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A B S T R A C T S

In this study, the atomization blending property for heavy crude oil extraction was systematically investigated
both numerically and experimentally. In the experiment conducted, the blending behavior was simulated using
hydraulic oil and spray with 1:10 light phase-gas atomize volume flow rate ratio in an equipment sharing the
same scale as the on-site production. A Malvern Insitec droplet size analyzer was applied for the droplet size
measurement, and a quick closing valve method was applied for the phase fraction measurement. A numerical
simulation combined with a population balance model and the RNG k-ε model was performed under both the
corresponding operating conditions and a high-pressure drop environment to further investigate the blending
procedure. The results show that the atomization spray blending performs better than the equivalent pure gas
lifting method with more crude oil carried at the exit. Under 0.6 m3/h light phase inlet conditions, spray
blending brings 8% more heavy crude than gas lifting, and the improvement rises as inlet flow rate increases.
Both a droplet and liquid film are present in the casing space before blending for the spray liquid phase. In
addition, the light phase droplet diameter decreases with an increase in the inlet flow rates in the lifting pipe
after blending. Moreover, the blending behavior differs under various light phase inlet flow rates, while the
mixture viscosity is reduced by 50% for the atomization spray method. Each of these factors was shown to be
beneficial for refining the blending used in a heavy crude oil extraction technique.

1. Introduction

Energy consumption continues to grow, and it has been reported
that energy demand worldwide will increase by more than 50% by
2030 (Shuba and Kifle, 2018). In addition, the consumption rate of
petroleum is 105-times faster than the replenishment rate (Jagadevan
et al., 2018). With the consumption of ordinary crude oil, heavy crude
oil extraction has attracted greater attention in recent years. Owing to
its density and viscosity, it is difficult to lift heavy crude oil up from a
downhole environment using methods applied in an ordinary extrac-
tion. Therefore, viscosity reduction methods are essential to promoting
the flow of heavy crude oil in such an environment. Consequentially,
corresponding methods using heating mechanisms (Li et al., 2018a,b),
additives (Subramanian et al., 2015), and blending (Jing et al., 2019)
have been developed. Various heating methods including thermal and
electrical heating have been surveyed and applied for a viscosity re-
duction. Steam-assisted gravity drainage (SAGD) is a commonly applied

thermal method with a mechanism for reducing the viscosity of heavy
crude oil and promoting its flow property through the heating effect
induced by a high-pressure injected steam. However, considering large
quantities of fresh water and cumbersome water re-cycling facilities,
along with the mass production of heat required to create steam for the
SAGD process, large costs are incurred under the conditions of a deep
reserve. Another electrical heating method has been under develop-
ment for decades with numerous studies conducted and site application
records available (Rangel-German et al., 2004). In terms of additives,
numerous chemicals have been applied as additives to promote the
decrease in viscosity of heavy crude oil. To date, polymers that reduce
the oil–water surface tension (Du and Guan, 2004; Gao, 2011) and al-
kaline chemicals that react with the surface-active components origi-
nated from oil (Guo et al., 2016) have been applied in various reservoirs
around the world. As with a blending method, water, light oil, hydro-
carbon gases, and alcohol (Ghannam et al., 2012) have been applied to
mix with the heavy crude oil to obtain a suspension or mixture with an
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ideal mobility for a lifting operation from a well.
Although the methods above may be combined (Jing et al., 2019)

on-site to achieve a better viscosity, each method alone should be in-
vestigated thoroughly prior to refinement and combination with other
methods. In terms of blending, despite being the oldest and most pre-
ferred choice for a heavy crude oil viscosity reduction, this method still
has challenging properties when considering that the composition of oil
may affect the required oil ratio. Researchers have recently worked on
the rheology and viscosity properties of blended heavy crude oil
(Martinez-Palou et al., 2011). Hasan et al. (2010) surveyed the rheo-
logical properties of heavy crude and its mixture with light crude ex-
perimentally, determining that the heavy crude has a 0.7 Pa yield stress,
with no corresponding reports made on heavy-light crude mixtures.
Through offline rheometer measurements, Ghannam et al. (2012) found
that the storage and loss moduli of heavy crude oil decrease sig-
nificantly by the addition of 10% light crude oil. Jing et al. (2019)
provided a model predicting the viscosity and contact angle of watery
heavy crude oil blended with light oil.

