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Introduction: As a new agent of enhancing oil recovery, the dispersed particle gel
(DPG) has been gradually used for in-depth profile control in mature oilfields. Many
researchers investigated the preparation, profile control mechanism and application
of DPG based on a series of laboratory experiments. However, few numerical studies
have been carried out on profile control mechanism of DPG.

Methods: This paper proposes a novel mathematical model to proceed numerical
simulation of profile control for DPG, considering DPG particles adsorption andweak
shear thinning effects. The numerical codes are verified by the UTCHEM simulator.

Results and discussion: The effects of the DPG viscosity, the DPG concentration, the
water saturation of high permeable regions and the permeability ratio between high
and low permeable regions on decreasing the water-cut of producing well are
studied. Simultaneously, this paper also investigates the influence of different
mobility ratios between high and low permeable regions on water shutoff of
DPG. The numerical simulation results show that the effects of DPG profile
control become better as the DPG solution viscosity, the suspension
concentration and the permeability ratio increase. But the increased water
saturation of high permeable regions is not helpful to improve oil recovery. Water
plugging effect of DPG becomes worse with increasing mobility ratio between
different regions. According to comparison results between DPG profile control
and polymer flooding, it is found that DPG profile control is more suitable for
heterogeneous reservoirs. These findings are of benefit to guide the efficient field
application of DPG profile control in heterogeneous reservoirs.
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1 Introduction

At present, the major oil fields in China have come into high water-cut period after
long-term water flooding exploitation. The water content of production wells in mature oil
fields is generally above 90%. The injected water can easily reach production wells along
channels or fractures in high permeable zones, making it more and more difficult to
increase production by water injection (Ju et al., 2008; Deolarte et al., 2009; Li et al., 2016).
As a result, there is a lot of residual oil in low permeable zones which cannot be displaced
out by continued water flooding. According to statistics, conventional water flooding
usually produces only one-third to two-fifths of the oil in geological reserves (Ji et al., 2012).
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The main means of decreasing water production in mature oil fields
is to improve oil recovery by replacing water flooding with new oil
field development techniques, such as chemical flooding (Al-
Muntasheri et al., 2007; Dai et al., 2014a; Dabiri and Honarvar,
2020). Enlarging swept volume and increasing displacement
efficiency are two key approaches to enhance oil recovery by
chemical flooding. Compared with increasing displacement
efficiency, expanding swept volume is a better choice on the
basis of field practice of oil fields in heterogeneous reservoirs. In
order to decrease water-cut by means of expanding swept volume,
various chemical methods were adopted, including conventional
polymer flooding, foam flooding (Moosavi et al., 2019), in situ gel
systems and particles gel systems (Moradi-Araghi, 2000; Perez
et al., 2001; Wassmuth et al., 2007; Beverte, 2014). However,
polymer flooding is unsuitable especially in highly
heterogeneous reservoirs by reason of bad water shutoff effect
and weak conformance control capacity. The foam flooding is
difficult to sustain for a long time because of its very short
timeliness. In order to obtain good foam flooding effect, stable
and continuous nitrogen or air resources are required, which
increases the cost of profile control treatments. In situ gel
systems are easily affected by shear rate, extreme formation
conditions and some other factors (Seright et al., 2003; McCool
et al., 2009). Meanwhile, these gel systems have inherent
drawbacks, such as uncontrollable swollen gel strength,
uncontrollable gelation time and dilution caused by contact with
formation fluids.

