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Abstract: The degree of polymer-water mixing in high-pressure pipelines on offshore oilfields
usually influences the polymer solution’s performance. To realize efficient mixing of the polymer
mother liquor with dilution water in the high-pressure pipeline, a high-efficiency mixer is designed
and optimized. The designed mixer consists of four parts: a T-shaped pipe as the main body,
an inlet flow-splitting plate, a stainless-steel flow-guiding tube, and an outlet flow-splitting plate.
Mathematical models are built by using computational fluid dynamics (CFD) and the mixing effects
are compared by using Fluent. The research results show that compared with conventional T-shaped
mixers, the designed high-efficiency mixer has better mixing performance and increases the mixing
rate to 80%. To optimize the mixing rate, the length of the stainless-steel tube is increased and
the tube is perforated to guide the flow. The result shows that boring holes along straight lines
around the tube can achieve good optimization effect and increase the mixing rate to 95%. The
designed high-efficiency mixer can effectively improve the dissolving efficiency and solve problems
in polymer-water mixing in the high-pressure pipeline.

Keywords: polymer flooding; dissolving technique; numerical simulation; high-efficiency
mixer; Fluent

1. Introduction

Polymer flooding technology has developed for many years in China, forming a complete set of
polymer dissolution/injection process technology [1,2]. The most common polymer polyacrylamide
for oil displacement can be dissolved by the triple dissolving device of dispersing dissolving tank,
maturing tank, and static mixer [3–5]. However, due to the reservoir characteristics of loose sandstone
and heavy oil in Suizhong 36-1 oilfield, it is difficult for polyacrylamide to effectively control the
oil-water mobility [6–8]. With breakthroughs in the polymer-flooding technology on offshore oilfields,
hydrophobic associated polymers that are suitable for ordinary offshore heavy oilfields have been
designed [9–11]. The mechanism of hydrophobic association improves the property of the polymer
solution but increases the difficulty in dissolving it in water [12,13]. This is because a small amount
of hydrophobic groups on the macromolecular chain of hydrophobically associating polymer will
block the entry of water molecules, thus prolonging the dissolution time of the polymer [14,15]. In the
limited offshore platform space, it is difficult to fully mix and dissolve hydrophobically associating
polymer under the polymer dissolving process device prepared in the land oilfield [16–18].

According to the quick dissolving mechanism of polymers, there are three measures to improve
the mixing effect [19,20]. The first is increasing the polymer-water contact area to increase the area of
exchange and hence improve mixing; the second measure is increasing the momentum of the polymers
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and water to increase the area of contact and mixing by mechanical power; another is increasing the
temperature of the solution to accelerate mixing. Based on the accelerated dissolution mechanism
of expanding contact area, a series of static mixers have been developed [21–26]. This is the most
widely used method to accelerate the dissolution rate of polymer. Because the way of increasing
momentum and temperature will be limited by actual conditions, for example, the way of equipment
heating/insulation will greatly increase the application cost.

The polymer dissolution injection process of a platform in Suizhong 36-1 oilfield is taken as an
example. Polymer dissolution is divided into two steps [27–29]: (1) the first step is to disperse and
dissolve to prepare 5000 mg/L polymer solution, which is further dissolved in the maturing tank.
The dissolution time of the whole process is 30 min, which can basically meet the initial dissolution
conditions of this concentration of polymer; (2) the second step is to further dilute the polymer to
1750 mg/L, in which the polymer mother liquor is mixed with the dilution water in the high-pressure
injection manifold. Before injection into the formation, it only takes 5 min to mix effectively, resulting
in polymer/water two-phase after injection into the formation, which cannot reach the target solution
performance required by polymer flooding.

At present, in the application platform of polymer flooding in offshore oil field, the poor mixed
solution effect limits the expansion of application of polymer flooding, and effectively improves its
mixed effect, which is the basis for further development and application of offshore oil field. Therefore,
in order to improve the dissolution of hydrophobically associating polymer in offshore oil field. A
high efficiency mixer was designed by computational fluid dynamics (CFD) software, and the mixing
effect was compared. It provides technical support for the application and development of polymer
flooding technology in offshore oil fields.