Despite research in two the mixture rheology properties described
above, methods for the blending and mixture-lifting of heavy crude oil
extraction are also important. For non-flowing heavy crude oil wells, a
gas-lift can be applied using research conducted by Guet and Ooms
(2006). In addition, blending can be applied either up or down the

pump, and the light phase is always injected in the form of a continuous
fluid (Yang, 2017). To obtain a better mixture and promote lifting, light
phase droplets distributed during gas injection are an ideal choice.
Under this condition, spray atomization is essential in creating light oil
sprays. For decades, researchers have conducted numerous studies on
the droplet size distribution immediately after atomizing the nozzle,
and corresponding theoretical prediction models have been proposed
(Wu et al., 2006; Luo et al., 2014; Wang et al., 2017; Xia et al., 2017).
Although the studies above provide a droplet size distribution, studies
on light phase droplet blending properties with heavy crude oil remain
rare in literature. Similar studies have mostly focused on the spray
combustion of engines. Consequently, investigations into the atomiza-
tion blending properties between a heavy crude oil and a light phase
spray with a site scale flow domain are essential. In this study, a sys-
tematic laboratory experiment and a numerical simulation on the ato-
mization blending behavior between heavy crude oil and a light liquid
phase, together with gas lifting, were conducted, which can provide a
reference for heavy crude extraction.

2. Experiment design

2.1. Dimensionless analysis

A flow experiment is essential when considering the intricate me-
chanism of atomized blending between a heavy crude oil and a spray.
Prior to conducting an experiment, a dimensionless analysis of the
testing system is essential.

Owing to the scale effect properties of a multiphase flow, experi-
ment models on fractions of the site production wells may bring about a
flow type variance under similar operating conditions. Thus, the ex-
periment system applied in this study shares the same scale of geometry
with field production wells. As shown in Fig. 1, the blending equipment
is made up of an annulus casing pipe and a steel lifting pipe to simulate

Fig. 1. The whole experiment equipment.

Table 1
Physical property parameters of fluids in the experiment and simulation (am-
bient temperature).

Gas Liquid 1 Liquid 2

Fluids air water hydraulic oil
Density (kg/m3) 1.225 998 900
Viscosity (mPa·s) 0.00179 1 116
Surface tension (N/m) σair/water=0.073 σoil/water=0.026 σair/oil=0.062
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the down-hole blending procedure. Their inner diameters are 180 and
50mm, respectively, and the thickness of the lifting pipe is 20mm.
Hence, the outer and inner diameters of the annulus space are 180 and
90mm, respectively. To the height of the blending equipment, an H/d
value (where H is the height of the equipment and d is the equivalent
diameter of the annulus pipe) of larger than 35 is sufficient for spray
droplet size development. The droplet size distribution can be relatively
stable under this condition. Hence, the height of the equipment is
3.16m.

For a spray injected in the equipment, using a Malvern Insitec
droplet size analyzer, the droplet ranges from 20 to 2000 μm in size.
The spray entrance Weber number, which characterizes the relationship
between the inertia force and interfacial tension, can be obtained based
on the operating conditions described in Section 2.5, and the atomized
nozzle geometry parameter is given through Eq. (1):

=We
ρ u d
σ

,a a w w

air water

/
2

/ (1)

where ρa is the density of the air phase, ua/w is the relative velocity
between the air and droplets, dw is the diameter of the water droplets,
and σair/water is the interfacial tension. In this study, the entrance spray
droplet Weber number ranges from 0.28 to 4.4.

The simulated Reynolds number of the heavy crude oil phase can be
defined using Eq. (2), where ρo is the density of the oil phase, uo is the
entrance velocity of the oil phase at the oil injection nozzle, do is the

characteristic length of the oil injection nozzle, and μo is the viscosity of
the oil phase. The values of these parameters are provided in Table 1
and described in Section 2.5. Hence, the Reynolds number of the oil
phase ranges from 1,396 to 7,758.

=Re
ρ u d

μ
o o o

o (2)

The viscosity ratio λ (defined by μ1/μ2, where μ is the viscosity) is an
important dimensionless parameter when discussing the phase
blending. Based on the material properties in Table 1, the viscosity ratio
of oil to water λo/w is 116, and the viscosity ratio of water to air λw/a is
559.

2.2. Experiment system

The experiment was conducted on a multiphase simulation system
at the Institute of Mechanics, Chinese Academy of Sciences. The
blending equipment described above has two entrances. The entrance
at the top of the equipment was set for a spray injection. As shown in
Fig. 1, the water phase from a water tank was atomized by air from an
air compressor at the atomizer and injected into the blending equip-
ment. The entrance at the bottom was set for oil injection and con-
nected with a buffer tank and a check valve to stabilize the oil injection
uniformly. The exit of the blending equipment was mounted at the top
of the lifting pipe and connected with the collection tank. Based on the

Fig. 2. Example photos of high speed camera.
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flow loop, atomization of the blending property between the heavy oil
phase and lighter phase was thoroughly investigated.

