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ABSTRACT

A new device is designed to promote the mixing of high-pressure water jets and powders in typical industrial applica-
tions. The water and powder mixing devices traditionally used on offshore platforms are detrimentally affected by the
geometrical configuration of the water nozzle and the powder spraying pipe, which are parallel, resulting in small inter-
secting volumes of liquid and powder. By allowing the related jets to intersect, in the present work the optimal horizontal
distance, vertical distance and intersection angle are determined through a parametric investigation. It is also shown that
such values change if the number of water layers is increased from one to two. In such a case, the water and powder
intersection volume can be greatly increased because the trajectory of the dry powder particles becomes more chaotic.
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1 Introduction

Polymer flooding technology has been gradually popularized in tertiary recovery industrialization in
onshore oilfields, and has achieved good economic and social benefits [1–8]. Since firstly application of
polymer flooding in the Bohai Oilfield, offshore polymer flooding has achieved significant results [9–12].
Polymer dissolution process is obviously different from a low-molecular substance, because exists swelling
and dissolves process. That is, solvent molecules enter the gaps of the polymer compound and molecular
chain curled out, causing the polymer chain could not quickly unfold. Since then, the volume has doubled
or even increased by several tens of times offshore platforms [13]. Polymers have a strong affinity with
water molecules, and a layer of hydration film is formed around the molecules, which is the main reason
for the stability of polymer dissolution effect, also with special groups further influence its solubility. The
full contact of polymer dry powder particles with solvent molecules can shorten the dissolution time.

Luo et al. [14] developed a new type of polymer rapid dispersing and dissolving device. The polymer
powder was dispersed quickly and powders disappear during the preparation process. Liu et al. [15] used
CFD to simulate the jet-type gouache mixer with a 15 mm turbulent nozzle flow state. Pei [16] changed the
jet angle of the conventional vertical installation of gouache mixing head, fund that horizontal and vertical
mixing occurred in the mixing tank; Shi et al. [17] designed a new type of ZJ30 polymer injection dispersing
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and dissolving device, which uses a combination of closed-loop control with inverter step less adjustment and
pneumatic powder delivering. It has the functions of injection, continuous liquid distribution, continuous
injection, and powder and water dispersion; Cui et al. [18] designed a polymer dry powder dispersing and
dissolving device. Water was sprayed from the pipeline to the side entrance of the water powder mixer, and
formed a vortex at the internal surface, and the entrainment action forms a vacuum to quickly inhale
particles; and studied the amount of dry powder to shorten the polymer dissolution time; Wang et al. [19]
optimized the rapid-dissolving device and simulate the liquid flow capacity, speed, device structure, etc. Not
only can accelerates dissolution, and the stretch greatly shortens the polymer swelling stage.

Nilsson et al. [20–28] have discovered dioxane, tetrahydrofuran, N, N’-dimethylformamide, methanol,
formamide could accelerate polymer dissolve, also found that the association structure of the hydrophobic
associating polymer solution disappears, and the disappearance of the association structure causes the
viscosity of the solution drop sharply. Mahammad et al. [29,30] studied the relationship between
cyclodextrin and different hydrophobically modified copolymers, and β-cyclodextrin can be physically
adsorbed on the polymer to destroy the association relationship between the hydrophobically modified
polies (N-isopropyl acrylamide) copolymer (PNIPAM). The cause of the association failure is due to the
hydrophobic group and the complex packages between β-CD cavities.

The polymer dispersing and mixing device is the first-node of polymer dissolution. Solvent injection
speed, dry powder deliver speed and device structure all have an impact on the polymer dissolution. If
the polymer dry powders cannot fully contact with the solvent at this stage, agglomerated Fish-Eyes will
be formed. Fish-Eyes enter the polymer dissolution tank and quickly deposited in the tank bottom. As the
stirring time increases, the agitator wrapped by Gel-like polymer, and small clumps cannot be completely
dissolved, which eventually causes the polymer solution without being completely dissolved. The
efficiency of sweeping and washing oil both drops drastically. The viscosity drops drastically after rapid
shearing through the near-wellbore zone, further reduce its performance. By optimize a high-pressure
water-powder mixing device, by studying the influence of horizontal distance, vertical height distance, the
angle between the two cone axes, the nozzle pressure and the double nozzle interval, the water powder
can be fully mixing cannot form Fish-Eyes and accelerate the dissolution of the polymer.

