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Abstract: With the water content of the produced fluid increasing greatly in offshore oilfield, this paper 
develops a downhole oil-water separation system used in 7" casing for offshore oilfield. Optimal flow 
distribution is obtained when angle α of its pre hydrocyclone is 20° and angle β of that is 3° through simulation 
and optimization; diesel-water separation test shows that with oil content of inlet being 10 % the separation 
efficiency is highest when the overflow diameter of pre hydrocyclone is 8 mm and that of de-oiler hydrocyclone 
is 6mm; oil-water separation test shows that oil content of underflow is not higher than 5×10-4; for the 
characteristic of large flow in offshore oilfield, this paper designed a downhole oil-water separation system used 
in 7" casing of which the flow rate is 300 m3/d. Copyright © 2013 IFSA. 
 
Keywords: Downhole oil-water separation, Two-stage parallel hydrocyclone, Offshore oilfield, Simulation, 
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1. Introduction 

 

With the continuous development of offshore 
oilfields, similar to oilfields on land, the water 
volumes produced in association with oil are 
increasing gradually. Currently, the oil stream 
contains 77-95 % water by volume in some blocks of 
offshore oilfields [1, 2]. Then more water treatment 
facilities are needed, more platform area are 
occupied, and production expense grow higher and 
higher [3].  

In order to ensure normal production and reduce 
costs, downhole oil-water separation system 
(DOWS) which is fitted for offshore oilfield needs to 
be developed. This system is able to separate oil from 
produced fluid in the wellbore, and lifts oil to the 
surface while simultaneously disposing of water into 
a suitable injection zone [4]. Using DOWS 
technology can reduce produced fluid needed to lift 

to the surface and has displacement effect on the 
other wells at the same time. Not only can investment 
in water treatment facilities be reduced, but platform 
area can be saved by using of DOWS. Therefore the 
economic efficiency is greatly improved.  

According to the databases in the Argonne 
National Laboratory report released in late 2004, 
DOWS has been applied widely in the oilfields on 
land. It provides extensive databases on 59 DOWS 
trials around the world. Most of the DOWS 
installations were in North America (34 in Canada 
and 14 in the United States). Six were in Latin 
America, two were in Europe, two were in Asia, and 
one was in the Middle East. Field experiments 
showed that about 59 % of the trials were rated as 
good [5, 6].  

In China, University of Petroleum, Institute of 
Shengli Oilfield, Northeast Petroleum University, 
Jianghan Machinery Research Institute and other 
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units were begin to study the basic theory in the late 
1990s. By the early 2000s, they carried out field 
experiments in Daqing, Bohai, Shengli, Liaohe 
Oilfields [7]. There are 11 wells in 4 domestic 
onshore oilfields using downhole oil-water 
separation technology until 2009. Field experimental 
data show that the volume of produced water 
decreased 8 % to 85 % [8, 9] after using DOWS, the 
volume of produced oil remained unchanged or 
slightly increased. Currently, there are few reports 
about the development and application of DOWS in 
the area of offshore oilfield.  

In view of this, this paper will design a DOWS 
system, based on the original technical experience of 
DOWS used on land, which is used in offshore 7" 
casing when the injection zone is uphole from the 
production zone, make simulation and experiments 
of its hydrocyclone. All of these are aimed at the 
characteristics, such as large flow and 7" or 9 5/8" 
casing size, of offshore oilfield. 

 
 

2. Simulation and Optimization  
of Hydrocyclone 
 
Hydrocyclone is the key part of offshore 

downhole oil-water separator. Based on the 
characteristics of hydrocyclone and the standard of 
injection water (oil content ≤ 5×10-4) after separated, 
two-stage separate approaches, namely "pre" and 
"de-oiler", should be used. Due to limited space, this 
paper only studies the simulation and optimization of 
pre hydrocyclone. 

 
 

2.1. Geometry of Pre Hydrocyclone 
 
According to the theory of hydrocyclone 

separation, biconical structure is generally used in 
pre hydrocyclone. The separation effect of this 
biconical hydrocyclone is better than other forms in 
separating a two-phase mixture like liquid-liquid. It 
consists of a swirl chamber, a large cone section, a 
small cone section, and flat tail section [10]. 

The size of hydrocyclone in Fig. 1 is calculated in 
accordance with M. T. Thew formula, which is: 
D/Dc=2, Di/Dc=0.35, Du/Dc=0.5, Do/Dc≤0.14, 
Lc/Dc=2, Lu/Dc=20, α=15°-40°, β=1.5°-6°. 

 
 

 
 

Fig. 1. Basic structure of pre hydrocyclone. 
 