2.3. Measuring system and error analysis

The aim of the experiment research was to investigate the blending
property and provide the boundary conditions of the numerical simu-
lation. Hence, the inlet droplet size distribution, flow rate, and pressure
in the annulus casing pipe are essential. Correspondingly, a Malvern
Insitec droplet size analyzer for a droplet size distribution

Fig. 3. Geometry model, grid scheme and boundary conditions.

Table 2
The dimension of geometrical structure parameters.

Geometrical structure parameters Unit Dimension

The inlet diameter of model, D1 mm 50
Annulus tube outer diameter, D2 mm 180
The outlet of model, D3 mm 50
Annulus tube inner diameter, D4 mm 90
The total height, H mm 3160
Nozzle length, L mm 200
Initial oil length, h mm 580

Table 3
Boundary condition settings.

No Geometry Boundary condition Remarks

1 Spray entrance Velocity inlet Air phase velocity, water phase velocity, phase fraction, water droplet size distribution
2 Oil entrance Velocity inlet Oil phase velocity
3 Exit Pressure outlet –
4 Annulus casing wall Stationary wall Scable wall function
5 Steel lifting pipe Stationary wall Scable wall function

Fig. 4. Section average pressure and oil volume fraction distribution along steel
lifting pipe for various grid schemes.
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measurement, a Honeywell pressure sensor for a pressure measurement,
a Krohen Optiflux400 for a liquid flow rate measurement, and a thermal
mass flowmeter for measurement of the gas phase were applied in this
study. Moreover, a high-speed camera was applied to record the image
data of inside the casing. The high-speed camera used was a SONY
HXR-MC2500. Example photographs of the high-speed camera are
shown in Fig. 2, which present both the entire range of the testing
section and local parts including the upper section and bottom of the
casing pipe. Fig. 1 provides a distribution of all measurement equip-
ment mentioned above.

In terms of an error analysis, systematic errors should first be
mentioned. Hirleman et al. (1984) found that both detector calibration
errors and nonideal lens effects result in up to 15% of the variations in
the instrument response for Malvern Insitec droplet size analyzer. When
applying a Honeywell pressure sensor, after calibration, the systematic
error according to the instructions reaches 0.15%. For Rosemont flow
meters, the systematic error is 0.1%. To avoid an accidental error, the
measurement procedures are repeated several times for each operating
condition.

2.4. Working fluids

The experiment applied pure water and anti-wear hydraulic oil (oil
for abbreviation) to simulate the light phase and heavy crude oils, re-
spectively. Moreover, air was applied to produce the spray droplets.
The anti-wear hydraulic oil (L-H M46) was produced by Shengkang
Chemical Ltd., Co. in Hebei, China. When operated under indoor tem-
peratures of 25 °C, the properties of the working fluids are as listed in
Table 1.

2.5. Operating conditions

The oil flow rate applied during the experiment ranged
3.6–20.0 m3/h. According to a study by Ghannam et al. (2012) work, a
10% additional light phase can achieve the ideal viscosity reduction
performance. Hence, the corresponding water flow rate ranges from
0.36 to 2.0m3/h. The water was turned into a spray using an air-blast-
atomizer. In total, the operating conditions were as follows: a 3.6, 6.0,
8.4, 10.8, 15.0, and 20.0 m3/h gas inlet flow rate coupled with a water
inlet flow rate of 0.36, 0.6, 0.84, 1.08, 1.5, and 2.0 m3/h at the atomizer
entrance. In each case, the data matrix contains not only the entrance
droplet distribution, but also the phase flow rates and pressure. More-
over, a gas lifting without a spray in the corresponding inlet flow rates
was conducted for contrast.

3. Numerical simulation

3.1. Mathematical models

Although a flow experiment can characterize the atomized blending
phenomenon, a numerical simulation is still essential for supple-
mentation of the detailed blending properties. The essence of the nu-
merical simulation applied in this study is to solve the air–water–oil
three-phase Navier–Stokes equations. An Eulerian multiphase model
was applied for its ability to simulate separate and interacting phases.

Table 4
Character droplet size of each bin.

Number Size, mm

Bin-0 34.756
Bin-1 12.288
Bin-2 4.344
Bin-3 1.536
Bin-4 0.543
Bin-5 0.192
Bin-6 0.068
Bin-7 0.024
Bin-8 0.008
Bin-9 0.003

Fig. 5. Pressure distribution for various operating conditions characterized by inlet water flow rates.
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Eqs. (3)–(5) provide mathematical equations of the Eulerian multiphase
model.
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=
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In the equations, q refers to the qth phase, vq is the velocity of phase
q, ṁpq is the mass transfer from the pth phase to the qth phase, ṁqp is the
mass transfer from the qth phase to the pth phase, and Sq is the source
term. Based on the circumstances of this study, the mass transfer among
phases can be neglected. The same is true for the source term. Here, τq

is the qth phase of the stress-strain tensor,
→
Fq is the body force,

→
Flift q, is

the lift force, and
→
Fvm q, is the virtual mass force.