2. Design of High-Efficiency Mixer

2.1. Design Idea

Due to the tough conditions offshore, it is not feasible to increase the solution’s temperature to
accelerate mixing. The second measure is also not applicable because increasing the momentum of
polymers and the water will not work well in the high-pressure environment. Thus, the first measure,
increasing the contact area of the fluids, is the optimal choice. To increase the contact area, it is
necessary to realize multi-channel mixing and take into account the influence of the shearing effect on
the polymer solution. According to the working mechanism of multiport flow-splitting valves [30], we
designed a high-efficiency mixer, as shown in Figure 1.
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The high-efficiency mixer consists of four parts: a T-shaped pipe, an inlet flow-splitting plate, a
stainless-steel flow-guiding tube, and an outlet flow-splitting plate. The T-shaped pipe is the main
body of the mixer and is used to connect the polymer injection tube with the water injection tube. The
inlet flow-splitting plate and the stainless-steel flow-guiding tube are fixed. The water is injected into
the stainless-steel tube, and the polymers are filled around the tube.

According to the results of laboratory experiments, see Table 1: when the diameter of copper
pipe is less than 7 mm, the polymer solution with concentration of 1750 mg/L will be subject to strong
mechanical degradation, and the apparent viscosity will be greatly reduced.

Table 1. The results of laboratory experiments.

Experimental Condition Caliber Size
mm

Viscosity of Polymer Solution
mPa·s

Using formation water (total
mineralization is 9300 mg/L [31,32])
from SZ36-1 oilfield in Bohai Sea to

prepare polymer solution AP-P4 with
concentration of 1750 mg/L [33]. The

apparent viscosity of the solution was
measured after passing through

different sizes of pipe diameter at the
injection rate of 10 mL/min.

20 161.25
10 159.35
8 157.21
7 155.33
6 124.71
5 95.98
4 47.32
3 24.64
2 15.32
1 9.683

The outlet flow-splitting plate which has a larger diameter than that of the inlet flow-splitting
plate is where the polymer solution and the water meet. The smaller the diameter of the copper tube,
the stronger the shearing effect on the polymer solution. By physical experiments [34,35], we identified
that when the inner diameter of the copper tube was 5.8 mm, the influence on the polymer’s shearing
viscosity would be minimized, so we designed an 86-hole copper flow-guiding tube model.

The inner diameter of the tube is 115 mm, and the inlet on the left is a flow-splitting plate with
thickness of 10 mm and an inner diameter of 7 mm. The plate is used to keep the 92 evenly-distributed
flow-guiding copper tubes (130 mm long and with an inner diameter of 5.8 mm) fixed. The outlet
flow-splitting plate connected to the tube on the right has an inner diameter of 8.6 mm and thickness
of 10 mm.

2.2. Numerical Modeling and Parameters

The finite volume method is used for spatial discretization, and the coupling solver is used to
solve the control equations [36]. Presto discretization is used for pressure spatial discretization, and the
relatively steady first-order upwind scheme is used for the momentum equation, mass-conservation
equation and the turbulence equation. The two phases are the polymer and water.

(1) Constant mass flow is adopted as the boundary condition at the entrance boundary. According to
the actual situation of the current injection concentration and injection amount of the polymer in
the mine, the injected flow of polymer solution when it meets water is set at 75 m3/D, and the
viscosity of the polymer solution at 5000 mg/L is 4000 mPa·s, and the injected flow of dilution
water is 325 m3/D, and the viscosity of the water solution is 1 mPa·s.

(2) The outlet boundary condition is constant pressure boundary condition, and the pressure is
standard atmospheric pressure.

(3) The no-slip condition is considered as the solid wall boundary condition, and the viscous sublayer
is processed by the standard wall function.

(4) Relaxation parameters: this is the default relaxation factor, and the convergence precision is the
double precision.
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(5) Calculation residual: the calculation residual is less than 10−3, and it mainly monitors whether
the outlet volume fraction is balanced as the basis for the calculation to reach stability.

(6) Grid independence: the grid independence is verified, finally, the grid number is 15 million.
(7) Discretization schemes: discrete format adopts the default simple algorithm.

2.3. Physical and Mathematical Modeling

2.3.1. Physical Model

(1) Model plotting and mesh generation: according to Figure 1, Model drawing: in order to
study the mixing effect of different positions through the high-efficiency mixer, the 0.6 m pipe column
distance at the liquid outlet end is extended on the basis of Figure 1, as shown in Figure 2.
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(2) Mesh generation: the structured grid division method is adopted, and the local grid of the
current limiting structure is encrypted to ensure the accurate capture of the convection field. See
Figure 3 for the grid encryption at the entrance. The mesh quality is shown in Figure 4.
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where mμ  is the dynamic coefficient of viscosity, and ijτ  is the shear stress.  
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Figure 4. Mesh quality analysis chart.

