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ABSTRACT

Wastewater treatment and recycling for offshore oilfield can bring economic and social benefits.
This paper produced wastewater treatment and recycling technological process for offshore oilfield
combining with engineering practice. Considering the complexity of internal flow in disc separa-
tor, VOF model and RNG k-g turbulence model were used to numerically simulate the process of
separating oil-water in the separator then the law of distribution and the efficiency of separating
oil-water such as flow velocity, pressure, turbulent kinetic energy, turbulent flow, laminar flow and
so on were obtained. The discrete phase model (DPM) was used to simulate the motion of parti-
cles, then obtained the motion process and separation efficiency of discrete phase particles. The test
results show that, the separation efficiency of the calculation and actual measurements both meet the
design requirements with the separation efficiency calculated slightly higher than that in the actual
measurements. The relative error of oil-water separation efficiency and particle separation efficiency
are 1.5% and 1.4% respectively. The data indicate that the numerical simulation method is reliable
for predicting the separation performance of the separator, so wastewater treatment and recycling
technological process meet the requirements of engineering application.

Keywords: Wastewater treatment; Technological process; Oil-water separation; Disc separator;

Separation performance

1. Introduction

With the increasing demand for energy and the increas-
ing development of offshore oilfield, oil fields have been
producing a large number of oil produced sewage during
the process of development, and these sewage have been
irrationally abandoned, which is not only a great waste of
energy but also a serious pollution to the water, soil and
air [1]. Therefore, recovery and reusing oilfield wastewater
have good economic and social benefits.

The problem of recycling oilfield wastewater has always
been of great concern by developed countries in Europe,
and the United States is the earliest country to propose
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recycling. The technology of regenerating oilfield wastewa-
ter is mainly divided into three types [2-5]. The first type
is reclamation process, and it contains sedimentation, cen-
trifugation, filtration and flocculation. The second type is
reprocessing process, which is adsorption refining or chem-
ical refining based on the re purification process. The third
type is re refining process, including distillation, sulfuric
acid and clay technology.

The disc separator is used to remove oil and impurities
from wastewater. It can reduce the pollution of oceans by
recovery and reusing oilfield wastewater. Zhao [6], Wang
[7], Xue [8] and more studied on the performance of disc
separator. Zhao [6], Shi [9], Li [10], Wu [11], Tang [12] and
more have done a lot of research on two-dimensional and
three-dimensional flow field.
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A technique of recycling wastewater in offshore oil-
field was designed combining with engineering practice. In
view of the complexity of internal flow in disc separator,
the unsteady numerical simulation of the internal flow in
separator was carried out by choosing the multi-phase flow
model, the turbulence model and the discrete phase model.
The process of separating oil-water-solid, the track of par-
ticle motion and the separating efficiency were analyzed.
Compared with the test results, this method provides a new
way for recycling wastewater in offshore oil field, and also
gives the basis for the development and optimal design on
the virtual prototype of the separator. Meanwhile, it also
reduces the experimental time and the costs of product
development.

2. Recycling technology of wastewater in offshore
oilfield

The composition of oilfield wastewater is complex, and
the oil content and the existence form of oil in the water are
different, so the single treatment method is often ineffective.
In practical application, two or three methods are usually
used in combination, which meet the discharge standards.
The treated oil contains a small amount of water and impu-
rities after preliminary treatment. This paper focuses on the
process of removing water and impurity from the oil.

The installation of recycling technological process of
wastewater in offshore oilfield is mainly composed of disc
separator, automatic filter, heater, adsorption filter, oil qual-
ity monitor and so on.

The wastewater stored in the waste tank is trans-
ported to the automatic filter through the pump, then
the automatic filter removes the large diameter particles,
and reduces the viscosity of oil to improve the separation
effect of disc separator under heating action of the heater.
The disc separator uses different densities of oil, water

and other impurities in the spent oil to obtain different
centrifugal forces, so the wastewater in the disc separa-
tion zone of separator drum can be separated. The sepa-
rated purified oil is exported to core pump by the light
phase, the water is exported to core pump by the heavy
phase, and the impurities are deposited on the inner sur-
face of the drum. The impurities are discharged out of the
machine regularly through the controlling of the oper-
ating water to the deslagging operation of barrate. The
recycling technological process of oilfield wastewater is
shown as Fig. 1.