2 High-Pressure Water-Powder Mixing Device

Water-powder mixing device currently used on the offshore platform (Fig. 1), the nozzle is parallel to the
powder spraying pipe. The sprayed high pressure of water and dry powder particles cannot be fully mixed.
There are two main reasons. On the one hand, due to the parallel state of the hydration head and the powder
spraying pipe, the intersecting volume of water and dry powder particles is small; on the other hand, part of
the polymer dry powder particles directly enter the mixing tank without contacting water. Therefore, the
water-powder mixing device has a relatively large defect for sufficient water-powder dispersion and mixing.

Figure 1: Schematic diagram of offshore water-powder mixer
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Combined with the on-site production situation of the offshore platform, a plan diagram of the high-
pressure jet dispersion mixing and forced hydration device was designed (Fig. 2). The device is mainly
composed of a hydration head, a dry powder nozzle, a hydration head mounting ring, and a hydration
head joint. Under the air supply device, the polymer dry powder particles are sprayed through powder
nozzle and mixed with the high-pressure water sprayed from the hydration head.

The high-pressure water-powder mixing device is researched on the basis of the non-submerged jet flow,
and the intersecting volume of the high-pressure water and the polymer dry powder, which is a crucial factor
affecting the mixing efficiency of the dispersion mixing device.

According to whether the media is the same, the jet is divided into submerged jet and non-submerged jet.
There are three different media for polymer dispersion and mixing, obviously, the jets of polymer and water
are non-submerged jets. The structure diagram of non-submerged water jet is shown in Fig. 3.

The jet has a same velocity in nozzle place, as the distance increases, dry powder particles are mixed into
the jet [31,32], which increases the cross-sectional resistance of the jet. Part of the flow in the boundary layer
of the jet still maintains the ejection velocity v0 (Core segment). With the increase of the ejection distance in x

Figure 2: Schematic plan view of the high-pressure water-powder mixing device 1—Dry powder nozzle; 2
—High pressure hydration head mounting ring; 3—High pressure hydration head joint; 4—Water source
inlet; 5—Conical tap with cylindrical section
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Figure 3: Structural morphology of water jet
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axis, the boundary layer expands outward and tends to expand outward (Transition), but the speed at
the center is still v0. The outer boundary layer expanding, driving more dry powder particles into the
boundary layer and the inner boundary layer also expands inside. The erosion of the core area causes
the vertical velocity to gradually decrease (Basic segment), at this time, an atomized layer is formed
between the inner and outer interfaces. The basic segment of the non-submerged jet is the main area of
water and powder mixing. In order to fully mix, the overlap volume of the core area of the nozzle must
be maximized, and the atomization layer seen at the internal and external interfaces should be used to
maximize the aggregation. So the dry powder can be fully atomized when it meets with water.

2.1 Parameters
The mixing efficiency of polymer dry powder and high-pressure water dispersion, that is, the

intersecting volume of the two, is an important parameter that affects the dispersion and mixing.
Therefore, it is necessary to discuss the intersecting volume of the two to ensure that the mixing
efficiency of dry powder and water is maximized. Supporting mixed volume of water and dry powder
sprayed by the nozzle under a single nozzle. Then, according to the principle of maximizing the
intersection volume of the cones, a certain number of nozzles are arranged at a certain height of the dry
powder injection cone, so that the mixing of water and powder can be maximized under the condition of
a certain spray range and spray angle. Calculate the intersecting volume of the dry powder cone and the
water cone. The relevant parameters of the mathematical model of the cone shape are shown in Fig. 4.