The mesh quality detection function is called through quality check in meshing. Apply determinant
judgment. Determinant check is to calculate the Jacobian determinant value of each hexahedron, and
then standardize the matrix of the determinant to represent the deformation of the element. A value of
1 indicates an ideal hexahedral cube, while 0 indicates an anti-cube with a negative volume. The mesh
mass is represented by the x-axis, with all cells between 0 and 1. If the value of a cell determinant is 0,
the cube has one or more degenerate edges. The number of elements is represented by y-axis, and
the scale range is from 0 to the height of column. In general, determinants with values above 0.4 are
acceptable for most solvers. which shows that the mesh quality is higher than 0.4, with high precision,
meeting the calculation requirements.

2.3.2. Mathematical Model

By using Fluent for calculation, we decided to use the mixture model and the standard K-εmodel
as the mathematical model [37–40].

(1) Equation (1) is the mass conservation equation during the mixing process in steady conditions:

∂ρm

∂t
+

∂
∂x j

(
ρmu j

)
= 0 (1)

According to the percentage of the fluid volume, Equation (2) is obtained:

ρm = ρpαp + ρwαw, (2)

where uj is the velocity, t is the time, ρm is the density of the polymer/water mixture, αp is the polymer
phase, and αw is the water phase.

(2) The momentum conservation equations are as shown in Equations (3) and (4):

∂
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∂
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where µm is the dynamic coefficient of viscosity, and τi j is the shear stress.
(3) The turbulence model is a K-εmodel, as shown in Equations (5) and (6):
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Gk is the turbulence kinetic energy caused by the velocity gradient, and can be obtained by
Equation (7):

Gk = µi

(
∂µi

∂x j
+
∂µ j

∂xi

)
∂µi

∂x j
(7)

Gb is the turbulence kinetic energy caused by buoyancy, and can be obtained by Equation (8):

Gb = βgi
µt

Prt

∂T
∂xi

(8)

(4) Calculation equation of volume fraction. The volume fraction equation of the polymer as
shown in Equation (9):

∂
∂t

(
αpρp

)
+∇

(
αpρpµi

)
= −∇

(
αpρpµip

)
, (9)

where αp is Volume fraction of polymer phase, µip is Polymer viscosity.

3. Results and Discussion

3.1. Mixing Effect of High-Efficiency Mixer

To compare the mixing effect of the designed high-efficiency mixer and that of common T-shaped
pipes, we calculated the volume fraction of polymer at the X, Y, and Z sections in the designed mixer
and in the ordinary T-shaped pipe. Red represents polymer solution with a volume fraction of polymer
at 100%, blue represents the water solution with a volume fraction of water at 100%, and other colors
in between represent other volume fractions [41]. Each number represents the percentage of water
solution in the volume fraction of the mixture, for example, 0.9 means that the volume fraction of water
is 10%, and the volume fraction of polymer is 90%.

(1) Mixing Effect at Section X

Figure 5 compares the volume fraction of polymer at the X section of the high-efficiency mixer and
that of the ordinary T-shaped pipe. The upper part is the diagram of distribution of volume fractions
of polymer in the ordinary T-shaped pipe, and the lower part shows the diagram of distribution of
volume fractions of polymer in the high-efficiency mixer.
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As Figure 5 shows, the polymer-water mixed solution in the ordinary T-shaped pipe was layered:
polymers injected from the upper part of the pipe concentrated on the top and water concentrated at
the bottom. As the flow moves forward, polymers and water were mixed and generated a transition



Processes 2020, 8, 110 7 of 13

region of green. In the simulated 0.6 m-long tube, the polymer solution could not be fully mixed
with the water, and as the mixing distance grew, the high-viscosity polymer proceeded slowly, and
the mixed polymer solution showed uneven densities, leading to a big difference in viscosity of the
polymer solution injected to the bottom of the oil well. Compared with the ordinary T-shaped mixer,
the high-efficiency mixer had better performance in mixing polymer with water, and a high mixing rate
occurred at the outlet flow-splitting plate. In the simulated 0.6 m-long tube, the color is a mixed color
of light blue and light green. Though the density of the mixture was uneven in some areas, it showed
that the injected water has effectively diluted the polymer solution, and the mixing performance was
far better than that in the ordinary T-shaped mixer.

(2) Mixing Characteristics at Y–Z Sections

Figure 6 shows comparison of the mixing effect at the Z section that is 0.01 m away from the
outlets of two model mixers.