/In order to overcome the above-mentioned problems, particles
gel systems had been popularized and applied. Among them, micro
gel (Chauveteau et al., 2001; Bybee, 2005; Zaitoun et al., 2007),
preformed particle gel (Bai et al., 2007a; Bai et al., 2007b; Wang
et al., 2013) and dispersed particle gel (Dai et al., 2012) are the most
commonly used for profile control and water shutoff. The micro gel
is not suitable for large-scale oilfield production due to lower
displacement efficiency and higher cost. The particle size of
preformed particle gel is mainly millimeter scale, making it
more difficult to inject PPG particles into low permeable
reservoirs, which limits the range of PPG application. Compared
with first two particles gel systems, the dispersed particle gel (DPG)
has the advantages of easy injection, easy preparation and meeting
the needs of large-scale industrial production. As a new profile
control agent for water shutoff treatments and enhancing oil
recovery, previous studies are mainly focused on DPG particles
preparation (You et al., 2011; Dai et al., 2012; Zhao et al., 2013),
DPG profile control mechanism (Zhao et al., 2014; Liu et al., 2016)
and experiments to explore the properties of DPG (You et al., 2013;
You et al., 2014; Dai et al., 2017). It rarely involves numerical
simulation of DPG conformance control. Based on experimental
results of DPG physical properties, this paper proposes a novel
mathematical model considering DPG particles adsorption and
weak shear thinning. First, we investigate the influences of the DPG
viscosity, the DPG concentration, the water saturation of high
permeable regions and the permeability ratio between different
regions on improving oil recovery by numerical simulation.
Second, the effects of different mobility ratios of flowing
through the high and low permeable regions on water plugging
in the high permeable zones are studied. Finally, the differences of
decreasing water-cut between polymer flooding and DPG flooding
are compared. These numerical simulation results can ultimately

provide scientific basis and technical support for DPG formulation
design and field application.

2 Preparation of DPG particles

2.1 Typical morphology of DPG particles

DPG is prepared with polymer and cross-linker, which can swell
up to 30 times its beginning size in brine. DPG is a particle system
formed by the mechanical shearing of the dried gel on the ground.
Swollen gel strength and particle size are controllable, overcoming
some distinct drawbacks of in situ gel systems. And as a new profile
control agent, DPG is environmentally friendly, and not sensitive to
reservoir minerals and formation brine (Dai et al., 2014b). With
mechanical shearing for 6 min, the DPG particles are prepared on
the shearing equipment. The microstructure of prepared DPG
particles is observed by scanning electron microscope (SEM),
which is shown in Figure 1.

It can be seen from Figure 1 that the DPG solution is composed of
regular pseudo spheres particles. When the DPG solution is prepared
with high salinity produced water and aged at 90°C for 5 days, 10 days,
and 15 days respectively, SEM is used to study the microscopic
morphology of DPG particles. Figure 1 reveals the microscopic
morphology of DPG particles before and after aging at high
temperature. Scanning electron micrographs show that the DPG
solution is uniformly distributed as a single particle before aging,
and single DPG particle size is mainly dispersed between 1.8 and
2.2 μm. After 5 days aging under high salinity and temperature
conditions, the size of the individual particle begins to be bigger
and the shape tends to be irregular, and the expansion of DPG
particles is limited, which enables the particles to maintain a high
strength; when the DPG is further aging, the particles aggregates with
each other, forming larger DPG particle aggregates. After aging for
30 days, the aggregates size can be up to 20 μm.When the DPG begins
to age at high temperature, the presence of electrolytes and high
temperature accelerates particles aggregation. Because the surface of
DPG particles is negatively charged, and high salinity water contains a
high concentration of ions, there will be more ions in the adsorption
layer so as to reduce or even completely neutralize the charge on the
DPG particles surface, which decreases mutual repulsive force between
particles. This is the main reason for the increase of particle size.

The macroscopic pictures of DPG solution before and after aging
are showed in Figure 2. As we can see, no degradation or dehydration
occurs in the DPG solution after ageing in Figure 2, which shows DPG
good temperature and salt resistance. These properties of DPG are
beneficial to the effective profile control of high permeable zones.
When pore throat radius is small, a single particle can swell to
implement water shutoff; when pore throat radius is large, multiple
particles will form a larger particle aggregation and achieve
conformance control of high water-cut reservoir.

2.2 Properties of DPG viscosity

Figure 3A points out that the viscosity of the gel system increases
as the DPG concentration increases. This is because the DPG particles
will clump together when the number of DPG particles increases, and
free movement of particles becomes difficult with the increase of
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interaction force between particles, resulting in a big increase in the
viscosity of the gel system. But the increase in polymer viscosity is
mainly due to the random entanglement of groups of the polymer.
Bond strength between polymer groups is very weak. Therefore, the
viscosity of polymer solution at the same concentration is lower than
that of DPG.