Moreover, as the water entrance fraction is less than 10% con-
sidering all phases together, and with the blending properties between
oil and water being the main focus of study, the water droplet behavior,
including the size distribution and size change, should be included. A

population balance equation for the water phase was added in the
equations above. In the absence of evaporation or dissolution, the po-
pulation balance equation is shown in Eq. (6) (Liao and Lucas, 2009).
Here, n(Vi, x, t) is the droplet number density, and Sb and Sc are the
source terms resulting from a droplet breakup and coalescence. Reliable
models of the droplet breakup and coalescence used to represent the
source terms Sb and Sc, respectively, can alleviate this problem. In this
study, Luo's model for kernel breakup and kernel coalescence was ap-
plied.

∂
∂

+ ∇ ⋅ = +n V x t
t

x u V x t n V x t S S( , , ) [ ( , , ) ( , , )]i
i i b c (6)

In the turbulent model selection, based on an experiment observa-
tion, a relative weak vortex exists owing to the presence of an inlet
branch and a steel pipe inside the casing. Under this condition, the RNG
k-ε model is an ideal choice, and was derived using a rigorous statistical
technique. Although it shares a similar form with the k-ε model, it in-
cludes refinements on the swirling flows and provides an analytical
formula for a turbulent flow. The equation of the RNG k-ε model is
shown in Eqs. (7) and (8). Here, Gk represents the generation of tur-
bulence kinetic energy owing to the mean velocity gradients, Gb is the
generation of turbulence kinetic energy from buoyancy, and YM re-
presents the contribution of the fluctuating dilatation in an in-
compressible turbulence to the overall dissipation rate.
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3.2. Geometric model and boundary conditions

Prior to the grid generation, a geometry model of the fluid domain
should first be constructed. Fig. 3 shows the geometrical outline of the
fluid domain, and the detailed dimensional parameters are provided in
Table 2. The main body of the model is a 180mm diameter solid cy-
linder with a hollowed-out steel pipe. The inner and outer diameters of
the steel pipe are 50 and 90mm, respectively. Near the top of the main
body, a nozzle vertical to the cylinder axis is added for injection of air
and droplets. At the bottom of the cylinder, a horizontal tube is also

Fig. 6. Path line distribution for various operating conditions.

Fig. 7. Water droplets Sauter mean diameter variation right at the nozzle.
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added for the entrance of the oil phase.
For the boundary condition, the spray and oil injection entrances

are set as the velocity inlet, whereas the top of the steel pipe is set as the
pressure outlet. Specially, for the spray injection entrance, the water
droplet size distribution originates from the Malvern Insitec droplet size
analyzer measurement. A scalable wall function is applied for the
Plexiglass inner wall and steel surface. All boundary conditions are as

shown in Table 3.

3.3. Grid generation and independent study

The numerical simulation was conducted on software Fluent. Using
the ANSYS workbench mesh generator, tetrahedron grids of different
densities were created based on the geometry of the fluid domain. In a

Fig. 8. Water droplet size and volume fraction distribution near spray injection nozzle at 1.5 m3/h inlet flow rate.

Fig. 9. Water droplet size distribution for 1.5m3/h inlet flow rate under different time.
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grid-independent study, three grid schemes were proposed, namely, a
coarse scheme with 645,627 cells, a medium scheme with
1,419,917 cells, and a fine scheme with 1,898,423 grids. A gas lifting oil
condition with a 15m3/h inlet flow rate was chosen to conduct a grid-
independent study. The sectional average pressure and variation in the
oil phase fraction along the steel-lifting pipe were selected as the re-
ference parameters. Fig. 4 illustrates the sectional average pressure and
oil volume fraction changes along the steel-lifting pipe. As shown in
Fig. 4, in terms of the sectional average pressure, the deviation from the
medium scheme to the coarse scheme is 5.2%, whereas the deviation
from the fine scheme to the medium scheme is 2.0%. In terms of the
sectional average pressure, the deviation from the medium scheme to
the coarse scheme is 1.0%, whereas the deviation from the fine scheme
to the medium scheme is 0.46%. In terms of both the sectional average

pressure and oil volume fraction, the discrepancy between the coarse
scheme and the medium scheme is far less than the discrepancy be-
tween the medium and fine schemes. The medium scheme is sufficiently
fine for a numerical simulation.