As the core component of recycling oilfield wastewater,
disc separator is mainly used to re-texture spent oil, remove
moisture and mechanical impurities. As shown in Fig. 2.

Fig. 2. Schematic of disc separator.

Fig. 1. Recycling technological process of oilfield wastewater A-Wastewater inlet, B-Automatic filter, C-Heater, D-Adsorption
filter, E-Disc separator, F-Impurity outlet, G-Operating water outlet, H-Purified oil outlet, I-Effluent oil reflux inlet, J-Clean water

outlet.
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3. Fluid dynamics governing equations
3.1. Fluid control equations for oil-water separation

Fluid control equations for oil-water separation include
continuity equation, momentum equation, energy equation,
component equation, turbulent kinetic energy k equation and
turbulent dissipation rate € equation. These governing equa-
tions all can be expressed as the following general form [6].

% +div(pug) = div(Tgradg)+ S (1)
The expanded form is
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where ¢ is the generalized variables, I' is the diffusion
coefficient, S is the source term, and u#, v and w (m/s) are
the velocity in x, y and z directions respectively, p (kg/m?)

represents the density of oil-water mixture, which can be
approximated with p = 900 kg/m?3, t (s) refers to the time.
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3.2. Discrete phase control equations for solid separation

In a discrete phase, the position of the particle is tracked
by calculating its acceleration, and motion equations are as
follows [6].

du,_; (p, =
"—=F, (v,-v,,)+ 8P, =P) +F, (3)
dat Py
where v, ; (N) is the inertia force of unit cell, i represents

&p,=p)

dt
the three directions of x, y, z, is the ratio between

P
the buoyancy and gravity of unit cpell, p (kg/m?) is the den-
sity of particle, F,(N) is the centrifugal force of particle, and
F,= muwr.

4. Flow field model and simulation settings
4.1. Physical modeling and meshing

Rotating parts in a separator drum are all symmetric.
Instead of the 3D structure, the two-dimensional model
with a defined rotating shaft is used in the Gambit software
to simplify the calculation model. The triangle unstructured
grid is used, as shown in Fig. 3. And the boundary condi-
tions can be set by introducing the mesh model and the
mesh file into Fluent.

The basic parameters of physical model are as follows.
the width is 160 mm, the height is 165 mm, the inlet diame-
ter is d = 16 mm, the number of discs is 52, the thickness of
the discs is 0.4 mm, and the gap between the discs is 0.5 mm.

4.2. Boundary conditions

Velocity boundary condition is taken as the inlet bound-
ary. Assuming that the axial velocity at the inlet boundary

Fig. 3. Model of the disc-separator drum and the mesh genera-
tion 1-fluid inlet, 2-0il outlet, 3- water outlet,4- neutral aperture,
5- rotation axis.

is uniform without tangential velocity and radial velocity.
Therefore, the axial velocity is determined by the flow vol-
ume and the sectional area of the inlet, namely, the inlet
velocity in the X direction is 1.38 m/s.

Natural outflow boundary condition is taken as the out-
let boundary, that is, “outflow” is the type of outlet and the
rotation velocity of the wall is 847.4 rad/s. Non-slip condi-
tion is adopted on the solid wall of the computational area.
Volumetric force is applied in the positive direction of the X
axis, namely, the acceleration of gravity is 9.8 m/s? The heat
produced by friction is neglected because temperature rises
slightly during the whole process.

In order to calculate the separation efficiency of par-
ticles, it is necessary to distinguish the particles escaping
from the water outlet and the oil outlet. The discrete phase
boundary conditions are set as follows. the DPM bound-
ary of the oil outlet is “trap” and that of the water outlet is
“escape”. The DPM boundary of the barrate wall and disc is
“reflect”, which means that the particles will be reflected if
they touch the wall. Considering the influence of fluid tur-
bulence on particle motion, the discrete phase is coupled
with the continuous phase.

According to known conditions, the reynolds number
R, is 690, the turbulence intensity I is 1%, the turbulent
kinetic energy is 0.000286 and the turbulent dissipation rate
g is 0.000708, which are obtained by papers [6].

4.3. Particle parameters

Rosin-Rammler distribution function can be used to
describe the distribution of the particles. In Fluent, Ros-
in-Rammler model can be used to release particles, and its
distribution function is [6,13].