Conventional polymer used for enhancing oil recovery is affected
by shear of ground injection equipment and underground percolation.

As shown in Figure 3B, the viscosity of polymer can be reduced by
more than 50% after 20 min of ground equipment shearing. So the
shear thinning effect should be considered in the numerical simulation
model of polymer flooding. In other words, the shear resistance of
polymer is poor, and most injected water easily reaches production
wells along high permeable regions when implementing polymer
flooding in heterogeneous reservoirs. In view of shear thinning, the
shear resistance of DPG is investigated by comparing with polymer. At

FIGURE 1
Microscopic morphology of DPG: (A) Initial state; (B) aging for 5 days; (C) aging for 15 days; (D) aging for 30 days.

FIGURE 2
Macroscopic morphology of DPG: (A) Initial state; (B) aging for 5 days; (C) aging for 15 days; (D) aging for 30 days.
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room temperature, shearing equipment is respectively used to DPG
particles and conventional polymer shear at 1,000 rpm for 5 min,
10 min, 15 min, and 20 min. The corresponding viscosity is measured
at 30°C, and both of them have a mass concentration of 0.2%.
Figure 3B illustrates that the viscosity of polymer decreases sharply
with the increase of shear time, however the viscosity of DPG
decreases slightly with increasing shear time. DPG solution is a
stable system formed by the high viscoelasticity body gels with
high-speed mechanical shear, which can still maintain effective
viscosity after a period of shearing. So it is necessary to take shear
resistance effect into account and it can be approximated that the
viscosity of DPG is constant, when the mathematical model of DPG
profile control is proposed.

3 Mathematical model

3.1 Model assumptions

For simplicity DPG in conformance control, the main
assumptions are as follows: 1) The process of DPG profile control
is isothermal and energy exchange is negligible in the reservoirs; 2) the
extended Darcy’s law applies when fluid flows through porous
medium; 3) the fluid underground only contains two phases: The
water phase and the oil phase, and the water phase contains three
components: pure water, DPG particles and salt; 4) the process of DPG
particles adsorption is irreversible; 5) no chemical reaction takes place;
6) diffusion and dispersion for DPG particles are negligible.

3.2 Governing equations

Using the above assumptions, mass balance equations are given
for each component. Considering the physicochemical phenomena
including weak shear thinning effect, permeability reduction, DPG
particles adsorption and dead pore volume, the basic equations of the
DPG profile control model are as follows:

Continuity equation for oil component:

∇ · KKro

μoBo
∇po − γo∇D( )[ ] + qo � z

zt

ϕSo
Bo

[ ] (1)

Continuity equation for water component:

∇ · KKrw

μwBw
∇pw − γw∇D( )[ ] + qw � z

zt

ϕSw
Bw

[ ] (2)

Continuity equation for DPG particles component:

∇ · KKrw

RkμwBw
∇pw − γw∇D( )Cm[ ] + qm � z

zt

ϕ SwCm + Cm,ads( )
Bw

[ ] (3)

Well flow equations for multiphase flow:

qsc,l � 2πKKrl

μlBl ln re/rw( ) + s[ ] pe − pwf( ) (4)

where p is the pressure, Pa; K is the absolute permeability, m2; Kr is the
relative permeability, dimensionless; Cm is the concentration of DPG
particles in the water phase, kg/m³; Cm,ads is the concentration of DPG
adsorbing on pore throat surface, kg/m³; γ is the gravity factor, N/m3; μ is
the viscosity, Pa·s;D is the depth, m; q is the flow rate, m³/s; t is the time, s;
ϕ is the porosity, dimensionless; B is the formation volume factor,
dimensionless; rw is the wellbore radius, m; re is the effective radius,
m; s is the skin factor, dimensionless; subscript l represents the liquid
phase, l = o,w, o represents oil,w represents water; subscriptm is the DPG
component.

3.3 Auxiliary equations

Constrained condition of saturation:

so + sw � 1 (5)
Constrained condition of capillary force:

pcow � po − pw � pc Sw, σwo( ) (6)
Based on the capillary force function (J function), the capillary

force (Qin and Li, 2003):

FIGURE 3
The comparison of polymer and DPG: (A) viscosity-concentration curve; (B) viscosity versus shear time.
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pcow � J sw( )σwo cos θ
��
φ

k

√
(7)

where pcow is the capillary pressure between water and oil, Pa; J (sw) is
the Leverett J-function; σwo is interface tension between water and oil,
N/m; θ is the wetting angle.