3.4. Solution settings

Based on the physical properties and mathematical models dis-
cussed above, an Eulerian multiphase model and a PBM model are
applied. Considering oil as the main phase at the bottom of the fluid
domain and the blending behavior as a concern of this study, the pri-
mary phase was defined as oil, whereas air and water were considered
secondary phases. Considering the possible water droplet sizes, 11 bins
ranging from 3 μm to 3 cm were created using a discrete method for the
water phase PBM setting, and the details of each bin size are as shown
in Table 4.

Similar to the solution settings, considering that the fluid domain is
non-stationary, a transient behavior is selected with a time step of
1.5 ms. Moreover, for the initial condition, oil was patched for fields
under a steel pipe, and above the oil, pure air without water droplets
was initially present. The initial air–oil interface can be seen in Fig. 2.
Phase-coupled SIMPLE was chosen as the pressure–velocity coupling
scheme. Spatial discretization was set to the high accuracy form and the
residual scales were set to 10−6.

4. Results and discussion

4.1. Flow domain characters

Prior to the investigation into the droplet size distribution and
blending properties, the general flow characters of the flow domain
should first be clarified for further discussion. Herein, the pressure
distribution and pathline are of primary importance. Fig. 5 shows the
pressure distribution for the experimental flow domain under specific
operating conditions after the flow domain stabled. In the figure, the
red color represents high pressure whereas the blue color represents
low pressure with other colors as the transition. As one more aspect
requiring clarification, among the various operating conditions, a
pressure of relatively zero was set at the exit of the steel lifting pipe for
convenience of comparison. It can be seen in the experimental oper-
ating conditions that the pressure decrease ranges from 26 to 54 kPa
and increases with an increase in the inlet flow rate. For all the oper-
ating conditions, pressure from top of annuls casing to exist of lifting
pipe decrease gradually. As inlet flow rate rises, pressure difference
between entrance and exist of lifting pipe becomes more obvious, this
can be attributed to influence velocity distribution.

As shown in Fig. 6, the oil phase velocity and pathline vary ac-
cording to the inlet flow rates. After the oil is injected into the oil en-
trance, it hits the walls on the right side with diffusion along the path. A
circular flow resulting from a diffusion occurred at the half point and
hindered the wall on the right side, filling the flow domain to obtain a
mixture of air and water phases, and then gathered at the steel lifting
pipe. The larger the inlet flow rate, the higher the invasion of the upper
side of the initial oil–air interface in the casing space.

4.2. Droplet size distribution

As water moves in the form of discrete droplets within the domain,
its flow behavior is influenced by its size, thus affecting the blending
properties with heavy crude oil. In addition, the water droplet size
distribution immediately after the air-blast-atomizer is the boundary
condition of the flow domain. Fig. 7 shows the Sauter mean diameter of
the exit of the atomizer with error bar of the Malvern Insitec droplet
size analyzer measurement. Here, the Sauter mean diameter can be
defined through Eq. (9), where di is the ith droplet diameter, and
characterizes the energy properties of the particles and has a

Fig. 10. Water droplet size distribution in the whole flow field for various inlet
flow rates.

Fig. 11. Water droplet size distribution in the whole flow field for various
entrance flow rates.
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relationship with the turbulent energy dissipation rate during a con-
tinuous phase (Zhang and Xu, 2016; Liu et al., 2018).

=
+ + +
+ + +

d
d d d
d d d

...

...sauter
1
3

2
3

3
3

1
2

2
2

3
2 (9)

As shown in Fig. 7, as the inlet flow rate of the water increases from
0.6 to 2.0m3/h, the mean Sauter diameter at the spray entrance gra-
dually decreases from 103 to 17 μm, which is reasonable. As stated
above, in an air-blast-atomizer, the volume flow rate ratio of water and
air is fixed. With an increase in the water flow rate, the air volume flow

rate correspondingly increases, bringing about a larger velocity for a
fixed gas chamber. This phenomenon results in a stronger shearing
effect, and smaller water droplets consequentially appear.

Under the pressure conditions applied in the experiment, when
droplets exit the atomizer and enter the spray entrance under the im-
pact of gravity, they start to coalescence at the bottom of the nozzle. As
shown in Fig. 8, when the inlet water flow rate is 1.5 m3/h upstream of
the atomizer, although the diameter of the inlet droplets is mostly
distributed within the 10−5 m scale, the diameter near the spray en-
trance nozzle enlarges to the millimeter scale, and the total scale of all

Fig. 12. Water phase distribution for 1.5m3/h water inlet flow rate under different time.

Fig. 13. Oil phase distribution for 1.5 m3/h water entrance flow rate under different time.
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Fig. 14. Oil phase distribution under various water entrance flow rates.