 
The cone angle changes of hydrocyclone have 

greater impact on the separation efficiency than the 

changes of other structural parameters according to 
the field experiences. Therefore the separation 
efficiency is simulated based on the changes of 
angles α and β of hydrocyclone, α varies in the range 
of 15°, 20°, 25°; and β varies in the range of 2°, 2.5°, 
3°, 3.5°. 

 
 

2.2. Meshing and Selecting Boundary 
Conditions 

 
In the process of simulation analysis by Fluent, 

three-dimensional model which is closer to the actual 
operating conditions is used for optimization, and the 
hexahedral mesh is preferred. 

 
 
Table 1. Physical parameters of oil-water mixture. 
 

Parameters Values Units 
Density of water 1000 kg/m3

Density of oil 900 kg/m3 
Viscosity of water 0.001 Pa·s 
Viscosity of oil 0.013 Pa·s 
Oil content of the inlet 10 % 

 
 
Physical parameters of oil-water mixture are 

shown in Table 1. Inlet boundary condition is speed 
entry; outlet boundary conditions are the free-flow of 
full development in underflow and overflow outlets; 
wall condition is no-slip. 

 
 

2.3. Results and Analysis 
 
 
1) In the simulation of optimizing angle α of pre 

hydrocyclone, constant major diameter Dc, overflow 
diameter Do, tail pipe length Lu, underflow diameter 
Du, inlet diameter Di and the inlet velocity are 
maintained, but α is changed. 

The results of flow field simulation in the swirl 
chamber are shown in Fig. 2. Fig. 2 (a) shows that 
the tangential velocity distribution is axisymmetric 
and the tangential velocity at the wall is zero when α 
is 20°. In the radial direction from the axis, tangential 
speed gradually increases, then reduces to zero, and 
the maximum tangential velocity exists, which is in 
accordance with Rankine vortex distribution [11]. 
Rankine vortex help to strengthen the centrifugal 
force field of the near-wall region, thereby improves 
the separation effect of hydrocyclone. When α is 25°, 
there are multiple peaks in tangential velocity 
distribution, the fluid is divided into inner and outer 
swirl on both sides by each peak point. This 
phenomenon does not meet the Rankine vortex 
distribution, so the separation effect is not ideal when 
α is 25°. In terms of the tangential velocity 
distribution, the flow field distribution is optimal 
when α is 20°, because the tangential velocity when α 
is 20° is greater than that when α is 15°. Fig. 2 (b) 
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shows that when α are 15° and 25°, there are three 
peaks in axial velocity distribution, which means 
circular flow existing within the swirl chamber. 
Through the comprehensive analysis of the internal 
flow field distribution, the most reasonable angle α  
is 20°. 

 
 

 
 
a. Tangential velocity distribution in swirl chamber. 
 

 
 

b. Axial velocity distribution in swirl chamber. 
 

Fig. 2. Flow field distribution inside the vortex chamber 
with different α angles. 

 
 
2) In the simulation of optimizing angle β of pre 

hydrocyclone, β is changed while other parameters 
remain unchanged. 

The results of flow field simulation in the swirl 
chamber are shown in Fig. 3. Fig. 3 (a) shows there 
are several peaks in tangential velocity distribution 
when β are 2.5° and 3.5°. As mentioned above, this 
phenomenon does not meet the Rankine vortex 
distribution. Fig. 3 (b) shows that there is a circular 
flow in the swirl chamber when β are 2.5°and 3.5°. It 
is beneficial to oil flowing along overflow pipe as β 
is 3° because of its larger axial velocity. Through the 
comprehensive analysis of the internal flow field 
distribution, the most reasonable angle β is 3°. 

 
 
a. Tangential velocity distribution in swirl chamber. 

 
 

b. Axial velocity distribution in swirl chamber. 
 

Fig. 3. Flow field distribution inside the vortex chamber 
with different β angles. 

 
 

3. Indoor Experiments on Characteristics 
of Hydrocyclone 
 
In order to optimize the size of overflow pipe of 

hydrocyclone, test whether the optimized 
hydrocyclone can meet the requirements of 
separation efficiency or not and acquire the law of 
change of separation efficiency impacted by 
operating parameters, an oil-water separation 
experiment is designed. Experimental devices are 
divided into four parts, which are liquid storage, 
progressing cavity pump, separator and controller. 
Liquid storage consists of a reservoir and a blender; 
separator consists of hydrocyclones and 
instrumentations; controller consists of a control 
cabinet and a frequency converter. There are two 
experiments using these devices, one is diesel-water 
separation experiment, the other is oil-water 
separation experiment. 