F(d)=1- expl—(;—;]m] )

where F(d) is a distribution function, d_ (um) is the particle
size when the cumulative weight distributes at F = 0.5, namely
medien diameter, and m is the propagation coefficient.
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When d,, and m are both determined, the distribution
of the particle is uniquely determined also. To define vari-
able Y, as the mass fraction of those particles larger than
the specified size d within the proper ranges of particle size,
and then the particle diameters and the particle distribution
corresponding to accumulated mass fraction are shown in
Table 1.

When Y, = 100e™ = 38.6, the corresponding d value is
d,, Since there is no 38.6 in Table 1, it is necessary to fit the
existing values to obtain the curve, d is 21 ym when Y, =
38.6, that is d,, = 21 um.

The propagation coefficient m is

_In (—lnYd)

ln(dj )
d50

The propagation coefficient m of different particle diam-
eters can be obtained based on the knownd, Y, and d_,.

The separation efficiency of mechanical impurities is an
important evaluation index for disc separator. When apply-
ing DPM model, it is necessary to set the particle mass flow
at the inlet, which should be

m

M, =0.3%M M = zr*v,p, 6)

where M (kg/s) refers to the mass flow rate in the mixture
at the inlet, M (kg/s) is the mass flow rate of particles at the
inlet, p, ( kg/m°) is the density of mixture, R (m) is the inlet
radius, and v, (m/s) is the inlet velocity.

It can be obtained that M, = 0.000708 kg/s from known
conditions.

The particle size distributions of particulate impurities
range from 2 pm to 100 pm unevenly, and particle size dis-
tribution are described in the discrete phase model. Ros-
in-Rammler model is taken to release particles at the inlet.
The inlet releases 16 groups with 100 beams in each group
atevery 0.0001s, totaling 20 times with 32, 000 particles, and
the particle parameter settings are shown in Table 2.

4.4. Multiphase flow model and algorithm

The VOF model is adopted in the separation of oil and
water, and the separator is of a strong turbulence at high
speed rotation, therefore the RNG k-¢ turbulence model
is used in calculation. The turbulence model is of better

Table 1
Granule distributions of particle diameters and corresponding
mass fraction

Particle size d/um Cumulative mass Propagation
fraction Y,/% coefficient m

2 100.00

5 91.06 1.65

15 57.54 1.81

25 27.53 1.38

50 4.19 1.35

100 0.02 142

stability, economy and accuracy. Wall function method is
adopted in wall region. The unsteady and incompressible
Reynolds averaged N-S equation is used as the governing
equation for the incompressible oil-water mixture, the par-
tial turbulence in the separator and the internal changing
pressure. The DPM is used to simulate the motion of parti-
cles in the oil-water-solid separation, and the particle trajec-
tory of discrete phase can be obtained by Lagrange method
in the known flow field of oil and water continuous phase.

The SIMPLEC algorithm is applied to solve the govern-
ing equations, one-order central difference scheme is used
for the pressure term in the discrete control equation, and
one-order upwind difference scheme is adopted for the
momentum equation, turbulent kinetic energy and turbu-
lent dissipation equation. iterative computation of algebraic
equations take under relaxation factors algorithm, whose
defaults for pressure, momentum, K and ¢ are 0.2, 0.5, 0.5,
0.5 respectively. In Fluent, the defaults of under relaxation
factors of all variables are the optimal value of most prob-
lems. There is no need to modify the default values for the
majority of the flow, but it is necessary to reduce the under
relaxation factors if the residual is still increasing after 4-5
iterations.

5. Characteristics of Internal flow field
5.1. Oil-water separation

Before starting the separator, the outlet should be sealed
with water to establish oil-water interface in case that the oil
leaks from the outlet. In the initial state, the drum is filled
with water, and the water in the raw material is 3%. The
oil-water separation process is shown in Fig. 4.

It can be seen from Fig. 4 that the water gradually moves
outwards by larger centrifugal force while the oil accumu-
lates in the inner side and gradually moves to the outlet
after entering into the disc neutral hole, and eventually the
oil-water mixture forms the stable interface. By monitoring
the oil content at the outlet and Fig. 4(d), it can be seen that
the oil and water are separated generally with the oil vol-
ume fraction at outlet is close to 1 and the water removal
rate is about 99.8%, indicating that the separator is of a great
oil-water separation effect.