Fig. 15. Water and air volume fraction distribution in various operating conditions.
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water droplets increases, which is due to the influence of the velocity
and gravity. Water droplets of a small diameter cannot exist long and
coalescence immediately. In addition, a water phase begins to gather at
the bottom of the nozzle, flowing into the annulus casing pipe.

As the water flows into the annulus casing, the droplets coalesce

further. Fig. 9 shows the water droplet diameter for a 1.5 m3/h inlet
flow rate at various moments of 0.6 s–4.8 s with a 0.6 s time interval. In
the figure, the red color represents large droplets whereas the blue color
represents small droplets. The sizes of the droplets range from 3 μm to
11.1 mm. In the annulus casing, a water droplet near the left wall
(which is at the side of the oil injection nozzle) becomes larger than that
on the equivalent area on the right after 1.2 s. This means that a con-
siderable number of water droplets transit, bypassing the steel lifting
pipe and hitting the right side of the plexiglass wall, where they gather
into a liquid film and flow downward. The gathered water flows down
along the wall until it meets the oil. The water then enters the previous
oil zone, where it gradually gathers, and the volume fraction increases
(as is shown in Fig. 12), which in turn promotes the water droplets to
collide and increase in size. By contrast, inside the steel lifting pipe,
droplets start to appear at 1.8 s and gradually fill in the entire pipe.
Compared with their size in the casing pipe, the droplets in the lifting
pipe are smaller. This is due to a higher velocity in the lifting pipe
bringing about a stronger shearing effect and relative uniform blending
among phases. At 3.6 s, the droplet size begins stabilize and changes
only slightly.

As the boundary conditions change, as indicated in Fig. 10, the
droplet size distribution differs according to the water entrance flow
rate. Hinze (1955) proposed the idea that the droplet size has an in-
fluence on the shear velocity during a continuous phase in a pipe flow.
As shown in Fig. 10, in a lifting pipe, the water droplet size decreases as
mixture velocity increases, and the mixture velocity has a positive
correlation with the inlet water flow rates. However, Hinze's proposal is
not in accordance with the droplets found in the casing. In the annulus
space at the upper side of the initial air-oil interface, the water droplet
size increases with the inlet water flow rate, particularly for the oil
entrance nozzle side. As the reason for this, as the water and oil en-
trance velocities increase, resistance preventing air from joining with
the water droplets as they flow down to the steel lifting pipe increases.
This promotes an easier collision of the water droplets. Moreover, as the
water droplets are injected into the nozzle more quickly, more of the
water phase flow bypasses the lifting pipe and hits the casing wall, and
thus more of the gathered water appears as a film. For water droplets in

Fig. 16. Mixture viscosity distribution under different time for 1.5 m3/h water entrance flow rate.

Fig. 17. Viscosity distribution for various cases.
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the blending zone prior to entering the lifting pipe, an action and a
counter action occur between the water droplet breakup and the coa-
lescence brought about by a circular flow. Under this effect, the dis-
tribution of the droplet sizes is irregular compared with that in a lifting
pipe.

Fig. 11 shows further data on the water droplet size distribution,
illustrating the volume fraction distribution for a certain droplet size
under various boundary conditions. The curves can be divided into
three parts for most of the conditions. The peak values between 1.5 and
3mm represent droplets in the lifting pipe. The peak at approximately
5mm shows water droplets in the casing. The peak at approximately
8mm corresponds with water in the blending zone and the water film in
the upper part of the oil entrance nozzle. For a water inlet flow rate of
0.6 m3/h, owing to the relatively low velocity, the droplet sizes in the
casing and lifting pipe do not differ to the extent that the peaks merge at
a wider peak visually. In addition, as an obvious trend, the droplet size
corresponding with the peak of the volume fraction decreases as the
entrance flow rate increases.

4.3. Phase blending behavior

The blending behavior is directly characterized by the phase dis-
tribution. Figs. 12 and 13 show the water and oil phase distributions for
a water inlet flow rate of 1.5m3/h at various moments. As described in
section 4.1, initially, the water phase under the influence of gravity
starts to gather at the bottom of the spray entrance nozzle. It then hits
the steel lifting pipe wall and some of it flows downward. Most other
parts of the flow bypass the steel lifting pipe and gather in the upper
part of the oil entrance nozzle. Later, at 1.8 s, the water phase invades
the initial oil zone and flows with the oil phase in the form of a circular
flow. The water flow behavior is similar with the pathline shown in
Fig. 6. At the same time, the water begins to appear in the lifting pipe.
At 3.0 s, the water phase distribution stabilizes at the blending zone
near the entrance of steel lifting pipe, whereas the water concentration
continuous to increase until 4.8 s in the lifting pipe.

