGENT

System AP-P4 Concentrated Binary system
(2000 mg/L) AP-P4 (polymer
(2500 mg/L) 1750 mg/L,
SAA 0.2%)
Viscosity 42 65 34.6
(mPas)

There are parameters of the calibration core with the same
formulain Table 2. This cylindrical core corresponds to the
different layers of the three-layer heterogeneous physical
model with unequal thickness used in the typical offshore
ailfield.

TaABLE 2: CALIBRATION PARAMETER TABLE OF CORE

Core permeability Porosity Initial oil saturation
(x10°°um?) (%) (%)
500 25.2 68.1
2200 30.1 72.4
4800 34.5 78.5

3. Experimental results and discussion
The selection of injection mode after polymer flooding:

The overall results of different displacement schemes are
shown in Table 3.

The total recovery rate is 31.0% when the water content
is 95% in scheme 1. The total recovery rate is 42.52% after

TABLE 3: EXPERIMENT RESULTS IN DIFFERENT SCHEME

Scheme  The specific scheme Degree of reserve recovery (%) Overall
Water Polymer Alkaline recovery
: . efficiency
drive flooding polymer
. (%)
flooding
1 Water drives until the water content rises to 95% 31.0 - - 31.0
2 Water drives until the water content rises to 70% + 16.05 26.47 - 42.52
0.3 PV polymer flooding + follow-up water drive
3 Water drives until the water content rises to 70% + 15.03 29.90 - 44.94
0.3 PV polymer flooding + 0.3 PV polymer flooding
+ follow-up water drive
4 Water drives until the water content rises to 70% 15.17 31.05 - 46.22
+ 0.3 PV polymer flooding + 0.24 PV high-concentration
polymer flooding + follow-up water drive
5 Water drives until the water content rises to 70% + 15.59 18.10 31.48 66.29
0.3PV polymer flooding + 0.3PV alkaline-polymer
flooding + follow-up water drive
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injection of 0.3 PV polymer solution.
It noted that the 0.3 PV polymer can

TABLE 4: RATIO OF PRODUCED OIL TO THE TOTAL RESERVES IN EACH LAYER OF THE MODEL OF THE
TERTIARY RECOVERY AND TERTIARY INJECTION WITH UNAQUAL THICKNESS IN DIFFERENT STAGES

produce 11.52% of the reserves.The
total recovery rate of injection of 0.6
PV polymer in scheme 3is44.94% in
scheme 3, which isonly 2.42 per cent

The stage of displacement

The percentage of the total reserves of oil produced (%)

more than scheme 2. It shows that the
polymer injection 0.3 PV iscloseto the
limit of the polymer flooding
production's effect. The overall effect
of extending sweep volume and
improving displacement efficiency is
weakened after the polymer injection
0.3 PV. Irreducible oil cannot be
greatly produced out of the ground if

of the model

Low Mid High
permeability -permeability permeability
layer layer layer
Water flooding stage 0.72 4.78 11.21
Polymer flooding stage 1.30 5.21 11.60
Alkaline-polymer flooding 3.17 10.30 18.00
stage (including subsequent
water flooding)
The percentage of the 5.19 20.29 40.8
total reserves of
intrastratal production
Overall recovery efficiency 66.43

only the same concentration of the
polymer solution were continued to inject. Therefore, the
timing of the conversion of the polymer flooding is determined
by injection 0.3 PV, and the subsequent chemical flooding
should be considered for the end of the injection.

In scheme 4, we used the high concentration polymer
flooding after polymer injection 0.3 PV. The high
concentration polymer 0.24 PV was injected after the
concentration increased by 2000mg/L to 2500mg/L in the
ordinary polymer flooding stage. The recovery rate was only
3.7 per cent higher than that in scheme 2 with equivalent
polymer in scheme 3. The result showed that the effect of the
method of the high concentration polymer flooding was very
small, but it was better than the condition of the same
concentration and the degree of reserve recovery increased
by 1.28%.

The binary solution 0.3 PV was directly injected after the
polymer flooding and then carry on the following water
flooding in scheme 5. The experiment showed that a binary
system can greatly enhance oil recovery after the polymer
flooding. The injection of binary solution used the irreducible
oil that cannot be used only by the polymer viscoelasticity
and displacement efficiency. The ultra-low interfacial tension
has played a key role. The irreducible oil rejoins the flow
because ultra-low interfacial tension
causes the emulsification,
decomposition, and the formation of
the emulsion. Low interfacial tension
also reduces the capillary force of the
irreducible oil, making the extraction
of theirreducible il less difficult. The
polymer solution in the binary system
also plays a role in reducing the
mobility ratio, allowing the irreducible
oil to be carried out. It can be
confirmed from the experimental data
that it is an effective method of
production that uses the alkaline-
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polymer flooding after the polymer flooding, especialy for the
efficient development of offshore oilfields. Although the input
of scheme 5 is 2.49 times the scheme 3 and 4,the degree of
reserve recovery is 9.82 times the polymer flooding of
isoconcentration, and 6.42 times the concentrated polymer
flooding. It is visible by both enhancing oil recovery and the
contrast of economic input and output, the alkaline-polymer
flooding is the preferred method for the chemical flooding of
the typical block in the offshore oilfield.