Processes 2020, 8, x FOR PEER REVIEW  7 of 14 

 

As Figure 5 shows, the polymer-water mixed solution in the ordinary T-shaped pipe was 
layered: polymers injected from the upper part of the pipe concentrated on the top and water 
concentrated at the bottom. As the flow moves forward, polymers and water were mixed and 
generated a transition region of green. In the simulated 0.6 m-long tube, the polymer solution could 
not be fully mixed with the water, and as the mixing distance grew, the high-viscosity polymer 
proceeded slowly, and the mixed polymer solution showed uneven densities, leading to a big 
difference in viscosity of the polymer solution injected to the bottom of the oil well. Compared with 
the ordinary T-shaped mixer, the high-efficiency mixer had better performance in mixing polymer 
with water, and a high mixing rate occurred at the outlet flow-splitting plate. In the simulated 0.6 m-
long tube, the color is a mixed color of light blue and light green. Though the density of the mixture 
was uneven in some areas, it showed that the injected water has effectively diluted the polymer 
solution, and the mixing performance was far better than that in the ordinary T-shaped mixer.  

(2) Mixing Characteristics at Y–Z Sections 

Figure 6 shows comparison of the mixing effect at the Z section that is 0.01 m away from the 
outlets of two model mixers. 

  

Figure 6. Mixing characteristics at Y–Z sections. 

As Figure 6 shows, the polymer solution was obviously layered where it met the water. In the 
outlet section of the high-efficiency mixer, the water mixed with the polymer solution at the outlet 
after the flow of water was split into different columns by stainless-steel tubes, and each column of 
water was surrounded by high-viscosity polymer solution. The water-polymer contact area far 
exceeded that in the ordinary T-shaped pipe, so water and the polymer solution was more fully mixed 
and the mixing effect was improved.  

(3) Distribution of Volume Fraction on X–Y Axis 

The volume fraction of polymer at different locations of the Z axis in the high-efficiency mixer 
was compared. Three locations were selected for comparison: left (black dot line Z = 0.01 m), the 
middle location (green dot line Z = 0.4 m), and right (red dot line Z = 0.6 m).  

As Figure 7 shows, the polymer solution at the inlet of the high-efficiency mixer concentrated on 
the pipe wall. This is because the polymer solution just met the water and had not been fully mixed. 
As the flowing distance grows, the polymer solution and water were evenly mixed. At the locations 
of 0.4 m and 0.6 m, the two curves show nearly the same trend on X axis and Y axis, which indicates 
that a good mixing effect was achieved. It also indicates that the polymer-water mixing effect was 
irrelevant to the manner of injection: whether it was water injection by copper tubes or polymer 
injection, the polymer solution and water showed characteristics of mixing at the middle section of 
the pipe.  

Figure 6. Mixing characteristics at Y–Z sections.

As Figure 6 shows, the polymer solution was obviously layered where it met the water. In the
outlet section of the high-efficiency mixer, the water mixed with the polymer solution at the outlet after
the flow of water was split into different columns by stainless-steel tubes, and each column of water
was surrounded by high-viscosity polymer solution. The water-polymer contact area far exceeded
that in the ordinary T-shaped pipe, so water and the polymer solution was more fully mixed and the
mixing effect was improved.

(3) Distribution of Volume Fraction on X–Y Axis

The volume fraction of polymer at different locations of the Z axis in the high-efficiency mixer was
compared. Three locations were selected for comparison: left (black dot line Z = 0.01 m), the middle
location (green dot line Z = 0.4 m), and right (red dot line Z = 0.6 m).

As Figure 7 shows, the polymer solution at the inlet of the high-efficiency mixer concentrated on
the pipe wall. This is because the polymer solution just met the water and had not been fully mixed.
As the flowing distance grows, the polymer solution and water were evenly mixed. At the locations of
0.4 m and 0.6 m, the two curves show nearly the same trend on X axis and Y axis, which indicates that a
good mixing effect was achieved. It also indicates that the polymer-water mixing effect was irrelevant
to the manner of injection: whether it was water injection by copper tubes or polymer injection, the
polymer solution and water showed characteristics of mixing at the middle section of the pipe.
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Figure 7. Distribution of volume fraction of polymer on different positions of X–Y axis.

3.2. Optimization of High-Efficiency Mixer

The high-efficiency mixer can improve the mixing effect, but the polymer-water mixing rate
realized by the high-efficiency mixer only reached around 80%, and there is still room for improvement.
Therefore, we optimized the mixer to further improve the mixing effect.

3.2.1. Design Idea and Model Optimization

The simulation tests above show that when the polymer mixed directly with water at the
outlet flow-splitting plate, the contact area was (radius of outlet flow-splitting plate–radius of inlet
flow-splitting plate)2

× π × the number of copper tubes, as expressed by Equation (10).