Among them: α1—Opening polar angle of the dry powder cone;

α2—Opening polar angle of the water jet cone;

h1—Height of the dry powder cone;

h2—Height of the water jet cone;

r1—Radius of the bottom surface of the dry powder cone;

r2—Radius of the bottom surface of the water jet cone;

θ—Included angle between the two cone guidelines;

H—Height difference between the vertices of the two cones;

L—Difference in the horizontal position of the vertices of the two cones.

Control the shape of the cone parameters, such as the polar angle, the radius of the bottom surface, and the
height of the cone. The shape of the cone is determined by changing its relative position. The main parameters are
the horizontal distance L, the vertical height distanceH and the angle between the two cone axes θ. By finding the
functional relationship between the volume of the intersection of the two cones and, the parameters L, H, θ are
optimized to determine the relative position of the hydration head and the powder spraying pipe.

Figure 4: Schematic diagram of the intersection of cones
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Other parameters of the high-pressure water-powder mixing device are:

(1) System liquid dispensing speed: 60 m3/h;
(2) Polymer powder feeding pipe diameter: 3in (76.2 mm);
(3) Polymer feeding speed: 500 kg/h;
(4) Air supply Speed: 387.6 m3/h;
(5) Number of dry powder nozzles: 8;
(6) Number of High pressure hydration heads: 1;
(7) The length of the initial section is in accordance with the Leningrad Mining Institute to obtain the

calculation formula, the length of the initial section is 69 times the diameter of the jet outlet;
(8) The polar angle of the water jet is 14°, and the polar angle of the jet is 20°.

2.2 Calculation Method
The cone surface of the dry powder nozzle cone is shown in Fig. 4. The coordinate system is established

with the apex of the dry powder cone as the coordinate origin, and the equation of the dry powder cone is:

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 ¼ z tana1

p
(1)

The water jet cone surface is shown in Fig. 5, assuming that the axis of the water jet cone intersects the z
axis at point M (0, 0, -b), and the vertex of the water jet cone is N (x0, y0, z0), then the axis equation for:

x� x0
x0

¼ y� y0
y0

¼ z� z0
z0

(2)

The angle between MN and z axis is θ, then:

cos u ¼ x0 þ bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y20 þ ðz0 þ bÞ2

q (3)

Suppose the coordinates of point P in the space are (x1, y1, z1), the vertical point of point P on MN is Q
(xc, yc, zc), then the equation of NP is:

x� x0
x1�x0

¼ y� y0
y1�y0

¼ z� z0
z1�z0

(4)

The equation of MN (Eq. (4)) as a parametric equation, and get:

x ¼ x0tþ x0
y ¼ y0tþ y0
z ¼ ðz0 þ bÞtþ z0

(5)

Figure 5: Schematic diagram of the cone of dry-powder cone
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Point Q is on the straight line MN, then:

x ¼ x0tþ x0
y ¼ y0tþ y0
zc ¼ ðz0 þ bÞtþ z0

(6)

The direction vector of PQ
�!

(x1-xc, y1-yc, z1-zc) is perpendicular to the direction vector of MN
(x0, y0, z0+b), and the product of the two vectors is 0, that is:

ðx1 � xcÞ þ y0ðy1 � ycÞ þ ðz0 þ bÞðz1 � zcÞx ¼ 0 (7)

Suppose any point A (x, y, z) on the cone surface, then the angle between the straight line NA
�!

and the
straight line MN

��!
, the direction vector of the straight line NA

�!
:

S1
!¼ NA

�! ¼ N
!�A

!
(8)

The equation of axis MN
��!

is:

x� x0
x0

¼ y� y0
y0

¼ z� z0
z0 þ b

(9)

From the angle formula of the two straight lines, the cone equation of the water cone can be obtained:

½x0ðx1 � xcÞ þ y0ðx1 � xcÞ þ ðz0 þ bÞðz1 � zcÞ�2 ¼
½ðx� x0Þ2 þ ðy� y0Þ2 þ ðz� z0Þ2�½x20 þ y20 þ ðz0 þ bÞ2�cos2a2

(10)

Figure 6: Schematic diagram of the cone of dry-powder cone

Figure 7: Schematic diagram of water jet cone alignment
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3 Results and Discussion

3.1 Dry Powder Nozzle
The outlet diameter of the nozzle is the first important parameter selected when designing the nozzle.