 
 

3.1. Diesel-water Separation Experiments 
 
Experimental conditions: diesel content of diesel-

water mixture entering the first stage pre 
hydrocyclone is 10 %, diesel viscosity is 0.026 Pa•s, 
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diesel density is 850 kg/m3; two-stage hydrocyclone 
is used in experiments. In addition to the overflow 
diameter, the structure of pre hydrocyclone is 
unchanged. De-oiler hydrocyclone is a single-cone 
hydrocyclone, its cone angle of 6° is chosen based on 
experiences, and other parameters are the same as 
those of the pre hydrocyclone. 

Experimental data is shown in Table 2. Q1 is inlet 
flow rate of pre hydrocyclone; Q2 is underflow flow 
rate of pre hydrocyclone; F is split ratio; C0 is inlet 
diesel content, C1 is underflow diesel content of pre 
hydrocyclone. As shown in Table 2, when overflow 
diameter of pre hydrocyclone is 8mm, the separation 
effect is best; therefore, overflow diameter of 8 mm 
is preferred. 

 
 

Table 2. Separation efficiency data of different D0 sizes. 
 
No. Size (mm) Q1 (m3/h) Q2 (m3/h) 
1. 4 6.25 4.375 
2. 6 6.25 4.375 
3. 8 6.25 4.375 
4. 10 6.25 4.375 

 
No. F C0 (%) C1 (%) ET 

1. 0.3 10 1 0.90 
2. 0.3 10 0.8 0.92 
3. 0.3 10 0.5 0.95 
4. 0.3 10 0.6 0.94 
 
 
In Table 3, Q1 is inlet flow rate of de-oiler 

hydrocyclone; Q3 is underflow flow rate of de-oiler 
hydrocyclone; F is total split ratio; C0 is inlet diesel 
content, C2 is underflow diesel content of de-oiler 
hydrocyclone. Operating parameters of pre 
hydrocyclone remain unchanged. As shown in 
Table 3, when overflow diameter of de-oiler 
hydrocyclone is 6 mm, the separation effect is the 
best; therefore, overflow diameter of 6 mm  
is preferred. 

 
 

Table 3. Separation efficiency data of different overflow 
diameters of de-oiler hydrocyclone. 

 
No. Size (mm) Q1 (m3/h) Q2 (m3/h) 
1. 4 6.41 3.16 
2. 6 6.41 3.16 
3. 8 6.41 3.16 
4. 10 6.41 3.16 

 
No. F C0 (%) C2 (%) ET 

1. 0.5 10 0.12 0.988 
2. 0.5 10 0.10 0.990 
3. 0.5 10 0.12 0.988 
4. 0.5 10 0.13 0.987 
 
 

3.2. Oil-water Separation Experiments 
 
Experimental conditions: oil contents of oil-water 

mixture entering the first stage pre hydrocyclone are 

7 % and 10 %, oil density is 870 kg/m3, the 
temperature of mixture is 60 oC, split ratio is 0.5. 

Experimental data is shown in Table 4. As shown 
in table, the effect of separation experiments with oil 
density being 870 kg/m3 is close to that with diesel. 
Table 4 also shows that the greater inlet flow rate and 
the higher inlet oil concentration, the better 
separation effect. When flow rate is 6.25 m3/h, the 
underflow oil content of de-oiler hydrocyclone has 
reached the standard of injection water  
(oil content≤ 5 × 10-4). 

 
 

Table 4. Separation efficiency data of different inlet oil 
contents and flow rates. 

 

No. 
Oil content 

(%) 
Flow rate 

(m3/h) 
Split ratio 

1. 7 5.25 0.5 
2. 7 5.75 0.5 
3. 7 6.25 0.5 
4. 10 5.25 0.5 
5. 10 5.75 0.5 
6. 10 6.25 0.5 

 

No. 

Oil content of 
first stage 
underflow 

(%) 

Oil content of 
second stage 
underflow 

(m3/h) 

Separation 
efficiency 

(%) 

1. 0.8 0.23 97.7 
2. 0.7 0.17 98.3 
3. 0.5 0.07 99.3 
4. 0.7 0.20 98.0 
5. 0.6 0.14 98.6 
6. 0.4 0.05 99.5 

 
 

4. Design of DOWS for High Volume  
in Oil Recovery 
 

Separated water can be injected by DOWS 
systems into an injection zone that is downhole of the 
production zone (Fig. 4). It is also possible to dispose 
of the water uphole from the production zone [12] 
(Fig. 5). Based on simulation, experimental results, 
flow rate (300 m3/d) and other well parameters, the 
DOWS program that the injection zone is uphole 
from the production zone has been chosen.  