3.4 Adsorption term treatment of DPG
particles

DPGparticles flowing through the reservoir can interact with the rock
surface, which causes DPG particles to bind to the surface of the rock,
reducing DPG concentration in the aqueous phase. In the process of
numerical simulation, empirical formula calculation and data table
interpolation are given to determine the DPG adsorption concentration.

(1) Formula method:

The amount of DPG particles adsorption on rock surface can be
calculated by Langmuir adsorption isotherm.

Cm,ads � min Cmax
m,ads,

apCm

1 + bpCm
( ) (8)

where Cm,ads is the absorption concentration of DPG particles, kg/m³;
Cmax m, ads is the maximum saturation adsorption concentration of
DPG particles, kg/m³; ap and bp are the coefficients changing with ion
concentration, obtained by fitting the experimental data, dimensionless.

(2) Data table interpolation method:

According to the relationship between DPG concentration and its
adsorption concentration at a certain salt concentration in related
experiments, DPG adsorption concentration is attained by
interpolating DPG concentration.

For both of these methods, this paper assumes that DPG particles
adsorption is an irreversible process. The following steps are adopted
in the actual calculation: 1) Determine the maximum adsorption
concentration of DPG, which is usually given by experiments; (2)
the adsorption concentration of DPG in the current time step was
calculated by Langmiur isothermal adsorption equation; (3) update
DPG particles adsorption concentration if it is greater than the
adsorption concentration of the previous time step, the adsorption
concentration remains unchanged if the adsorption concentration is
less than that of the previous time step.

3.5 Discretization and linearization of
governing equations

PEBI grid has the following advantages: Flexible grid division, any
grid points can be arranged in place, without considering other grid
points; Easy to change the shape and size of the grid, suitable for
describing complex geological boundaries, tectonic faults, pinch-outs,
etc. Compared with regular grid, the grid orientation effect can be
reduced. The near-well area can be locally encrypted and the coarse
and finemesh is smooth, which is suitable for describing the radial flow in
the near-well area. So PEBI mesh is used for division instead of corner
point grid in this paper. The governing equations are discretized by finite

volume method, linearized by Taylor expansion and time term
conservation form expansion, and the coefficient matrix of the
equations is obtained. Finally, GMRES solver is used to solve the
coefficient matrix. Since GMRES algorithm is a mature solution
technique for solving large sparse matrices, this section focuses on the
discretization and full implicit linearization of equations (Zha et al., 2018).

Here, we take Eq. 3 as an example and its discrete scheme is given:

∑
j

Tij,wCm Δpw − γwΔZ( )[ ]n+1 � Cmmδp + CmwδSw

+ CmcδCm

+ CmaδCm,ads + qn+1wsc (9)

In Eq. 9, the coefficients of the terms are shown below:

Tij,w � KKrw

μwBwRk
( )

ij

· wij

dij
,

Cmm � Vi

Δt
1
Bn
w

zϕm

zp
Cn

mS
n
w + Cn

m,ads( )[
+ϕn+1

m
z 1/( Bw)

zp CmSw + Cm,ads( )],
Cmw � Vi

Δt
ϕmCm

Bw
( )n+1

, Cmc

� Snw
Vi

Δt
ϕm

Bw
( )n+1

, Cma � Vi

Δt
ϕm

Bw
( )n+1

.

where wij is the area of interface between adjacent grids, m2; dij is the
distance between the center points of adjacent grids, m; Vi is the
volume of grid i, m3; n is the time step.

Fully implicit linearization of Eq. 9 is as follows:

∑
j

T]
ij.w δpj − δpi + p]

j − p]
i − γwΔZ( ) + zTij.wCm

zp
( )]

+
δp+ p]

j − p]
i − γwΔZ( )[

+ zTij.wCm

zCm
( )]

+
δCm+ p]

j − p]
i − γwΔZ( )]

� C]+1
mm δp + p] − pn( ) + C]+1

mw δSw + Sw − Snw( ) + Cmc δCm + C]
m − Cn

m( )
+ Cma δCm,ads + C]

m,ads − Cn
m,ads( ) + qn+1wsc

(10)

where ] is the iterative step, the subscript + is the upstream grid.