Under normal circumstances, the size of the nozzle diameter mainly considers the size of the flow and
whether the nozzle is forming clog. Apertures increase the flow rate and reduce the risk of clogging; if
the aperture is small, the flow rate decreases and the risk of clogging increases. When the intersection
angle θ is 0, the horizontal distance L and vertical distance H are shown in Table 1. According to formula
(10), the volume of water and powder confluence is calculated, and the calculation result is shown in Fig. 8.

In the Fig. 8, when the vertical distance is 0, the intersection volume (IV) of gouache and powder is
30.89 × 104 mm2 at a horizontal distance of 50 mm. As the horizontal distance is shortened, IV gradually
decreases. When the horizontal distance is 90 mm, IV= 2.31 × 104 mm2, which has been reduced to
7.49% relative to 50 mm. When the horizontal distance is higher than 110 mm, IV is almost close zero.
The intersection angle and vertical distance is both equal to zero, nozzles are in a parallel state, resulting
in a horizontal distance, it is larger than the diameter of the dry powder nozzle, will be in an
invalid confluence state. When the vertical distance is 0, 50, 100, and 150 mm, the IV of gouache is
42.67 × 104 mm2, 55.39 × 104 mm2 and 67.58 × 104 mm2. By changing the vertical distance, the
percentage ratio of the IV to L = 50 mm is shown in Table 2. Intersection volume is equal to 67.58 × 104 mm2,
when the L= 50 mm, H= 150 mm.

Table 1: Nozzle device jet parameters
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Figure 8: Variation curve of gouache intersection volume with horizontal distance and vertical distance
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During vertical distance and L = 50 mm, the IV = 42.67 × 104 mm2. The L = 90 mm, the IV is reduced to
13.35%, and when the L = 110 mm, its intersection volume has been reduced to 0.77%. With the gradual
increase of the horizontal distance, the volume of the intersection of gouache and powder gradually increases.

Fig. 8 shows that when L = 50 mm and H = 150 mm of the nozzle, the volume of water and powder
intersection reaches the maximum. By changing the intersection angle of the nozzles from 0∼40°, the
volume of the intersection of water and powder is calculated by formula (10), as shown in Fig. 9.

As shown in Fig. 9, the increase of the angle of intersection, the IV first increases and then decreases.
When the angle of intersection is 10°, the volume of the intersection of water and powder is 77.42 × 104 mm2.
The angle of intersection is 0, confluence volume increases by 14.57%; intersection angle at 20°, the volume
of intersection is 65.90 × 104 mm2, confluence volume decreases 2.49% relatively θ = 0; the angle = 30°,
intersection volume is 17.89 × 104 mm2, confluence volume decreases 73.52%; When the angle of
intersection increases to 40°, the intersecting volume is reduced to 5.25 × 104 mm2, and there is almost no
intersecting volume.

3.2 High Pressure Hydration Head
In addition, considering that the water and powder mixing volume may change when the high pressure

hydration head are distributed in two layers, the mixed volume when the high pressure hydration heads are
distributed in two layers under the optimal relative position conditions is calculated. The relationship
between the pressure of the hydration head and the diameter of the outlet of the hydration head is
obtained, and the diameter of the outlet of the hydration head under different pressures is obtained, so as

Table 2: Percentage of gouache intersection volume under different vertical distances (%)

Horizontal distance (mm) Vertical distance (mm)

0 50 100 150

70 39.2058 46.2779 52.9394 59.9823

90 7.4858 13.3451 19.7557 26.8670

110 0.0003 0.7688 3.2101 7.0921

130 0 0 0 0.2336
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Figure 9: The change curve of the intersection volume of water and powder with the intersection angle
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to determine the shape of the water-cone. The shape parameters of the water-cone under different pressures
are shown in Table 3.