As with the oil phase, Fig. 13 shows the phase distribution at dif-
ferent moments corresponding with the water phase. Initially, the oil
lifting is similar with the gas lifting. In the steel lifting pipe, after a
block of pure oil is pumped up to the exit, blending occurs between the
oil and gas phases. Oil fraction zones of 0.75 and 0.45 alternatively
appear until the water droplets enter the lifting pipe, which is similar
with a slug flow (Bellarby, 2009) and is not beneficial for heavy crude
lifting. As the water droplets begin to mix with the oil near the entrance
of the lifting pipe, the oil fraction decreases. The performance of the

spray blending is better than that of pure gas lifting. At 2.4 s, the ex-
isting water droplets gradually stabilize the volume fraction of the oil
phase in the lifting pipe. The oil fraction stabilizes at 0.5, whereas the
air and water phase fractions stable at 0.45 and 0.05, respectively.

For the blending behavior under different operating conditions,
Fig. 14 shows a comparison of the phase distribution near the Plexiglass
wall for the experiment observation and numerical simulation at a
water entrance flow rate of 0.6m3/h. In comparing the numerical si-
mulation with the experiment observation, an interface can be seen to
exist. Immediately after the interface, water invades the oil in the form
of a liquid film, which appears as the white liquid in the photograph.
Correspondingly, the phase concentration decreases slightly during the
numerical simulation. In addition, the shape of the contour line is si-
milar with that in the photograph, validating the numerical simulation
to a certain extent.

Figs. 14 and 15 show the phase distributions at water entrance flow
rates of 0.6, 1.5, and 2.0 m3/h. Blending between the oil and spray
mainly occurs in the section between the oil entrance nozzle and the
lifting pipe entrance, which is called the blending zone herein. The oil
fraction is high under a water entrance flow rate of 0.6 m3/h in the
blending zone. Under other conditions, oil in the blending zone is in-
vaded by a spray near the casing wall. In addition, the volume fraction
is reduced. The shape of the oil fraction of lower than 0.75 looks similar
to a hook, which can be attributed to the anti-clock circular flow of the
oil phase joining with the discrete bubbles and water droplets. The
bubbles and droplets penetrating the blending zone are carried by the
continuous oil phase and become mixed before entering the lifting pipe.
At a small entrance flow rate (0.6 m3/h), owing to the low velocity,
bubbles and droplets cannot penetrate too far into the blending zone,
blending only exists near the interface, and the circular flow is low. In
the remaining cases, the spray velocity is sufficiently high to achieve an
upper boundary of the oil entrance nozzle. The circular flow induced by
the oil phase is also strong. Consequently, considerable bubbles and
droplets follow the circular oil flow and become mixed in the blending
zone. However, a difference occurs for the air and water distribution in
the blending zone when considering a hollow core appearing around
the hook-shaped route. This can be attributed to the variation in density
and surface tension between air and water. A small density and larger
surface tension with oil prevent air from entering the hollow core
surrounded by the hook-shaped area. In addition, the interface between
air and liquid for the spray injection side increases, which is reasonable.
The air continuously rushes into the oil phase owing to large dis-
turbances and fractures of the bubbles. The water film and water dro-
plets invade the oil phase as well, bringing about a larger disturbance.

Fig. 18. Oil and water carrying at the exit of steel lifting pipe both numerically and experimentally.
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Although a difference exists in the blending zone, phases have been
blended well in the lifting pipe.

4.4. Viscosity distribution and oil carrying ability

Two of the most important characteristics of atomized blending
properties are the viscosity reduction and oil carrying capability. Based
on the discussion above, this subsection provides a deep investigation

into this area.
For a fixed water flow rate at the entrance, the evolution of the

mixture viscosity over time should first be focused upon. Fig. 16 shows
the change in viscosity over time under a water entrance flow rate of
1.5 m3/h. As discussed above, the behavior of the flow domain is si-
milar to the lifting of pure gas at before 1.2 s. At this moment, relatively
high mixture viscosities of 90 and 70mPa s occur alternatively until
3.0 s, at which the water droplets fill the lifting pipe, and the mixture

Fig. 19. Blending properties under high pressure drop conditions.
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viscosity is diminished to 58mPa s, which is 50% of the pure oil visc-
osity. Moreover, the distribution of the mixture viscosity is more uni-
form than under gas-lifting conditions, and the viscosity reduction of
air-blast-atomization is ideal.

Fig. 17 depicts steady viscosity distribution of flow domain under
various inlet water flow rates. As water entrance flow rate increase,
average viscosity standard changes little in most part of the central steel
pipe. And the high viscosity part at entrance of central steel pipe gra-
dually move to one side and the viscosity value turns to be slashed.
Moreover, viscosity under steel lifting pipe gradually falls down which
means oil-water-gas get fully blended. In all, viscosity reduction of air-
blast-atomize is ideal.