4 Verification of the model

In view of no commercial software and field data available for
verification, the mathematical model for profile control of DPG is
simplified without considering the shear resistance and variable
viscosity after aging. The numerical results by using this
simulator are compared with those of UTCHEM simulator
(Kazemi Nia Korrani et al., 2015). The reservoir is a 150 m ×
150 m × 10 m rectangular area with a closed boundary. There is a
production well and an injection well in the area, and the distance
between them is 130.5 m. The rectangular grid with 13 rows and
13 columns is adopted in UTCHEM simulator. The simulation time
is 2,000 days, and the total injected pore volume is 4 PV. The
injection well firstly injects water for 100 days, then injects the
DPG solution for 400 days and finally injects water for 1,500 days
at a constant rate of 90 m3/d, and the concentration of DPG is 20 kg/
m3, and the production well lasts 2,000 days with a constant rate of
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90 m3/d at surface condition. Formation parameters for numerical
simulation are listed in Table 1. Figure 4A shows that flowing bottom
hole pressure of production well decreases first and then increases to
reach a stable value as the volume of the injected displacement fluid
increases. This is because the fluid around production well is
extracted from the ground first and then the balance between
injection and production is reached. It can be seen from
Figure 4B that flowing bottom hole pressure of injection well
increases first and then decreases to reach a stable value with the
increase of the volume of the injected displacement fluid. This is due
to the displacement fluid being injected into the formation and
reaching an injection-production balance as it breaks through into
the producing well. As shown in Figure 4A, the difference of bottom
hole pressure of production wells is relatively large, which is because
the bottom pressure of DPG profile control is very sensitive to the
change of DPG concentration, and a small difference in DPG
concentration may also lead to a big difference in pressure
calculation results. The comparison results indicate that the
numerical results of two simulators are similar, so the correctness
of DPG profile control simulation is verified.

5 Results and discussion

5.1 Sensitivity analysis

The viscosity and concentration relationship of DPG is the key
factor affecting water plugging in high permeability areas. The
application of DPG can be limited by the relevant parameters of
high water-containing heterogeneous layers such as water saturation
and permeability ratio. In order to investigate the influences of DPG
properties and reservoir conditions on water-cut reduction, a PEBI
grid system (500 × 500 × 5.9 m) is established. In the basic simulation
case, there is an injection well and four production wells in the
reservoir, as shown in Figure 5. The injection rates respectively are
72 m3/d for 6 days, 48 m3/d for 3 days, 0 m3/day for 7 days and 60 m3/
day for 720 days; the production rates separately are 18 m3/d for
6 days, 12 m3/day for 3 days, 0 m3/day for 7 days and 15 m3/day for
720 days, every producing well produces same quantitative liquid. The
DPG concentration is 1.6 kg/m3, the absolute permeability of high
permeable layer is .4145 μm2, and the permeability ratio between high
and low permeable regions is 8.4. The main numerical simulation
parameters for sensitivity analysis are listed in Table 2.

5.1.1 DPG solution viscosity
The viscosity of DPG is an important property that determines

whether it is suitable for decreasing water-cut in the process of DPG
profile control. Therefore, it is necessary to investigate the impacts of
the viscosity of DPG on increasing oil recovery by means of numerical
simulation. In this section, a numerical example is used to study the
influences of viscosity of DPG on conformance control. When the
DPG viscosity is adjusted to 1, 2, 3, and 5 times that of conventional
polymer at the same concentration, the water-cut of producing well
2 and the bottom hole pressure of the injection well varies.

It can be seen from Figure 6B that DPG profile control can reduce
the water-cut of producing well 2 and improve oil recovery. As the
viscosity of DPG increases, both the width and depth of water-cut
funnel plots increase. Simultaneously, cumulative oil production of
producing well 2 also increases when the viscosity of DPG increases in
Figure 7. If the viscosity of DPG is too high, the bottom hole pressure
of the injection well will exceed formation pressure allowable as shown
in Figure 6A. In fact, bottom hole pressure of the injection well can’t be
very high and DPG can be easily injected into the reservoir because of

FIGURE 4
Flowing bottom hole pressure comparison: (A) Production wells; (B) injection wells.