According to Table 4:
The dynamic recovery curve and analysis of each scheme:

Characteristics and analysis of dynamic recovery in
different modes after the polymer flooding:

The characteristics and analysis of dynamic recovery of
the concentrated polymer flooding after the polymer flooding
isindicated. The dlug of concentrated polymer flooding (2500
mg/L) is 0.24 PV. The experimental recovery curve is as
follows:

Fig.1 shows that the pressure keeps rising, while the
water content ratio keeps rising on the stage of high
concentration polymer flooding. The overall recovery rateis
dlightly up, about 2%. It is indicated that the concentrated

Fig.1 The relation of amount of injection of PV with composite water cut,

recovery ratio and pressure
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polymer flooding cannot effectively use the irreducible oil
after the polymer flooding. This method that concentrated
polymer flooding after polymer flooding cannot solve the
problem of effective use of the irreducible oil, and other
chemical drive methods should be considered.

Fig.2 shows that after the polymer flooding, the
concentrated polymer flood, the hypertonic diffluent ratio
keeps rising while the mid-penetrative diffluent ratio keeps
gradually declining, without the effect of profile modification.
Although the pressure is increasing, it is only the movement
of the concentrated polymer in the reservoir, which does not
greatly increase the displacement efficiency.

The characteristics and analysis of dynamic recovery of
the alkaline-polymer flooding after the polymer flooding is
indicated. The experimental recovery curveisshownin Fig.3.

As shown in Fig.3, at the stage of the polymer flooding,
the composite water cut begins to drop to the lowest value,
and the pressure rises to the highest level of the polymer
flooding stage. In the stage of the alkaline-polymer flooding,
the composite water cut decreases firstly and then increases

Fig.2 The relation of amount of injection of PV with diffluent ratio composite water cut, recovery ratio

and pressure

Fig.3 The relation of amount of injection of PV with diffluent ratio composite water cut, recovery ratio

and pressure in scheme 5
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and the pressure kept going up. After the end of the alkaline-
polymer flooding, the composite water cut decreasesto 15.1%
and then increases, the pressure goes down to 0.016MPa,
which is 25% higher than the water drive final pressure of
0.012 MPa. It proves that the chemical agent was stranded in
the core.

Asshown in Table 5, in the model of the tertiary recovery
and tertiary injection with unequal thickness, most of crude
oil produced from the high permeability layer on the stage of
the water flooding, polymer flooding and alkaline-polymer
flooding. It is associated with the thickness ratio of the high
permeability layer that the mid-permeability layer and low
permeability layer are less used during the injection phase.
The high permeability layer accounts for 54.5% of the total
thickness, and the pore volume accounts for 0.51 PV of the
total volume of the model. While the mid permesability poreis
0.26 PV, and the low permeability pore is 0.23 PV. Combining
with the above situation of the diffluent ratio on the stage of
the polymer injection, after the start of the polymer injection,
the polymer solution mostly flows into high permeability
layers. About 10% of the polymer solution flows into the
permeability layer, around 3%
of the polymer solution flows
in the low permeability layer.
As the injection goes, the
injection pressure gets bigger.
The high permeability diffluent
ratio and the injection rate of
the  polymer solution
decreases. The diffluent rate
and injection rate increases in
the mid-permeability layer
while it is unchanged in the
low permeability layer. At the
time of theinjection of 0.15 PV,
the pressure hits the maximum
and begins to decrease,
indicating that the polymer
solution which has been
injected into high permeability
is breaking through the high
permeability wells. Since then,
the composite water cut
begins to rise, fluid ratio of
high permesbility is gradually
rising, and the ratios of mid
and low permeability are
decreasing on the stage of
polymer injection. At the time
of the injection of 0.3 PV, the
fluid ratio of high permesbility
is 87.2%, and the rate is
10.15% in mid-permeability
layer, while the composite
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TABLE 5. INTRASTARTAL RECOVERY RATIO ON EACH STAGES OF DISPLACEMENT

The stage of displacement

Degree of reserve recovery (%)

of oil on the injection binary
solution is 16.03% of the total
amount of oil, and then some of

Low Mid High . .
permeability -permeability permeability ~ the binary solution has
layer layer layer remained inthemodd. Overal,
Water flooding stage 3.53 18.43 20.88 the f.l gld ratio does not Qhange
Polymer flooding stage 6.37 20.10 21.61 significantly for along timein
Alkaline-polymer flooding 15.53 39.74 33.53 each layer, Wh”e the water
stage (including subsequent content had declined sharply in
water flooding) binary solution injection stage.
The percentage of the 25.43 78.23 76.01 It is proved that the
total reserves of displacement efficiency of a
intrastratal production . L .
o binary solution is so high that
Overall recovery efficiency 66.43

of the model

can help to emulsify and
produce crude oil extensively.