5.2. Particle separation and concentration distribution

Using the Discrete Phase in Fluent to simulate the tra-
jectory of solid particles, whose motion is shown in Fig. 5

Table 2

Granule parameters
Smallest particle, um 2
Largest particle, pm 100
Average particle size, um 21
Propagation coefficient 1.5
Density, kg/m? 5000
Mass flow rate at the inlet, kg/s 0.000708
Total mass at the inlet, kg 0.00000142
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(d)

Fig. 4. The process of oil-water separation (a) The raw material is input into the feed tube, (b) Oil-water mixture is transmitted into
the neutral aperture (c) Oil-water moves from the neutral aperture towards the two ends, (d) Oil-water separation forms the stable

interface.

(a) (b)

Fig. 5. Movement of droplets and concentration distribution (a) Droplets go into the feed tube, (b) Droplets go into the neutral aper-
ture (c) Droplets move from the neutral aperture towards the two ends, (d) Droplets are finally pasted on the drum wall.

Fig. 5. shows that large particles mainly concentrate on the
lower half of the disc group and distribute evenly with higher
mass concentration. The large particles have been attached to
the feed tube wall before entering the disc, then slide into the
neutral hole along the wall, and the reason for this distribution
is that the density of the large particle is larger than that of
the liquid, which is significantly affected by the inertial and
centrifugal force. After entering the neutral hole of the disc,
the particles move toward both ends of the disc and most of
the larger particles move toward the edge of disc with larger
diameter, then there is a trend to gather particles toward the
lower surface of the disc by centrifugal force after entering the
disc. The greater the flow rate, the more obvious aggregation
of the larger diameter particles, which were eventually depos-
ited in the drum or discharged with waste water.

5.3. Velocity distribution

Gelijin makes the conclusion based on a lot of experi-
ments that when A <4, the flow velocity distribution in the
gap between discs is similar to the general parabola, and
the maximum appears in the middle area of the discs while
approximately approaching 0 near the wall. The A value is
1.63 calculated from the known conditions, which is within
the A value ranges recommended by Gelijin and accords
with the design requirements.

Fig. 6. shows the velocity distribution diagram when
the stream field is stable.

From the speed distribution diagram in Fig. 6, the liquid
velocity is distributed evenly in the drum and the whole
symmetry of the drum is obvious. The flow velocity of the
liquid changes with the increasing of the rotating speed of
the drum, with an increasing trend from the rotating center
to the edge of the drum, and reaches the maximum near

the drum wall. Taking six cross sections along the radius
R, namely, y, = 30 mm, y,= 40 mm, y,= 50 mm, y,= 60 mm,
ys= 70 mm, and y, = 80 mm. The velocity along the X axis
direction changes slightly, that is, the velocity in the same
radius fluctuates slightly, and the axial velocity gradient
varies little, indicating that the velocity distributes evenly
in the flow field, and the velocity and radius of the six cross
sections are of linear changes generally.

5.4. Static pressure distribution

Fig. 7 shows the static pressure distribution diagram

when the flow is stable, and the internal static pressure of
the flow field increases along the radial direction from the
material inlet to the places near the drum wall with larger
changing amplitude, and reaches the maximum static pres-
sure near the drum wall with most kinetic energy converted
to pressure energy. The static pressure along the X axis
direction varies little, namely, the fluctuation in the same
radius is very small and the axial pressure gradient varies
little, indicating that the static pressure distributes evenly
in the flow field.
Six cross sections are taken along the radius R, namely y, = 30
mm, y,=40 mm, y,=50 mm, y,= 6 Omm, y,=70 mm and y,=80
mm. As shown in Fig. 7, the static pressure in six cross sections
and the radius is correlated forming a parabola curve.

5.5. Turbulent kinetic enerqy and turbulence intensity distribution

The turbulence intensity is the ratio of standard devia-
tion of changing turbulence intensity to the mean velocity,
and is the relative index to measure the turbulence inten-
sity. The turbulent kinetic energy is an index to measure the
development or decline of turbulent flow, from which it can
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Fig. 7. The static pressure distribution diagram when the stream field is stable.

be more accurate to judge whether there is turbulence in the
flow, and it is considered to have a larger turbulence flow
when turbulence intensity k > 10%.