TABLE 1 Reservoir and fluid property parameters.

Parameter Value

Initial formation pressure, MPa 20

Formation thickness, m 10

Horizontal permeability, μm2 0.2

Porosity 0.2

Rock compressibility, 1/MPa 0.00015

Initial water saturation 0.6

Initial DPG concentration 0

Wellbore radius, m 0.1

Viscosity of oil, Pa·s 0.004

Viscosity of water, Pa·s 0.001

Oil phase compressibility, 1/MPa 0.006

Water phase compressibility, 1/MPa 0.002
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artificial fractures or channels caused by water flooding for a long time
in the reservoirs. In conclusion, considering the profile control effect
and the cost of DPG, the viscosity of DPG is better to be about 2 times
that of the conventional polymer.

5.1.2 DPG concentration
After a long time water flooding, a 432 cubic DPG solution is

injected with the concentration of 0.5, 1.0, 1.6, 3.0 and 5.0 kg/m3, and
then switch to water flooding for 3 days, afterwards shut down the
wells for 7 days. After 15 days of DPG profile control, the reservoir
begins to inject water for 720 days, the numerical results are shown in

Figure 8. It can be seen that both the width and depth of water-cut
funnel increase with the increase of DPG concentration in Figure 8A.
This is because that when the DPG concentration is lower, there is a
smaller quantity of particles adsorbing on rock surface, and the
permeability of high permeable regions decreases less, so the
injected water can still channel into the producing well along the
high permeable regions. The remaining oil in the low permeable
regions has not been displaced out. As the DPG concentration
increases, adsorption quantity in the high permeable regions
increases, which improves formation heterogeneity in this way.
Then, a mass of remaining oil in low permeable regions is
displaced out by the sustained injection water. This is evident from
Figure 8B that cumulative oil production will increase with the
increase of DPG concentration.

5.1.3 Water saturation
After water flooding for a long period of time, a 432 cubic DPG

solution is injected with water saturation of 0.6, 0.7, 0.8 and 0.9 in
high permeable regions, and then switch to water flooding for
3 days, afterwards shut down the wells for 7 days, and the water
saturation of low permeable regions keeps constant. After 15 days
of DPG profile control, the reservoir begins to be injected with
water for 720 days, the results are shown in Figure 9. It can be seen
that both the width and depth of water-cut funnel increase, as the
water saturation of high permeable regions decreases in Figure 9A.
This is because the amount of DPG particles adsorbing on the rock
surface decreases when water saturation increases in the high
permeable regions. So the later injected water can easily channel
into the producing well along the high permeable regions, which
results in that the remaining oil in the low permeable regions
cannot be displaced out. When the water saturation in the high
permeable areas is more than 0.8, water cut funnel curve changes
little and the effect of water shutoff is not obvious. As shown in
Figure 9B, cumulative oil production decreases rapidly and
eventually comes close to be stable with increasing water
saturation in high permeable areas.

FIGURE 5
Well position and mesh generation.

TABLE 2 Reservoir and fluid property parameters.

Parameter Value

Initial formation pressure, MPa 20

Formation thickness, m 5.9

Horizontal permeability in high permeable region, μm2 0.4145

Horizontal permeability in low permeable region, μm2 0.0493

Porosity 0.1665

Rock compressibility, 1/MPa 0.00015

Initial water saturation of high permeable region 0.8

Initial water saturation of low permeable region 0.5

Initial DPG concentration 0

Wellbore radius, m 0.1

Viscosity of oil, Pa·s 0.0067

Viscosity of water, Pa·s 0.00061

Oil phase compressibility, 1/MPa 0.00084

Water phase compressibility, 1/MPa 0.000449
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5.1.4 Permeability ratio between high and low
permeable regions