The key design of DOWS is the design of the 
large flow oil-water separator. The structure used in 
this separator is mentioned in patent "An Oil 
Extraction and Water Reinjection System for 
Downhole Oil-Water Separation". One approach to 
enhancing the handling capacity of DOWS systems 
is to use multistage separation and parallel 
hydrocyclones. In this project, the first stage 
hydrocyclones is optimized to remove as much water 
as possible from the produced fluid. However the 
water handled only by the first stage hydrocyclones 
is not up to the standard of injection. So the second 
stage of hydrocyclones is used to re-purify the water 
discharged from the first stage, then the water up to 
the standard can be injected to the injection  
zone [13].  
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Fig. 4. the producing zone above the disposal zone. 
 
 

 
 
Fig. 5. The disposal zone above the producing zone. 
 
 
Regardless of pump type, it is possible to operate 

a downhole separator by boosting the feed pressure 
to the separator or by reducing the outlet pressure. In 
either case, a differential pressure across the 
separator is generated, and the required flow through 
the separator is established. 

The system illustrated in Fig. 6 is referred to as a 
"push-through" system. In this design, the injection 
pump discharge is connected directly to the inlet of 
the separator. The injection pump provided the 

pressure required to operate the separator and inject 
the separated water. In some cases, where the 
pressure required to inject the water is equal to or 
higher than the pressure required to lift the oil stream 
to surface, the injection pump can serve both 
purposes and only one pump is required. Where 
injection pressure is low, it is normal practice to use 
a second pump to lift the oil stream. 

 
 

 
 

Fig. 6. Push-through system. 
 
 
Reduced power requirement is the primary 

justification for using two pumps in a push-through 
system. Significant power savings can result if the 
injection pressure is low and the water cut is high. In 
this situation, the total production volume is pumped 
only to the pressure required for injection, while the 
production pump boosts only a fraction of the 
produced fluid to the pressure required to reach the 
surface. This reduction in power requirement has 
been used to either install lower horsepower motors, 
reducing energy requirement and extending motor 
life, or to increase total drawdown and oil production 
without an increase in the motor size or energy 
consumed (as compared to a conventional  
lift system). 

Fig. 7 shows a "pull-through" system. In this 
configuration, the suction of the injection pump is 
connected to the water outlet of the separator. The 
pump draws separated water from the separator and 
boosts pressure to a level suitable for injection. 
Unless the well is free flowing (i. e., does not require 
an artificial lift system to produce to the surface), a 
second pump is required to lift the oil stream to  
the surface.  
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Fig. 7. Pull-through system. 
 
 
Regardless of whether the injection pump 

configuration is push- or pull-through, the  
production pump is always connected in a pull-
through mode [14]. 

Both designs have the following main advantages: 
Push-through – risk of poor separation due to 

formation of a smaller oil drop size distribution 
caused by the feed pump. Pump hydraulic efficiency 
and oil chemistry affect this risk. (Note: separation 
has been shown to improve for some oil continuous 
mixtures which have first been dispersed through  
a pump). 

Pull-through – risk of poor separation due to free 
gas and/or poor homogeneity of inlet mixture [15]. 

In the conditions of 7"casing and flow rate of 
300 m3/d, two-stage parallel hydrocyclones are 
combined with the electric submersible pump (ESP) 
system, as shown in Fig. 8, which constitute an 
underground recovery-injection program. Produced 
fluid is drawn into the pump which boosts the 
pressure of the fluid and feeds it into the separator. 
The separator divides the liquid into two streams: a 
concentrated oil stream to be lifted to the surface and 
an oil-depleted water stream for injection into a 
disposal zone. The water stream flows through the 
injection tubing string and passes an isolation packer 
to the injection formations. The oil stream flows 
through a channel which routes the flow around the 
pump and motor, and to the production tubing. In the 
program designed above, the problem of the cooling 
of motor is solved by setting the ESP system upright. 
Dual packer and cross-flow channel are used to 
maintain injection pressure, keep the cable connector 
in low pressure environment, and isolate the disposal 
zone from the producing zone. And the utilization of 
shell and crossing cable is also avoided in this 

program. It can be expected that the program used in 
the wells of which the disposal zone is uphole from 
the producing zone will be effective, and it will be 
applied to the offshore oilfields soon. 

 
 

 
 

Fig. 8. Downhole string program of exploiting lower with 
injecting upper. 

 
 
5. Conclusions 
 
1) The internal flow field distribution in pre 

hydrocyclone is the most reasonable when angle α is 
20° and angle β is 3°. 

2) When overflow diameter of pre hydrocyclone 
and de-oiler are 8 mm and 6 mm, the separation 
effect is the best. The greater inlet flow rate and the 
higher inlet oil concentration, the better separation 
effect. When flow rate is 6.25 m3/h, the underflow oil 
content of de-oiler hydrocyclone is not more  
than 5 × 10-4. 

3) The utilization of shell and crossing cable is 
avoided in the program of which the disposal zone is 
uphole from the producing zone in 7" casing. The 
program is feasible to be used in offshore oil wells. 
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