Figs. 8 and 9 show the turbulence intensity and turbu-
lent kinetic energy distribution diagram when the flow is
stable. There are large turbulence in the material inlet, the
disc edge, the edge of neutral hole, the oil outlet and the
water outlet with turbulence intensity more than 10%. The
turbulence intensity in the gap between discs is smaller than
3%, belonging to laminar flow, which is consistent with the
conclusions described in fluid mechanics.

As shown in Fig. 10, oil and water are going to stratify
affected by centrifugal force and the gravity, especially the
one at the material inlet. The water settles and moves out-
ward with centrifugal force, resulting in local small turbu-
lence phenomenon, but not very obvious.

From Fig. 11, larger turbulence occurs at the edge of cen-
ter hole and the inside and outside edge of the disc because
of a change in shape. It belongs to laminar flow in the inter-
nal disc for the gap between discs is very small. This phe-
nomenon is completely consistent with the theory.

6. Prediction and test analysis on separation performance

In order to study the performance of separator, a test
table is constructed shown in Fig. 12. According to DL/T

§.880+02
6.52e+02
6.17e«02
5.83e«02
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5.158+02
4 Blev02
4 4Be+02
4.120+02
3. 7Ba+02
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2.76e+02
2410+02
2.0Te02
1.73e+02
1.380+02
1.04a<02
7.03e+01
J6%e+01
1.9%e+00

Fig. 8. Turbulence intensity.

432-2007 “Determination of Particulate Contamination in
Oil”, the automatic particle counting method is used to
determine the degree of contamination, and the pollution
grade is assessed by the Aerospace Industries Association
of America NAS1638 based on the standard of particulate
pollution classification, and 8 grade is the required stan-
dard level.
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Fig. 9. Turbulent kinetic energy.
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Fig. 11. Turbulent kinetic at the edge of the center hole.

Fig. 12. Separator used in the test

Conduct the performance prediction of lubricating oil
separator used in the test under three conditions, Table 3
provides the results of calculating and measured separation
efficiency under different conditions, and Fig. 13 shows
the comparison between pre-treatment and post-treatment
under condition 2.

The numerical simulation and field test show that the
separation efficiency of both the calculation and actual mea-
surements meet the design requirements under the design
condition 2, and they are quite approximate with the com-
putational separation efficiency slightly higher than the
measuring one. The relative error of the oil-water separa-
tion efficiency is 1.5% and that of the particle separation
efficiency is 1.4%, and the viscosity of lubricant and pour
point are quite close to the standard value. All the data indi-
cate that the method adopted in this paper for predicting
the separation performance of lubricating oil separator is of
higher accuracy.

7. Conclusion

1) A recycling technological process of wastewater
treatment for offshore oilfield combining with
engineering practice was produced. Analysis
method for an unsteady flow field of “oil-wa-
ter-solid” three-phase flow was presented in this
paper. Oil-water separation adopted VOF multi-
phase flow model, and oil-water-solid phase sep-
aration chose discrete phase model. The research
shows that the method fully reveals the internal
flow mechanism in the separator. The mechanism
can not only save the computational time and
design cost but also simulate the oil-water sepa-
rating process and efficiency better.
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Table 3
The result of the estimating the separation efficiency and the measured separation efficiency
Working Flow m*/h Calculated Value Experimental Value Relative error
condition Oil-water Particle Oil-water Particle Oil-water Particle
separation separation separation separation separation separation
efficiency/%  efficiency/%  efficiency/%  efficiency/% efficiency efficiency
1 0.8 971 96.5 95.0 94.7 21% 1.8%
1 99.8 98.2 98.3 96.8 1.5% 1.4%
3 12 99.9 98.6 98.7 97.5 1.2% 1.1%
Acknowledgment

Fig. 13. Comparison diagram of pre-treatment and post-treat-
ment under working condition 2.

2) There is a strong turbulence in the disc edge, the
neutral hole edge, the oil and the water outlet with
turbulence intensity more than 10%, while the tur-
bulence intensity in the gap between discs is smaller
than 3%, belonging to laminar flow, that is com-
pletely consistent with theory.

3) Under the design condition, the separation efficiency
of both the calculation and actual measurements
meet the design requirements with the computa-
tional separation efficiency slightly higher than the
measuring one. The relative error of oil-water sep-
aration efficiency and particle separation efficiency
are 1.5% and 1.4% respectively. The data indicate
that the numerical simulation method is reliable for
predicting the separation performance of the separa-
tor, and can meet the requirements for engineering
application.
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