Fig.4 The relation of amount of injection of PV with diffluent ratio composite water cut, recovery

ratio and pressure

water cut of recovery wells raises to 66.7%. The degree of
reserve recovery is 18.1% in the whole injection stage, while
still some of the polymer solution is not found in the model.

The compositewater cut of the model isreduced by thetime
of theinjection of 0.05 PV on the stage of the alkaline-polymer
flooding. Theinjection recovery pressure difference continues
to rise after theinjection of binary compound solution. On the
stage of injecting binary solution to 0.24 PV, there is no
significant changein thefluid ratio in high and mid permeability
layer. It isdependent on the viscoel asticity of the undevel oped
polymer solution and the synergies of the binary solution in
the model that has produced 22.65% of thetotal reserves. The
pressure difference rapidly increases and the ratio of mid and
low permeability is increased significantly between the
injection binary system of 0.24 PV -0.27 PV. The low
permeability layer is used, and the pressure difference
gradually decreases between the injection binary system of
0.27 PV t0 0.3 PV.,which shoul d be the alkaline-polymer flooding
used to produce from the high permesbility layer. At thistime,
the compositewater cut hasfallen to 15.1%, and the production
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Thus, the purpose of oil
controlling water is realized.
Although the total oil
production in binary
compound flooding stage is
16.03% less than the 18.1% of
the stage of the polymer
flooding stage, the difficulty of
drilling in binary solution
injection stage is greatly
increased. It is shown that the
akaline-polymer floodingisthe
effective displacement mode of
the typical offshore block
because the solution of a
binary solution is the oil that
cannot be produced with the
polymer's displacement
efficiency.

In the subsequent water flooding stage, the fluid ratio and
pressure in high and mid permeability layers gradually
decrease because there is still some binary solution working
in the model, while composite water cut increases gradualy.
The final recovery efficiency is 66.29%, and 15.44% of oil is
produced from the subsequent water flooding stage.

According to the data of the porosity and initial oil
saturation corresponding to the permeability of core sample
(Table 2) and the displacement experiment of the tertiary
recovery and tertiary injection in different stages, which is
where the oil is produced from which layer, this approach
does not consider the impact of the channeling. The recovery
data of the three layers of non-homogeneous cores cal cul ates
by this method are shown in Table 5.

According to the above table, the intrastratal recovery in
the high permesability layer is 76.01%, which is 78.23% in the
mid permeability layer and 25.43% in the low permeability
layer. The actual endpiece data shows that the recovery in
the mid permeability layer is higher than that in the high
permeability layer, because this is the case where the
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channeling is not considered. In the actual stage of the
intrastratal heterogeneous displacement process, the high
permeability layer is blocked in the stage of the chemical
flooding experiment after the polymer flooding and the oil
flows to the mid-permesability layer. And the oil in the low
permesbility layer could also flow into to the mid-permesbility
layer and be produced.

Asthe experimental model has uniform thickness, the high
permeability layer accounts for 45.5% of the total thickness,
and the resource in the high permeability layer is large, so
the contribution of the high permeability layer is the largest
on the whole stage of production. The high permeability and
mid-permeability layer of the polymer flooding stage were
effectively used. In the alkaline-polymer flooding stage, the
high permeability layer and the mid-permeability layer were
greatly used, and the use level of the low permeability layer
was also very high. As you can see, the alkaline-polymer
flooding effectively used the irreducible oil of the polymer
flooding.

5. Conclusions

In this paper, the chemical flooding optimization method was
carried out after the polymer flooding by using the three-layer
non-homogeneous thickness model, which was developed for
the offshore oilfield block. Experimental results show that the
recovery ratio of the isoconcentration polymer flooding after
polymer flooding can be increased of 2.42%. High
concentration polymer flooding can enhance oil recovery of
3.7%. While the injection 0.3 PV of binary system can
improve the recovery rate of 23.77%. Combined with the
economic comparison, the alkaline-polymer flooding is the
preferred mode of chemical flooding in the typical offshore
block.
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