When the intersecting angle θ = 10°, the horizontal distance L = 50 mm, and the vertical distance H =
150 mm. Calculating the mixed volume of water and powder under different nozzle pressures (Fig. 10).

The increase of nozzle pressure (P), the volume of water and powder intersection gradually decreases in
Fig. 10. When the pressure is 0, the mixed volume is 67.58 × 104 mm2. When the pressure rises to 0.5 MPa,
the volume of intersection rises to 512.69 × 104 mm2, which is 7.59 times relatively P = 0. When the pressure
rises to 1.0 MPa which is 4.52 times of P is 0. It is smaller, but its value is still much larger than that of
unpressurized; when the pressure is higher than 3.0 MPa, the intersection volume change smaller, which
is about 1.98%, 1.80%, and 1.35% of unpressurized. Therefore, the optimum pressure range of the forced
hydration head for high-pressure jet dispersion mixing is 0.5∼2 MPa.

3.3 Double-Layer Hydration Head
A single hydration head has a limited ability to disperse and mix. Double-layer distribution, the mixing

volume of water and powder may higher. The interval 50∼250 mm, the isometric side view of different
intervals is shown in Fig. 11.

According to formula (10), the volume of water and powder confluence is calculated, and the calculation
results are shown in Table 4.

Table 3: Shape parameters of water cone under different pressures

Pressure (MPa) Outlet diameter (mm) Height of water
cone (mm)

Radius of the bottom
surface of the water-cone (mm)

0.5 10.13 699.04 83.89

1 8.52 587.82 70.54

2 7.16 494.30 59.32

3 6.47 446.65 53.60

4 6.02 415.65 49.88

5 5.70 393.10 47.17
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Figure 10: The change curve of the volume of water and powder confluence with the pressure of the nozzle

FDMP, 2022, vol.18, no.3 545



The mixing volume of water and powder in the double-layer distribution of faucets is greater than that in
the single-layer distribution in Table 4. As the distance increases, the mixing volume gradually increases and
then remains unchanged. When the interval is 200 mm, the total mixing volume of water and powder is the
largest, which is 1.43 times of a single layer.

Figure 11: Double-layer distribution isometric side view

Table 4: Total mixed volume of gouache at different intervals

Interval (mm) Total mixed intersection volume (×104 mm3)

0 1389.28

50 1564.40

100 1765.83

150 1916.33

200 1989.73

250 1985.76
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4 Conclusion

The water and powder mixing device on the offshore platform, the hydration head and the powder
injection pipe are in a parallel state and the water and the powder particles intersect with a small volume,
which causes the water and the polymer dry powder particles to not be fully mixed. “Fish-eye”
agglomerates are prone to appear in the stirring tank, which will increase the dissolve difficulty of the
polymer. The mixing device is mainly composed of a hydration head and a dry powder nozzle. A high-
pressure water-powder mixing device is designed, by optimizing its parameters and calculating the
intersection volume, finally achieves rapid dissolution.

In the case of a single nozzle, the mixed volume of water and dry powder sprayed from the nozzle is
calculated. When the horizontal distance is 50 mm, the vertical distance is 150 mm and the intersection
angle is 10°, the maximum intersection volume is 77.42 × 104 mm2. By optimize the parameters of the
dry powder nozzle and changing the spray pressure of the nozzle, it is concluded that when the pressure
is 0.5 MPa, the water powder mixing volume is 7.59 times that of the unpressurized state, and as the
pressure gradually rises to 3.0 MPa, the water powder mixing volume is It drops sharply with no change.
The center range of the single-layer nozzle is small, the spacing of the faucets is 250 mm of double-layer,
and the mixed volume of gouache is 1.43 times that of a single layer.
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