First of all, we establish a series of geological models with the
permeability ratio of 5, 10, 15, 20, 25 and 30 between high and low
permeable regions. After a long time water flooding, a 432 cubic
DPG solution is injected with the concentration of 1.6 kg/m3. After
the implementation of profile control treatment, the reservoir
begins to be injected with water for 240 days. Figure 10A
indicates that the water-cut funnel is not obviously found, when
the permeability ratio between high and low permeable regions is
no more than 5; as the permeability ratio increases continuously,
the water-cut funnel turns to be obvious and its depth and width
increases gradually; after the permeability ratio reaches 15, the
width of water-cut funnel increases slightly as permeability ratio
increases. This is because that when the permeability ratio is small,
the pore throat size makes a small difference between high and low
permeable regions. The DPG particles can enter into different
permeable regions at the same time, and the heterogeneity of

the reservoir is not well improved. Hence the DPG profile
control is not suitable for reservoirs with poor heterogeneity.
When the permeability ratio further increases, the difference of
the pore throat size between high and low permeable regions gets
bigger, and the DPG particles are easier to access to high permeable
regions, which results in more particles adsorbing on pore throat
surface or retention in the pore throat. As may be seen from
Figure 10B, cumulative oil production increases with the
increase of permeability ratio between high and low permeable
areas. The cumulative oil production tends to be stable when the
permeability ratio is more than 25. Because of the limit of
maximum adsorption concentration, some extra DPG particles
will enter into low permeable regions, which affects enhancing
oil recovery. Therefore, it is very important to decide whether or
not to implement DPG profile control in consideration of the actual
conditions of the reservoirs.

5.2 The influence of the mobility ratio on
water shutoff

In addition to the above DPG solution viscosity, DPG
concentration, water saturation of high permeable regions and
permeability ratio between high and low permeable regions, there
are other factors affecting the water shutoff effect of DPG profile
control. In order to further understand the water plugging principle of
DPG, the following numerical simulation examples are given.

In this section, a 500 × 500 × 5.9 m single-layer heterogeneous
reservoir is studied. The green and brown areas are high permeable
areas and the other white areas are low permeable areas. There is a five-
point well pattern with one injection well and four producing wells,
and the brown high permeable zone is closer to the injection well, as
shown in the Figure 11 below. The injection well is firstly injected with
the DPG for 6 days and then the water for 3 days at a constant rate of
72 m3/d, and the concentration of DPG is 1.6 kg/m3, and the four
production wells last 9 days with a constant rate of 18 m3/d at surface
condition. The main numerical simulation parameters are the same as
the sensitivity analysis example.

In order to reveal effective factors of water shutoff, the mobility
ratio between the high and low permeability zones is adjusted in the
process of numerical simulation. The following Figure 12 show the

FIGURE 7
Cumulative oil production of producing well two under different
DPG viscosity.

FIGURE 6
The comparison under different DPG viscosity: (A) Bottom hole pressure of injection well; (B) water-cut of production well 2.
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distribution of DPG concentration after profile control for 9 days
when the mobility ratios are 24 and 84 respectively. As can be seen
from the figures below, the DPG concentration closer to the
injection well in the high permeability zones is lower than that

in other high permeability zones, so the injected water is easier
break through the DPG sealing zones closer to the injection well.
When the mobility ratio is relatively high, it is more unfavorable to
water plugging, as shown in Figure 12B.

FIGURE 9
The comparison under different water saturation: (A) Water-cut of production well 2; (B) cumulative oil production of producing well 2.

FIGURE 10
The comparison under different permeability ratios: (A) Water-cut of production well 2; (B) cumulative oil production of production well 2.

FIGURE 8
The comparison under different DPG concentrations: (A) Water-cut of producing well 2; (B) cumulative oil production of producing well 2.
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5.3 Comparison between DPG profile control
and polymer flooding