S = (rout − rin)
2
×π×N (10)

where S is the area of contact (m2), rout is the radius of the outlet flow-splitting plate (m), rin is the
radius of the inlet flow-splitting plate (m), and N is the number of copper tubes.

Theoretically, to increase the mixing area can improve the mixing effect. There are different
measures to increase the area of contact (as shown in Equation (5)), such as increasing the radius of the
outlet flow-splitting plate, reducing the radius of the inlet flow-splitting plate or increasing the number
of copper tubes. However, given the shearing effect, only by changing the flowing characteristics
of the fluids and improving their interaction can the mixing effect be improved. The analysis above
shows that the mixing effect did not show much difference whether the polymer went through the
copper tubes or not, so the key to improving the mixing effect is to change the water’s flowing state
and strengthen the flowing power in diluting the polymer solution.

As Figure 8 shows, we lengthened the copper tubes, extended the outlet flow-guiding plate, sealed
and blocked the end of the tubes, bored holes of a fixed size around the tube so that the water would
flow out of the tube along a direction perpendicular to the tubes rather than along the tubes. In this
way, the water shot into the polymer solution and hence increased the momentum of mixing. We
designed two schemes for hole-boring. Scheme A is to bore holes along straight lines, and a total of
16 holes are opened along the tube (4 holes on each of the four sides around the tube, and each side
form an angle of 90◦ with the neighboring sides), with one hole at the end of the tube. Scheme B is to
bore holes in a staggered way, and a total of 16 holes are bored (a total of 8 sides, each side forming an
angle of 45◦ with neighboring sides, and 2 holes on each side, forming an angle of 90◦ with neighboring
holes), with an extra hole bored at the end of the tube. To optimize the model, we increased the density
of meshes around the holes and added a boundary layer to ensure stability of the flow.
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3.2.2. Mixing Effect after Optimization

Figure 9 shows the simulation mixing result of Scheme A.
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Figure 9. Simulated mixing effect of the optimized mixer.

As Figure 9 shows, the mixing effect improved after the mixer was optimized. First, the X section
showed an even distribution of the blue color, which was different from the effect before optimization.
Despite uneven density of solution in a few areas at the front end of the pipe, most areas of the pipe
showed evenly mixed density of solution. Second, at the cross section 0.02 m away from the outlet, the
polymer solution no longer surrounded one single water column; instead, multiple water columns
shot from the copper tubes mix with the polymer solution in a more thorough manner. Driven by the
strong force of shooting, the water was shot into the polymer solution, which increased the momentum
of contact between the polymer solution and water, and hence accelerated mixing. Third, according to
the general effect analysis chart and the cross section 0.6 m away from the outlet, the optimized model
improved the mixing effect and increased the mixing rate to 95%.

3.2.3. Influence of Different Pore-Opening Schemes

Figure 10 shows the simulation mixing result of Scheme B.
Figure 11 shows the effect of two different hole-boring schemes. As Figure 11 shows, the color

was evenly distributed and no layered phenomenon occurred when Scheme A is adopted. As the cross
section 0.1 m away from the outlet shows, the color was evenly distributed, with only a few areas of
light colors in the middle (the light color represents concentration of polymers), and there were more
boundaries. The cross section 0.6 m from the outlet showed no difference in color, which means the
solutions were fully mixed. When Scheme B was used, the X section 0.6 m from the outlet showed two
noticeable layers, and at the section 0.1 m from the outlet, the polymer concentrated in the middle and
forms a ring area of polymers. At the section 0.6 m from the outlet, the ring area still existed, but the
difference in color reduced, which indicates a higher degree of mixing. The simulation result showed
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that Scheme A was better than Scheme B, and Scheme B resulted in heterogeneity of the mixed solution
and worse mixing effect.
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4. Conclusions

According to the actual needs of offshore oil field, the high-efficiency mixer is designed, which
consists of four parts: a T-shaped pipe as the main body, an inlet flow-splitting plate, a stainless-steel
flow-guiding tube, and an outlet flow-splitting plate. The mixing area of polymer solution and water is
increased by diverting polymer/water. Research findings: First, the high-efficiency mixer that increases
the polymer/water contact area can improve the polymers’ solubility when applied to offshore oilfields,
and the mixing rate when the distance of contact is 0.6 m reaches 80%. Second, to improve the water
flowing state at the outlet of the flow-guiding copper tube and bore four holes along straight lines with
each side forming an angle of 90◦ with its neighboring sides, and add a hole at the end of the pipe can
increase the mixing rate to 95%. In comparison, boring staggered holes performs worse in optimizing
the mixer.
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