Regarding the oil carrying abilities, Fig. 18 shows the oil and water
carrying at the exit of the steel lifting pipe both numerically and ex-
perimentally. The image on the left side of Fig. 18 compares the mea-
surements taken during the experiment and the numerical simulation.
The curve indicates the simulation whereas the scatter plot represents
the measurements. As the image indicates, the oil carrying capacities as
shown numerically and experimentally are in good agreement, which
also validates the numerical simulation. As shown in the total trend, as
the water flow rate increases at the entrance, the amount of oil lifted at
the exit increases concurrently. Moreover, comparing the experiment
data on the left and right sides, which show oil carried by an air-water
spray and pure air, it is clear that oil carried by the air–water spray is
larger in amount than that of pure air, and the difference increases as
water flow rate at the inlet (for pure air conditions, the inlet air flow
rate is 10 times that of the corresponding inlet water flow rate) in-
creases. Under 0.6m3/h water inlet flow rate conditions, oil lifted is 8%
higher for spray blending than gas lifting. As water inlet flow rate in-
creases to 0.84m3/h, the variance increases to 16%. This proves that
atomization blending achieves a better performance than pure air
lifting.

4.5. Atomization blending properties under high-pressure drop environments

The studies above were conducted under an ordinary pressure drop
at the 10 kPa scale. In the heavy crude extraction on-site, the pressure
drop scale is larger. Thus, a blending investigation under a larger
pressure drop is essential for further investigation. The discussion above
indicates that the numerical simulation is reliable for the simulation of
the blending behavior. Hence, the blending properties were in-
vestigated under larger pressure drop conditions through a numerical
simulation.

Fig. 19 shows the blending properties under conditions of a large
pressure drop. The total pressure drop from the entrance to exit is
380 kPa. Under the conditions of a high pressure drop, a small portion
of the water phase injected into the nozzle hits the central steel pipe and
gathers into a water film, and most of the water droplets hit the wall at
the upper part of the oil entrance nozzles, gathering in a water film
formation. As with the water droplet size, although the local size dia-
meter in the lifting pipe decreases owing to a strong shearing effect
under a continuous phase, the diameter in the annulus space in the
casing pipe remains large, which means that a water film appears and
gathers at the casing wall. For the oil phase, a considerable portion of
oil rushed into the annulus casing pipe with a volume fraction of
0.3–0.6. In the lifting pipe, the oil volume fraction is relatively dis-
tributed at 0.5. As with the air phase, it gathers around the hook-shaped
route with a volume fraction of 0.7 near the lifting pipe entrance. Based
on the phase distribution described above, the phase blending is more
severe.

In terms of the viscosity distribution, although the mixture viscosity
in the steel lifting pipe is not uniform, the total value is approximately
60mPa s, half that of the oil viscosity. In addition, the oil carried out-
side is 11.8 kg/s, which is proportionate with the augmenting of the
inlet flow rates. Each of these aspects validates the atomization
blending performance under large pressure drop conditions.

5. Conclusions

In this study, a thorough investigation into the atomization blending
properties of heavy crude extraction was conducted both experimen-
tally and numerically. In the experimental portion of the study, after a
systematic dimensionless analysis, an investigation was conducted on
the equipment shearing in the same sized area as an on-site production.
In the numerical simulation, an Eulerian multiphase model, along with
a population balance model and an RNG k-ε turbulent model, was ap-
plied for a detailed look into the blending behavior. The following
conclusions were drawn:

Under a 1:10 water-air flow rate ratio spray, phase blending mainly
occurs at locations between the oil injection nozzle and the entrance of
the lifting wall, which is also called the blending zone. Oil could be
uniformly distributed in the lifting pipe with a volume fraction of
0.5–0.6.

Water droplets gathered in the annulus casing wall in the form of a
water film and flowed downward. The droplet size in the lifting pipe
shears similar trends with the pipe flow, while the droplet size in the
blending zone decreases slightly as inlet flow rate increases.

Atomization blending can reduce the oil viscosity. The experiment
results prove the flow properties well, and the numerical simulation
shows that the viscosity can be reduced 50% through atomization
blending.

The atomization blending method has a better oil carrying ability
compared with gas lifting. Under 0.6m3/h water inlet flow rate, spray
blending lifts 8% more heavy crude than gas lifting. As the inlet flow
rate increases, the difference between the atomization blending and
pure air lifting becomes significant. Moreover, the atomization blending
performs well under high pressure drop conditions.
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