After a long time water flooding in mature oil fields, the
reservoir has high permeable channels or fractures, and the
injected water can easily enter into the producing well along
high permeable regions, if we continue to apply water flooding
treatment. In order to displace out remaining oil in low permeable
regions, polymer flooding has been widely used in high water-cut
oil fields. Polymer flooding does not significantly increase oil
production when the permeability ratio of high permeability
zones to low permeability zones increases. But the effect of DPG
profile control becomes better, as the permeability ratio between
high and low permeable regions increases. In order to clarify the
difference between DPG profile control and polymer flooding in
heterogeneous reservoirs, a series of geological models with the
permeability ratios of 5, 10, 15, and 20 between high and low
permeable regions are investigated. A 432 cubic DPG solution is

injected with the concentration of 1.6 kg/m3, and then switch to
water flooding for 3 days, afterwards shut down the wells for 7 days.
After 15 days of DPG profile control, the reservoir begins to be
injected with water for 240 days. The following operation of
polymer flooding is the same as that of DPG profile control
except displacement fluid, the comparison results are seen in
Figure 13. From Figure 13A, the water-cut reduction effect of
polymer flooding becomes worse, when the permeability ratio
between high and low permeable regions increases. This is
because that polymer is easier to channel into the production
well along the high permeable zones, leading to less oil
displaced out in low permeable areas, as the permeability ratio
increases. In comparison with polymer flooding, there is more
obvious water-cut reduction funnel for DPG profile control with
the increase of permeability ratio. This is because polymer flooding
cannot effectively plug water in high water cut areas when the
permeability ratio increases. Cumulative oil production for
polymer flooding will decrease by degrees as permeability ratio

FIGURE 11
Well position chart and mesh generation.

FIGURE 12
The distribution of DPG concentration comparison after 9 days: (A) When the mobility ratio is 24; (B) when the mobility ratio is 84.
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between high and low permeable areas increases. However, DPG
profile control comes to the opposite conclusion in Figure 13B. So
the DPG profile control is more suitable for heterogeneous
reservoirs than polymer flooding.

5.4 The stability of the numerical simulation

The stability of the numerical simulation largely independent on
the grids is very important. Therefore, it is necessary to investigate the
impacts of the number of grids on numerical simulation results. After

a long period of water flooding, a 432 cubic DPG solution is injected
with water saturation of .8 in high permeable regions, and then switch
to water flooding for 3 days, afterwards shut down the wells for 7 days,
and the main numerical simulation parameters are the same as the
sensitivity analysis example except for the number of grids. After
15 days of DPG profile control, the reservoir begins to be injected with
water for 720 days, the results are shown in Figure 14. It can be seen
from Figure 14 that the difference of calculated water cut in
production well near high permeability areas under different grid
numbers is in the range of permitted errors and does not affect the
actual numerical simulation results.

FIGURE 13
The comparison between polymer flooding and DPG profile control: (A) Water-cut comparison of production well 2; (B) cumulative oil production
comparison of producing well.

FIGURE 14
Water-cut of producing well 2 under different number of grids.
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6 Conclusion

This paper proposes a mathematical model of two-phase and
three-component DPG conformance control considering DPG
particles adsorbing on pore throat surface and weak shear
thinning effect when entering into the reservoirs. The finite
volume method based on unstructured PEBI grid is used to
discretize the related equations, which are solved by fully
implicit iteration technique. The viscosity of DPG, the
concentration of DPG, the water saturation of high permeable
regions, the permeability ratio between different regions and the
mobility ratio between the high and low permeability zones are the
key parameters which have significant impacts on profile control of
DPG. Based on the numerical results, the main conclusions are
summarized as follows:

(1) As DPG solution viscosity, DPG concentration and the
permeability ratio between high and low permeable regions
increase, both the width and depth of water-cut funnel increase
and the effect of profile control becomes better. However, both the
width and depth of water-cut funnel decrease with the increase of
water saturation in high permeable regions.

(2) Considering injection well pressure, water-cut of producing well
and cost of production, the effect of profile control is best when
the viscosity of DPG is two times the viscosity of conventional
polymer.

(3) In this case, the appropriate DPG concentration is 1.6 kg/m3, DPG
profile control treatment is more suitable for highly heterogeneous
reservoirs than polymer flooding. And the permeability ratio
between high and low permeable regions should not exceed
25 in heterogeneous reservoirs when implementing DPG
profile control.

(4) The mobility ratio between the high and low permeability zones
has great influence on the water shutoff effect of DPG. As the
mobility ratio increases, it is more unfavorable to water plugging
in the high permeable regions.
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